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Abstract
Scientific studies have demonstrated that it is possible to generate a wide variety of bioenergy from biomass residues
and waste, and however its cost is not competitive with petro-fuels and other renewable energy. On-going efforts are
continued extensively to improve conversion technologies in order to reduce production costs. The present review
focuses on the conversion technologies for transforming biomass residues and waste to biofuels, specifically their
technological concepts, options and prospects for implementation are addressed. The emerging developments in the
two primary conversion pathways, namely the thermochemical (i.e. gasification, liquefaction, and pyrolysis) and
biochemical (i.e. anaerobic digestion, alcoholic fermentation and photobiological hydrogen production) conversion
techniques, are evaluated. Additionally, transesterification, which appears to be the simplest and most economical
route to produce biodiesel in large quantity, is discussed. Lastly, the strategies for direct conversion of biomass residues
and waste to bioelectricity including the use of combustion and microbial fuel cells are reviewed.
Keywords: Bioenergy, Biofuel, Biomass, biogas, Waste conversion

Introduction
Since the energy crisis of the 1970s, many countries are
interested to develop biomass as a fuel source. Up until recently, the interest in biomass energy has lessened due to
the technological breakthrough that makes fossil energy
become relatively inexpensive. However, the high greenhouse emissions, deadly air pollution, instable fossil-based
energy prices, and strong growth of global transportation
fuel demand have boosted extensive research efforts in developing bioenergy. Bioenergy is energy derived from any
fuel that is originated from biomass. Biomass is a renewable resource and therefore has been considered as an alternative feedstock to provide sustainable energy in the
future. Historically, biomass in the form of firewood has
been traditionally used to provide energy to humans
through direct combustion.
In industrialized countries, a wide range of feedstocks
are available in abundance for biofuel production, including agricultural and forestry residues, building and
* Correspondence: PauLoke.Show@nottingham.edu.my;
showpauloke@gmail.com
3
Department of Chemical and Environmental Engineering, Faculty of
Engineering, University of Nottingham Malaysia Campus, 43500 Semenyih,
Selangor, Malaysia
Full list of author information is available at the end of the article

industrial waste, and municipal solid waste (MSW). The
biofuels that are generated from these feedstocks are categorised as second generation biofuels. Differing from first
generation biofuels that derived from edible food crops
(i.e. sugarcane, wheat, barley, corn, potato, soybean, sunflower, and coconut), second generation biofuels are generated from lignocellulosic materials (i.e. jatropha, cassava,
switchgrass, wood, and straw) and biomass residues [1, 2].
The use of biomass residues and waste as primary resource for biofuels is a promising proposal to reduce environmental issues concerning the waste disposal, by
converting the wastes that would otherwise have been left
to decompose into useful biofuels. Another biomass,
namely algae, is introduced as the feedstock for third generation biofuels, owing to their high potential to produce
large amounts of lipids suited for biodiesel production. Besides, this fast-growing biomass can be applied directly to
generate a wide range of biofuels.
The present review provides an in-depth overview of
the technological details of the conversion techniques of
biomass residues and waste to biofuels and bioelectricity.
More specifically, the review presents a list of the
waste-to-energy technological options. Conversion technologies covered in this review include gasification,
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liquefaction, pyrolysis, anaerobic digestion, alcoholic fermentation, photobiological hydrogen production, transesterification, supercritical fluid processing, combustion,
and photosynthetic microbial fuel cells (MFC). The review serves to encompass the up-to-date information related to bioenergy production from biomass residues
and waste in the rapidly expanding bioenergy field.

Biomass residues and waste
As opposed to biomass that is specially cultivated for energy
purpose, biomass residues and waste are generated along as
by-products when the desired raw products are planted,
processed and consumed [3]. To be more specific, biomass
residues can be categorised into primary, secondary, and tertiary groups. Primary residues typically are generated during
the plantation of target food crops and forest products in the
field, such as corn stalks, stems, leaves and straw. Whereas,
secondary residues are produced when the food crops are
processed into final form of products. Woodchips, coffee
husk, rice hulls, sugarcane bagasse and palm kernel cake are
the examples of agricultural and food processing wastes. Tertiary residues, on the other hand, become available after a
biomass-derived product has been consumed by human
and/or animals, and these residues might present in the form
of MSW [4, 5] and later are further converted to sewage
sludge and/or wastewater. Figure 1 illustrates the
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development of biofuel generation and highlights the second
generation biofuels produced by biomass residues and waste,
and their conversion pathways to produce different kinds of
bioenergy, including syngas, bio-oil, biochar, electricity, biogas, bioethanol, biohydrogen, and biodiesel. Amongst the
biomass residues and waste, wood and agricultural residues
(primary and secondary biomass residues), waste cooking
oils (tertiary biomass residues) and microalgae biomass have
demonstrated their promising potentials.
Wood and agricultural residues

Wood processing wastes like sawdust, wood chips and discarded logs that are generated through sawmill and lumber
processing activities can be used as feedstocks for biofuels
[6]. For instances, the wood residues and sawdust generated
from saw and paper mills industry can be applied as boiler
fuels and feedstocks for ethanol production. Besides, Zeng
et al. [7] reported that straw has accounted for 72.2% of the
biomass energy resources in China. The straw is referred to
the residues or by-products of the harvesting food crops
such as rice, wheat, corn, beans, cotton and sugar crops [7].
Corn stover such as stalks, cobs, and leaves, has been also
reported to show potential to be converted into fermentable sugars for bio-butanol production [8, 9]. While in tropical countries, sugarcane residues, particularly sugarcane
bagasse and leaves, can be a good candidate for the

Fig. 1 Diagram of the development of biofuel generation with highlights on the second generation biofuels produced by biomass residues and
waste and their conversion pathways to produce a wide variety of bioenergy
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economic utilization of residual substrates for the production of bioethanol [10, 11] and other biofuels such as biochar [12]. Palm kernel press cake, a residue obtained from
palm oil extraction, demonstrated its use to produce
bioethanol via fermentation process [13, 14].
Waste cooking oils

While the high quality food-grade virgin oils are produced
from the selected feedstocks, low-cost biodiesel can be derived from waste oils such as used cooking oils [15, 16].
The use of waste cooking oils instead of virgin oil as feedstocks to produce biodiesel is an efficient method to reduce material cost in biodiesel production [17]. It was
reported that the utilization of waste oils is likely to lower
the biodiesel production cost by 60–90% [18]. Additionally, reuse of waste oils alleviates the issues associated with
the disposal of large amount of frying oils that are no longer suitable for edible due to the high free fatty acid content [19]. Phan et al. [20] reported that the blend of 20
vol% the biodiesel produced from waste oils and 80 vol%
diesel (B20) could be applied in engines without major
modification. The used edible oils have no significant difference in quality when compared to unused oils, and simple pre-treatments such as filtration and heating can be
used to remove water and unwanted solid particles prior
to subsequent transesterification [21].
Algae biomass

In a first approximation, algae can be categorised into
two major groups, which are macroalgae (or known as
seaweeds) and microalgae. Macroalgae are generally referred to large multi-cellular algae that commonly seen
growing in ponds. Whereas, microalgae are unicellular
and tiny algae that often grow in a suspension within
water-bodies. Macroalgae contain a wide variety of bioactive compounds, and however, lower margins with regard to biofuels can be obtained from macroalgae than
microalgae [22]. Therefore, microalgae represent another
promising source of oil owing to their high lipids accumulation and fast growth rates. Additionally, microalgae
do neither compete for purely agricultural land nor large
freshwater resources. Similar to biomass residues and
waste, the spent microalgae biomass can be converted to
biofuels after the extraction processing of target products such as oils or/and other high value compounds
from microalgae biomass.

Bioenergy conversion techniques
Currently, there is a rise of the impelling need in recycling
and energy saving due to present environmental and economic condition. Various diverse technologies were
exploited and developed to utilize waste to produce bioenergy. The conversion technology of waste to energy involves the transformation of waste matter into numerous

Page 3 of 22

form of fuel that can be utilised to supply energy. In the
recent years, environmental-friendly exploitation and conversion of biomass waste into chemical fuels is considered
as one of the effective approaches developing renewable
energy. There are several technology and process options
that are available for biomass energy conversion. Apart
from transesterification technique, transformation of
waste biomass to energy is carried out using these two
general techniques which are thermochemical and biochemical conversion. Conversion by means of thermochemical is the decomposition of organic components in
the biomass using heat whereas biochemical conversion
utilizes microorganisms or enzymes to convert biomass or
waste into useful energy. Conversion by means of thermochemical technology comprises pyrolysis, gasification, liquefaction, and combustion. Biochemical conversion, on
the other hand, encompasses three process options known
as anaerobic digestion, alcoholic fermentation and photobiological reaction. The following sections review recent
studies about the techniques entailed in the conversion of
waste to energy systems. Table 1 shows the overview of recent studies that are conducted related to bioenergy conversion using various methods.
Thermochemical conversion

Conversion through thermochemical technology involves high-temperature chemical reformation process
which requires bond breaking and reforming of organic
matter into biochar (solid), synthesis gas and highly oxygenated bio-oil (liquid). Within thermochemical conversion, there are three main process alternatives available
that are gasification, pyrolysis, and liquefaction. The selection of conversion type can be influenced by the nature and quantity of biomass feedstock, the preferred
type of energy, for example; end use conditions, environmental principles, financial circumstances and project
precise aspects [59]. Based on several research studies, it
was reported that thermal conversion technologies have
gained extra attention due to the availability of industrial
infrastructure to supply thermochemical transformation
equipment that is highly developed, short processing
time, reduced water usage and added advantage of producing energy from plastics wastes which cannot be
digested by microbial activity [60]. Additionally, thermochemical conversion is essentially independent of environmental circumstances for production purposes. Thus,
it is vital to comprehend the different thermochemical
process options to assess their future potential.
Gasification

The gasification technique comprises chemical reaction in
an environment which is oxygen-deficient. This process
involves biomass heating at extreme temperatures (500–
1400 °C), from atmospheric pressures up to 33 bar and

Jatropha curcas cake

Human faeces

Domestic sewage in
high-rate ponds
Wet & dry microalgae
(Nannochloropsis sp)

Bio-crude oil

Bio oil

Crude biodiesel

Acid hydrolysis residues
and sewage sludge

Fuel gas

Bio-crude oil

Rice straw

Fuel gas

Microalgae

Eucalyptus chips and
coffee husk

Fuel gas

Bio-crude oil

MSW and hazardous waste

Bioelectricity

Liquefaction

Pine woodchips

Fuel gas

Gasification

Type of feedstock

Type of bioenergy

Method

Table 1 Recent studies of bioenergy conversion using different methods

Fermentation and Ethanol assisted
liquefaction
Temperature: 265 °C
Ethanol: 15% (v/v)
Ethanol to algae ratio: 2:1

Temperature: 300 °C
Operation time: 15 min
Biomass/water ratio: 1/10 (kg·kg− 1)

Temperature: 300 °C
Reaction time: 30 min
Total solid content: 25%

Temperature: 250 °C
Catalyst: ChCl–KOH DESs
Reaction time: 40 min

Temperature: 350 °C
Reaction time: 15 min

Co-gasification using downdraft fixed
gasifier at atmosphere pressure.
Temperature: 800 °C
Catalyst: CaO
Sewage sludge composition: 50 wt%
CaO/C (molar ratio):1.0
Equivalence ratio: 0.22

[32]

[31]

[30]

[29]

[28]

[27]

[26]

[25]

Eucalyptus chip
Temperature: 22.1 °C
Air input flow: 182.7 Nm3·s− 1
Air consumption: 38.2 Nm− 3
Coffee husk
Temperature: 26.3 °C
Air input flow: 124 Nm3·s− 1
Air consumption: 13.4 Nm− 3
Temperature: 600–800 °C
Oxygen ratio: 33%
Air flow: 0.6 Nm3·h− 1
Feed rate: 1.12 kg·h− 1
Equivalence ratio: 0.2

[24]

[23]

Reference

Co-gasification using plasma gasifier.
Composition of MSW: 90%wt
Oxygen volume: 95%

Dual circulating fluidized-bed gasifier
Temperature: 700–900 °C
Steam to fuel ratio: 0.3 kg·kg− 1

Operating condition

(2019) 1:4

Biodiesel yield
Wet microalgae: 14.18%
Dry microalgae: 12.48%

Yield: 44.4%

Yield: 34.44%

Energy recovery:
41.48–54.78%

Yield: 60.0%

Cold gas efficiency: 70.68%

Efficiency: 33.78%
CO gas: 2.01%
H2 gas: 5.48%
CH4 gas: 0.51%

Higher heating value
(MJ·N− 1 m− 3):
Eucalyptus chips: 6.81
Coffee husk: 7.76

Plant efficiency: 41.1%
Power: 81 MW

Syngas composition:
H2 gas: 26–42%
CO gas: 25–37%
CO2 gas: 16–19%
CH4 gas: 8–11%

Composition/Yield/
Efficiency/Energy recovery
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Anaerobic
digestion

Pyrolysis

Method

Biomass from mixed
culture of 3

Methane

beech wood

Bio-oil

Biomass from co-culture
of microalgae and bacteria

Pinyon-juniper wood
chips

Bio-oil

Methane

Spent coffee grounds
loaded with cobalt

Syngas (H2
and CO)

Sewage sludge

Greenhouse vegetable
wastes and coal

Biochar, Bio-oil
and gas

Methane

Sugarcane residues
sugarcane leaves and tops

Microalgae Chlorella 1067

Methane and
Energy

Bio-oil

Type of feedstock

Type of bioenergy

Table 1 Recent studies of bioenergy conversion using different methods (Continued)

Hydrotreatment
Temperature: 250 °C
Catalyst: NiCu/Al2O3
Thermal pretreatment
Temperature: 95 °C
Reaction time: 10 h
Anaerobic incubation
temperature: 35 °C
CaO pretreatment
Temperature: 72 °C
Reaction time: 24 h
Anaerobic incubation
temperature: 35 °C
Batch culture of biomass
Ammonia concentration:

181 mL CH4/g volatile solids

325 mL CH4/g volatile solids

146 mL CH4/g COD

Temperature: 400 °C
Catalyst: Red mud
Feeding rate: 0.9 kg·h− 1
HDO of oil produced:
Temperature: 350 °C
Catalyst Ni/red mud

Catalyst: Co-biochar
Generation of H2: CO2
as atmospheric pressure
Reaction time: 110 min
Generation of CO:
Temperature 700 °C

Fast pyrolysis
Temperature: 500 °C
Catalyst: calcite, dolomite,
and zeolite
Nitrogen gas flow: 1450 mL·min− 1

Fast pyrolysis
Temperature:
Sugarcane leaves: 429 °C
and sugarcane
tops: 403 °C
Nitrogen gas flow rate: 7 L·min− 1
Biomass feed rate: 300 g·h− 1

Integrating HTL and anaerobic
digestion with zeolite adsorption process.
HTL process:
Temperature: 300 °C
Reaction time: 30 min
Air pressure: 20 bar

Operating condition

Yield: 86.1%

Yield: 47.8 wt%

Yield concentration
H2: 1.6 mol%
CO: 4.7 mol%

Biochar yield:
40.22, 54.65, 45.93%

Yield:
Sugarcane leaves: 52.5 wt%
Sugarcane tops: 59.0 wt%

Methane: 32–117%
Energy recovery: 70.5%

Composition/Yield/
Efficiency/Energy recovery

(2019) 1:4

[41]

[40]

[39]

[38]

[37]

[36]

[35]

[34]

[33]

Reference

Lee et al. BMC Energy
Page 5 of 22

Biomass of 2 microalgae
strains

Microalgae biomass
(Chlorella vulgaris)

Bioethanol

Mixture of acetone,
butanol, and ethanol

Photobiological hydrogen production

Microalgae biomass
(Chlamydomonas mexicana)

Bioethanol

Alcoholic fermentation

Microalgae biomass
(Chlorella sp.)

Microalgae biomass
(Chlamydomonas

Hydrogen

Hydrogen

microalgae strains

Type of feedstock

Type of bioenergy

Method

Table 1 Recent studies of bioenergy conversion using different methods (Continued)

Medium: sulfur-free TAP
Light intensity: 50 μE·m− 2 s− 1

Medium: modified TAP
Glycerol concentration: 16 g·L− 1
Anaerobic condition
pH: 6.8
Light intensity: 48 μmol·m− 2 s− 1
Temperature: 30 °C
Reaction time: 24 h

Lipid extraction of biomass: hexane/2propanol, acid hydrolysis (2% H2SO4)
and detoxification (resin L-493) of
biomass residue, then fed to yeast
under anaerobic condition

Lipid extraction of biomass: ionic
liquid, acid hydrolysis (2% H2SO4)
and detoxification (resin L-493) of
biomass residue, then fed to yeast
under anaerobic condition

Combined sonication, heat, and
enzyme pretreatment of biomass
Anaerobic incubation
Temperature: 37 °C
pH 5.5
Hydraulic retention time: 2.5 days

Simultaneous enzyme hydrolysis
of biomass and fermentation
with immobilized yeast
Anaerobic incubation
Temperature: 30 °C
RPM: 120

Semi-continuous culture of
biomass Ammonia concentration:
300 mg NH4+·L− 1
Temperature: 23 °C
Reaction time: 14 h
Illumination 25 days
Anaerobic incubation
Temperature: 35 °C

250 mg NH4+·L− 1
Temperature: 23 °C
Reaction time: 14 h
Illumination 10 days
Anaerobic incubation with
sludge from wastewater plant
Temperature: 35 °C

Operating condition

[46]

[45]

[44]

[43]

[42]

Reference

(2019) 1:4

1.05 mL·L− 1 h− 1

11.65 mL·L− 1

0.35 g·L− 1 h− 1

0.32 g·L− 1 h− 1

0.18 kg·kg− 1 biomass

0.22 g ethanol·L− 1 h− 1

171 mL CH4/g COD

Composition/Yield/
Efficiency/Energy recovery
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Supercritical fluid

Transesterification
(Acid/Base Enzyme Catalyst)

Method

Recycled cooking oil

Mangifera indica oil

Refined sunflower oil

Biodiesel

Biodiesel

Biodiesel

Spent coffee grounds

Crude oil of Pongamia
pinnata, Jatropha curcas,
Calophyllum innophylum

Biodiesel

Lipid

Triacylglycerols

Microalgae biomass
(Chlamydomonas reinhardtii
CC124)

reinhardtii CC124)

Type of feedstock

Biodiesel

Hydrogen

Type of bioenergy

Table 1 Recent studies of bioenergy conversion using different methods (Continued)

Yield: 98.14%

Yield: 94%

MgO: 79.26%
ZnO: 77.14%
SiO2: 94.9%

Optimized conditions:
Temperature: 40 °C
Ethanol (18 ml/100 g)
as modifier
Pressure: 250 bar

[53]

[52]

[51]

Optimized conditions:
Methanol-to-oil molar ratio: 15:1
Catalyst: 0.5 wt%
Temperature: 64 °C
Reaction time: 1.5 h
Optimized conditions:
Methanol-to-oil molar ratio: 9:1
Catalyst: 0.3 wt%
Temperature: 67 °C
Reaction time: 3 h

[50]

[49]

[48]

[47]

Reference

Mixture heated to 55 °C for
20 min, added with methanol
and warmed to 75 °C, moved
to decanter after 4–6 h

Mixture of methanol and
sodium methoxide
(base catalyst)
Temperature: 50 °C
Reaction time: 2 h
Stirring: 700 rpm

94%

MgO + CaO: 98.95%

Esterification:
Temperature: 60 °C
Reaction time: 3 h
Transesterification:
mixture of oil with methanol
Temperature: 60 °C
Reaction time: 2 h

Catalysed by acid or base

Medium: sulfur-free TAP
40 mg·L− 1 nanoparticle
Anaerobic condition
Reaction time:72 h

Medium: sulfur-free TAP
Light intensity: 50 μE·m− 2 s− 1
Anaerobic condition
Reaction time: 120 h

Anaerobic condition
Reaction time: 120 h

Operating condition

90%

–

0.60 mL·L− 1 h− 1

1.3 mL·L− 1 h− 1

Composition/Yield/
Efficiency/Energy recovery
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MFC

Method

MSW
Fermentable household waste

Bioelectricity
Bioelectricity

Corn

Lipid

Wastewater

FAME

Biodiesel

Bioelectricity

Type of feedstock

Type of bioenergy

Table 1 Recent studies of bioenergy conversion using different methods (Continued)

−2

Power density: 29.6 mW·m− 2

Power density: 1817.88 mW·m

Power density: 642 mW·m− 2

99%

100%

Composition/Yield/
Efficiency/Energy recovery

Dual-chamber MFCs

Two chamber MSW MFCs with
alkali hydrolysis pre-treatment

MFC equipped with Pt electrode

Optimized conditions:
Temperature: 60 °C
Pressure: 300 bar
CO2 flow: 3 ml/min
10 min static extraction
150 min dynamic extraction

Optimized conditions:
Methanol-to-oil molar ratio: 40:1
Pressure: 200 bar
Temperature: 350 °C
Reaction time: 10 min

Operating condition

[58]

[57]

[56]

[55]

[54]

Reference
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with low/absent oxygen content to yield combustible gas
mixtures. Gasification process transforms carbonaceous
constituents into syngas comprising hydrogen, carbon
monoxide, carbon dioxide, methane, higher hydrocarbons,
and nitrogen with the presence of a gasification agent and
catalyst. By utilizing this syngas, various types of energy/
energy carriers are supplied for examples biofuel, hydrogen gas, biomethane gas, heat, power and chemicals.
It is reported that gasification process is the most efficient technique in the production of hydrogen gas from
biomass [61]. Contrasting to additional thermochemical
conversion techniques, gasification technique is considered to be independent autothermic route based on energy balance. It is revealed that biomass gasification able
to recover more energy and higher heat capacity compared to combustion and pyrolysis. This is attributed to
optimal exploitation of existing biomass feedstock for
heat and power production. Conversion of carbon monoxide and hydrogen by means of pyrolysis and liquefaction is poor due to their complexity process, greatly
reliant on operating conditions and the presence of secondary reaction resulting from hot solid particles and
volatiles [62]. Additional benefit of gasification process is
the simple conversion by means of catalytic methanation
of carbon monoxide and carbon dioxide of syngas to
synthetic natural gas [63]. Thus, gasification of biowaste
is deliberated to be ideal route for the conversion of diverse biomass feedstocks varying from wastes of agriculture, industrial, kitchen, food, and farm.
Gas composition produced from gasification process
varies according to type of gasifier, gasification agent,
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catalyst type and size of particle. Generally, high amount
of CO2 and CO is generated via gasification process of
feedstock that contains high amount of carbon and oxygen. It is found that among all the waste feedstocks,
MSW and agricultural residue have greater CO and CO2
content [64]. During gasification process, sulphur is
emitted as H2S form that causes complexity in gas separation and treatment. That is the reason that gas treatment methods are required for feedstocks that contain
high amount of sulphur. Normally, biowaste feedstocks
comprise < 1.5 wt% of sulphur. Among which, sewage
sludge and animal waste comprises highest quantity of
sulphur with 1 wt% and 0.5 wt% correspondingly [64].
Typically, in biowaste gasification, there are four types of
gasifier that are used which are fixed bed, fluidized bed,
entrained flow, and plasma gasifiers. As for the fixed bed
gasifier there are two dissimilar forms known as downdraft gasifier and updraft gasifier. The downdraft gasifier
is more popular due to its ability to yield high good
quality gas quickly and the utilization of flexible moisture content of the biomass [62]. At present small scale
gasifiers are practically utilised for electric power generation and power heat cogeneration [65]. Table 2 outlines
the generally employed types of gasification in recent
studies for the gasification of biowaste.
Recent study by Salimi and colleague [76] on the energy generation from lignocellulosic wastes of canola
stalks discovered the use of novel bimetallic catalysts
supported on activated carbon and graphene nano sheets
in the hydrothermal gasification process. It was found
that the addition of metal such as Nickle (Ni), Rudium

Table 2 Common types of gasifiers investigated in recent studies of gasification of biowaste
Type of gasifier
Fixed bed gasifier

Fluidized bed gasifier

Entrained flow

Plasma

Advantages
● High tolerance of ash content.
● Able to withstand high moisture content feedstock.
● Low tar accumulation.
● Minimum sensitivity towards feedstock size and quantity.
● High heat transfer rate.
● Thorough mixing of feedstock and bed material.
● Moderate requirements of gasification medium

● Flexibility types of feedstock.
● Short processing time.
● Uniformity of temperature throughout reactor.
● Low tar production in gas.

Type of feedstocks

Operating
References
temperature (°C)

Wood

800–900

[66]

Sawdust

650–960

[67]

Palm shell

750

[68]

Sewage sludge

800

[27]

Pine woodchips

700–900

[23]

Beech wood

750–850

[69]

Rice straw

600–800

[26]

Wood and bark waste

300–400

[70]

Straw biomass

900

[71]

Jatropha curcas shell

1000

[72]

Bituminous coal and
wheat straw

1300

[73]

Empty fruits bunch

900

[65]

● Capable to treat both hazardous and non-hazardous wastes. MSW and plastic solid waste 1250–1315
● Nontoxic method to destroy hazardous waste.
Biomedical waste
1326
● Easy removal of ash as slag.
Hazardous waste from
1500
oil and gas

[74]
[75]
[24]
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(Ru), Copper (Cu) and Cobalt (Co) based catalyst able to
accelerate the reforming reaction that eventually results
in the enhanced hydrogen and methane production.
From the study, Ni (20%)/activated carbon, and Ni (20%)
– Cu (2%)/ activated carbon catalysts resulted in greater
generation of H2, CO2 and CO yields, high catalytic activity and stability [76]. Oliveira et al. [25] studied the
feasibility and behaviour of fuel gas produced by the gasification process of coffee waste. The feedstocks were exposed to gasification in an open-source and low-cost
downdraft gasifier, via gasifying agent in this case air.
From this experiment, the fuel gas produced via eucalyptus chips contributed average higher heating value of
6.81 ± 0.34 MJ·Nm− 3, with pre-dominance of carbon
monoxide (20.24 ± 0.93%) [25].
Plasma gasification is a rather novel thermochemical
technique that is applicable for harmful biomass wastes.
Plasma gasification method is an allothermal method
that uses exterior power to heat up and maintain the elevated temperatures. The products that are produced
from this process are mostly syngas, slug and ash. Since
this process uses high temperature, plasma gasification
process able to break down nearly all the materials including medical basis such as bandages, infusion kits,
biomedical waste containing cytotoxic drugs, antibiotics
and also laboratory waste that comprises biomolecules
or organisms that are harmful to be released to the environment [75]. Mazzoni and colleague [74] investigated
on plasma co-gasification to evaluate the possibility of
plasma gasification in recovering energy from MSW and
waste of plastic solid. From the study, they found the
process consumes oxygen rich air as plasma forming gas
and result in the increase in the plant efficiency beyond
26%. This performance has been recognised as the best
point of reference for conventional grounded combustion of waste-to-energy technique [74]. Latest study on
plasma gasification of biomedical waste (bonny tissue)
and household waste, exhibited that the overall concentration of gas synthesised was 69.6 and 71.1 vol.%, correspondingly [75].
Liquefaction

Liquefaction and pyrolysis of biomass are the two techniques that render products as bio-oil or biocrude.
Thermochemical liquefaction process involves the production of bio-oil at low temperature and elevated pressure with or without catalyst in the presence of
hydrogen. Hydrothermal liquefaction (HTL) or also recognized as hydrous pyrolysis is an established liquefaction type that utilizes subcritical water (SCW) at
medium temperatures ranging from 250 to 374 °C and
operating pressure from 40 to 220 bar to convert biomass into bio-oil. HTL process comprises decomposition
and repolymerization reactions for bio-oil conversion,
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aqueous dissolved chemicals, solid deposit and gas.
Great pressure in the HTL process aids to maintain
water in liquid state, whilst the blending of elevated
pressure and temperature leads to the decrease in the dielectric constant and density which influence the hydrocarbons to be water soluble [77].
Generally, HTL method utilizes biomass that contains
high moisture that could minimize the cost of drying or
dewatering phase. Thus, feedstocks that contain varied
content of moisture for instance woody biomass-, wasteand algae-based biomass are suitable for bio-oil production. Based on the US Energy and Agriculture Department
research, it was stated that almost 700 million dry tons of
biomass feedstocks possibly will be yielded in the US annually and this could contribute for biofuel production.
Among resources, forestry and agriculture resources could
contribute almost 350 million dry tons [78]. Thus, as they
are accessible in vast amount, such bio-generated waste
emerges to be worthy applicants for bio-oil production.
Woody biomass appears to be suitable feedstock for HTL
due to its constituents that mainly comprises of cellulose
(30–50%), hemicellulose (15–35%) and lignin (20–35%).
Cellulose is a non-polar compound at room temperature
however, it is likely to be soluble as the temperature increases and has the advantage of high degree of
polymerization. Cellulose has strong intramolecular and
intermolecular interactions among hydrogen bonds which
is initiated by the glucose monomers [79]. As for hemicellulose, it contains weak arrangement and less resilient
hydrogen bonding that causes easy disintegration of the
molecules. The yields of bio-oil from woody biomass are
influenced by operation parameters, with or without catalyst and type of solvents. From previous studies of woody
biomass using HTL, the bio-oil produced varies from 17
to 68 wt% [77].
In the recent years, there are many research using diverse techniques for HTL process of biomass. Alhassan
and colleague [29] utilised deep eutectic solvents (DESs)
as a catalyst in the HTL of de-oiled Jatropha cake. DES
is used as substitute of ionic liquid catalyst due to its
benefits for example straightforward preparation, low
degree of toxicity, economical and low temperature stability. In their study, high energy of bio-crude at about
(41.48–54.78%) are recovered by HTL process using
de-oiled Jatropha, they able to recover [29]. In another
study, Costanzo et al. [80] performed two stage HTL
processes consisting of first low temperature followed by
high temperature HTL coupled with hydrodenitrogenation and hydrodeoxygenation (HDO) catalyst to extract
biocrude from algae. It was discovered that the biocrude
produced from this process is comparable to conventional gasoline [80].
Sewage sludge is a derivative of wastewater treatment
which encompasses proteins, lipids, fibre, non-fibrous

Lee et al. BMC Energy

(2019) 1:4

carbohydrates, and ash. Sewage sludge is a promising
feedstock for HTL process as it readily available in large
volumes. In addition, it is reported that compared to dry
sludge, exploiting wet sludge able to decrease the consumption of energy by 30% [81]. The challenge in the
production of quality bio-oil using dewatered sewage
sludge is the high moisture content which is higher than
85% [82]. There are several studies conducted in the attempt to reduce the moisture content in sludge which
include the use of dry straw [83], co-liquefaction [84],
n-hexane to isolate bound water [85], methanol for extraction of extracellular polymeric substances [86] and
SCW pre-treatment to break up sludge cells resulting
the relief of bound and surface water [87]. In a latest
study by Yang and colleague [88], the effects of
co-pre-treatment of cationic surfactant–non-ionic surfactant (fatty alcohol polyoxyethylene ether AEO9)–
SCW on the HTL of sludge for bio-oil production are
studied [88]. From this study, high amount of bound
water is able to be released from the sludge that consequently caused high production of bio-oil (up to 47.6%).
The utilization of co-pre-treatment of cationic surfactant–fatty alcohol polyoxyethylene ether AEO9–SCW
lead to improvement of the hydrocarbons in the bio-oil
and amplified its calorific value by 15.5%.
It is revealed that during HTL process, not all the organics present in the feedstocks are converted to bio-oil.
There are remaining organics left in the liquid as
post-hydrothermal liquefaction wastewater (PHWW)
which is known to have numerous significant nutrients
[89]. Researchers learned that approximately 20% of the
carbon from the feedstock is transferred into PHWW.
The carbon transferred will be mostly in the form of
monosaccharides, oligosaccharides and organic acids
such as acetic acids [28, 30]. Thus, it is vital to improve
the technology that able to recover the remaining organic carbons from PHWW and transform them into
products with high value. This will definitely support the
overall cost-effective viability and economic possibility of
HTL. Recently, Li’s research group [33] introduced an
integration process of HTL and anaerobic digestion to
advance methane production and energy recovery of
PHWW from Chlorella. Energy recovery from PHWW
was conducted by using zeolite adsorption and anaerobic
digestion. From this study, it was demonstrated that the
addition of zeolite and the integration system increased
the efficiency of energy recovery to 70.5%.
Lately there are immense amount of work concerning
to HTL using wet microalgae due to its advantages of
eliminating drying process and the lipid, protein and
carbohydrate fractions conversion into bio-oil liquid
with or without catalyst [90]. In a current study, Rahman
et al. [32] introduced a green biorefinery concept of merging fermentation and ethanol aided liquefaction to yield
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biofuels from marine microalga Nannochloropsis sp. This
study showed that pre-treatment and fermentation of
wet microalgae improved the total lipid production by
40 and 10% of essential solvent for succeeding phase of
biofuel production. The integration of algae to liquid
process increases the yield of biodiesel by three-fold
contrasting to liquefaction of microalgae.
Pyrolysis

Amongst the thermochemical biomass conversion routes,
pyrolysis and gasification are the two processes that are
commonly being studied. Pyrolysis is thermal decomposition of biomass that takes place in the absenteeism of
oxygen with operating temperature ranges from 350 to
550 °C that could reach up to 700 °C. Pyrolysis process decomposes organic materials into solid, liquid and gas mixture. The difference between gasification and pyrolysis is
that gasification produces fuel gas that is able to be combusted for heat generation. Whereas, pyrolysis process
produces liquid fuel known as pyrolysis oil (py-oil)/ bio-oil
that can be an alternative for fuel oil in the application of
static heating or in the generation of electricity. The advantage of liquid fuel that is being produced by pyrolysis
over fuel gas of gasification process is that the yielded
bio-oil can be straightforwardly stored and effortlessly be
transported [91]. There are three types of pyrolysis process
(as shown in Fig. 2) that differ according to their operation
conditions, namely slow, fast and flash pyrolysis. Their
products composition is influenced by the operating conditions. Slow pyrolysis involves decomposition process
that produces char at low temperature, heating rate and
long vapour residence time. The key outcome of fast pyrolysis is bio-oil that occurs at controlled temperature approximately 500 °C, short residence time (< 2 s) and high
heating rate (> 200 °C·s− 1). While for flash pyrolysis, the
reaction time is extremely short and the heating rate is
higher than fast pyrolysis.
Currently, more attention is given on the liquid production from fast pyrolysis. This is due to the advantages
of the high yield of py-oil up to 75 wt.% and the technology that is cost effective, highly efficient in energy and
environmentally friendly [92, 93]. Py-oil exists as dark
brown, with high viscosity. It uses low calorific value
and it is comprised of several chemical compositions
that include acids, alcohols, aldehydes, phenols and oligomers that are originated from lignin [94]. In the recent
years, improvements of py-oil properties become major
concern. The enhancement of py-oil is required so that
it could be utilised as a substitute to crude oil. There are
several routes for the py-oil upgrading that include physical, chemical and catalytical approaches.
Physical upgradation In physical upgradation, hot
vapour filtration is the most frequent method being used
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Fig. 2 Illustration of different types of pyrolysis process

to get better bio-oil. It enables to reduce the initial molecular weight of the oil and slows down the rate of
bio-oil aging. Case and colleagues [95] analysed the
chemical and physical variations of bio-oil of pine sawdust pyrolysis using various hot gas filtration conditions.
From the study, they found significant improvement on
the oil stability. The application of hot gas filtration
causes the elimination of char and inorganic materials
from the oil which is initiated due to the removal of the
highly unstable compound of ring- conjugated olefinic
substituents and the conversion of guaiacol-type compounds to catechol- and phenol-type compounds [95].
Pattiya and Suttibak [34] used hot filter on the fluidised
bed reactor pyrolysis of sugarcane leaves and tops. It
was observed that though the bio-oil yield was reduced
by 7–8 wt%, the filtered bio-oils have improved viscosity
and stability [34]. In a recent study of hot gas filtration,
Ruiz group [96] introduced hot gas filtration (HGF) unit
(in situ) in a typical pyrolysis. They studied on the influence of in situ filtration on bio-oil yield and chemical
composition of bio-oil. It was discovered that secondary
reactions inside the HGF unit influences the yield which
was controlled by HGF temperature, HGF char cake
thickness and alkali and alkaline earth metallic content
of the raw feedstock [96].
Hydrodeoxygenation upgradation HDO or also known
as hydrotreatment is another strategy that offer enhanced oil yield, high oil quality and with higher carbon
recovery. This process involves the removal of oxygen
from oxygenated hydrocarbons via catalytic reaction at
high pressure (up to 200 bar), hydrogen supply and
moderate temperature (up to 400 °C) [92]. It is stated

that HDO process able to improve the py-oil quality by
refining oil stability and increases energy density [97].
There are four main reactions that affect the HDO of
py-oil which are (i) hydrogenation of C-O, C=O and
C=C bonds, (ii) dehydration of C-OH group, (iii) condensation and decarbonylation of C-C bond cleavage
using retro-aldol and (iv) hydrogenolysis of C − O − C
bonds [98–100]. The main challenge in HDO of py-oil is
the deactivation of catalyst and there is a necessity to
synthesis effective catalyst for HDO process.
In the effort to upgrade pyrolytic oils, numerous catalyst that include non-noble and noble metal catalysts
were studied. Newly, Jahromi and Agblevor [37] synthesised a novel multifunctional red mud-supported nickel
(Ni/red mud) catalyst and associated their performance
with commercial Ni/SiO2 − Al2O3 for the HDO of
aqueous-phase pinyon-juniper biomass chips. Based on
this study, it was discovered that the usage of newly synthesised Ni catalyst produced liquid hydrocarbon due to
the cross-reactions of HDO intermediates on the Ni/red
mud while the commercial catalyst did not produce any.
A new study on the HDO of py-oil produced from the
integration of intermediate pyrolysis and hot gas filtration of beech wood showed that bio-oil with improved
quality was produced. It was found that the type of catalyst and the choice of the HDO temperature play a
major role in the conversion and product composition
[38]. In several studies, it was found that the use of Pd/
C as a catalyst is promising approach in contributing
great oil production and high level of oxygen elimination
for hydrotreating the py-oil [101, 102]. In a latest attempt of using Pd/C catalyst, Wang and Lee [103] investigated two sorts of researches, fluidized bed fast
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pyrolysis of Miscanthus and HDO of the bio-oil. Based
on the result obtained, oil was successfully upgraded
into a great substitute of transportation fuel [103].
Catalytic upgradation Another alternative method in
upgrading py-oil is the use of catalysts. There are two
methods involve in the enhancement of pyrolysis oil
quality. The first comprises in the downstream process
by means of metallic or bi-functional (hydrogenating
and acidic) catalysts and the other is in-situ upgradation
by integrated catalytic pyrolysis [91]. In the catalytic
process, the vapour that is produced by pyrolysis will go
through extra cracking within the catalyst pore for the
formation of low molecular weight compound. In the
py-oil, the undesired products which cause the increase
in the oil acidity and viscosity are carboxylic and carbonyl groups. During pyrolysis process, the catalysts
with the capability in altering the organic acids into alcohols, for an example zeolitic catalysts, are widely used
in oil refineries. This is because of their capability to
break long chain and promote formation of aromatic
hydrocarbons.
In most zeolite catalytic study, the size of micropore/
mesopore is needed to be taken into consideration to ensure the entry of huge biomass chains into zeolite pores to
increase yield of hydrocarbons [104]. The conversion of
pyrolysis vapours via acid-catalysed reactions leads to the
breaking of C-O and C-C bonds among guaiacyl, syringyl
and p-hydroxylphenyl and produces intermediates that
cause for the coke formation on the zeolite surface [94].
In a recent investigation by Hoff and colleague [105], the
mesoporosity of the zeolite is increased by using
rich-ZSM5 obtained through desilication. The enhanced
mesoporosity directed to the increase in the aromatic
yields during the red oak pyrolysis [105]. The in-situ mode
of reaction is desired most for py-oil because it can be accomplished using at various operating temperatures and
catalyst loading ratios [94].
Biochemical conversion

Biochemical conversion encompasses the utilization of
the yeast and/or specialized bacteria yeast to convert
biomass or waste into useful energy. The classical
process options are anaerobic digestion, alcoholic fermentation and photobiological techniques which lead to
different biofuels produced.
Anaerobic digestion

As microalgae biomass contain high amounts of nutrients
(such as carbohydrates, proteins, and lipids), full
utilization of the biomass will improve the economic, sustainability and green aspects of microalgae biorefineries
[106]. One way to maximize nutrient extraction is via anaerobic digestion of the biomass residue obtained from
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biodiesel synthesis process. In anaerobic digestion, the
spent microalgae biomass is converted into biogas by microorganisms, and the biogas contains mainly CH4 and
CO2 with trace quantities of H2S. The biogas has an energy content of 20–40% of the biomass lower heating
value. Anaerobic digestion can accommodate wet biomass
with moisture content up to 90% [107]. There are three
major phases in anaerobic digestion, namely hydrolysis,
fermentation, and methanogenesis. Hydrolysis breaks
down complicated biomolecules in the biomass into simple biomolecules, and fermentation uses the simple biomolecules to construct alcohols, acetic acid, fatty acids
that are volatile, and H2 and CO2 gas mixture. Methanogens metabolized this gas mixture producing biogas comprising CH4 (60–70%) and CO2 (30–40%) [108].
Apart from the main nutrients found in microalgae
biomass (carbon, nitrogen, and phosphorus), trace elements (such as iron, zinc, and cobalt) present in the biomass have also been observed to encourage
methanogenesis [109]. If there is prior knowledge of the
content of organic compounds present in the microalgae
biomass, the theoretical CH4 and NH3 production from
anaerobic digestion can be estimated. Greater lipid content will induce higher yields of methane, although the
rate of hydrolysis is slower in lipids compared to carbohydrate and proteins. The minimum duration for adequate hydrolysis of biocompounds for anaerobic
digestion was calculated to be 0.18, 0.43, and 3.2 days for
carbohydrates, proteins, and lipids respectively [110].
The parameters affecting the yield and energy content
of biogas include nutrient profile of biomass, operating
temperature, operating pH, biomass loading rate, as well
as hydraulic and solid retention time. The hydraulic and
solid retention time must be optimized so that the hydrolysis process (rate-determining step) is not limited by
slow loading rates and the methanogenesis process is
not bounded by rapid loading rates [106]. The hydrolysis
process is rate-limiting due to the difficulty in hydrolyzing microalgae cell walls. Therefore, the loading rates
and retention time are strongly affected by the selected
microalgae species. In the methanogenesis phase, the operating pH plays an important role in increasing the ratio of CH4 in the biogas. As fermentation proceeds, NH3
concentration (nitrogen waste secreted by the microbial
communities) increases causing pH to also increase. The
higher pH results in the dissolution of CO2 in the fermentation broth, and this enhances the CH4 concentration in the biogas. Higher CH4 content is desirable as it
results in greater energy content of the biogas. Apart
from pH, higher operating temperature also encourages
microbial activity and CH4 production. For instance,
raising the temperature from 15 to 52 °C using Spirulina
maxima biomass improved CH4 productivity and volatile solids reduction by 35% [111].
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One main challenge facing anaerobic digestion is the
low concentration of biomass in the feed stream. A
study concluded that a concentrating step for microalgae
biomass was essential for optimum operation of the anaerobic digester. When the biomass feed stream was too
diluted, the microbial communities were washed out due
to lack of digestible nutrients. Another issue is the recalcitrant nature of microalgae cell walls which delays the
hydrolysis process. To tackle this, cell disruption can be
carried out on the microalgae biomass to break down
the cell walls. This way, the nutrients inside the microalgae cells will become available for hydrolysis and subsequent uptake by the microbial communities. The greater
the availability of short-chain nutrients, the higher the
CH4 yields in the biogas. Cell disruption methods are
broadly divided into three categories, namely physical
(e.g. microwave, ultrasonication, and bead milling),
chemical (e.g. acid/alkali treatment), and enzymatic
methods [112]. The low carbon to nitrogen (C/N) ratio
of microalgae biomass (from 4.16–7.82) also presents an
issue for anaerobic digestion. If the C/N ratio is less than
20, a nutrient imbalance occurs in the anaerobic microbial community and causes the release of NH3 as nitrogen waste. High concentrations of NH3 can inhibit the
methanogens and promote the accumulation of volatile
fatty acids in the digester [106]. The low C/N ratio can
be remedied by co-digesting microalgae biomass with
other waste streams such as pig manure [113], cow manure [114], and paper waste [115].
Alcoholic fermentation

Bioethanol can be obtained via alcoholic fermentation of
biomass residues containing fermentable sugars that are
converted from cellulose and hemicellulose components
of biomass in the existence of yeast or bacteria. For an
example, microalgae species for instance Chlorella,
Chlamydomonas, Scenedesmus, Dunaliella, and Spirulina have been reported to collect large amounts of
starch, glycogen, and cellulose (more than 50%dw.).
These complex polysaccharides are the raw materials
needed for bioethanol production. As the microbes have
difficulty metabolizing the polysaccharides, hydrolysis is
carried out to break down the polysaccharides into simple sugars before feeding. The most common hydrolysis
methods utilize acid/alkali and enzymes. Acid treatment
is cheap and fast, but the acidic environment may alter
the sugars into undesirable forms. In contrast, enzymatic
treatment is efficient and does not yield undesirable
by-products, but enzymes are expensive and slower. Cell
disruption methods can be performed before hydrolysis
to increase the efficacy and shorten the duration of hydrolysis [112]. The crude alcohol (10–15% ethanol) produced must undergo a concentration step using
distillation [116]. The remaining solid residue can still
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be processed into valuable products using liquefaction,
gasification, or microwave-assisted pyrolysis.
Genetic engineering of microalgae strains has been
researched to enhance yields of valuable metabolites or
switch to the production of a different metabolite. One
of the aims of genetic engineering is the direct translation of CO2 to biofuels using photosynthesis, as this
pathway would not expend energy toward the assembling and break down of biomolecules needed for energy
storage and cell structures. During photosynthesis, glucose and other metabolites are synthesized via the Calvin
cycle, where ribulose-1,5-bisphosphate reacts with CO2
yielding two 3-phosphoglyceric acid which are precursors to the assembly of glucose [117]. Studies have been
performed to redirect the 3-phosphoglyceric acid molecules to assemble ethanol instead by inserting genes responsible for ethanol synthesis (pyruvate decarboxylase
and alcohol dehydrogenase). In one study, a proteobacteria Rhodobacter sp. was successfully engineered into
an ethanogenic recombinant strain. The recombinant
strain was an anaerobe, generating ethanol in the company of light and absenteeism of oxygen.
Photobiological hydrogen production

Some biomass such as microalgae have the natural ability to produce H2 gas in the presence of light. In photosynthesis, microalgae transform water molecules into O2
and H+. Hydrogenase enzymes then reduce the H+ into
H2 gas under anaerobic conditions. The O2 released during photosynthesis rapidly inhibits the hydrogenase enzymes and interrupts the release of H2 gas. This implies
that anaerobic condition is necessary for the culturing
microalgae for the H2 gas production [108]. There are
two key methods to extract photosynthetic H2 using
microalgae. First approach is the simultaneous production of O2 and H2 gas in the presence of light. The electrons generated from oxidation of water molecules are
used by hydrogenase enzymes to yield H2 gas. Theoretically, this method has higher yields than the second approach, but the H2 production is rapidly inhibited by the
O2 production [118]. The second approach is to utilize a
two-phase system, where the first phase is culturing
microalgae under normal conditions and the second
phase is promoting continuous H2 generation under anaerobic and sulfur-deprived conditions [118]. Sulfur
deprivation engages the microalgae in a survival state
where the energy required by the cells are obtained
through the release of H2. In the two-phase system, the
H2 production would begin to decline after 60 h of operation, and the theoretical maximum H2 yield could reach
198 kg H2 ha− 1 day− 1 [119].
The duration of H2 production in sulfur-deprived cultures could be lengthened via addition of small quantities
of sulfur. After sulfur addition, the condition of
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microalgae cells was improved and their PSII systems
were temporarily activated without the presence of an aerobic environment [120]. Regular sulfur addition of five intervals over a period of one month permitted the
reconstitution of the cells and enhanced the total H2 yield
by 3–4 times compared to the control culture with no sulfur addition [121]. Nonstop systems for H2 generation
have been tested, where a two-stage chemostat bioreactor
was employed. Microalgae culture in the chemostat were
constantly fed with new cells and small quantities of sulfur, and H2 production persisted for five and a half
months. Another method to prolong microalgae H2 production is immobilizing the cells on a solid surface during
culturing. Immobilization on glass has been done to enable H2 generation for 90 days [122], while immobilization
on alginate matrix has increased the specific H2 productivity and O2 resistance of the cells compared to the control
(non-immobilized) culture.
Transesterification

The use of potential biomass such as cellulosic biomass
for biofuel production is more complex as the properties
and performance of the extracted oil needs to be tuned
to suit the properties of hydrocarbon-based fuels. The
challenge lies in the conversion of the oil and fats obtained from these biomasses into suitable biofuels in
order to be effectively used as a substitute to the conventional fuel. Biofuels obtained from biomass such as
lignocellulosic materials often have the issue of high viscosity, low vitality and polyunsaturated characteristics.
These issues can be resolve through several pretreatment
methods where the most viable method is transesterification. Transesterification is the reaction where fats and
oils are converted to form esters and glycerol in the
presence of catalysts. The physical characteristics of the
fatty acid methyl ester (FAME) produced would then be
comparable with the commercial petroleum fuel and the
by-product glycerol also has commercial value.
Acid/base and enzyme catalysis

Generally, there are three groups of catalysts exploited
for biodiesel production, namely acid, base and enzymes.
Base-catalyzed transesterification is frequently applied
for commercial production as it gives higher FAME yield
rapidly with mild reaction conditions contrasting to
acid-catalyzed transesterification. On the other hand, enzyme catalysts are more environmental friendly and can
produce high quality products, but its slow reaction rate
and high cost needs further development to make it
more feasible.
Biodiesel are commonly produced by using a two-step
esterification-transesterification procedure. In the production of biodiesel which are suitable for common internal combustion engines, the lipid granules content
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would need to be changed into a lesser viscosity type.
This is usually done through the transesterification of
triacylglycerols to produce fatty acid alkyl esters. The
transesterification catalyst may be a lipase or a chemical
such as an acid or base. Due to the high energy consumption, large volumes of salt and water needed and
the requirements for the conventional transesterification
process, the development of an enzymatic transesterification, catalysed by intracellular or extracellular lipases,
have been recommended [48]. Many strategies which include protein engineering, enzyme immobilization and
whole cell catalyst can be used to improve the enzyme
catalyst performance. Enzyme catalyst are able to work
in gentler environment, with lower energy consumption
and can reduce the need for separation step after transesterification. Enzyme catalysts are able to prevent saponification and require only simple purification steps,
nonetheless, the reaction rate is slow and it is not cost
effective. Enzymes used as catalysts are also susceptible
to alcohol and temperature, which can lead to its deactivation and subsequently reducing the yield of biodiesel.
In a recent study, a single-step process of direct transesterification method by means of successive usage of
acid-base catalysis was developed to produce biodiesel
from the crude oil of Pongamia pinnata and the process
was evaluated with the conservative two-step esterification–transesterification technique [49]. The direct transesterification method utilizes the combination of
methanol and sodium methoxide as the base catalyst
and boron trifluoride as the acid catalyst. The production time of the direct transesterification process was reduced by 1.5 times to obtain the final biodiesel product.
It was reported that no significant difference was observed between the quality of the fuel produced from
both the esterification–transesterification and direct
transesterification methods. The potential reaction
among sodium methoxide in methanol and a vegetable
oil is fast and is frequently utilised as a quick method for
free fatty acids esterification [123]. This shows that the
direct transesterification method is very promising
method that can reduce the processing time, lessen the
solvent needed and be applied to other non-edible feedstock as well [124].
Recent researches have explored the implementation
of advanced biofuel production based on the rapid and
risk-reducing industrialisation of nano-catalytic processes. New green biocatalysts are being developed to reduce the reaction time and cost compared to using the
existing catalysts. One example is heterogeneous catalyst
which is environmentally friendly and recyclable. They
are capable of producing high yield of biodiesel and can
be separated from the liquid easily apart from possess a
long lifespan [51, 125]. A study by Tahvildari et al. used
CaO and MgO heterogenic nano-catalyst coupling for
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the transesterification reaction to produce biodiesel from
recycled cooking oil. It was described that nano-MgO
was not capable of catalysing the transesterification by
itself, but when used together with nano-CaO, it could
achieve significant enhancement in the yield. The combined catalyst had a high contact area and its repeatability was much better compared to using nano-CaO alone.
A higher proportion of nano-CaO to nano-MgO also
lead to more biodiesel production [50]. Another work by
Jadhav and Tandale (2018) used nano-MgO, nano-ZnO
and nano-SiO2 for biodiesel production from Mangifera
indica oil. The results indicated that nano-SiO2 had the
highest yield due to its super-acidity characteristics that
had a positive effect on the catalytic reactivity.
Nano-SiO2 also performs as a robust activators which
can stimulate the reaction to obtain maximum yield
[51]. The development of Ag/bauxite nanocomposites
for biodiesel production has also been performed [52].
The large porous structure of the nanocomposite resulted in increased catalytic activity through increasing
the greater surface area and contact between alcohol and
oil, which lead to higher efficiency of the transesterification reaction. In summary, heterogeneous catalysts can
provide an efficient and effective conversion of feedstock
to biodiesel with a beneficial attribute of recyclability
[126]. The fabrication of nanocomposites, containing
both acid and base sites, higher surface to volume ratio
and larger pore distribution, can also contribute to the
commercialization of biodiesel production.
Supercritical fluid method

Supercritical fluid extraction (SFE) is an extraction
process that uses supercritical carbon dioxide (SC-CO2)
as the solvent. The SC-CO2 extraction technique is a
valuable tool to increase the yield and selectivity profile
in the extraction of organic compounds from plants
[127]. SFE has few benefits compared to conventional
extraction methods which include the higher selectivity,
shorter processing time and use of non-toxic solvents.
Since the CO2 is a gas at room temperature and pressure, this technique does not need further processing
steps for solvent separation, unlike conventional extraction processes which require separation of the solvents
that causes the degradation of the desired compounds.
The other supercritical solvents that can be used are
methanol, ethanol, propanol, acetone, methyl acetate,
and dimethyl carbonate. When these solvents reach the
supercritical state, the hydrogen bonds in the solvents
will be greatly reduced, leading to a drop in the polarity
and dielectric constant which allows the molecules of
the solvents to act as free monomers. Due to this
phenomenon, the supercritical solvents can solvate
non-polar triglycerides into a homogenous liquid phase
to produce FAME and diglycerides.
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SC-CO2 has moderate critical pressure, i.e. 73.9 bar,
which allows for an appropriate compression cost, along
with its low critical temperature, i.e. 31.1 °C, this solvent
can successfully extract thermally sensitive lipid fractions
without degrading them. The SC-CO2 also facilitates a
safe extraction process as it does not react easily and has
low flammability [127]. Supercritical alcohols such as
supercritical methanol have also shown promising results for the production of biodiesel. The solvent polarity
of these supercritical fluids can be tuned and controlled
by adjusting the temperature and pressure. In methanol,
the hydrogen bond network is broken under supercritical conditions, this reduction in hydrogen bonding will
encourage a stronger direct nucleophilic attack by
methanol on the carbonyl group. The dielectric constant
of methanol also decreases at supercritical state and this
will lead to an elevation in reaction rate [128]. Nevertheless, the selection of alcohol is vital for evaluating the
cost and performance. Alcohols like ethanol are easily
obtained from agricultural renewable feedstock and are
preferable to methanol. Ethanol has a higher dissolving
power for oils and is a more suitable alcohol for the
transesterification of vegetable oils. Besides, alcohol with
higher or branched structure is able to produce fuels
with better properties. The extra carbon atom provided
by ethanol can slightly increase the heat content and cetane number [128].
SFE has been used to extract lipids from various biomass which includes spent coffee grounds using SC-CO2
[34], soybean using SC-CO2 [129], linseed using
supercritical-ethanol [130], residual corn material using
SC-CO2
[55],
organosolv
lignin
using
supercritical-ethanol [131], shrimp waste using SC-CO2
[132], and white pinewood [133]. Apart from that, SFE
has been extensively studied for the extraction of lipid
from third generation feedstock as well. Lipid from milk
was also extracted using a supercritical anti-solvent fractionation technology (SAFT). The SAFT is a versatile
process which consists of a water-miscible organic solvent and water. The resulting solution from the process
undergoes extraction using a supercritical solvent. High
lipid yields was obtained by SAFT using dimethyl ether
and the lipid contents were found to be around 70%
neutral and 30% phospholipids [134].
Supercritical transesterification is a simplified biofuel production process that requires no catalyst. This technique
was developed to overcome certain drawbacks associated
with catalysed transesterification, such as long reaction
time, catalyst poisoning, catalyst regeneration, high operation cost, saponification and biodiesel washing. Supercritical transesterification does not require catalysts as it
utilizes the supercritical operating conditions, thereby reducing the complexity and costs associated with the catalyst
usage [53]. However, high temperature and pressure is
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required to create the supercritical conditions, where this
will require costly materials for the construction of the
equipment to withstand the high operating conditions. Despite this, the supercritical process still has many advantages
and can handle a wide range of feedstock. The design of
the transesterification reactor can also affect the reaction
process and biodiesel yield. A novel spiral reactor was designed by Farobie and Matsumura [54] to produce biodiesel
via non-catalytic transesterification. The spiral reactor was
designed to tackle the heat recovery problem in commercial
production. It was reported that the FAME yield obtained
using the spiral reactor rose while the temperature and reaction time increased, where better yield was obtained
compared to using a batch reactor at the same reaction
conditions. Supercritical fluid has been used in commercial
production of biodiesel, which indicates its scalability potential and its readiness to be deployed as a feasible
technology.
Conversion of biomass to bioelectricity

Apart from biofuel production, bioenergy in the form of
bioelectricity that can be sourced from renewable feedstock are part of the spectrum of energy technologies. The
conversion of agricultural and forest resides to biomass
feedstock for electricity generation and district heating is
developing as a potential form of bioenergy. Bioelectricity
can be mainly produced through the combustion of lignocellulose feedstock which is obtained from biomass
sources such as agricultural products and residues, plantation forests, sawmill residue and native forests. A study on
the possibility of bioelectricity production from biomass
for greenhouse gas emission reduction in Australia reported the use of lignocellulose from forestry and agricultural biomass to generate electricity via direct combustion
[135]. The electricity production from the current forestry
and agricultural production systems used contributed to
about 15% of the country’s total electricity generation,
where upgrade to the first-generation technologies could
enhance the electricity production by 9%. The energy production systems were also capable of mitigating approximately 28% of electricity emission and 9% of the national
emissions, which is a great impact on greenhouse gas
emissions [135].
Another economic model was used to examine the prospective of combining the agriculture and forest sectors in
the U.S. to enhance the production of renewable bioelectricity using simulated standards [136]. The model reported that the agricultural and forest sectors have the
capacity to supply 10–20% of the future electricity consumption in the U.S., where the majority of the biomass
feedstock will be obtained through energy crops and crops
residues. The model also estimated the reduction of
greenhouse gas emission to be about 27 million ton of
CO2 in a period of 15 years. Besides that, the production
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prospects of crop residues in bioelectricity generation in
China also play a major role in global bioenergy interest.
The goal of biomass electricity capacity was set at 30,000
GW by 2020 in China. This would enable the more efficient use of China’s agricultural biomass resources for
electricity generation [137]. Another case study on the
bioenergy supply potential in Amsterdam, Netherlands reported that the flexible bioenergy supply from urban waste
stream could produce renewable energy in cities [138]. An
urban electricity system model was developed to project
future electric generation and it was discovered that about
1300–2800 t of waste biomass per day was required in different scenarios. The average daily waste generated in the
city of Amsterdam is about 1400 t and this is subjected to
change as waste generation would increase proportionally
with urbanization and economic growth. These analyses
play a role in supporting the policy-making in exploring
potential bioenergy production from locally available biomass to contribute to a sustainable electricity system.
Bioelectricity can be produced through methods that
are similarly used in other bioenergy productions, such as
thermochemical conversion. One of the processes for bioelectricity generation is through combustion. Combustion
is a chemical reaction where the biomass and oxygen are
combined in a high temperature environment to form carbon dioxide, water and heat. The combustion process
stores chemical energy in the fuel which is release to heat,
light, radiation and other form of energy. Combustion
transforms the biomass into char and volatiles, where
these volatile gases react with oxygen to give heat. The
bioelectricity generation through combustion works by
the generation of steam from the heat generated from the
combustion process. These steams will operate the steam
turbine to produce electricity. Enhancement in the form
of different types of turbine blade or operation mode of
the steam turbine (reciprocating or screw-type turbines)
can be done to improve the efficiency of power generated
[139]. Another process for bioelectricity generation is
through biomass gasification. Gasification extracts energy
from solid fuel through gaseous conversion. Biomass
wastes are converted into syngas and some heating compounds, together with the contaminants such as char, tar,
chlorides and sulphides through gasification. The efficient
utilization of syngas from gasification is deemed to be
much better compared to combustion in terms of energy
saving and ecological preservations [140]. The advantage
of using gasifiers is that it can be utilized in rural areas
with local biomass wastes, creating a possibility to reduce
the issues of rural area electricity supply. The integration
of both the combustion boilers with gasifiers could also
enhance the electrical efficiency significantly, by up to
35% increase [139].
A recent promising technology for the conversion of
biomass to electricity is the use of MFC. MFC technology
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involves the bioelectricity generation through the conversion of organic substrates by electrogenic bacteria under
anaerobic conditions [58]. MFC consist of two chambers
with a biotic anode and abiotic cathode that are separated
by a proton exchange membrane. MFC can simultaneously treat various waste (food waste, household food
waste and MSW) while generating electricity and represents a new source of renewable energy process. The
current and power density produced through MFC can be
altered by the operational conditions, including
temperature, substrate concentration, pH, loading rate,
microorganisms activity, hydraulic retention time and
static magnetic field [56]. In addition, many parameters
relating to the electrode materials, architectures, cost effectiveness and also the membrane characteristics have
been investigated to evaluate the improvement on electricity generation of MFC [57]. Akman et al. [56] reported
that the utilization of Ti-TiO2 electrode showed around 4
times higher power density compared to Pt electrode.
Apart from that, the usage of food residue biomass as a
substrate in the MFC process achieved the highest power
density as well, indicating that the hydrolysis of food residue biomass could significantly enhance the performance
of MFC [58]. MFC shows great potential as a green and
sustainable process; its implementation can provide new
insights for bioelectricity generation.

Current challenge and future prospects
The present review has revealed that many
waste-to-bioenergy technological routes are made available to produce bioenergy from waste feedstock/substrates. Waste utilization is supposedly to be the most
economical process for renewable energy production,
coupled with its complementary benefit that is to clean
the environment. Significant amounts of biomass residues and waste are produced inevitably from different
sectors across world, and the waste could be a promising
feedstock for bioenergy if efficient and economically viable technologies were developed. Still, there are several
limitations to the development of biomass residues and
waste as an immediate energy resource. First and foremost, waste-to-bioenergy production is still not as
cost-competitive as fossil-based fuels, based on the
current technologies developed. A feasibility study conducted by Ng et al. [141] demonstrated that the utilisation of MSW for bioenergy production is not
economically profitable due to the high cost of technologies for incineration, gasification and pyrolysis. Tan et al.
[142], in their analysis study of waste-to-bioenergy for
MSW, concluded that gasification has relatively high operational cost (250,400 USD/d), and, in terms of decreasing cost, is followed by incinerator, landfill gas recovery
system and lastly anaerobic digestion. The high energy
required for waste pre-treatment process, purification of
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the biofuels produced, plant equipment set up, and reactor operation and maintenance, could limit the
commercialization of waste-to-bioenergy technologies.
Therefore, the process optimization is being the research
focus nowadays to increase the production yield and
process efficiency.
To
some
extents,
the
implementation
of
waste-to-bioenergy approach should aid to improve the environment by lessening the amount of waste that must be
landfilled. However, the processing of waste-to-bioenergy
might lead to the release of undesirable and harmful
by-products to atmosphere. For an example, the emissions
of trace organics such as furans, polychlorinated dioxins,
lead, mercury, and cadmium could be attributed to the inadequate design and/or poorly operated of MSW combustion systems for the generation of electricity [143]. The
volatile elements such as mercury might get vaporised during the combustion process of MSW and might not able to
be removed effectively using a particulate removal device
[143]. Some measurements have been taken to prevent the
emission of harmful compounds, include the adequate control of mixing and temperature of air/fuel and the avoidance of “quench” zones in the furnace. However, a
satisfactory control technology to prevent the emission of
harmful volatiles during waste-to-bioenergy processes
should be continuously developed. The hazardous gas
emission should be taken into consideration when selecting
waste-to-bioenergy technology. For instances, an incinerator generally produces higher amounts of pollutants compare to anaerobic digestion. Anaerobic digestion could be
an optimum choice for converting MSW that contains high
moisture content if low demand for heat energy and
cleaner technology are needed [142]. Lastly, proper waste
classification is equally important to ensure higher energy
recovery efficiency in power generation and minimize environmental impacts [144].

Conclusions
Biomass residues and waste can be converted into transportation fuels and bioelectricity using transesterification, thermochemical and biochemical pathways. The
choice of process technology depends on the end product desired and the feedstocks. In general, thermochemical technology that employs thermal heat might not be
sensitive to the biomass waste composition when compared to the biochemical strategies for the production of
biofuels. Nevertheless, the production of biofuels from
biomass waste is still considered more robust in material
handling, transportation, and conversion technology,
when compared to traditional editable food crops-based
biofuels. Still, on-going research studies are devoted to
fill up the inadequacies of the existing technologies and
improve the efficiency and economics of the production
technologies employed.
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