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Abstract: There has been an enormous amount of research in recent years in the area of
thermo-chemical conversion of biomass into bio-fuels (bio-oil, bio-char and bio-gas)
through pyrolysis technology due to its several socio-economic advantages as well as the
fact it is an efficient conversion method compared to other thermo-chemical conversion
technologies. However, this technology is not yet fully developed with respect to its
commercial applications. In this study, more than two hundred publications are reviewed,
discussed and summarized, with the emphasis being placed on the current status of
pyrolysis technology and its potential for commercial applications for bio-fuel production.
Aspects of pyrolysis technology such as pyrolysis principles, biomass sources and
characteristics, types of pyrolysis, pyrolysis reactor design, pyrolysis products and their
characteristics and economics of bio-fuel production are presented. It is found from this
study that conversion of biomass to bio-fuel has to overcome challenges such as
understanding the trade-off between the size of the pyrolysis plant and feedstock,
improvement of the reliability of pyrolysis reactors and processes to become viable for
commercial applications. Further study is required to achieve a better understanding of the
economics of biomass pyrolysis for bio-fuel production, as well as resolving issues related
to the capabilities of this technology in practical application.
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1. Introduction

Biomass is a promising eco-friendly alternative source of renewable energy in the context of current
energy scenarios. Current global energy supply is to a large extent based on fossil fuels (oil, natural
gas, coal), of which the reserves are finite. Given the growing world population, the increasing energy
consumption per capita and the evidence of global warming, the necessity for long-term alternative
energy sources is obvious. For these twin crises of fossil fuel depletion and environmental degradation,
energy planning and technology improvement has become an important public agenda of most
developed and developing countries. In order to counter greenhouse gas emissions, the European
Union ratified the Kyoto Protocol and emphasized the potential for scientific innovation in 2002, but
unfortunately there has been a failure to meet the agreed targets. As a consequence, the global
warming situation is likely to be increasing day by day. Atmospheric CO, has already exceeded the
dangerous level 10 years earlier than had previously been predicted. The award of the 2007 Nobel
Peace Prize to the Intergovernmental Panel on Climate Change (IPCC) and to Al Gore establishes the
importance of climate change issue. Current Australian Government has a long term target of a 60%
reduction in emission relative to 1990 by 2050 [1]. All of these concerns have boosted the importance
of research for alternatives to fossil derived products.

Biomass is recognized as a renewable resource for energy production and is abundantly available
around the world [2]. Biomass utilization in mainstream energy uses is receiving great attention due to
environmental considerations and the increasing demands of energy worldwide [3]. Although complex
in nature, biomass contains a small amount of sulphur, nitrogen and ash. Therefore, combustion of
bio-fuel produces less harmful gas emissions such as nitrogen oxides (NO,), sulphur dioxide (SO,) and
soot compared to conventional fossil fuels. In addition, zero or negative carbon dioxide (CO;)
emission is possible from biomass fuel combustion because released CO, from the combustion of
bio-oil can be recycled into the plant by photosynthesis [4].

Biomass can be converted to bio-fuel via different thermal, biological and physical processes.
Among the biomass to energy conversion processes, pyrolysis has attracted more interest in producing
liquid fuel product because of its advantages in storage, transport and versatility in application such as
combustion engines, boilers, turbines, efc. In addition, solid biomass and waste are very difficult and
costly to manage which also gives impetus to pyrolysis research. However it is still at an early stage in
development and needs to overcome a number of technical and economic barriers to compete with
traditional fossil fuel based techniques [5,6]. The production of bio-liquids and other products (char
and gas) by pyrolysis of different biomass species has been extensively investigated in the past. Some
of these biomass species include beech wood [7], bagasse [8] woody biomass [9,10], straws [11],
seedcakes [12] and municipal solid waste (MSW) [13,14].

Pyrolysis is the thermal decomposition of biomass occurring in the absence of oxygen. The word is
derived from the Greek words “pyro” meaning fire and “lysis” meaning decomposition or breaking
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down into constituent parts. More than 5500 years ago in Southern Europe and the Middle East,
pyrolysis technology was used for charcoal production [15]. Pyrolysis has also been used to produce
tar for caulking boats and certain embalming agents in ancient Egyptian [16]. Since then, use of
pyrolysis processes has been increasing and is widely used for charcoal and coke production. This is
because only the burning of charcoal allowed the necessary temperatures to be reached to melt tin with
copper to produce bronze.

Pyrolysis technology has the capability to produce bio-fuel with high fuel-to-feed ratios. Therefore,
pyrolysis has been receiving more attention as an efficient method in converting biomass into bio-fuel
during recent decades [17]. The ultimate goal of this technology is to produce high-value bio-oil for
competing with and eventually replacing non-renewable fossil fuels. However, the development of
advanced technologies is the next challenge for pyrolysis researchers to achieve this target. It is
necessary to convert biomass into liquid fuels for direct use in vehicles, trains, ships and aeroplanes to
replace petrol and diesel [18-20]. Further development of pyrolysis technology is ongoing and many
research articles have been published on the pyrolysis concept in bio-oil applications in recent times.
In this paper, over 200 publications are reviewed and discussed. The current status and development of
this technology is presented.

2. Pyrolysis Principles

Biomass is one of the first sources of energy used by mankind. It is still the major source of energy
in developing countries. In the western world, a renewed interest in biomass started in the
nineteen-seventies. Charcoal, which is a smokeless fuel used for heating purpose, has been produced
from wood biomass for thousands of years. Its first technological use can be dated back to the Iron Age
when charcoal was used in ore melting to produce iron. The disadvantages of early pyrolysis
technology include slow production, low energy yield and excessive air pollution. Therefore,
technology development to recover the maximum possible energy from a particular type of biomass is
continuing as an important step towards a profitable investment. Nowadays there are mainly three
ways frequently used to extract energy from biomass. These are: combustion (exothermic), gasification
(exothermic) and pyrolysis (endothermic) [21]. Combustion is the oxidation of fuel in which biomass
can be completely oxidized and transferred into heat. However, efficiency of this process is only about
10% and this manner of use is a source of substantial pollution [22,23]. Gasification is a partly
oxidizing process that converts a solid fuel into a gaseous fuel, while pyrolysis is the first stage of both
combustion and gasification processes [24]. Therefore pyrolysis is not only an independent conversion
technology, but also a part of gasification and combustion [25], which consists of a thermal
degradation of the initial solid fuel into gases and liquids without an oxidizing agent.

The process of pyrolysis of organic matter is very complex and consists of both simultaneous and
successive reactions when organic material is heated in a non-reactive atmosphere. In this process;
thermal decomposition of organic components in biomass starts at 350 °C-550 °C and goes up to
700 °C—800 °C in the absence of air/oxygen [26]. The long chains of carbon, hydrogen and oxygen
compounds in biomass break down into smaller molecules in the form of gases, condensable vapours
(tars and oils) and solid charcoal under pyrolysis conditions. Rate and extent of decomposition of each
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of these components depends on the process parameters of the reactor (pyrolysis) temperature; biomass
heating rate; pressure; reactor configuration; feedstock; etc.

Figure 1 shows possible reaction pathways for the pyrolysis of wood biomass. These include three
lumped product categories, starting with a first order reaction. Lanzetta and Blasi found that, at the
beginning of the pyrolysis (250 °C-300 °C) process, most of the volatiles are released at a rate
10 times faster than the next step [27].

Relative proportions of the end products after pyrolysis of biomass at a range of temperatures are
shown in Figure 2. However, pyrolysis processes cannot be limited to a single reaction path because of
widely varying structure and compositional properties of biomass [28].

Figure 1. Representation of the reaction paths for wood pyrolysis [29].
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3. Pyrolysis Classification

Depending on the operating condition, pyrolysis can be classified into three main categories:
conventional, fast and flash pyrolysis. These differ in process temperature, heating rate, solid residence
time, biomass particle size, efc. However, relative distribution of products is dependent on pyrolysis
type and pyrolysis operating parameters as shown in Table 1. In addition, different types of pyrolysis
processes are described in the following three sub-sections.

Table 1. Typical operating parameters and products for pyrolysis process [31,32].

Pyrolysis Solid Residence Heating Particle Temp. (K) Product Yield (%)
Process Time (s) Rate (K/s) Size (mm) Oil Char  Gas
Slow 450-550 0.1-1 5-50 550-950 30 35 35
Fast 0.5-10 10-200 <1 850-1250 50 20 30
Flash <0.5 >1000 <0.2 1050-1300 75 12 13

3.1. Slow Pyrolysis

Slow pyrolysis has been used for thousands of years to enhance char production at low temperatures
and low heating rates. In this process, the vapour residence time is too high (5 min to 30 min) and
components in the vapour phase continue to react with each other which results in the formation of
solid char and other liquids [33]. However, slow pyrolysis has some technological limitations which
made it unlikely to be suitable for good quality bio-oil production. Cracking of the primary product in
the slow pyrolysis process occurs due to high residence time and could adversely affect bio-oil yield
and quality. Moreover, long residence time and low heat transfer demands extra energy input [34,35].

3.2. Fast Pyrolysis

In the fast pyrolysis process, biomass is rapidly heated to a high temperature in the absence of
oxygen. Typically on a weight basis, fast pyrolysis produces 60%—75% of oily products (oil and other
liquids) with 15%-25% of solids (mainly biochar) and 10%-20% of gaseous phase depending on the
feedstock used. The production of liquids is usually yielded from biomass in a low temperature, high
heating rate and short resident time environment. The basic characteristics of the fast pyrolysis process
are high heat transfer and heating rate, very short vapour residence time, rapid cooling of vapours and
aerosol for high bio-oil yield and precision control of reaction temperature [36].

Fast-pyrolysis technology is receiving incredible popularity in producing liquid fuels and a range of
speciality and commodity chemicals. This liquid product can be easily and economically transported
and stored, thereby de-coupling the handling of solid biomass from utilization [37]. It also has
potential to supply a number of valuable chemicals that offer the attraction of much higher added value
than fuels. Fast pyrolysis technology can have relatively low investment costs and high energy
efficiencies compared to other processes, especially on a small scale. Production of bio-oil
through fast pyrolysis has received more attention in recent year due to the following potential
advantages [29,38,39]:
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e Renewable fuel for boiler, engine, turbine, power generation and industrial processes;

e Low cost and neutral CO, balance;

e Utilisation of second generation bio-oil feed stocks and waste materials (forest residue,
municipal and industrial waste, etc.);

e Storability and transportability of liquid fuels;

e High energy density compared to atmospheric biomass gasification fuel gases;

e Possibility for separating minerals on the site of liquid fuel production to be recycled to the soil
as a nutrient;

e Secondary conversion to motor-fuels, additives or special chemicals;

e Primary separation of the sugar and lignin fractions in biomass with subsequent
further upgrading.

3.3. Flash Pyrolysis

The flash pyrolysis of biomass is a promising process for the production of solid, liquid and gaseous
fuel from biomass which can achieve up to 75% of bio-oil yield [40]. This process can be
characterized by rapid devolatilization in an inert atmosphere, high heating rate of the particles, high
reaction temperatures between 450 °C and 1000 °C and very short gas residence time (less than
1 s) [41]. However this process has some technological limitations, for instance: poor thermal stability
and corrosiveness of the oil, solids in the oil, Increase of the viscosity over time by catalytic action of
char, alkali concentrated in the char dissolves in the oil and production of pyrolytic water [42].

4. Biomass Feedstock

Biomass energy is the one the earliest and now the third largest global source of energy, comprising
up to 40%—50% of energy usage in many developing countries that have large agriculture and forest
areas [43]. Biomass is used to meet a variety of energy needs, including generating electricity, heating
homes and providing process heat for industrial facilities. Goyal et al. define biomass as any living
matter on earth. More specifically, biomass can be defined as material derived from growing plants or
from animal manure which mainly consists of carbon, hydrogen, oxygen, nitrogen and smaller portions
of inorganic species [44]. A typical analysis of dry wood yields components is carbon 52.42%, oxygen
6.35%, hydrogen 40.83% and nitrogen 0.4%.

Biomass can be directly or indirectly produced by green plants converting sunlight into plant
material through photosynthesis [45]. The solar energy driving photosynthesis is stored in the chemical
bonds of the structural components of biomass which is a natural process. During combustion, biomass
releases this energy in the form of heat. For that reason, biomass species are considered as renewable
sources of energy which do not add carbon dioxide to the environment, in contrast to non-renewable
fossil fuels. In addition, the unique feature of biomass is that it is the only renewable energy source
which can be converted into convenient solid, liquid and gaseous fuels [46]. In the following
sub-section different components of biomass are described. Physical and chemical properties of
different biomass species are shown in Tables 2 and 3, respectively. The high heating value (HHV) of
the raw biomass and pyrolysis products are calculated by means of the following Institute of Gas
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Technology (IGT) formula shown in Equation (1) [47]. The amounts of the elements (C, H, O, N and
ash) are expressed in mass percentages:

HHV[EJ =354.68 C+1376.29 H-15.92 Ash—-124.69 (O + N)+71.26 (1)

kg
4.1. Composition of Biomass

The major components of biomass are cellulose, hemicellulose and lignin, each of which is
different in their decomposition behaviour (Table 2). Moreover, decomposition of each component
depends on heating rate, temperature and the presence of contaminants due to different molecular
structures [48,49]. In the pyrolysis process, the three components are not decomposed at the same time
as shown in Figure 3. Hemicellulose would be the easiest one to be pyrolysised, next would be
cellulose, while lignin would be the most difficult one. Interestingly, both lignin and hemicellulose
could affect the pyrolysis characteristics of cellulose while they could not affect each other obviously
in the pyrolysis process [50]. Yang ef al. observed that bio-oil mainly derived from the cellulose
component of biomass (around 500 °C), whereas the solid residue (bio-char) came from the
lignin [51]. This is also evident from the composition of bio-char, which has an element composition
close to that of lignin [29]. Therefore, pyrolysis of biomass with a high percentage of lignin can
produce better bio-oil yields. This is because of the different physio-chemical characteristics of
cellulose, hemicellulose and lignin.

Table 2. Lignin, cellulose and hemicellulose content of selected biomass [52—57].

Feedstock Lignin (%) Cellulose (%) Hemicellulose (%)
Wood 25-30 35-50 20-30
Wheat straw 15-20 33-40 20-25
Switch grass 5-20 30-50 10-40
Sugarcane bagasse 23-32 19-24 32-48
Miscanthus 17 24 44
Corn stover 16-21 28 35
Hazelnut shell 42.9 28.8 30.4
Olive husk 48.4 24 23.6
Corncob 15 50.5 31
Tea waste 40 30.20 19.9
Walnut shell 52.3 25.6 22.7
Almond shell 20.4 50.7 28.9
Sunflower shell 17 48.4 34.6
Nut Shell 30-40 25-30 25-30
Paper 0-15 85-99 0

Rice straw 18 32.1 24
Stored refuse 20 60 20
Leaves 0 15-20 80-85

Cotton seed hairs 0 80-95 5-20
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Table 2. Cont.

Feedstock Lignin (%) Cellulose (%) Hemicellulose (%)
Industrial waste paper 5-10 60-70 1020

Barley straw 14-15 31-34 24-29

Oat straw 16-19 31-37 24-29

Bamboo 21-31 26-43 15-26

Rye straw 16-19 33-35 27-30

Coastal Bermuda grass 6.4 25 35.7

Jute fibre 21-26 45-53 18-21

Banana waste 14 13.2 14.8

Figure 3. Decomposition rate of individual biomass components with pyrolysis
temperature [58].
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4.2. Physical and Chemical Characteristics of Biomass

Although the feedstock used for pyrolysis is more important, little is known about the optimal
feedstock constituents for energy production. This is because the current commercial and
research-scale pyrolysis plants are dedicated to specific waste streams, giving little attention to
optimise the constituents. However, some recent studies [59,60] have focused on a wide range of
biomass feedstock in pyrolysis applications. Feed stocks with high lignin content produce the highest
bio-char yields when pyrolyzed at moderate temperatures (approx. 500 °C). In addition, the ratios of
volatile matter, fixed carbon, ash content and moisture are also indicators of pyrolysis product yields.
In general biomass with high volatile matter produces high quantities of bio-oil and syngas, whereas
fixed carbon increases the bio-char production. Moisture content in biomass has an influence in the
heat transfer process with significant effects on product distribution [61]. It has been observed that an
increase in moisture content results in increased liquid product yield while the solid and gas yields
decrease [62]. This is because moisture produces large quantities of condensate water in liquid
phase [63]. Therefore, biomass such as walnut shell, olive husk and hazelnut shell is more favourable
in bio-char production (which is related to the lignin content) as shown in Table 2. The elemental ratio
of carbon, oxygen, hydrogen, nitrogen and ash content, listed in Table 4, also has an important effect
on pyrolysis products. Friedl et al. found that feed stocks with low mineral and nitrogen contents are
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favoured for bio-oil and syngas production [64]. These include wood and biomass from energy crops,
woody plants, high productivity grasses and low-cost agricultural by-products, including cereal straw.

Table 3. Physical properties of selected biomass feedstock [45,48,54,55,65,66].

Density Moisture Ash Content Volatile Fixed
Feedstock 3

(Kg/m”) Content (%) (%) Matter (%) Carbon (%)
Wood 1186 20 0.4-1 82 17
Bituminous coal 11 811 35 45
Hybrid polar 150 45 0.5-2 - -
Switchgrass 108 13-15 4.5-5.8 - -
Miscanthus 70-100 11.5 1.5-4.5 66.8 15.9
Sugarcane baggage 1198 3.2-5.5 - -
Barley strew 210 30 6 46 18
Wheat straw 1233 16 4 59 21
Danish pine 8 1.6 71.6 19
Rice straw 200 6 4.3 79 10.7
Fire wood - 7.74 1.98 80.86 17.16
Grateloupia filicina - 4.93 22.37 55.93 17.01
Birch 125 18.9 0.004 - 20
Pine 124 17 0.03 - 16
Polar 120 16.8 0.007 - -

Table 4. Chemical characteristics of some selected biomass materials [48,55,66].

Feedstock Carbon Hydrogen Oxygen Nitrogen Ash
(Y0) (Y0) (Y0) (%) (Y0)
Wood 51.6 6.3 41.5 0.1 1
Cypress 55 6.5 38.1 - 0.4
Olive baggage 66.9 9.2 21.9 2 -
Wheat straw 48.5 5.5 3.9 0.3 4
Barley straw 45.7 6.1 38.3 0.4 6
Bituminous coal 73.1 5.5 8.7 1.4 9
Scots 56.4 6.3 - 0.1 0.09
Birch 44 6.9 49 0.1 .004
Pine 45.7 7 47 0.1 0.03
Polar 48.1 5.30 46.10 0.14 0.007
Willow 47.78 5.90 46.10 0.31 1.30
Switchgrass 44.77 5.79 49.13 0.31 4.30
Reed canary grass 45.36 5.81 48.49 0.34 5.10
Dactylis lomarata 42.96 5.70 49.44 1.90 7.50
Festuca arundinacea  42.22 5.64 50.65 1.50 7.30

Lolium perenne 43.12 5.80 49.80 1.28 6.20
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5. Pyrolysis Reactor

The reactor is the heart of any pyrolysis process. Reactors have been the subject of considerable
research, innovation and development to improve the essential characteristics of high heating rates,
moderate temperatures and short vapour product residence times for liquids. At first, pyrolysis reactor
developers had assumed that small biomass particles size (less than 1 mm) and very short residence
time would achieve high bio-oil yield, however later research has found different results. Particle size
and vapour residence time have little effect on bio-oil yield, whereas those parameters greatly affect
bio-oil composition [66,67]. With the continuation of pyrolysis technology development, a number of
reactor designs have been explored to optimize the pyrolysis performance and to produce high quality
bio-oil. However, each reactor type has specific characteristics, bio-oil yielding capacity, advantages
and limitations. Of the various reactor designs, the most popular types are described in the following
sub-sections.

5.1. Fixed Bed Reactor

The fixed bed pyrolysis system consists of a reactor with a gas cooling and cleaning system. The
technology of the fixed bed reactor is simple, reliable and proven for fuels that are relatively uniform
in size and have a low content of fines [68]. In this type of reactor, the solids move down a vertical
shaft and contact a counter-current upward moving product gas stream. Typically, a fixed bed reactor
is made up of firebricks, steel or concrete with a fuel feeding unit, an ash removal unit and a gas exit.
The fixed bed reactors generally operate with high carbon conservation, long solid residence time, low
gas velocity and low ash carry over [69,70]. These types of reactor are being considered for small scale
heat and power applications. The cooling system and gas cleaning consists of filtration through
cyclone, wet scrubbers and dry filters [71,72]. The major problem of fixed bed reactors is tar removal;
however recent progress in thermal and catalytic conversion of tar has given viable options for
removing tar [51,73,74].

5.2. Fluidized-Bed Reactor

The fluidized-bed reactor consists of a fluid-solid mixture that exhibits fluid like properties. This is
generally achieved by the introduction of pressurized fluid through the solid particulate substance.
Fluidized-bed reactors appear to be popular for fast pyrolysis as they provide rapid heat transfer, good
control for pyrolysis reaction and vapour residence time, extensive high surface area contact between
fluid and solid per unit bed volume, good thermal transport inside the system and high relative velocity
between the fluid and solid phase [75]. Different types of fluidized-bed reactors are described below.

5.2.1. Bubbling Fluidized-Bed Reactors

Bubbling fluidized-beds are simple to construct and operate. They provide better temperature
control, solids-to-gas contact, heat transfer and storage capacity because of the high solids density in
the bed. Heated sand is used as the solid phase of the bed which rapidly heats the biomass in a
non-oxygen environment, where it is decomposed into char, vapour, gas and aerosols. The fluidizing
gas stream conveys the decomposed biomass constituents produced out of the reactor as shown in
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Figure 4 [76]. After the pyrolytic reaction, the charcoal is removed by a cyclone separator and stored.
The remaining vapour is then rapidly cooled with a quenching system, condensed into bio-oil and
stored. Bubbling fluidized-bed pyrolysis is very popular because it produces high quality bio-oil and
liquid yield is about 70%—75% weight of the biomass on a dry basis. Char does not accumulate in the
fluidized bed, but it is rapidly separated. The residence time of solids and vapour is controlled by the
fluidising flow rate. One important feature of bubbling fluidizing bed reactors is that they need small
biomass particle sizes (less than 2-3 mm) to achieve high biomass heating rates.

Figure 4. Bubbling fluidized-bed reactor [76].
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5.2.2. Circulating Fluidized-Bed Reactors

Circulating fluidized-beds have similar features to bubbling fluidized-bed reactors except shorter
residence times for chars and vapours. This results in higher gas velocity and char content in bio-oil
than in bubbling fluidized bed reactors. One advantage is that this type of reactor is suitable for very
large throughputs, even though the hydrodynamics are more complex [77]. There are generally two
types of circulating fluidized bed reactors: single circulating (Figure 5) and double circulating
(Figure 6).

5.3. Ablative Reactor

Ablative pyrolysis is fundamentally different from fluid bed processes with the mode of heat
transfer being through a molten layer at the hot reactor surface and the absence of a fluidizing gas.
Mechanical pressure is used to press biomass against a heated reactor wall. Material in contact with the
wall essentially “melts” and, as it is moved away, the residual oil evaporates as pyrolysis vapours [78].
Advantages of ablative reactors are that feed material does not require excessive grinding, and the
process allows much larger biomass particle size than other types of pyrolysis reactors. These types of
reactor can use particle sizes up to 20 mm in contrast to the 2 mm particle size required for fluidized
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bed designs. On the other hand, this configuration is slightly more complex due to mechanical nature
of the process. Scaling is a linear function of the heat transfer as this system is surface area controlled.
Therefore ablative reactors do not benefit from the same economies of scale as the other reactor
types [32]. The commonly used ablative reactor types are ablative vortex and ablative rotating disk,
which are described in the following paragraphs.

5.3.1. Vortex Reactor

In a vortex ablative pyrolysis reactor, biomass particles are entrained in a hot inert gas (steam or
nitrogen) flow and then enter into the reactor tube tangentially. Biomass particles are then forced to
slide on the reactor wall at high velocity by means of high centrifugal forces. The particles are melted
on the hot reactor wall which is maintained at a temperature of about 625 °C and leave a liquid film of
bio-oil. Unconverted particles are recycled with a special solids recycle loop [79]. Vapours generated
on the reactor wall are quickly swept out by carrier gases in 50—100 milliseconds. This design is able
to meet the requirements of fast pyrolysis and has demonstrated a bio-oil yield of 65%.

5.3.2. Rotating Disk Reactor

In the rotating plate reactor, biomass feed stocks are forced to slide on a hot rotating disk. While
under pressure and heat transfer from the hot surface, biomasses soften and vaporize in contact with
the rotating disk which causes the pyrolysis reaction. The most important feature of this reactor is that
there is no inert gas medium required, thus resulting in smaller processing equipment. But this process
is dependent on the surface area, and hence scaling can be an issue for larger facilities [76].

5.4. Vacuum Pyrolysis Reactor

Vacuum reactors perform a slow pyrolysis process with lower heat transfer rates which results in
lower bio-oil yields of 35%-50% compared to the 75 wt% reported with the fluidized bed
technologies. The pyrolysis process in vacuum reactor is very complicated mechanically and requires
high investment and maintenance costs. A moving metal belt conveys biomass into the high
temperature vacuum chamber. On the belt, biomasses are periodically stirred by a mechanical agitator.
A burner and an induction heater are used with molten salts as a heat carrier to heat the biomass [80].
Because of operating in a vacuum, these types of pyrolysis reactors require special solids feeding and
discharging devices to maintain a good seal at all times. The main benefit of vacuum reactors is that
they can process larger sized biomass particles (up to 2—5 cm) than fluidized bed reactors.

5.5. Rotating Cone Reactor

Intense mixing of biomass and hot inert particles is the most effective way to transfer heat to
biomass in the pyrolysis process. However fluidised bed mixing requires too much ineffective inert
gas. In the rotating cone reactor the pyrolysis reaction takes place upon mechanical mixing of biomass
and hot sand, instead of using inert gas. The biomass feedstock and sand are introduced at the base of
the cone while spinning causes centrifugal force to move the solids upward to the lip of the cone. As
the solids spill over the lip of the cone, pyrolysis vapours are directed to a condenser. The char and
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sand are sent to a combustor where the sand gets re-heated before again being introduced at the base of
the cone with the fresh biomass feedstock. Although the design of the rotating cone reactor is complex,
it demonstrates high bio-oil yield [81]. Two million tons per day plant operating on palm oil empty
fruit bunches was commissioned in Malaysia in 2006 [78].

5.6. PyRos Reactor

PyRos pyrolysis is implemented in a cyclonic reactor with an integrated hot gas filter (the rotational
particle separator) in one unit to produce particle free bio-oil. The biomass and the inert heat carrier are
introduced as particles into the cyclone and the solids are transported by recycled vapours from the
process. By centrifugal force the particles are moved downwards to the periphery of the cyclone.
During the transport downwards in the reactor, the biomass particles are dried, heated up and
devolatilized. The average process temperature is 450 °C—550 °C. The typical gas residence time in the
reactor is 0.5 to 1 s, so secondary cracking reactions of tars in the reactor can be reduced. Evolved
vapours are transported rapidly to the centre of the cyclone and leave the cyclone via the rotating filter.
The remaining gases and char can be used to heat up the heat carrier and transportation gas. This
reactor is comparatively compact and low cost, with 70%—75% bio-oil yield capability [82].

5.7. Auger Reactor

In this type of reactor, augers are used to move biomass feedstock through an oxygen free
cylindrical heated tube. A passage through the tube raises the feedstock to the desired pyrolysis
temperature ranging from 400 °C to 800 °C which causes it to devolatilize and gasify. Char is
produced and gases are condensed as bio-oil, with non-condensable vapour collected as bio-gas. In this
design the vapour residence time can be modified by changing the heated zone through which vapour
passes prior to entering the condenser train [16].

5.8. Plasma Reactor

The plasma pyrolysis reactors are usually made with a cylindrical quartz tube surrounded by two
copper electrodes. Biomass particles are fed at the middle of the tube using a variable-speed screw
feeder located on the top of the tube. Electrodes are coupled with electrical power sources to produce
thermal energy to gas flows through the tube. Oxygen is removed by an inert gas incorporated in the
reactor. This inert gas also serves as working gas to produce plasma. The pyrolysis product vapours are
evacuated from the reactor by means of a variable speed vacuum pump [83].

Although consuming high electrical power and having high operating costs, plasma reactors offer
some unique advantages in biomass pyrolysis compared with conventional reactors. The high energy
density and temperature produced in plasma pyrolysis corresponds with a fast reaction which provides
a potential solution for the problems that occur in slow pyrolysis such as the generation of heavy tarry
compounds and low productivity of syngas [48,84]. In this type of reactor, tar formation is eliminated
due to the cracking effects of the highly active plasma environment with a variety electron, ion, atom
and activated molecule species [83]. However, a significant proportion of heat from the thermal
plasma is released to the surrounding environment by means of radiation and conduction.
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5.9. Microwave Reactor

The microwave reactor is one of the recent research focuses in pyrolysis application in which
energy transfer occurs through the interaction of molecules or atoms using a microwave-heated bed.
The drying and pyrolysis processes of biomass are carried out in a microwave cavity oven powered by
electricity. Inert gas is flowing continuously through the reactor to create an oxygen free atmosphere
and to serve as the carrier gas as well. Microwave reactors offer several advantages over slow
pyrolysis systems which make them an effective method of recovering useful chemicals from biomass.
These advantages include efficient heat transfer, exponential control of the heating process and an
enhanced chemical reactivity that reduces the formation of undesirable species. Additionally,
unexpected physical behaviours such as “hot spots” are appearing in microwave reactors which
increases syngas yield [85]. Therefore a wide range of biomasses and industrial wastes are possible to
process in microwave reactors with high yields of desirable products such as syngas and bio-oil [86].
The biomasses that are subjected to pyrolysis using microwave reactors include sewage
sludges [85,87], coffee hulls [88], glycerol [89]), rice straw [90], corn stalk [91], automotive waste
oil [86], wood blocks and wood sawdust [92].

5.10. Solar Reactor

The use of solar reactors in pyrolysis provides a suitable means of storing solar energy in the form
of chemical energy. This type of reactor is usually made with a quartz tube which has opaque external
walls exposed to concentrated solar radiation. A parabolic solar concentrator is attached with the
reactor to concentrate the solar radiation. The concentrated solar radiation is capable of generating high
temperatures (>700 °C) in the reactor for pyrolysis processes [93,94]. However, solar reactors have
some advantages over slow reactors. In slow pyrolysis a part of the feedstock is used to generate the
process heat. Therefore it reduces the amount of feedstock available and, at the same time, causes
pollution. Hence utilization of solar energy in the pyrolysis process maximizes the amount of feedstock
available and overcomes the prolusion problem. Moreover, solar reactors are capable of faster start up
and shut down periods compared to slow reactors [95].

6. Pyrolysis Process Description

All pyrolysis reactors have definite feedstock size limitations for effective heat transfer and smooth
operation. For an example, fluidized bed pyrolysis reactors usually require 2—6 mm of particle size.
Therefore biomass has to be prepared to the desired size by cutting and grinding operations. In addition
to sizing, the biomass materials need to be dried to moisture content below 10 wt% unless a naturally
dry material such as straw is available. Drying is essential to avoid adverse effects of water on
stability, viscosity, pH, corrosiveness and other liquid properties in the pyrolysis product. By grinding
and drying the raw material, the liquid yields will be increased, but at the same time the production
costs are increased as well [96]. After drying and grinding, the biomass is fed into the reactor and the
pyrolysis process takes place. The char formed in reactor, acts as a vapour cracking catalyst and
therefore char removal cyclones are used to separate char from the reactor immediately after pyrolysis.
However, some small char particles always pass through the cyclones and are mixed with the liquid
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product. After solid (char) separation, the vapours and the gases need to be quenched rapidly to avoid
continuous cracking of the organic molecules. Quenching of the vapours is usually done with pyrolysis
liquid condensers, where the vapours are cooled directly with the bio-oil or a hydrocarbon
liquid [16,97,98].

6.1. Feed Preparation

High water content in biomass has an adverse effect on the pyrolysis process and on the calorific
value of pyrolysis bio-oil as well. If the moisture content in biomass feedstock is too high, the bio-oil
may be produced with high moisture content which eventually reduces its calorific value. In general, a
proper pyrolysis process needs moisture content below 5 wt%—15 wt% [99]. Therefore biomass should
undergo a thorough drying process to reduce the water content before pyrolysis is carried out. In
contrast, high temperature during the drying process could be a critical issue for the possibility of
producing thermal-oxidative reactions, causing a cross-linked condensed system of the components
and higher thermal stability of the biomass complex. Dobele et al. conducted an investigation on the
effect of the biomass drying process temperature and duration on the properties, chemical composition
and yield of pyrolysis product [100]. In their study, wood biomass was dried at temperatures of
200 °C and 240 °C with durations of 45 min and 90 min. The results of their study showed that the
increase of drying temperature influenced the yield of pyrolysis products, while the increase in the
drying time did not affect it (Figure 5). The quality of the bio-oil is improved with the addition of the
drying process for the decrease of the amount of water and acids. The biomass is then ground to
2-6 mm particle size to yield sufficiently small particles, ensuring rapid reaction in the
pyrolysis reactor.

6.2. Biomass Heating

Biomass heating or heat transfer in pyrolysis reactors is one of the important concerns. Pyrolysis
reactors have two important requirements for heat transfer: (1) to the reactor heat transfer medium
(solid and gas in a fluid bed reactor or the reactor wall in an ablative reactor); (2) from the heat transfer
medium to pyrolysis biomass. These heat transfers could be gas-solid where heat is transferred from
the hot gas to the pyrolysis biomass particles through convection, and solid-solid where conductive
heat transfer occurs. About 90% of heat transfer in fluid bed reactors occurs by conduction, with a
small contribution of convection heat transfer of up to 10% because of utilising good solid mixing.
Along with convection and conduction, some radiation heat transfer also occurs in all types of reactor.
However, several heating methods are used in different pyrolysis reactors to ensure the efficient
conversion of biomass into liquid fuel. Some of the methods are shown in Figure 6 and are listed
according to use in reactor types in Table 5. One important aspect in heat transfer is that, as the thermal
conductivity of biomass is too low and given the reliance on gas-solid heat transfer, biomass particle
size has to be very small to fulfill the requirements of rapid heating to achieve high bio-oil yield.
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Figure 5. Change in the yield of oil, char and gases versus the pyrolysis temperature of
wood at drying parameters of: (a) 200 °C, 45 min; (b) 200 °C, 90 min; (¢) 240 °C, 45 min;

(d) 240 °C, 90 min [100].
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Table 5. Typical heating methods used in different reactors [83,87,91].

Heating Method Reactor Type

Heated recycle gas Bubbling fluidized bed
Wall and sand heating Circulating fluidized bed
Gasification of char to heat sand Rotating cone

Direct contract with hot surface Vacuum

Wall heating Ablative

Fire tube Auger

Radio-frequency Plasma

Electromagnetic Microwave reactor

Solar Fluidized bed/Quartz

6.3. Char Separation

Char is the intermediate solid residue which is formed in reactors during pyrolysis processes. Quick
and effective separation of char is essential because it acts as a vapour cracking catalyst and
contributes to the formation of polycyclic aromatic hydrocarbons (PAHs) in pyrolysis processes,
particularly at low temperature [101]. Conventionally, chars are separated from reactors using the
cyclone method, but this method has the limitation of passing fine particles through the cyclone which
then collect in the liquid product where they accelerate aging and create instability problems. Although
a number of alternative approaches have been used to overcome this limitation including in-bed vapour
filtration [102,103] and rotary particle separation [104], these techniques also have difficulties due to
complex interaction between the char and pyrolytic liquid which appears to form a gel-like phase that
rapidly blocks the filter. Attempts have been made to solve this problem by using solvents like
methanol or ethanol to modify the liquid microstructure [5]. However, it leads to solvent dilution of the
liquid product and increases the process cost as well. Therefore research is continuing to find
appropriate mechanisms for char separation in pyrolysis processes.

6.4. Liquids Collection

True vapour, aerosols and non-condensable gases are mainly available in pyrolysis gaseous
products. These require rapid cooling to minimize secondary reactions and to condense the true
vapours, while the aerosols require coalescence or agglomeration. However, high temperature heat
recovery is not desirable due to the severe fouling in the recuperators [105]. The commonly used
methods of this purpose are cooling with a simple heat exchanger, quenching in product oil or in an
immiscible hydrocarbon solvent or use of orthodox aerosol capture devices such as demisters and
electrostatic precipitators. None of these are very effective except that electrostatic precipitation is
likely to be a preferred method for liquid separation at smaller scales up to pilot plant [5].

7. Pyrolysis Products

The three primary products obtained from pyrolysis of biomass are char, permanent gases, and
vapours that at ambient temperature condense to a dark brown viscous liquid. Maximum liquid
production occurs at temperatures between 350 and 500 °C [55,106]. This is because different
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reactions occur at different temperatures in pyrolysis processes. Consequently, at higher temperatures,
molecules present in the liquid and residual solid are broken down to produce smaller molecules which
enrich the gaseous fraction. Yield of products resulting from biomass pyrolysis can be maximized as
follows: (1) charcoal—a low temperature, low heating rate process, (2) liquid products—a low
temperature, high heating rate, short gas residence time process, and (3) fuel gas—a high temperature,
low heating rate, long gas residence time process. Table 6 summaries the products created at different
pyrolysis conditions. Products from pyrolysis processes also strongly depend on the water content in
the biomass which produces large quantities of condensate water in the liquid phase [107]. This
contributes to the extraction of water-soluble compounds from the gaseous and tar phases, and thus a
greater decrease in gaseous and solid products [63].

Table 6. Pyrolysis reactions at different temperatures.

Condition Processes Products

Below 350 °C Free radical formation, water Formation of carbonyl and
elimination and carboxyl, evolution of CO and
depolymerization CO,, and mainly a charred

residue

Between 350 °C Breaking of glycosidic linkages Mixture of levoglucosan, anhydrides

and 450 °C of polysaccharide by and oligosaccharides in the form of a
substitution tar fraction

Above 450 °C Dehydration, rearrangement and Formation of carbonyl compounds

fission of sugar units

such as acetaldehyde, glyoxal and
acrolein

Above 500 °C

A mixture of all above processes

A mixture of all above products

Condensation

Unsaturated products condense
and cleave to the char

A highly reactive char residue
containing trapped free radicals

7.1. Pyrolysis Bio-Oil

Pyrolysis bio-oil is the liquid produced from the condensation of vapour of a pyrolysis reaction. It
has potential to be used as a fuel oil substitute. The bio-oils have heating values of 40%—50% of that of
hydrocarbon fuels. The main advantages of pyrolysis liquid fuels are [31,38]:

e (O, balance is clearly positive in biomass fuel;

e Possibility of utilisation in small-scale power generation systems as well as use in large power
stations;

e Storability and transportability of liquid fuel;

e High-energy density compared to biomass gasification fuel;

e Potential of using pyrolysis liquid in existing power plants.

Pyrolysis oils; usually referred as bio-oil or bio-crude; are composed of a complex mixture of
oxygenated compounds. Bio-oil contains various chemical functional groups such as carbonyls;
carboxyls and phenolics that provide both potentials and challenges for utilisation. However; numerous
unknown factors are affecting the thermo-physical properties of pyrolysis bio-oil [108,109]. Pyrolysis
bio-oils have limitations in fuel quality; phase separation; stability; fouling issues on thermal
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processing and economic viability of pyrolysis bio-oil. Some physical properties and characteristics of
bio-oil are described in Table 7.

Table 7. Physical properties and characteristics of pyrolysis bio-oil.

Properties QOil Characteristics Reasons
Micro-carbon and chemical
Appearance Dark red-brown to dark green .
composition in oil
C . Lower molecular weight
Odor Distinctive odor—an acrid smoky smell &

aldehydes and acids

Very high d to fossil fuel
ety g compared 1o Tosst fue High moisture and heavy

Densit Pyrolysis bio-oil: 1.2 kg/lit
ensity YTolysis b10-01 grer molecule contamination

Fossil oil: 0.85 kg/liter

. Wide range of feedstock, water
Can vary from as low as 25 centistokes 8

Vi it tent and th t of light
iscosity (cS1) to as high as 1000 St content and the amount of lig
ends collected
Heating value Significantly lower than fossil oil High oxygen content

Viscosity increase, volatility decrease,
Aging phase separation and deposition of gum
occur with time

Complex structure and high
pH value

Miscible with polar solvent but totally

S . Polar in nature
immiscible with petroleum fuel

Miscibility

Pyrolysis oil consists of about 300 to 400 compounds [110]. During storage, the pyrolysis oil
becomes more viscous due to chemical and physical changes as many reactions continue and volatiles
are lost due to aging. Studies found that the reactions and aging effects occur faster at higher
temperatures but the effects can be reduced if the pyrolysis oil is stored in a cool place [97,111].

Fahmi et al. concluded that more stable pyrolysis oil can be produced if an energy crop is used [55].
However, this would affect the yield by lowering the organic yield due to the high level of ash/metal
content and producing a high level of reaction water, resulting in a reduction of the heating value of the
oil as well as risking phase separation. The results of this would imply further investigation is
necessary on a trade-off analysis between yield and oil stability. However, feedstock content limits for
metals, ash and lignin also need to be identified and addressed in order to produce bio-oil which can be
used for commercial applications, which does not change considerably over time, but is still produced
at acceptable yield levels and with good heating values.

Shihadeh and Hochgreb found that thermal efficiency of pyrolysis oils is identical to that of diesel
fuel in combustion engine operations, but they exhibited excessive ignition delay [112]. Therefore
pyrolysis oil requires a moderate degree of preheated combustion air for reliable ignition. However the
pyrolysis oil yields, quality and stability can also be modified by process variables such as heating rate,
pyrolysis temperature and residence times [113]. This has not been investigated with these feedstocks,
and should be the subject for future research. Other factors such as different reactors (ablative and
fixed), particle size and char accumulation can affect the yield and quality of the pyrolysis oil by
varying its ash content and composition which affects the thermal degradation of these biomass. Until
now there is no comprehensive study to minimize these effects. Therefore further research is required,
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in order to obtain an overall picture of thermochemical conversion processes to produce high quality
pyrolysis oil.

Commercial pyrolysis bio-oil should maintain its chemical and physical properties such as stability
and viscosity. This can be achieved if the oil exhibits high inhomogeneity, processing lower molecular
weight compounds. High molecular weight derived compounds present in pyrolysis oil come from the
lignin monomers present in the biomass [114]. Therefore biomass with less lignin content is desirable
to reduce the heavier molecular weight compounds present in pyrolysis oil and produce a more
homogenous liquid [108,115]. Table 8 and 9 shows the comparison of fuel properties and composition
between standard diesel oil and pyrolysis bio-oil for different feed stocks. However, some properties
listed in the tables such as moisture content and viscosity create issues when using the
bio-oil as a fuel. Although the water content (hydrophilic) lowers NOy, and improves bio-oil’s flow
characteristics, it also means that bio-oil is immiscible in petroleum fuels (hydrophobic), and lowers
the heating value of the fuel. The solids entrained in the bio-oil principally contain fine char particles
that are not removed by the cyclones. The viscosity of bio-oil may become problematic as the bio-oil is
stored over time, as unfavourable reactions take place that make the liquid too viscous to be a viable
fuel. To address some of the obstacles of using bio-oil as a fuel, efforts to modify and improve the
quality of bio-oil have been made [116].

Initially the interest of using bio-oil was driven by concerns for potential shortages of crude oil, but
in recent years the ecological advantages of biomass fuels have become an even more important factor.
Pyrolysis bio-oil presents a much better opportunity for high efficiency energy production compared to
traditional biomass fuel such as black liquor or hog oil. Therefore a significant effort has been spent on
research and development directed to the application of bio-oil for the generation of heat and power
and for use as a transport fuel. Unfortunately bio-oils have not reached commercial standards yet due
to significant problems during its use as fuel in standard equipment such as boilers, engines and gas
turbines constructed for operation with petroleum-derived fuels. The main reasons for this are poor
volatility, high viscosity, coking, and corrosiveness of bio-oil. In this section, application of bio-oil in
boilers, turbines and diesel engines is summarised. However, pyrolysis bio-oils have a good potential
to replace conventional diesel fuel.

Bio-oil can be used as a substitute for fossil fuels to generate heat, power and chemicals. Short-term
applications are boilers and furnaces (including power stations), whereas turbines and diesel engines
may become users in the somewhat longer term (Figure 7). Upgrading of bio-oil to a transportation
fuel quality is technically feasible, but needs further development. Transportation fuels such as
methanol and Fischer-Tropsch fuels can be derived from bio-oil through synthesis gas processes.
Furthermore, there is a wide range of chemicals that can be extracted or derived from bio-oil. A
general overview is depicted below.
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Table 8. Properties No.2 Diesel fuel and pyrolysis bio-oil from different feed

stocks [31,54,65,82].

4972

Moisture Viscosity HHV LHV
Content (wt%) PO mm¥s  (MJ/kg) (MJ/kg)

Diesel - 1 2.39 44.7 42.5
Wood 15-30 2.5 40-100 16 19
Willow 17.4 2.68 53.2 18.4 16.8
Straw 474 3.45 17.2 13.6 11.6
Sweet grass 24.7 2.87 34.2 16.4 14.8
Dactylis glomerata 43.05 3.12 9.2 17.6 15.7
Festuca arundiance 34.1 3.18 10.9 16.7 14.5
Lonium perenne 48 3.16 6.5 15.8 13.7
Reed canary grass 23.2 3.01 31.6 17.1 15.3
Rice husk 27.2 2.8 128 - 16.4
Corn stalk 26.9 2.3 140 - 16.8
Cotton talk 26.7 2.6 156 - 17.2
Sawdust 24 2.1 140 - 17.4
Palm shells 10 2.7 14.6 - 20.6

Table 9. Elementary analysis of No 2 Diesel, coal and pyrolysis bio-oil from different feed

stocks [31,54,65,82].

C (Wt%) H (wt%) N (wt%) S (Wt%) O (wt%)
Diesel 86 11.1 1 0.80 0
Wood 55-58 5.5-7 0-0.2 0 3540
Willow 43.17 7.15 0.10 0.10 49.49
Straw 28.2 8.78 0.10 0.10 62.83
Sweet grass 38.3 7.42 0.10 0.10 54.08
Dactylis glomerata 36.75 8.82 1.88 0.10 52.46
Festuca arundiance 32.05 9.76 1.41 0.10 56.69
Lonium perenne 30.64 9.63 0.77 0.10 58.86
Reed canary grass 38.42 7.89 0.10 0.10 53.49
Sesame stalk 61.69 7.96 29.37 0.98 -
Rapeseed 74.04 10.29 11.70 3.97 -
Miscanthus 48.1 5.4 42.2 0.5 .01
Cherry stone 46.9 7.9 45.1 0.1 -
Sunflower oil cake 66.5 9.2 4.5 19.8 -
Sugar cane bagasse 46.27 6.55 46.9 - 0.1-0.15
Jute stick 47.18 8.36 44.1 - -
Rice straw 41.4 5 399 0.7 0.1
Palm shells 53.5 6.7 0.44 0.02 39.37
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Figure 7. Various applications of pyrolysis bio-oil.
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7.1.1. Furnaces and Boilers

Furnaces and boilers are commonly used for heat and power generation. Technologically they
produce less efficient combustion compared to turbines and engines. On the other hand, furnaces and
boilers can operate with a great variety of fuels ranging from natural gas and petroleum distillates to
sawdust and coal/water slurries. Therefore bio-oil seems to be more suitable for boiler applications as
long as it meets acceptable emission levels, economic viability and consistent quality characteristics.
Several studies [117—119] have been conducted using pyrolysis bio-oil in boiler applications to replace
heavy fuel oil. The important findings of these studies could be summarized as follows:

e Pyrolysis bio-oils have significantly different combustion characteristics compared to
fossil fuels;

e Bio-oils with high viscosity and high solids and water content exhibit worse combustion
performances in boilers;

e Different pyrolysis bio-oils differ in combustion behaviour and exhaust gas emissions;

e The flame from bio-oil combustion is longer compared to that of standard fossil oil;

e Harmful gas emissions from pyrolysis bio-oil in boiler applications are lower than from burning
heavy fuel oils except for particulate levels;

e Some modifications of the burners and boilers are required for proper utilization of pyrolysis
bio-oil in heat and power generation.

7.1.2. Diesel Engines

Diesel engines offer high efficiency with oil combustion and can be adapted to the combined cycle
power generation. Bio-oil can be utilized in medium and slow speed conventional diesel engines.
However some critical problems can occur while using bio-oil in diesel engines. These include carbon
deposition on pistons and other components of the engine combustion chamber; filter plugging;
injector coking; heavy gum and wax formation and deposition; cold weather starting difficulty;
excessive engine wear; poor atomisation; piston ring sticking and fuel pump failure of engine
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lubricating oil due to polymerisation [120—122]. The reasons for these problems were reviewed and
reported by Jayed et al. [123].

Researchers around the world have been continuing to utilise pyrolysis bio-oil in conventional
diesel engine applications over the last few decades. Solantausta ef al. efficiently used pyrolysis bio-oil
in a medium speed diesel engine [124]. They found some difficulties in adjusting the injection system
for excessive variability in the composition of bio-oil. They also reported wear and corrosion in
injection and pump materials and high CO emissions due to high moisture, acids and particles in
pyrolysis bio-oil. Some other similar studies suggested that the application of pure pyrolysis oils
should be limited to low speed diesel engines with relatively high compression ratios, but blends of
pyrolysis oil and methanol could be used in high speed engines, especially with cetane improving
additives such as nitrated alcohol [125-127]. However straight pyrolysis bio-oils have not yet been
proven for diesel engine applications because of several difficulties, but it seems possible to overcome
these problems with improvements to the pyrolysis process and use of better materials for
engine components.

7.1.3. Gas Turbines

Gas turbines can be used for many applications including driving power generators, industrial
production processes and providing power for aircraft. Gas turbines are currently operated using liquid
and gaseous petroleum fuels. If properly modified and redesigned to accommodate some unusual
properties of bio-fuel, gas turbines can efficiently burn biomass pyrolysis oil. Strenziok et al. smoothly
operated a small commercial gas turbine with a rated electrical power output of 75 kW with biomass
pyrolysis bio-oil [128]. In their study, modifications had to be made to the turbine to allow it to operate
in a dual fuel mode with two separate fuel systems: one for standard diesel and another for biomass
pyrolyzed oil. Along with a moderate reduction of turbine power not related only to fuel type,
excessive carbon deposition in the combustion chamber, slag buildup in the exhaust system and
significantly higher CO and HC emissions were observed when using bio-oil compared to diesel fuel.

7.1.4. Chemicals

Pyrolysis oils have the potential to produce high-value chemicals for browning/flavouring of food,
phenols (adhesives for wood), fertilizer, acetic acid, sugars and also chemicals for other industrial
applications [129]. However studies on extracting useful chemicals from pyrolysis oil are ongoing and
need further development.

7.2. Bio-Char From Pyrolysis

Thermal degradation of lignin and hemicellulose results in considerable mass loss in the form of
volatiles, leaving behind a rigid amorphous carbon matrix which is referred as bio-char. Depending on
the biomass and pyrolysis conditions, 10 to 35% bio-char is produced. Rocha ef al. carried out an
investigation to demonstrate bio-char yield variation for different temperature regions in a fluidised
bed pyrolysis reactor [130]. In their investigation, three different temperature regions were found to
produce different bio-char yields during pyrolysis (Figure 8). At a low temperature (450-500 °C) zone,
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bio-char quantity was high due to low devolatilisation rates and low carbon conversion. In a second
moderate temperature (550-650 °C) zone, the production of bio-char was reduced dramatically. The
maximum yield in this region was found to be about 8 to 10% of bio-char. In the high temperature
(over 650 °C) zone, bio-char yield was very low.

Figure 8. Charcoal (or bio-char) yields variation versus average temperature in the

fluidised bed [130].
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Bio-char physical characteristics are greatly affected by the pyrolysis conditions such as reactor
type and shape, biomass type and drying treatment, feedstock particle size, chemical activation,
heating rate, residence time, pressure, flow rate of inert gas, efc. [131-136]. For example, pyrolysis
operating conditions like higher heating rate (up to 105-500 °C/s), shorter residence time and finer
feedstock produce finer bio-char whereas slow pyrolysis with larger feedstock particle size results in a
coarser bio-char. Moreover wood-based biomass generally produces coarser bio-char. On the other
hand, crop residues and manures generate a finer and more brittle structured bio-char in pyrolysis
processes [137].

Bio-char mainly consists of carbon along with hydrogen and various inorganic species in two
structures: stacked crystalline graphene sheets and randomly ordered amorphous aromatic
structures [138]. In the aromatic rings, H, O, N, P and S are commonly incorporated as heteroatoms
which have a great influence on bio-char physical and chemical properties [139]. However
composition, distribution and proportion of these molecules in bio-char depend on a variety of factors
including source materials and the pyrolysis methodology used [92,140—142]. Nevertheless, depending
upon composition and physical properties, bio-char can be utilised in various industrial processes such
as: solid fuel in boilers, producing activated carbon, making carbon nanotubes, producing hydrogen
rich gas, etc. [44].
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7.3. Syngas

Similar to char, about 10% to 35% of bio-gas is produced in slow pyrolysis processes. However, a
higher syngas yield is possible in flash pyrolysis with high temperatures [143]. For example, He et al.
investigated syngas production from pyrolysis of MSW in a bench-scale downstream fixed-bed reactor
over a temperature range of 750 °C—900 °C using calcined dolomite as a catalyst [143]. Their study
achieved 78.87% gas yield at 900 °C. Likewise, Tang and Huang produced up to 76.64% syngas in a
radio frequency plasma pyrolysis reactor [83]. However, syngas yield is strongly influenced by the
pyrolysis temperature.

Reactor temperature has a significant influence on pyrolysis processes and resulting product
distribution. As the pyrolysis temperature increases, the moisture inside the biomass evaporates first,
and then thermal degradation and devolatilisation of the dried portion of the particles take place. At the
same time, tar is produced and volatile species are gradually released from the particles’ surface. The
volatile species and tar then undergo a series of secondary reactions such as decarboxylation,
decarbonylation, dehydrogenetaion, deoxygenation and cracking to form components of syngas [144].
Therefore higher temperatures favour tar decomposition and the thermal cracking of tar to increase the
proportion of syngas, resulting in decreased oil and char yields [47,143,145]. Studies have also shown
that an increase in reactor temperature increased the syngas flow rate which lasts for a shorter period of
time and then reduces dramatically [36,146].

Moisture content influences the heat transfer process in pyrolysis, having an unfavourable effect on
syngas production. High moisture content contributes to the extraction of water-soluble components
from the gaseous phase, hence causing a significant decrease in gaseous products [147]. For a given
temperature, dry biomass produces the greatest quantity of gas at the early stage of pyrolysis, whereas
with wet biomass the production of the greatest quantity occurs later in the run. This occurs because an
increase in humidity leads to an increase in drying time [63].

Syngas mainly consists of hydrogen (H;) and carbon monoxide (CO). It also contain small amount
of carbon dioxide (CO;), water, nitrogen (N;), hydrocarbons such as CHs4, C,H4, C;Hg, tar, ash, etc.,
depending on biomass feedstock and pyrolysis conditions [44,61,85,145]. These components are
obtained during several endothermic reactions at high pyrolysis temperatures. H; is produced from the
cracking of hydrocarbons at higher temperatures. CO and CO, are the indicators of the presence of
oxygen in the biomass. Those components mainly originate from the cracking of partially oxygenated
organic compounds. Therefore, as a highly oxygenated polymer, the amount of cellulose present in the
biomass is an important factor determining the amount of carbon oxides produced [148,149]. The light
hydrocarbons such as CHa, C;Hs4, C,Hs, etc. may be due to the reforming and cracking of heavier
hydrocarbons and tar in the vapour phase [144]. However, the composition of syngas is clearly
affected by the reactor temperature as shown in Figure 9. H, increases sharply and CO increases
slowly with the increase of the temperature while other components show an opposite tendency. The
molar ratio of H, and CO in syngas is an important factor that determines its possible applications. For
example, a higher H,/CO molar ratio is desirable to produce Fisher-Tropsch synthesis for the
production of transportation fuel and to produce hydrogen for ammonia synthesis [85], so optimisation
of reaction temperature in pyrolysis is a critical issue for syngas production.
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Figure 9. Gas composition of pyrolysis of cotton stalks versus pyrolysis temperature [143].
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Syngas from biomass pyrolysis could be a renewable alternative fuel for internal combustion (IC)
engines and industrial combustion processes. Commercial petrol and diesel engines can be easily
converted to use gaseous fuel for the use of power generation, transportation and other
applications [60,150,151]. However many commercial gaseous fuel IC engines were used between
1901 and 1920. After then the trend declined due to available cheap liquid fuels. Recently interest has
again developed in the use of syngas in IC engines due to the emergence of the need for renewable fuel
engines [152].

Shah et al. found similar thermal efficiencies for syngas and petrol used as fuel in
naturally-aspirated, four-stroke, and single-cylinder IC engines [153]. Mustafi et al. operated a single
cylinder spark ignition engine using syngas as fuel [154]. Their study found that syngas produced
about 30% less engine power output compared to petrol. Given the concern of exhaust emissions,
syngas produced a significantly lower amount of unburnt hydrocarbon (HC) and carbon monoxide
(CO), but nitrogen oxides (NOy) emission was quite high. This is because CO and H; in syngas have
relatively high flame speed and flame temperature which generate higher temperatures in engine
cylinders and hence accelerate production of CO, and NOy. Similar results have been reported in many
other studies [155—-157] which operated IC engines with syngas. However, the generation of NOx
emissions from syngas can be reduced by reducing the heating value, inserting inert gas and increasing
the CO/H; ratio [158].

8. Catalysts in Pyrolysis

A catalyst increases the rate of a chemical reaction without consuming or changing itself during the
reaction. Its plays an important role and is widely applied in biomass pyrolysis processes. In general;
catalysts are used to enhance pyrolysis reaction kinetics by cracking higher molecular weight
compounds into lighter hydrocarbon products [159]. However; different catalysts have different
product distributions in different operating conditions. Depending of application; pyrolysis catalysts
can be classified into three different groups. The first group is added to the biomass before being fed
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into the reactor [9]. The second group is added into the reactor; therefore permitting immediate contact
with vapours; solid and tar [160]. The third group is placed in a secondary reactor located downstream
from the pyrolysis reactor [161]. However, Han and Kim divided catalysts into four groups depending
on composition [162]. These included: dolomite catalyst, Ni-based catalysts, alkali metal catalysts and
novel metal catalysts. Calcined dolomite as a catalyst is attracting much attention because it is
inexpensive, abundant and significantly reduces tar formation in the product gas [163]. Therefore
calcinate dolomite was extensively investigated in different reactors such as fixed bed [144,164,165]
and fluidised bed reactors [166—168]. He et al. used calcined dolomite as a catalyst in a lab-scale
continuous feeding fixed-bed reactor for pyrolysis of municipal solid waste [144]. This study found
that the presence of calcined dolomite influenced greatly the product yields by increasing significantly
the amount of syngas production while decreasing oil and char yield. However calcined dolomite
catalyst has some limitations including low melting point which makes it unstable at high
temperatures, not effective in heavy tar cracking and difficult to achieve or exceed 90%—95% tar
conversion. However numerous others types of catalysts have been studied in biomass pyrolysis to
enhance productivity [169]. Some of these included Ni, CeO,, AL,O; [170], alumina [171], sodium
feldspar [9], CeO,, Rh, SiO, [172], Li, Na, K carbonates [173], Nay,COs, K,CO;, ZnCl, [174],
Ni/SiO;,-N [175], zeolite [176] and ZrO, [177]. These Ni and alkali metal based catalysts were proven
to be effective in heavy tar elimination and achieving more than 99% tar destruction, but were found to
become inactive by carbon deposition [162]. Moreover, most of those were used only at small scale to
improve gas production for research purposes. Addition of this catalyst resulted in the lowering of char
yield and did not substantially impact on oil yield. Therefore, development of commercial scale,
efficient and stable catalysts for pyrolysis is a future challenge.

9. Energy Consumption in Pyrolysis

Large amounts of thermal energy are needed to maintain suitable pyrolysis temperatures in the
reactor wall or heat carrier. Energy is also needed for grinding and drying the feed material into a
usable particle size. Numerous electric motors are required to provide the work to achieve the different
flow rates, pressures and power the filtration systems. Therefore, energy efficiency is an important
measure for identifying the performance of a pyrolysis process which can be expressed as follows:

E

‘Biofuel

Uenergy = E +E (2)

Feedstock Pyrolysis

where 7,,,,.. 1s the process energy efficiency; Ej,;,, 1s the energy content in the product bio-fuel;

E

reedsor 15 the energy content in the biomass feedstock and E

Pyrolysis is the external energy consumption

in the pyrolysis process. In general, the three components can be considered in the calculation of
energy consumption for pyrolysis as follows:

Eszrolywic = EDrying +ET arget + E{eaction (3)

The first component (£, . ) of energy involves dewatering the wet biomass to dry biomass. The

rying

second component ( £, ) of energy is used to heat dried biomass to the pyrolysis temperature, and

the third component ( £,

eaction

) of energy is consumed to decompose the biomass during the pyrolysis
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reaction. The required energy can be supplied by pyrolysis by-products. Bramer and Holthuis
conducted a study to find energy required to run a small scale (30 kg/h biomass) pyrolysis system
using a PyRos reactor [82]. This study concluded that about 5.48% of produced energy is sufficient for
the energy need for running the pyrolysis process. This energy can be obtained by combusting one of
the two by-products—the bio-char, or all the produced gas with a small proportion of the bio-char.
Moreover, fraction of energy recovery from biomass can also be good measure to determining the
effectiveness of biomass pyrolysis which is the ratio of energy available in the products and energy
containing in biomass. Stals et al., have conducted such an analysis and achieved 35-39 percent
energy recovery in flash pyrolysis of different hardwoods [178]. However the results presented in these
studies are not enough to make a final conclusion regarding the energy efficiency of industrial scale
pyrolysis plants. In order to obtain a clear energy picture and hence improve the energy efficiency, a
comprehensive energy audit should be conducted in an industrial scale pyrolysis plant.

10. Pyrolysis Economics

Economic viability is the key factor in the development of commercial pyrolysis processes.
Currently, pyrolysis products are unable to compete economically with fossil fuels due to high
production costs. The pyrolysis technology has to overcome a number of technical and non-technical
barriers before industry can implement their commercialisation and usage [179]. Production cost of
pyrolysis product is higher compared to production of fossil fuel. The main component of pyrolysis
plants are the reactor, although it represents only 10%—15% of the total capital cost. The rest of the
cost consists of biomass collection, storage and handling, biomass cutting, dying and grinding, product
collection and storage, efc.

The cost of a pyrolysis production plant could be classified into two main categories: capital
investment, and operating or variable costs. Capital or fixed cost includes: pyrolysis module, basic
equipment, feed handling and storage, and development of facilities (land, road, transport,
building efc.). The fixed cost primarily depends on the technology, plant size and biomass feedstock.
Variable costs include biomass harvesting or feedstock, maintenance, product transport, labour, utility,
transport etc. The percentage of approximate contributions of different component on variable cost is
given in Table 10.

Table 10. Variable cost for a pyrolysis plant [116].

Items Percentages
Biomass harvesting or feedstock 23%-30%
Maintenance 17%—-24%
Utilites 22%-25%
Labor 12%—-19%
Grinding 7%-9%
Transportation 5%—7%

Several factors are also associated with the cost of biomass pyrolysis energy conversion which
includes process technology, the scale of operation, feedstock, year of construction, and so on.
Moreover, scale-up is an increasingly important issue as pilot and demonstration plants have to be
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commercially realized. The annual production costs can be calculated using the annuity method which
is given by [180,181]. Annual cost ($) = Operating cost + (annualized capital cost—annualized salvage
value). The annualized capital costs can be determined by Equation (4) [180,181]:

(total plant cost + construction cost) .

-+ “ 4)

ACC =

where, ACC is the annualised capital cost per year; i, is the interest rate and N, is the plant life time.
The construction cost can be given by:

N,
Construction cost = z
j=l N,

c

Total plant cost .. N i
P Ji (i) (5)

where N is the construction period, i is the construction financing/interest rate and i, is the project
financing rate.

Table 11. Parameters used in production cost calculation [180].

Plant capacity 0.3, 100 and 1000 kg/h rice husk

Plant life 10 years

Annual operating time 3120 h @ 10 h/day

Maintenance labour 1% of FCI

Maintenance materials 3% of FCI

Overheads 2% of FCI

Insurance 2% of FCI

Other fixed operating costs 1% of FCI

Interest rate 10%

Feedstock cost 20 USS$/ton

Labour hire rate 1 US$/h

Number of labours 1, 5 and 20 respectively for the three different plant
capacity mentioned above

Nitrogen gas price 5 USS$ per cylinder of 6.3 m’

Electricity price 0.04 US$/kWh

Catalyst cost 100 US$/kg

Catalytic life 1 year

The plant cost is the summation of the cost of the major pieces of base equipment. This can be
determined through published data and quotes from the manufacturers. The base equipment cost is
multiplied by different factors such as a direct-cost factor, a building factor, site improvement factor
and utilities factor to obtain total plant cost. The summation of total plant costs and construction costs
is known as fixed capital cost or fixed capital investment (FCI). Most of the operating costs
(maintenance labour, maintenance materials, overheads and insurance, efc.) can be considered as the
percentages of fixed capital investment (FCI).

Islam and Ani determined unit production costs of rice husk pyrolysis for three different sizes of
plant capacity (0.3 kg/h (0.0072 tonne/day), 100 kg/h (2.4 tonne/day) and 1000 kg/h
(24 tonne/day) for fixed fluidized bed fast pyrolysis (FBFP) and fluidized bed fast pyrolysis with
catalytic treatment (FBFPCT) [180]. Table 11 shows the assumptions and costs of the various
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parameters they used to determine production costs for three different scales pyrolysis units. The
feedstock, rice husk, was dried prior to pyrolysis to reduce the water content of the pyrolysis oil. The
unit production cost of primary pyrolysis oil and catalytically treated oil for three different plant
capacity investigated by Islam and Ani [180] is shown in Figure 10.

Figure 10. Bio-oil production cost of rice husk pyrolysis as a function of plant
capacity [180].
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It can be seen from Figure 10 that the greater the plant size, lower is the unit production cost, as
expected. It can also be observed that small plant dramatically increase the production cost. Based on
the data of Figure 10, the unit cost of production of primary pyrolysis oil from 0.3 kg/h
(0.0072 tonne/day) plant is about 50 times higher than the unit cost of production from 100 kg/h
(2.4 tonne/day) and about 100 times higher than the unit cost of production from 1000 kg/h
(24 tonne/day).

Several other studies have been conducted for economic assessments of bio-energy production from
biomass through pyrolysis during the last two decades. Findings of these studies including findings of
Islam and Ani [180] for plant capacity of more than 1 tonne/day are summarised and presented in
Table 12.

Though it is believed that the unit cost of production generally decreases with increase in plant size,
it cannot be correlated using the data from Table 12 as there were various types of feedstocks which
had different physical and chemical properties, and various types of pyrolysis process used. Some
other parameters, such as revenue, product outputs, plant life, ezc., have also impact on unit production
cost. However, it is possible to develop a relationship between production costs and plant sizes if we
have data on plant sizes for a single type of feedstock. Using the data available in Table 12 for only
wet wood pyrolysis (though there could be slight variation in assumptions and parameters), the
relationship between production costs and plant sizes can be developed and are shown in Figure 11. It
can be clearly seen from Figure 11 that the production cost decreases exponentially with increase in
plant size. It is also to be noted that for plant size of 1000 tonnes/day or more, the production cost of
bio-oil from wet wood pyrolysis is about $0.6/gallon.
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Table 12. List of the plant size, feedstock type and price, estimated bio-oil cost, and capital
investment as reported in the various reports [65,96,116,180—186].

) Capital Annuz}l Feed Production Type of
Plant Size Operating ]
(tonne/day) Feedstock Inv.es.tment Costs Costs Costs References pyrolysis
(million $) ($/tonne) ($/gal) process
M$)
2000 Corn Stover 200 12.3 83 0.26 [182] Fast pyrolysis
1650 Wood pellet 180 12 - 0.24 [181] Fast pyrolysis
1000 Dry wood 68 10.6 44 0.41 [184] Fast pyrolysis
1000 Wet wood 72 11.3 30 0.60 [185] Flash pyrolysis
1000 Peat 76 10.2 20 0.61 [96] Fast pyrolysis
1000 Staw 82 10.2 42.5 0.64 [96] Fast pyrolysis
900 Wet wood 46 9.9 34 0.50 [183] Fast pyrolysis
550 Dry wood 48.2 9.6 45 0.71 [65] Fast pyrolysis
400 Wet wood 14.3 8.80 36 1.02 [116] Fast pyrolysis
250 Dry wood 14 8.92 44 0.55 [186] Fast pyrolysis
200 Wet wood 8.8 4.84 36 1.11 [116] Fast pyrolysis
100 Wet wood 6.6 2.84 36 1.48 [116] Fast pyrolysis
24 Rice husk 3.89 0.170 22 0.82 [180] Fast pyrolysis
2.4 Rice husk 0.97 0.034 22 1.73 [180] Fast pyrolysis

Figure 11. Bio-oil production cost with plant sizes for wet wood pyrolysis.
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On the other hand, the concept of net present value (NPV) can used to evaluate the profitability of
an investment. The NPV is today’s value of current and future cash flows which can be given
by [187,188]:

T CF’n

NPV =
n=l1 (1 + Z)n ’ (6)

where, T is the life span of the investment (years), CF, is the cash flow i.e. the difference between
revenues and expenditures after tax in year n, I, is the expenditure connected with the initial
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investment in year zero, which means that the yearly cash flows CF, (years 1,...,n) do not have to
cover depreciation as such, and 7 is the discount rate (%). CF, can be calculated by:

CF,=(1-0)x(R-E)+1xD 7

where, ¢ is the tax rate, R is the revenue, £ is the expenditure and D is the depreciation.

A detailed analysis and calculation of NPV can be found in Thewys and Kuppens [187] and in
Voets et al. [188]. More techno-economic analysis and assessment of fast pyrolysis for power
production can be found in [182,189,190]. More recently, Rogers and Brammer reviewed and
compared the cost estimates of bio-oil production from Miscanthas and SRC (short rotation coppice)
Willow through fast pyrolysis [191]. They estimated break even selling price (BESP) of bio-oil from
Miscanthus for plant capacity of 50-800 tonne/day. They found that there is virtually no difference in
production costs of bio-oil (i.e., BESP) for plant sizes more than 400 tonnes/day, and there was little
difference in the processing cost for SRC willow and Miscanthus.

They mentioned that the BESP for the base case is not a realistic selling price, rather to be viable
the selling price must cover possible risks and provide a profit to the operators. The operator’s risk is
any increase in cost that they are unlikely to be able to pass on to their customers. The risk event that
had the highest BESP for a particular capacity of plant should be considered to be the minimum viable
price for that plant. Although the bio-oil production cost as a function of plant capacity follows similar
trend as shown in Figure 11, their estimated cost is higher than that shown in Figure 11 which could be
due to the difference in assumptions and considerations (plant life, ash content, plant capacity factors,
risk factors, feedstock price increase, operating cost increase, yield reduction, total plant costs, efc)
used in the calculation. It is thus obvious that an in-depth study is needed for complete economic
analysis (i.e., internal rate of return, payback period, life cycle cost analysis, etc) in order to assess its
commercial viability. It is also to be noted that as the most of the above studies have focused on cost of
bio-oil production, an economically defined feasible plant to date can still stays in risky enterprise.
Therefore, the economic studies of pyrolysis plant should consider all pyrolysis products, namely gas,
tar, char, chemicals and even ash.

11. Discussion on Current Status of Pyrolysis Technology

Many developing countries are continuing to use food crops like corn (maize), sugarcane, and
soybean for generating biodiesel and ethanol which are unlikely to be sustainable for long
periods [192,193]. Therefore extensive research is underway to develop processes with which biomass
can be converted to hydrogen. Several other avenues are also being explored. But none of the options
is economically feasible yet [194,195]. At present, great hope is pinned on high-yielding
lignocellulosic biomass as a source of raw material for ethanol and other bio-fuels through pyrolysis
processes [196]. But while the technology for conversion of food crops to ethanol is well established,
the conversion of biomass to bio-oil through pyrolyis has still to overcome challenges. There is a need
for better understanding of pyrolysis technology which can efficiently utilise biomass for large scale
commercial production.

Among several fast pyrolysis companies reaching near-commercial status, Ensyn and DynaMotive
have been dominating in North America since the 1990s. Both companies use renewable biomass,
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forest residues and agriculture wastes as the feedstock. DynaMotive emphasises the development and
commercialisation of environmentally friendly energy systems based on fuels produced from biomass,
while Ensyn commenced with an emphasises on the use of additional chemicals obtained from the
process for food smoking and has since broadened into producing renewable fuel products from
biomass [197,198]. Another two well-know pyrolysis bio-oil companies are Renewable Oil
International and Pyrovac that basically use vacuum pyrolysis technology [199]. However there are
many small and pilot scale pyrolysis bio-oil plants established and operated by different research
organisations worldwide. Some of these are listed in Table 13.

Currently the main interests in pyrolysis technology are for electricity production from biomass,
and CO, mitigation, with socio-economic benefits from re-development of surplus agricultural land
and energy independence being the driving forces. Although a number of installations were developed
(Table 13), these are highly dependent on oil price, biomass availability and cost, local costs,
labour efc. Most of the systems are used in pilot scale for research purpose while a few are being used
in industrial processes where electricity, heat and steam are produced. Moreover researchers in recent
time are paying more attention on maximising the overall oil yield from pyrolysis processes rather than
paying sufficient attention to the product quality and upgrading of bio-oil.

Table 13. Worldwide current pyrolysis operating plants [65,79,182,200-203].

Reactor Technology Organisation/Location C?lf;;l)ty Desired Product
Fixed bed Bio-alternative, USA 2000 Char
Bubbling fluidised bed THEE 500 Gas
DynaMotive, Canada 400 Oil
BEST Energy, Australia 300 Oil
Wellman, UK 250 Oil
Union Fenosa, Spain 200 Oil
Zhejiang University, China 20 Oil
RTI, Canada 20 Oil
Waterloo university 3 Oil
Zhejiang University, China 3 Oil
Circulating fluidised bed Red Arrow, WI; Ensyn 1700 Chemicals
Red Arrow, WI; Ensyn 1500 Chemicals
Ensyn Engineering 30 Oil
VTT, Finland, Ensyn 20 Oil
Rotating cone BTG, Netherlands 200 Oil
University Twente 10 Oil
Vacuum Pyrovac, Canada 350 Oil
Laval University 30 Oil
Ablative PYTEC, Gernamy 250 Oil
BBC, Canada 10-15 Char
PYTEC, Germany 15 Oil
Vortex Solar energy research Ins. 30 Oil
Other type Fortum, Finland 350 Oil
University Zaragoza 100 Gas

Georgia Tech. Research Ins. 50 Oil
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It is evident from the from Table 13 that fluidised bed reactors are currently the most popular
reactor in producing bio-oil from biomass through pyrolysis technology, followed by rotating cone,
vacuum, ablative, vortex etc. However all types of reactor have technological advantages and
shortcomings compared with each other. For an example, ablative pyrolysis is a process in which
particles of biomass rub against the wall of a heated tube as they degrade; therefore this process is
limited by the rate of heat supplied to the reactor. On the other hand the rate of heat absorption by the
particles is better compared with fluid bed reactors. That means that larger biomass can be more
practically processed by ablative reactors. A comprehensive study on advantages and limitations of
different types of pyrolysis reactors has been conducted in this study and presented in Table 14.
According to the findings of this study, the recommendations to achieve desired outputs from pyrolysis
have been shown in Table 15.

Table 14. Advantages, disadvantages and bio-oil yield of different pyrolysis reactors
[65,86,204-206].

Reactor type Advantages Disadvantages Bio-Oil Yield
Simple design High carbon conservation
Fixed bed Reliable Long solid residence time 35%-50%

Biomass size independent Low ash carry over
Difficult to remove char

Simple design Small particle sizes are needed
E ti

Bubbling fluidised bed > operanon 70%-75%
Good temperature control

Suitable for large scale

Well-understood technology Unlikely to be suitable for large
Good th 1 control 1

Circulating fluidised bed o o e COTO seale , 70%-75%
Large particle sizes can be used Complex hydrodynamics

Char is finer

Centrifugal force moves heated sand ~ Complex process

) and biomass Small particle sizes needed

Rotating cone ) . 65%
No carrier gas required Not proven yet for large scale
Less wear
Produces clean oil Slow process
Can process larger particles of 3—5 cm  Solid residence time is too high

Vacuum No carrier gas required Require large scale equipment 35%—-50%
Lower temperature required Poor heat and mass transfer rate
Easier liquid product condensation Generates more water
Inert gas is not required Reactor is costly

Ablative Large pallrticle si.zes ca.n be processed  Low react?on rate 70%
System is more intensive Low reaction rate
Moderate temperature required
Compact Moving parts in hot zone

Auger No carrier gas required Heat transfer in large scale is 30%-50%
Lower process temperature not suitable
Compact and low cost Complex design

PyRos High heat tra'nsfer ' Solid§ ir? the oil ' ' 70%-75%
Short gas residence time Alkali dissolved in the oil

High temperature required
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Table 14. Cont.

Reactor type Advantages Disadvantages Bio-Oil Yield
High energy density High electrical power
High heat transfer consumption

Plasma 8 ISHmPTOT 30%-40%
High temperature High operating costs
Very good control Small particle sizes required

Efficient heat transfer
Exponential control
Compact High electrical power
Microwave High heating rate consumption 60%—-70%
Large size biomass can be processed ~ High operating costs
Uniform temperature distribution

High temperature
Use renewable energy .
. . High costs
Solar High heating rate 40%—-60%
Weather dependant

High temperature

Table 15. Recommended pyrolysis technology according to product.

Pyrolysis . .
Product Type Reactor Heating Method Temp. (°C) Biomass
Bio-char Slow Fixed bed Furnace or kilns <300 Walnut shell, olive husk,
hazelnut shell
Bio-oil  Large Fast Bubbling Heated recycle gas 450-550 Agriculture residue, wood
scale fluidised bed chip, fruit shell
Medium Fast Circulating ~ Wall and sand heating  450-550 Forest residue, municipal
scale fluidised bed waste, dry wood, waste
tyres
Small Flash PyRos PyRos heating 450-550 Grass, husk, wood dust
scale
Syngas Slow/Fast Microwave  Electromagnetic >800 Rice husk, wood dust

Very recently, Bridgewater reviewed emerging advanced technology of fast pyrolysis of biomass,
both as an integrated process for production of liquid fuel, usually referred as bio-oil and as an
intermediate pre-treatment step to convert solid biomass into energy content transportable liquid for
subsequent processing for heat, power, biofuels and chemicals [207].

12. Computational Fluid Dynamics Modeling of Pyrolysis Process

Pyrolysis of biomass involves in producing a large number of intermediate and end products
through numerous complex physical process and chemical reactions. Moreover, pyrolysis process is
highly dependent on materials property variation including time dependent properties, temperature and
pressure dependant properties, thermodynamic properties and dimensionless numbers. Therefore
modeling and simulation could be the best possible option for understanding the thermochemical
reaction mechanism, and also optimizing economic and efficient pyrolysis process design instead of
having costly and time consuming experimental study. As a consequence numerous modeling works



Energies 2012, 5 4987

on pyrolysis have been carried out for last few decades dealing with a range of parameters including
convective heat transfer [208], particle size, shape and orientation [209,210], vapor
condensation [211], tar cracking, reactor temperature, heating rate [212], thermal conductivity and
specific heat capacity of biomass [213], convective heat transfer coefficient of rectors and chemical
kinetics [214]. However, computational fluid dynamics (CFD) is gaining more attention to use as
virtual process engineering and identifying the most promising design of pyrolysis process as well as
chemical reaction industries. Boateng and Mtui developed computational fluid dynamics (CFD) model
in FLUENT-12 software to evaluate the pyrolysis products in a fluidized bed reactor for agricultural
biomass [215]. While predicting the spontaneous emergence of pyrolysis vapors, char and
non-condensable (permanent) gases, their model confirms that the kinetics are fast and that bio-oil
vapor evolution is accomplished in a few seconds, and occupying two-thirds of the spatial volume of
the reactor which is widely supported by different literature. Papadikis and Bridgwater analysed
geometry of a 1 kg/h bubbling fluidized bed reactor to improve certain hydrodynamic and gas flow
characteristics using CFD model [216]. This study concluded that CFD can really aid the physical
design of pyrolysis reactor by visualizing phenomena that would be otherwise left undetected by
simple calculations. Papadikis et al. utilized CFD model in simulating the pyrolysis of single discrete
biomass particles subjected to convective heat transfer for an entrained flow reactor
(EFR) [217]. Likewise Brown et al. used CFD to predict an accurate time-temperature profile for the
reactants and to understand the internal processes in a laminar entrained flow reactor [218]. In 2011
Brown et al. (2011) presented modelling and analysis for estimating profitability of two biochar
production scenarios: slow pyrolysis vs fast pyrolysis [219]. Although, a large number of other studies
have been carried out to simulate pyrolysis process using CFD, however most of them conducted
analysis on fluidized bed reactors [216,220-222]. Those studies illustrated that; CFD models could be
advantageous in the virtual design of fast pyrolysis reactors and optimising the design of reactor. At
the same time experimental validation of these models is also very important which has largely been
ignored in the past studies. The computational research will provide a clear understanding of the
thermochemical process and its reaction mechanism and will allow upgrade and scale-up of existing
rector technology. Further work should be done on CFD modelling and its experimental validation for
different reactor geometry and operating conditions with wide range of biomass feedstock.

13. Future Challenges

Different applications of pyrolysis bio-oil are complex which is unlikely to be technically and
economically feasible today. To achieve the potential of pyrolysis technology for bio-oil production
from biomass, additional research and development are needed. Despite rapid development over the
last few decades, commercialisation of pyrolysis bio-oil technology is still a long way off and needs to
overcome many techno-economic barriers. Some of the important challenges for future pyrolysis
research are listed below:

e Understand the trade-off between the size of the pyrolysis oil plant and feedstock and
transportation costs to a centralized upgrading facility;

e Understand the limitations of the processes and where improvements can be made;

e Improvement of the reliability of pyrolysis reactors and processes;
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e Identify norms and quality standards of pyrolysis bio-oil for producers and users;

e Undertake in-depth life cycle energy and economic analyses of integrated pyrolysis plants;

e Encourage implementation processes and applications of pyrolysis products;

e Document environmental health and safety issues in handling, transport and usages;

e Improve the quality and consistency of bio-oil;

e Development of catalysts for bio-oil upgrading;

e Determine detailed characteristics of upgraded oil and other products;

e Development of more efficient technologies for the production of chemicals and biofuels from
pyrolysis oils;

¢ Development of deoxygenated catalysts for pyrolysis processes to remove the oxygen containing
compounds in the oil to improve the oil properties.

It is expected that, with the development of genetically engineered microorganisms capable of
efficient pentose fermentation, ethanol production from hemicelluloses in biomass can be made more
cost-effective [223,224]. An improvement in genetics, agronomy and the pyrolysis conversion process
may help in the development of economically feasible bio-fuel production systems from biomass
which will ensure more sophisticated bio-oil application in the near future.

14. Conclusions and Recommendations

Much attention has been given to biomass pyrolysis because of an opportunity for the processing of
agricultural residues, wood wastes and municipal solid waste into clean energy. This study identified
the route of pyrolysis technology i.e., selection of operating modes of pyrolysis, types of reactor, efc.,
based on the desired product output (bio-oil, bio-char or syngas). However, a sound understanding of
the inherent process will allow pyrolysis products to be maximized. The following conclusion and
recommendation could be drawn:

1. It is a research challenge to optimize the process by maximizing product quality and quantity
while paying proper attention to minimizing costs and environmental concerns;

2. For fast pyrolysis, a wide range of different reactor configurations have been investigated. The
most important reactor types are bubbling fluidized bed, circulating fluidized bed, rotating
cone, ablative and entrained flow reactors. Among those, fluidizing bed reactors are the most
popular types because of ease of operation, high stability under pyrolysis conditions and high
oil yields;

3. Bio-oil production through pyrolysis is still an immature technology and is not commercially
feasible yet. Pyrolysis bio-oil needs to overcome many technical, economic and social barriers
to compete with tradition fossil fuels. Effective and rapid char separation techniques need to be
developed so as to reduce solids contamination in bio-oil;

4. Along with pyrolysis technology, proper biomass selection is also a critical issue to achieve
high bio-oil yields. Biomass with high cellulose content could be chosen, as bio-oils are mainly
derived from it. In addition, biomass with low water content is desirable to reduce drying costs
and improve oil quality;
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Modifications of engine, turbine and boiler combustion systems are required for proper
utilization of pyrolysis bio-oil considering the effect of physical and chemical properties,
gaseous and particle emissions, combustion efficiency, slag and carbon deposition and
component material corrosion;

Numerous catalysts have been developed and tested to in pyrolysis process. Most of those were
used only at small scale to improve gas production for research purposes having their own
limitations. However sustainable industrial scale catalysts for biomass pyrolysis are yet to
be identified;

Although a lot of studies have been conducted on pyrolysis economy but most of those were
limited in small or pilot scale production. Detail economical assessment of industrial scale
pyrolysis plant may be required to establish this technology as a competitor with conventional
energy and other alternative energy sources;

Further study is recommended to address the issues mentioned above as well as the challenges
outlined in Section 12.
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