


















All these processes give comparable product yields,

but may differ in complexity, capital and operating

costs.

Unsurprisingly, many of the chemicals in bio-oil also

occur in wood smoke. In particular, glycolaldehyde,

which was identified by Hodge [27] as the principal agent

of food browning by wood smoke, through its efficacy in

the Maillard reaction, is far more abundant in fast-

pyrolysis bio-oils than in wood smoke.

Ensyn, working with the Red Arrow company, has

been able to make a commercial business out of biomass

pyrolysis by producing bio-oil for “liquid smoke” appli-

cations. Although valuable, clearly this is a rather lim-

ited market that cannot support an extensive fast

pyrolysis industry.

Ensyn commercialized their RTPTM pyrolysis process

in the 1980’s and yet designed 7 units in North America,

with a size close to 100 t/d. Very recently (World Biofuels

Markets, March 2013), Ensyn announced 7 new projects

under development in Europe, North and South

America and Asia, with a bigger size: 150 to 400 t/d.

2.3.5 VTT Process

A 20 kg/h circulating bed system has been under devel-

opment for a number of years at VTT (Technical

Research Centre of Finland) in Finland. It is illustrated

in Figure 8 [28].

Recently (March 2012) Metso and Fortum power and

heat have signed a contract regarding a delivery of a bio-

oil production plant to the Fortum power plant in

Joensuu, Finland. The bio-oil produced in the plant

can be used instead of heavy fuel oil, or used as raw

material in the chemical industry or for biofuel produc-

tion in the future. The nominal output of the plant

should be 30 MW oil production with a planned produc-

tion of 50 000 tpy. It results from a collaboration

between Metso with VTT, Fortum and UPM since

2007 with a development work based on the research

and patents of VTT. The new bio-oil production plant

is scheduled for start-up in the autumn of 2013.

Generally bio-oil yields by fast pyrolysis of biomass

are highly variable. For instance they depend on the
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Figure 8

VTT fluidized bed process [28].
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feedstock and may range from � 75% for some very

clean hardwood feeds through to less than 50% for some

straws. Furthermore variability also results from the

choice of operating conditions, especially maximum

temperature and heating rate as well as gas and solid res-

idence times.

2.4 Non-Fluidized Bed Fast Pyrolysis

While fluidized bed processes utilize well established

technologies and have been scaled up to several hundred

tons per day, several more novel approaches that aim to

overcome some of their disadvantages have been intro-

duced in recent years. In particular mention should be

made of so-called ablative pyrolysis and the related

auger pyrolysis.

2.4.1 Ablative Pyrolysis

We have seen that in order to effect rapid heating, large

temperature gradients and/or small particle sizes must be

employed. However excessive temperature gradients will

increase gas production at the expense of organic liquids.

An alternative approach is to heat the biomass by con-

tacting it with a hot surface and reducing the thermal

resistance by applying a force on the biomass particle

perpendicular to the hot surface. The surface layers of

the particle are thus subject to very rapid heating and

so liquefy quickly. At the same time, forced relative

motion of the pyrolyzing particle in a direction parallel

to the heating surface will strip off the liquid layer onto

the heating surface where its pyrolysis is completed.

This type of process is known as ablative pyrolysis. It

takes advantage of the poor thermal conductivity of bio-

mass by confining the liquefaction and volatilization to

the exposed biomass surface. There have been several

reactor types proposed or demonstrated that exploit this

approach, each differing in the method used to apply the

perpendicular force.

Probably the first significant technology exploiting the

ablative pyrolysis concept was the Entrained FlowVor-

tex Reactor developed at the National Renewable Energy

Laboratory (NREL, formerly SERI) in Colorado, USA

during the 1980’s [29]. Here the biomass is pneumatically

inject into a tubular reactor along which it spirals and is

pressed against the hot wall by the centrifugal forces.

Ideally, fresh un-pyrolyzed biomass surface is contin-

ually exposed under these conditions and, indeed, it was

originally hoped that this should result in suppressed

char yields with correspondingly enhanced liquid yields,

but these hopes have not been realised. Yields of liquids,

char and gas are comparable to those from fluidized

beds. No doubt this is because of two factors: the great

speed of low temperature char forming decomposition

reactions and the likelihood that volatilization of the

intermediate liquid on the hot surface proceeds in more

or less the same way as it does from particle in a fluidized

bed; that is to say the liquefied biomass on the hot sur-

face decomposes by the same char forming pathways

as in direct pyrolysis of biomass.

Indeed it has been demonstrated recently that that bio-

oil cannot be reversibly “evaporated” and this evapora-

tion is always coupled with the formation of char via

polymerization reactions [30]. When bio-oil was “evapo-

rated” a portion of it was always converted to residual

char in an amount dependent on the heating rate, ranging

from � 30%at the lowest rates to � 8%on a carbon basis,

even at highest heating rates in excess of 105�C/min. This

is consistent with the observed product yields of ablative

pyrolysis methods which do not show a significant

decrease in the char product.

It therefore seems that the principal virtue of ablative

pyrolysis is that it can, in principle, bypass the need for

fine grinding of the feedstock thus reducing the cost of

the feed preparation. On the other hand, this must be

balanced with the usually higher mechanical complexity

and perhaps serious issues of wear of these designs.

Scale-up to high throughput industrial units (i.e. a few

hundred tons/day) is not demonstrated and, may-be,

not achievable.

In most designs a large fluidizing gas flow is not

required so there is also a potential saving in gas com-

pression costs.

An illustrative recent design is that by Pytec Thermo-

chemische Anlagen GmbH [31], in which the perpendicu-

lar force is applied by a hydraulic mechanical method

(Fig. 9). Biomass (optionally large pieces) is fed from a

hopper (14) on to a hydraulic element (10) that presses

the biomass with up to 200 bar pressure against a hot

(� 750�C) rotating plate (22) on which ablative pyrolysis

takes place. Provision is made to separate the char into

the receptacle (30).

A 6 t/d (dry biomass) ablative Pytec pilot plant has

been built and was operated over several years near

Hamburg, Germany, on woody biomass. The pilot plant

was close coupled with a Diesel CHP plant, burning the

bio-oil from the pyrolysis unit to produce electricity in a

day-time continuous runs basis [32].

2.4.2 Rotating Cone Pyrolyzer

We also mention the rotating cone pyrolyzer using a

Rotating Cone Reactor (RCR) developed by Biomass

Technology Group (BTG), Netherlands, a reactor that

combines features of both ablative pyrolysis and fluidized

bed pyrolysis. A recent description of this system can be

found in a recent review by Venderbosch and Prins [34].
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A 2 t/h modular demonstration plant was built in the

Netherlands by BTG and Zeton and was installed in

Malaysia in early 2005 and commissioned in fall 2005.

It was using empty fruit bunches from a palm-mill from

palm oil plantations as a feed and was producing 1.2 t/d

bio-oil. As far as we know, this unit was closed. Presently,

a 5 t/h plant design is being finalized.

2.4.3 Auger Transported Bed Pyrolysis

A technique related to ablative pyrolysis is “auger pyro-

lysis” where the biomass is transported along a hot tube

by mechanical displacement using twin augers. This is

essentially a type of transported bed reactor as the twin-

auger is effectively a series of sealed pockets that advance

the feed to the discharge port. Heat may be supplied by

wall heating of the auger tube barrel or by circulating

pre-heated sand that is mixed with the biomass.

Liquid yield are somewhat lower in these approaches

but it is seems suitable for small-scale pyrolysis

operations. However it should be noted that a recent

report [35], suggests that it is possible to obtain compa-

rable bio-oil yields to more conventional fast pyrolysis

methods under suitable operating conditions. Further-

more the physicochemical characteristics of the bio-oil

have also been found [36], to be similar to those pro-

duced by other methods.

Because of its compact nature it is especially favoured

for small mobile pyrolyzers, [37] that are moved to the

site of the feedstock and where throughput is of the order

of a few tons per day. On the other hand, since econo-

mies of scale are not available, the economics of small-

scale pyrolysis, especially for fuel applications, are not

clear.

Another development related to the auger transported

bed technology is the twin auger reactor from Lurgi,

developped and tested in the bioliq� process by the

Forschungszentrum Karlsruhe (FZK), recently merged

with the Karlsruhe University into the Karlsruhe Institute

of Technology (KIT) [38]. More information is available
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Pytec ablative reactor [33].
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on KIT and bioliq web sites [39]. This is a peculiar

application of pyrolysis for biomass gasification in which

the overall goal is specifically to densify the biomass to

reduce its transportation costs and simultaneously

convert it to a feedstock suitable for high temperature

gasification and subsequent Fischer-Tropsch conversion

to high quality fuels or for methanol conversion that

can be used as a rough feedstock for gasoline synthesis

(Fig. 10). Since the gasifier in question accepts both

char and bio-oil as inputs, liquid yields are largely imma-

terial as the gasifier feed is actually a slurry of bio-oil

and char so that the bio-oil/char ratio is largely

irrelevant.

These types of reactors have been demonstrated scales

up to about several tons of tonnes per day (i.e. 0.5 t/h or

2 MW(th)) for the flash pyrolysis bioliq� pilot plant

which also uses twin screw auger pyrolysis. Mechanical

complexity, wear and their attendant issues are potential

matters of concern.

2.5 Bio-oil for Energy Applications

So far a viable economic business using bio-oil as

an energy source has not been established in spite of

considerable interest in the technology over the past

twenty years. This appears to be primarily due to prop-

erties of bio-oil as a fuel rather than its production tech-

nology. There are several characteristics that make the

routine usage of bio-oil for energy purposes problematic.

These include:

– high acid number and consequent high corrosivity;

– risk of deterioration by polymerization and/or phase

separation on prolonged storage if exposed to air;

– presence of microscopic char particles;

– incompatibility with petroleum based fuels that

restrict flexibility of usage, transportation and han-

dling;

– poor thermal stability above, i.e. 150�C.
These issues have been discussed in some detail by

Scahill et al. [41].

Microscopic char is perhaps the most important limit-

ing factor in the direct combustion of bio-oil in engines

where it has to be sprayed through fine nozzles. Shihadeh

[42] found that abrasion of nozzles was a major problem

and even after passing bio-oil through a 10 lm filter, it

generated deposits on piston head and cylinder surfaces

and in situ growth of solids in the nozzle of a Diesel

engine. This microscopic char seems distinct from the
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Bioliq� process for synthetic biofuels production [40].
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macroscopic char that is a primary pyrolysis residue of

the biomass fed and, unlike which, cannot be removed

by cyclones economically. Indeed, as discussed above,

it appears likely to be an intrinsic product of pyrolytic

volatilization of bio-oil.

Consequently direct use of bio-oil as a liquid fuel has

been practically restricted to combustion in boilers and

kilns. A recent discussion of such an application has

been reported by Solantausta et al. [43].

Several more comprehensive recent reviews of these

technologies and others not mentioned here that have

been studied at various scales are available, for instance

those of Butler et al. [44], Venderbosch and Prins [34],

and Mohan et al. [45].

The apparently limited economic opportunities for

direct use of bio-oil as a liquid fuel have motivated a

search for methods of valorizing it.

It is important for the economics of fast pyrolysis that

a suitable use be found for the char product. Proposals

have been made to use for use as biochar but it is not

clear whether there is or will be a viable market for it,

[46]. It could also be used as a solid bio-fuel to replace

coal or petroleum coke or gasified, possibly to produce

bio-hydrogen.

3 CATALYTIC PYROLYSIS

The success of theMobilMTG process, [47], for convert-

ing methanol to hydrocarbons over medium pore zeo-

lites like ZSM-5 led to suggestions for similarly

converting bio-oil vapours to hydrocarbons. An early

example is the Occidental Research Corporation process

patented by Frankiewicz in 1981, [48] in which it was

suggested to pass the vapours from a pyrolyzer over a

bed of zeolite ZSM-5.

Although the C:O ratios in both methanol and bio-

mass/bio-oil are approximately 1:1, the relative hydrogen

content in bio-oil is considerably lower (bio-oil is typi-

cally approximately CH1.87O0.75). Diebold and Scahill

[49], reported in 1988 that ZSM-5 converted bio-oil

vapours largely to alkylated benzenes. However this is

accompanied by considerable coke formation, implying

inefficient use of renewable carbon, with rapid catalyst

deactivation on account of the low H/C ratio of bio-oil.

This suggests that such processes might be most effi-

ciently carried out using some kind of circulating fluid

bed technology where the fluidized bed is constituted of

the catalyst rather than inert sand. More recently KiOR

Inc. in Texas, USA, [50], has announced progress in the

scaling up of this kind of technology, see Figure 11. It is

envisaged that the crude hydrocarbon product is subse-

quently hydrotreated in a conventional oil refinery.

Very recently (fall 2012), KiOR Inc. announced the

start-up and the beginning of the production of their

Colombus Industrial Demo unit in Mississipi using their

BFCC process with a capacity of 500 t/d bone dry

biomass with a yield of 67 gal (or 0.2536 m3) /t bone

dry biomass, roughly corresponding to a production of

42 000 m3/y on a 330 d/y basis.

A second industrial type plant is scheduled in

Natchez, Miss 1500 t/d bone dry biomass.

Since a few yearsRTI International (Research Triangle

Institute, nothing to do with the RTI process previously

discussed), has also developed such a catalytic

process, currently at small scale pilot plant level (0.1 to

0.35 kg/h) [51].

Recently (October 15, 2012), RTI International

announced that it launched construction of a new bio-

mass pyrolysis research facility that “will house a bio-

mass pyrolysis reactor to further extend RTI’s biofuels

research efforts”... “to produce a suitable pyrolysis oil

from locally-available biomass resources, such as pine

trees, that can be substituted for petroleum in existing

oil refineries”. In this new centre, RTI will focus “on

developing a process for the catalytic pyrolysis of bio-

mass, supported by lab scale testing of catalysts and

the design, construction and operation of a demonstra-

tion unit” (1 ton a day of biomass to produce up to 60

gallons of pyrolysis oil per day) “that produces pyrolysis

oil from biomass materials such as woods chips”.

Annelotech is also developing a catalytic pyrolysis

process from the University of Massachusetts, with the

aim of producing chemicals from biomass, especially

aromatics (benzene, toluene and xylenes) [52].

4 CATALYTIC HYDROPYROLYSIS

Catalytic hydropyrolysis represents an alternative

approach to catalytic pyrolysis. It is also most suited

to fluidized bed pyrolysis. Pyrolysis is carried out in an

atmosphere of hydrogen rather than an inert gas and

the bed is replaced by a transition metal catalyst.

Radlein et al. [54], showed that by replacement of

inert sand in an atmospheric pressure bubbling fluidized

bed by various Ni based catalysts, it was possible to con-

vert most of the bio-oil in situ, into low-molecular

weight, mostly gaseous hydrocarbons, even at very short

gas residence times.

Recently a new process, IH2, designed at GTI (Gas

Technology Institute), Illinois, USA, reported a modifi-

cation of this process in which the hydropyrolysis was

carried out under pressures in the range 7-34 bar [55].

Under the elevated pressure the average molecular

weight of the hydrocarbon product increased such that
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a substantial portion of it was comprised of light hydro-

carbon liquids. The lighter C1-C3 gases can be subse-

quently reformed to generate the relatively large

amounts of hydrogen required. The process is under a

development phase with a 0.5 kg/h bench unit installed

in 2009 and a new 50 kg/d pilot plant installed in early

2012 and currently operated to develop the process.

The target is full scale commercial deployment for early

2014. This development industrial looks very fast regard-

ing the complexity of such integrated processes.

The system is also very complex as it is fully integrated

(hydropyrolysis and reforming) and no doubt technical

challenges like feeding biomass solids into the pressur-

ized pyrolyzer under hydrogen must be overcome. All

this suggests that the capital costs will be high, so the

question arises of the scale at which it would become eco-

nomical, a question that arises specifically because of the

intrinsic diffuse nature of biomass resources.

5 HYDROTREATING

As we have seen, many distinct technologies have been

developed for production bio-oil by fast pyrolysis.

Unfortunately they have led to very few commercial

successes, principally because no significant market has

been found for bio-oil so far. Transformation into

drop-in transportation bio-fuels appears to be an attrac-

tive route to provide such an outlet and to increase the

valorization of the bio-oil. Some recent development in

this direction are outlined below.

The main challenges in upgrading bio-oils are:

– to enhance the very poor thermal stability of bio-oil

(generally not stable above 150�C);
– to remove its acidity and metal content;

– to get a good separation of aqueous phase and organ-

ics without re-polymerization;

– to make upgraded products miscible with hydrocar-

bons.

Most of these challenges can be overcome by reducing

the oxygen content to a low or very low level. Thus, an

alternative approach that decouples pyrolysis from

upgrading is the direct catalytic hydrotreatment or

hydrocracking of bio-oil. This has been a subject of

study for a long time. Many recent and more compre-

hensive reviews of the progress made in this aspect are

available [56, 57].

Most of the works deal with a two steps high

pressure HDO (up to 20 MPa) of the whole bio-oil to
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KiOR process [53].
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transportation fuels: the 1st step is usually operated at a

low temperature (i.e. about 250�C) and high hydrogen

pressure in order to stabilize the most reactive oxygenate

compounds of the bio-oil and to avoid polymerization.

This is usually performed on a noble metal (i.e. Pt, Pd,

Ru, etc.) on carbon support which presents a good chem-

ical stability. Noble metals on ZrO2, as well as NiMo or

CoMo on alumina or alumina/silica catalysts are also

used.

The second step may use the same catalysts but at

much higher temperature (i.e. 350 to 400�C) and high

hydrogen pressure in order to hydrotreat almost

all the remaining oxygenate compounds to hydrocar-

bons.

All these hydroteating approaches are generally

using a very low space velocity, resulting in large size

hydroteating reactors at industrial scale, with a high

hydrogen consumption (i.e. 4-7 wt% on bio-oil), remov-

ing most of oxygenate compounds to H2O. They usually

mainly produce gasoline and jet-fuel. They also result in

a moderate liquid hydrocarbon yield, close to 20 wt%. It

makes this “conventional” hydrotreating approach quite

expensive for investments as well as for operating costs.

The catalyst life is generally quite low.

Nevertheless hydrotreating is considered as a promis-

ing route to upgrade bio-oils, in so far as it is possible to

minimize oxygen content when minimizing hydrogen

consumption, investment and operating costs, using as

mild operating conditions as possible and optimizing

the final liquid hydrocarbon yield.

Recent developments include two stage upgrading

processes and are developed to reach these technical

challenges, as schematically illustrated in Figure 12

[58]. This is the example of a two stage hydroprocessing

process, currently called BINGO process, presently

being developed by Dynamotive (DYMF) and IFP Ener-

gies nouvelles, that features a relatively low hydrogen

consumption, which is an important requirement given

the current rather high cost of hydrogen, with a high

hydrocarbon liquid yield close to 300 L/t dry biomass.

The process is more oriented towards middle distillates

(i.e., jet fuel and Diesel) than toward naphtha/gasoline.

Comparable technologies include the process of

Envergent Technologies [59] which is a joint venture of

Ensyn Corp and Honeywell’s UOP.

A very important work was also performed in the field

of flash pyrolysis bio-oil hydrotreating and conversion of

the upgraded bio-oil, successfully co-processed with a

petroleum feedstock in small a Fluid Catalytic (FCC)

pilot plant to produce gasoline. This study was

performed within the European joint project BIOCOUP

[60]. A lot of information related to the BIOCOUP

project, including many presentations and papers, can

be found on the BIOCOUP web site [61].
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Schematic of BINGO process.
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CONCLUSIONS

The kinetics of pyrolysis of biomass suggested that its

thermal decomposition proceeds by various parallel

pathways the most important of which being a low tem-

perature, low activation energy pathway producing

mainly char and gas, a high temperature, high activation

energy pathway producing mainly condensable vapours

and liquid aerosols. In order to maximize liquid yields, it

was therefore important to heat the biomass rapidly to a

suitably high temperature. However this is problematic

since wood presents a poor thermal conductivity. Thus

rapid heating of biomass requires small feed particle

sizes for uniform particle heating and for which fluidized

beds offer an efficient reactor type. While fluidized bed

processes utilize well established technologies and have

been scaled up to several hundred tons per day, several

more novel approaches that aim to overcome some of

their disadvantages have been introduced in recent years.

They include so-called ablative pyrolysis and the related

auger pyrolysis methods and can tolerate a wider range

of particle sizes through the use of predominantly parti-

cle surface heating.

Nevertheless these novel approaches are not fully

demonstrated at industrial level and the well established

non circulating and circulating bed fluidised bed pro-

cesses, yet remain the only industrially demonstrated

processes.

The use of bio-oil as a renewable liquid fuel is

hampered by its poor physicochemical properties and

the market is not yet really available for direct energy

applications. Currently, economic prospects for liquid

fuel applications are thought to depend on its conversion

to high grade hydrocarbon fuels like gasoline, Diesel or

kerosene, or chemicals such as olefins or aromatics,

which are currently in a developmental stage. Clearly,

a desirable feature of any upgrading technology is that

it should be able to accommodate a broad distribution

of biomass residue types, and hence of bio-oil properties,

in order to be economically feasible and technically

operable. One interesting feature is the ability to

co-process at least partially upgraded bio-oils with

petroleum feedstocks with a dual main advantage:

reducing the overall investment as well as the operating

cost and using existent refining processes in existing

petroleum refineries.
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