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1 Introduction

Production of fuels from renewable feedstocks and wastes is a potential solution to reducing the envi-
ronmental impacts of fossil fuel use. The major challenges in converting cellulosic biomass to "drop-in"
liquid fuels are related to the feedstock properties. Biomass has high oxygen content, high water content,
a fibrous molecular structure and many feedstocks contain the presence of alkali salts in relatively high
percentages. Fast pyrolysis is a potentially promising thermochemical method of producing renewable
fuels and chemicals from biomass and waste feedstocks.

2 Thermal fast pyrolysis

Pyrolysis involves thermal decomposition in the absence of oxygen to form a range of products including
light gases, char, water and oil. Fast pyrolysis refers to residence times which <3 seconds and gives max-
imum liquid yield of ∼70 wt%. Pyrolysis is performed at temperatures of 400 to 600 oC. Figure 1 shows
a schematic of the main reaction pathways during wood pyrolysis. A schematic for conventional thermal
fast pyrolysis is shown in Figure 2. Table 1 provides a summary of the fast pyrolysis reactor systems.

Figure 1: Summary of reaction pathways for wood
pyrolysis.

Figure 2: Fast pyrolysis system (from [1]).

Table 1: Fast pyrolysis reactor systems in operation (from Nanda [18] and Bridgwater [3]).
Organisation Location Reactor type Catalytic Feed rate

(tons/day)
Pyrovac Canada Vacuum 93
Red Arrow USA Circulating fluidized bed 45
Renewable Oil International USA Auger reactor 24
Pyne UK Fluidized bed 20
Dynamotiv Canada Bubbling fluidized bed 11
Fortum Finland Bubbling fluidized bed 9.3
Wellman UK Bubbling fluidized bed 6.6
University of Waterloo Canada Bubbling fluidized bed 6
Biomass Technology Group Netherlands Rotating cone 5.3
Red Arrow Canada Circulating transported bed 3
Ensyn Canada Circulating tansported bed 1
RTI International USA Bubbling fluidized bed " 1
National Renewable Energy Laboratory USA Ablative vortex 0.5
VTT Technical Research Centre Finland Circulating fluidized bed 0.5
Ikerlan Research Centre Spain Spouted fluidized bed 0.6
GTI International USA Bubbling fluidized bed " 0.06
CRI Criterion India Bubbling fluidized bed " 0.003
Anellotech USA Bubbling fluidized bed " 0.002

2.1 Bio-oil properties

While overall liquid yields are maximised in fast pyrolysis, the quality of the bio-oil has many undesireable
characteristics. Pyrolysis oil is very complex, with bio-oil from woody biomass feedstocks producing a
mixture with 30% phenolics, 20% aldehydes and ketones, 15% alcohols and 30% water [12, 13]. The
bio-oil generally has the following properties:-

1. high oxygen content, with complex oxygenates

2. immiscible with current transportation fuels

3. an emulsion of bio-oil and water

4. low energy density

5. low pH

6. presence of entrained char

The lower heating value (LHV) of bio-oils is in the range 18–20 MJ/kg (14–18 MJ/kg with water phase),
while crude oils have LHV around 44 MJ/kg. Table 2 shows how the properties of bio-oil (after removal
of water phase) compare with conventional liquid fuels. The high oxygen and low hydrogen content of
bio-oils has implications for upgrading into transportantion fuels such as diesel and gasoline.

Table 2: Comparison of bio-oil properties with conventional fuels.
Property Bio-oil Heating oil Gasoline Diesel
Heating value (MJ/kg) 18 - 20 45.5 44 42
Density at 15oC (kg/m3) 1200 865 737 820 - 950
Flash point (oC) 48 - 55 38 40 42
Pour point (oC) -15 -6 -60 -29
Viscosity at 40 oC (cP) 40 - 100 1.8 - 3.4 0.37 - 0.44 2.4
pH 2.0 - 3.0 - - -
Solids (wt%) 0.2 - 1.0 - - -
Elemental Analysis (wt%)
Carbon 42 - 47 86.4 84.9 87.4
Hydrogen 6 - 8 12.7 14.76 12.1
Oxygen 46 - 51 0.04 - -
Nitrogen <0.1 0.006 0.08 392 ppm
Sulfur <0.02 0.2 - 0.7 1.39
Ash <0.02 <0.01
Source: Adapted from Bridgwater [2]

3 Catalytic fast prolysis

The intent of using catalysts is to lower the reaction tempertaure and/or to improve the selectivity to the
desired products. Catalytic processes aim to upgrade the bio-oil properties, in some cases all the way to
drop-in fuels, in other cases to an upgraded bio-oil which can be processed by existing refineries.

3.1 RTI catalytic pyrolysis

Research Triangle Institute (RTI) in North Carolina, USA is developing a catalytic pyrolysis process with
hydroprocessing to produce upgraded bio-oils [4]. Figure 3 shows the block flow diagram [5, 6].

Figure 3: General block diagram of RTI catalytic pyrolysis and hydroprocessing.

Biomass is reacted in a riser reactor with a catalyst at low pressure and temperature of circa 500oC.
The catalyst (RTI-A9) contains 10 to 20 wt% of metal oxide, with tungsten oxide being the preferred oxide
[7]. The catalyst support is zirconia and the particle size is in the range 30 to 80 µm [7]. An outline of the
process flow diagram of the pilot plant is shown in Figure 4 and the equipment is shown in Figure 5.

Figure 4: RTI Catalytic Pyrolysis pilot plant process flow diagram for 1 tpd capacity (from Dayton [6]).

Over 100 proof-of-concept experiments were conducted in a bench scale fluidised bed system to cor-
relate catalyst deoxygenation activity with the oxygen content. The performance of the RTI process with

the RTI-A9 catalyst is summarised in Table 3. The major impact of catalytic pyrolysis is the reduction in
the oxygen content of the raw bio-oil from 37.7 wt% to 19.9 wt%.

Table 3: Pyrolysis product distributions for ther-
mal and catalytic fast pyrolysis using RTI catalyst
(from Dayton et. al. [5]).

Baseline RTI
Catalyst None RTI-A9
Product distributions

Solids (wt%) 14.3 19.8
Gas (wt%) 11.6 23.9
Water (wt% 18.4 28.7
Bio-oil, dry (wt%) 49.4 24.8

Bio-oil analysis
Carbon (wt%) 56.6 72.8
Hydrogen (wt%) 5.8 7.2
Oxygen (wt%) 37.7 19.9

Gas analysis
H2 (vol%) 1.5 7.7
CO (vol%) 25.4 37.1
CO2 (vol%) 42.1 32.6
CH4 (vol%) 3.5 10.6
C2+(vol%) 27.4 12.0

In the RTI pilot plant, biomass at ambient tem-
perature is fed into the side of the mixing zone
where it mixes with hot catalyst from the regen-
erator. Nitrogen is used as the fluidisation agent
and fed to the mixing zone via bubble caps. Py-
rolysis at temperature between 450 and 600 oC of
the biomass feed generates bio-oil vapours, light
gases and char, which are pneumatically con-
veyed up through the riser section of the reactor.
Solids are separated in a cyclone and returned to
the regenerator. The renegerator operates as a
bubbling fluidised bed, where injected air is used
to combust char and coke deposited on the cat-
alyst, raising the bed temperature to 700 oC [4].
Catalysts are recirculated through the system at
a catalyst to biomass ratio of about 10:1. The bio-
oil yield is 65% (including both organic and aque-
ous fractions) and the off-gases from the pyroly-
sis and regenerator units represent around 26%
of the products.

In terms of the carbon balance, it is reported that approximately 28% of the carbon in the feedstock
ends up in the liquid products, while more than half the carbon in the feed exits via the off-gases [4]. The
product bio-oil had an average oxygen content of 24 wt%.

(a) (b)

Figure 5: RTI Catalytic Pyrolysis pilot plant:(a) front and (b) back (from Dayton [5]).

RTI have reported further bench scale experiments using various catalysts and the addition of hy-
drogen [21]. The original RTI-A9 catalyst has been promoted with 0.5% platinum to create the catalyst
RTI-A9P, to limit the coking and to promote hydrodeoxydation. Table 4 shows the results of these ex-
periments from Von Holle et al. [21]. Addition of low pressure hydrogen has performance intermediate
between catalyic fast pyrolysis and conventional hydro-pyrolysis.

Table 4: Pyrolysis product distributions for catalytic fast pyrolysis using RTI catalysts with varying amounts
of hydrogen (from Von Holle et. al. [21]).

Catalyst RTI-A9 RTI-A9P
Hydrogen (vol%) 0 25 60 93 25 60 93
Product distributions

Gas (wt%) 22.7 16.2 18.9 22.4 26.2 21.6 25.4
Solids (wt%) 21.8 20.7 18.6 20.2 26.9 18.5 17.1
Aqueous (wt%) 32.9 33.3 33.3 31.3 28.8 35.7 35.8
Organic (wt%) 16.2 19.3 20.2 20.2 17.8 18.8 21.1

Bio-oil analysis
Oxygen (wt%) 18.8 18.5 16.2 16.5 16.5 11.1 4.2
Carbon efficiency (%) 23.7 28.3 25.4 28.0 24.8 31.1 36.9

3.2 GTI Integrated Hydro-Pyrolysis and Hydroconversion (IH2)

The Gas Technology Institute (GTI), Des Plaines, Illinois, USA has developed a biomass to liquid fuels
process called IH2 - “integrated hydro-pyrolysis and hydroconversion” [14, 16, 17, 20]. The block flow
diagram of the IH2 process is shown in Figure 6.

Biomass is reacted with hydrogen and a catalyst in a fluidised bed reactor at a temperature of 400 to
450 oC . Hydrogen partial pressures are in the range 100 to 500 psi (689 to 3,450 kPa). The hydropyroly-
sis catalyst is a glass ceramic which has a high attrition resistance. The intention is that the hydropyrolysis
catalyst will grind the char and ash particles to sufficietly small size that they are entrained out of the bed.
Solids in the bio-oil vapours are filtered out at high temperature and the bio-oil vapours are sent to fixed
bed hydroconversion reactor. In bench scale tests a CRI/Criterion Inc. CoMo hydrotreating catalyst was
used to upgrade the raw bio-oil vapours [20, 14]. Because of the addition of hydrogen during pyrolysis,
there is sufficient hydrogen for direct reaction in the hydroconversion step. Offgases, particularly C1 to
C3 hydrocarbons are sent to a steam reformer and PSA unit to produce the required hydrogen for the
hydropyrolysis reactor [8, 15].

Figure 6: GTI IH2 process (from Marker et al. [15]).

Proof of concept tests were undertaken in a reactor system at biomass feed rates of 5 g/min [16]. Table
5 shows the feed conditions and analyses of the bio-oil and water produced from the process for a variety
of feedstocks. The oxygen content of the raw bio-oil derived from mixed wood from the hydropyrolysis
stage (without hydroconversion) is typically <3 wt% depending upon the catalyst used. In comparison raw
bio-oil from non-catalytic hydropyrolysis under similar conditions is around 14 wt% [16]. Figure 7 shows
the scale up steps being undertaken by GTI/CRI for commercialising the IH2 process.

Table 5: Product property comparison from hydropyrolysis proof of concept experiments of various feed-
stocks (Marker et. al. [16]).

Lemna Mixed Wood Bagasse Corn stover Microalgae
Feed conditions

Hydropyrolysis temperature (oC) 447 469 387 418 403
Hydropyrolysis WHSV 0.94 0.79 1.22 1.06 1.90
Hydropyrolysis catalyst CRI, S-4211 CRI, S-4211 CRI, S-4211 CRI, S-4211 CRI, S-4211
Hydroconversion temperature 371 371 399 399 399
Hydroconversion WHSV 0.52 0.44 0.34 0.44 0.52
Hydroconversion catalyst CRI, S-4202 CRI, S-4202 CRI, S-4202 CRI, S-4202 CRI, S-4202

Recovery and yield
Recovery (wt%) 104.3 106.6 106.7 102.8 95.5
C4+ liquid yield (wt%, MAF) 29.5 26.4 28.6 20.6 46.3
Char yield (wt%, MAF) 3.2 6.8 6.8 13.9 5.2
Water yield (wt%, MAF) 41.3 34.7 33.3 39.7 32.2
H2 added (wt%, MAF) 5.6 5.7 6.1 4.2 3.9

Bio-oil analyses
Oxygen (wt%) <0.3 0.7 <0.5 0.3 0.3
Carbon (wt%) 85.58 88.37 85.61 87.62 85.37
Hydrogen (wt%) 14.17 12.96 13.57 11.87 13.58
Density (g/cc) 0.74 0.78 0.81 0.82 0.79
TAN (total acid number) 0.3 0.23 0.7 0.67 0.3

Water analyses
pH 10 9 10 10 11
% carbon 5.1 0.52 1.39 0.82 4.35
% ammonia 6.7 0.4 1.0 1.4 7.3

Figure 7: Process scale-up steps in the GTI IH2 process.

Table 6 shows a comparison of the final oil product when the hydropyrolysis stage was operated with
and without a catalyst [14]. Table 7 shows a comparison of the IH2 product and fast pyrolysis oil. The
bio-oil products from IH2 process consist of high fractions of distillable hydrocarbon liquids in the gasoline
and diesel boiling ranges, which are suitable for co-procesing in conventional refineries.

Table 6: Product quality for thermal and catalytic
fast pyrolysis using the IH2 catalyst (from Marker
et al. [14]).

Inert Catalyst
Catalyst None A
Bio-oil analysis

Carbon (wt%) 70.7 88.3
Hydrogen (wt%) 9.1 8.8
Nitrogen (wt%) 0.3 0.1
Sulfur (wt%) 0.2 0.2
Oxygen (wt%) 19.8 2.6
TAN 50 0.6

Table 7: Product property comparison (from
Marker et. al. [20]).

Fast
Pyrolysis Oil

IH2 Final
Product

Bio-oil properties
Oxygen (wt%) 50 <1.0
Water (wt%) 20 <0.1
TAN 200 <2
Stability Poor Excellent
C4 -430 oF Non-distillable 92
430 - 650 oF Non-distillable 8
650+ oF Non-distillable <1.0
Refinery co-processing No Yes
Heating value (BTU/lb) 6560 18000
Relative Transportation cost 1.0 0.3

3.3 Anellotech catalytic cracking

Anellotech of New York, USA is developing a catalytic fast pyrolysis process called Bio-TCat focused on
producing BTX (benzene, toluene and xylene) aromatics for use in making fuels and petrochemicals. The
Anellotech process uses a ZSM-5 zeolite based catalyst and a fluidised bed reactor system to crack the
pyrolysis vapours and the improve the selectivity to aromatic products [9, 11]. Figure 8 shows the process
flow diagram of the Anellotech Bio-TCat process. Biomass is dried and sized and fed to the fluidised bed
reactor together with hot catalyst.

Figure 8: Anellotech process flow schematic (from Sudolsky [19]).

The solids are separated from the vapours in
cyclones, the bio-oil is quenched and the BTXs
are separated for further processing. Figure 9
shows the selectivities to C6+ aromatics using
the ZSM-5 catalyst with variants in pore size dis-
tribution and tartaric acid treatment. Light aro-
matic yields are improved with larger micro-pores
which enable the macro-molecules from biomass
pyrolysis to enter the pores of the catalyst and
be cracked to smaller molecules. The aromatic
yields from the process are around 20 to 25 wt%
of the feed biomass. A side effect of catalytic
cracking of the bio-oil vapours is to produce large
quantities of coke, up to 45 wt% yield. The coke
is combusted in the regenerator, raising the tem-
perature of the catalyst and generating the heat
required to pyrolyse the incoming biomass feed.

Figure 9: Product selectivities of maple wood over
micro-porous ZSM-5, tartaric acid treated ZSM-
5, meso-porous ZSM-5 and meso-porous ZSM-5
with tartaric acid treatment (from Foster et al. [9]).

4 Process development status

The technology readiness level (TRL) framework enables one to assess the maturity of a particular tech-
nology. The broad steps involved in technology commercialisation involve research (TRL 0–3), develop-
ment (TRL 4–6), demonstration (TRL 7) and deployment (TRL 8–9) [10]. Figure 10 shows a mapping of
thermal and catalytic fast pyrolysis technologies to their stage of technology readiness.

Figure 10: Development status of biomass fast pyrolysis processes.

5 Conclusions

The development and maturity of fast pyrolysis of biomass for the production of renewable transport fuels
and fuel components is in its infancy. Thermal based fast pyrolysis processes with capacities up to 100 tpd
are available to convert biomass into bio-oil. However, thermally produced bio-oils have very poor qual-
ity. Processes for the catalytic fast pyrolysis are currently being developed, so that the bio-oil properties
are much improved. To date, integrated process development efforts have been conducted by RTI, GTI,
Anellotech and others. Major uncertainties lie in the cost and de-activation/regeneration performance of
the catalysts. The reliability and cost of these processes at scale is also not yet understood and will be a
major focus area for the coming years as process development activities of catalytic fast pyrolysis lead to
larger and larger unit capacities and the technologies mature.
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