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PREFACE

In the energy industry, biomass refers to biological material which can be used as fuel or
for industrial production. Biomass includes plant matter grown for use as biofuel, as well as
plant or animal matter used for production of fibres, chemicals or heat. This new book
presents current research in the study of biomass crops, including the conversion of wood into
liquid fuels; alfalfa biomass production; gasification of biomass in aqueous media and biofuel
production potential.

Chapter 1 - Statistics show that energy consumption has increased exponentially since the
Industrial Revolution. Around 495 EJ of primary energy were consumed in the world in 2008,
of which over 81% were met by combustion of fossil fuels (IEA, 2009). Considering a global
population of 6.8 billion, this represents on average the equivalent of approximately 2 tons of
petroleum per person and year. Projections for the coming decades reveal an average annual
growth above 2.0%, owing primarily to an increase in world population and the rapid
development of emerging economies like China, India and Brazil (IEA, 2009). At this rate,
global energy demand is expected to double and global electricity demand will triple between
2008 and 2050 (EIA, 2010).

Chapter 2 - The looming energy challenges around the world will have to be tackled with
a portfolio of different raw materials and technologies. Biomass is a widely available
renewable carbon source and includes organic wastes and energy crops, which can be used
for the production of biofuels to contribute to the reinvigoration of the biomass industry,
among others. Energy crops have to be produced in a cheap and environmentally benign way
in order to be utilized for the sustainable production of biofuels. Energy crops include mainly
three categories, namely oil-rich crops, sugar crops, which contain sugars directly available
for biofuel production, and lignocellulosic crops, which contain tightly bound cellulose,
hemicellulose and lignin.

In this Chapter focus is given on fermentative biofuel production from sugar-rich and
lignocellulosic biomass. Ethanol production from energy crops has been studied in the
literature since the 1980s, but in the last decade significant research efforts have been
addressed towards biological hydrogen production. Therefore, ethanol and hydrogen are
considered two representative options for short- and long-term biofuel production,
respectively. In particular, biofuel production from lignocellulosic crops or agricultural
residues is more intensively discussed, given the higher degree of complexity of the
utilization of these raw materials for biofuel production. Various pretreatment methods can be
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applied to enhance the accessibility of lignocellulosic carbohydrates for enzymatic hydrolysis
and the production of fermentable substrates. The efficiency of ethanol/hydrogen production
from these substrates is dependent on their quality, which largely depends, in turn, on the
amount of degradation products which act as inhibitors in the fermentations. Therefore,
significant discussion is dedicated to the key aspects of the role of pretreatment of biomass on
the efficiency of biofuel production.

The development of dedicated pretreatment techniques which are tuned to special
characteristics of different energy crops is discussed. Sweet sorghum and sugar beet are
regarded as two energy crops that can be instrumental in the promising field of biofuels.
Sweet sorghum is interesting because it constitutes a highly productive sugar crop which,
after sucrose extraction, provides a yet not well studied lignocellulosic residue, sweet
sorghum bagasse. Sweet sorghum bagasse is currently unexploited, poses a disposal problem
and its usage as fodder for animals is not a sufficiently viable solution. Similarly, sugar beet
constitutes a traditional sugar crop, which can provide the biofuel industry with innovative
raw materials with no competition with food production. From the viewpoint of
sustainability, it is necessary to simultaneously assess the impact of the aforementioned
biomass and biofuels on the environment and the economic growth. In principle, the use of
organic wastes can be a win-win solution; however, biomass crops can present peculiar
advantages for their potential in protecting/reclaiming vulnerable and marginal soils,
sequestering CO,, bio-depurating wastewater and enhancing biodiversity and wildlife.

Chapter 3 - Increasing atmospheric CO, results in enhanced photosynthesis in Cs plants
like alfalfa. However, after long-term exposure, the photosynthetic rate decreases. This
phenomenon, often described as down-regulation, is explained by most authors as the
consequence of the disappearance of strong plant sinks leading to leaf carbohydrate
accumulation and thus resulting in a photosynthetic decrease. The initial photosynthesis
response to elevated CO, induces plant growth and enhanced yield production. After long
term CO, exposure, when photosynthesis is acclimated, increased plant biomass is also
shown due to the initial enhancement of plant dry matter. Management of alfalfa as a forage
crop entails periodic cutting of shoots. In this situation, photosynthetic down-regulation is
avoided and the alfalfa taproot is the main source organ that provides C and N compounds to
new growing shoots. This source and sink organ role inversion allows us to study alfalfa
biomass production before and one month after cutting (regrowth). Alfalfa is used as a forage
crop for animal feeding as a source of protein and amino acids; therefore not only is the
quantity of crop production important but also the biochemical composition of shoots is a key
factor. During the present study, elevated CO, reduced leaf protein concentration probably
due to the dilution effect derived from starch accumulation in these conditions. Forage plants
may also be the primary source of antioxidants. Elevated CO; altered reactive oxygen species
(ROS) production in leaves, reducing their production, and resulted in the relaxation of the
antioxidant system, which may induce changes in the antioxidant value of forage biomass.

Chapter 4 - Phytochemical induction of monoterpenes following herbivory by insects and
mechanical damage, was studied in Minthostachys mollis (Lamiaceae), a plant native to
Central Argentina with medicinal and aromatic uses in the region. The monoterpenes
pulegone and menthone were analyzed in M. mollis 24 and 48 h after leaves were
mechanically damaged or exposed to insects with different feeding habits (chewing, scraping,
sap-sucking, and puncturing). Essential oil composition and emission of volatiles were
assessed. Mechanical damage resulted in an increase of pulegone and menthone concentration
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in M. mollis essential oil during the first 24h. Menthone content generally decreased whereas
pulegone concentration increased in all treatments where insects were involved. The changes
observed after insect feeding occurred also in the adjacent undamaged leaves, but induced
changes after mechanical wounding were restricted to the damaged site, suggesting that an
elicitor related to the insects may be required for a systemic response to be induced.

Changes in the volatiles released from M. mollis damaged leaves were also detected,
most noticeably showing an increase in the emission of pulegone. Inducible chemical changes
in aromatic plants might be common and widespread, affecting the specific compounds on
which commercial exploitation is based.

Chapter 5 - The lignocellulosic biomass materials are abundant, cheap and renewable
feedstocks suitable for biofuel and biochemical production. They can be derived from forestry
wastes such as residues of the trees and shrubs, energy crops like maize, sorghum,
miscanthus, kenaf, switchgrass, jatropha, corn, sugarcane and any agricultural residues such
as corn stovers, wheat straw etc. The use of biofuels derived from lignocellulosic biomass
does not cause additional increase in the carbon dioxide level in the earth's atmosphere. The
release of carbon dioxide during biofuel utilization is balanced by the carbon dioxide
consumed in biomass growth.

In many cases, because of large water content and high drying cost, biomass is not a
suitable  feedstock for conventional thermochemical gasification technologies.
Thermochemical gasification techniques such as biomass gasification and pyrolysis are
energy intensive processes and produce relatively high amounts of char and tar with low
conversion of biomass into gas. Among other various conversion methods, hydrothermal
gasification, using super- or sub-critical water as the reaction medium, is seen as a promising
way to produce hydrogen from biomass with high efficiency. These processes can be applied
to the conversion of biomass with high moisture content without drying. While processes
applied in sub- and super-critical water around 250-400°C, methane and carbondioxide are
the major products in addition to the target gas hydrogen but the formation of these major side
products can be minimized by using appropriate catalysts and adjusting processing
temperature and pressure conditions.

Aqueous phase reforming (APR) process is a rather new evolving technology involving
decomposition of the oxygenated hydrocarbons to produce hydrogen-rich gas. The main
advantage of APR is its relatively low gasification temperature where CO concentration
within the hydrogen stream is rather low. The process produces high yield of hydrogen gas
with low CO byproduct due to the water-gas shift reaction (CO + H,O < H;, + CO,) which is
effective at the processing temperature. APR of carbohydrates take place at considerably
lower temperatures compared to conventional alkane steam reforming process. A lower
temperature reduces unwanted decomposition reactions that normally observed when
carbohydrates are heated to elevated temperatures. Carbohydrates such as sugars (e.g.,
glucose) and polyols (e.g., ethylene glycol, glycerol) can be efficiently converted in the
aqueous phase over appropriate heterogeneous catalysts at relatively mild processing
conditions to produce hydrogen rich gas mixture. Lignocellulosic materials containing high
level of polysaccharides are potential biomass sources for the APR gasification provided that,
by using ecological pre-treatment techniques, the water-insoluble polysaccharides are
hydrolyzed into relatively smaller carbohydrates which are soluble in water. This chapter will
focus on APR and summarize the relevant research and development activities including the
authors” work on conversion of lignocellulosics.
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Chapter 6 - The biofuels are ecologically acceptable energy sources resulting in reduction
in release of large quantities of CO, and other harmful greenhouse gases into the atmosphere
causing global warming and climate change. Biofuels like biodiesel and bioethanol are the
most important transportation fuels either used alone or as an additive to fossil fuels. The
production technologies such as transesterification and fermentation are used for biodiesel
and bioethanol respectively. The biofuel strategy should focus on use of biomass for blending
ethanol with gasoline and non-edible oilseeds for production of biodiesel for blending with
petro-diesel. Besides providing relief against local air pollution and global environmental
change problems such diversification could also be useful in managing interruptions of fossil
fuel supply, volatility of its prices and thus ensuring sustainable economic development.

Chapter 7 - There are many farmlands that have been contaminated with heavy metal
(HM) in central Taiwan resulted from the irrigation using river water contaminated with
HMs. According to the Soil and Groundwater Pollution Remediation Act (SGWPR Act) of
Taiwan, these lands cannot plant edible crops until suitable techniques are conducted to
decrease the total concentration of HM in soils to conform to the Soil Control Standard
(SCS). However, some of the foliar crops still accumulated a high concentration of HM in the
edible parts; even the concentration of HM of the remediated sites is below the SCS. Planting
suitable crop species is especially important in this situation and these contaminated sites
after remediation can be reused. Soybean, a biomass crop further used to produce biodiesel,
seems feasible to plant in the farmlands in this situation. This manuscript reports previous
results that used pot experiments to investigate the accumulation of HM by various parts of
soybean planted in the artificially cadmium- (Cd-), copper- (Cu-), or zinc (Zn-) contaminated
soils with different concentrations. The aim is to assess the feasibility of planting soybean in
the HM-contaminated soils to produce biodiesel.

Chapter 8 - Declining soil fertility is a critical agricultural challenge facing smallholders
in central Kenya. A study to improve soil fertility and farm productivity in the area was
carried out during the period 2003 to 2007. Problem-solving tools were used to build the
broad conceptual and methodological approaches needed to address farming constraints. The
study identified farming systems constraints and disseminated “best-bet” integrated soil
fertility management (ISFM) interventions using participatory methods and mutual
collaborative action. This paper describes processes in the participatory approaches, project
milestones and joint experiences that were gained. The participatory approaches included
Participatory Rural Appraisal (PRA), Mother-baby approach (M-B approach), Farmer
training groups (FTGs), Annual stakeholder planning meetings, Village training workshops,
Cross-site visits and Participatory Monitoring and Evaluation (PM & E). Food shortage was
the main problem identified by farmers resulting from low crop yields. The causes of poor
yields were biophysical factors, but several socio-economic factors influenced farmer ability
to manipulate farm productivity. Village training workshops attracted a 20% higher farmer
turnout than mother trial field days. Farmer and experimental evaluations showed that the
most favoured technologies were tithonia, manure, manure-fertilizer combinations, and tree
legumes while the most effective dissemination pathways included demonstrations, farmer
training grounds, field days and farmers’ groups. Using PM& E procedures, farmers
developed indicators that they used to monitor progress, and annual ISFM milestones were
achieved, leading to the achievement of overall project objectives. Innovative adjustments to
ISFM technology dissemination were proposed by both farmers and scientists.
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1. INTRODUCTION TO BIOMASS ENERGY

1.1. The Current Energy System

Statistics show that energy consumption has increased exponentially since the Industrial
Revolution. Around 495 EJ of primary energy were consumed in the world in 2008, of which
over 81% were met by combustion of fossil fuels (IEA, 2009). Considering a global
population of 6.8 billion, this represents on average the equivalent of approximately 2 tons of
petroleum per person and year. Projections for the coming decades reveal an average annual
growth above 2.0%, owing primarily to an increase in world population and the rapid
development of emerging economies like China, India and Brazil (IEA, 2009). At this rate,
global energy demand is expected to double and global electricity demand will triple between
2008 and 2050 (EIA, 2010).

It becomes evident that this trend is unsustainable. From an environmental perspective,
the massive combustion of fossil fuels has been held responsible for irreversible changes to
the global climate, with profound consequences to the planet and our way of life (IPCC,
2007). With regard to the economy, the imbalance between increasing demand and the
ongoing depletion of finite natural resources will push the price of fossil fuels up in the
medium term. Unless the use of alternative energy sources is sufficiently widespread, this
scenario will lead to international conflicts and severe contraction of the global economy with
detrimental consequences to the standard of living of most people. The solution to this
situation rests on two pillars: on the one hand, a reduction in the overall consumption of
primary energy that should be achieved through implementation of energy efficiency
measures and technologies. On the other, the promotion of locally available and less carbon
intensive alternative energy sources that should progressively replace fossil fuels (Stern,
2006; IPCC, 2007; Demirbas et al., 2009).

At present, renewable sources collectively supply 14.0% of all the primary energy
consumed in the world. The largest contribution comes from biomass, accounting for almost
10% of the global energy supply. Most of this bioenergy (87%) is obtained by direct
combustion of wood for heat generation in domestic, agricultural, farming or small scale
production activities. Biomass energy prevails, primarily in less industrialized economies
owing to its use in domestic activities and also in environmentally conscious countries with
abundant natural resources like Scandinavian countries and Brazil (IEA Bioenergy, 2002 and
2010).

Owing to the environmental and strategic benefits associated with the use of renewable
energy sources, most governments have drafted programs with ambitious objectives intended
to facilitate a smooth transition into this new energy model. A clear example is the "Energy-
Climate Legislative Package" approved in 2009 by the Council of the European Union. This
document requires Member States to meet the following targets by 2020: reduce greenhouse
gas emissions by 20% of 1990 levels; increase the contribution of renewable energy sources
to 20% of the total; and reduce primary energy consumption by 20% through implementation
of improved efficiency technologies and strategies. The European Directive 2009/28/EC on
the promotion of renewable energy has recently established additional objectives, including a
10% share of renewable energy in the transport sector by 2020.
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Biomass will certainly have a significant role to play in the development of this
sustainable energy model. Biomass contains chemical energy that has been captured from the
sun radiation through photosynthesis. As illustrated in Figure 1, this energy can be made
available by the application of different technologies, which are usually classified in two
categories: biological such as anaerobic digestion and fermentation; and thermochemical like
combustion, gasification and pyrolysis. This paper deals with advanced thermochemical
routes and their potential in the efficient transformation of biomass feedstocks into valuable
energy and chemical products.

FEEDSTOCK CONVERSION END USE
TECHNOLOGIES

;4 HEATAND POWER

THERMOCHEMICAL ROUTES

Lignocellulosic P——— LIQUID BIOFUELS
. yrolysis k i
biomass. -‘>I 2" generation biofuel I
Combustion } % Biodiesel ‘
Sugar crops. A
Gasification } ’ ’{ Bioethanol |
‘ Methanol, DME ‘
H CHEMICAL ROUTES \
BIOde,gradable Transesterification } \\ GAS BIOFUELS
organic wastes. Vol
“ 1 Hydrogen and syngas I
BIOLOGICALROUTES \ :
Oil crops and Fermentation } ‘\ ‘ Ploses ‘
animal fats o \ \
Anaerobic digestion | A\ SOLID BIOFUELS

* Biochar I

Figure 1. Alternative biological and thermochemical routes for the energy valorization of biomass.

1.2. Conventional Thermochemical Technologies: Biomass Combustion

Combustion of wood for heat generation is a well established technology, commonly
associated with agricultural and industrial activities that produce biomass as a by-product
(such as wood processing, paper making, forest management and food production and
processing like olive oil, cereals and nuts). Around 83% of the solid biomass consumed in
Europe is dedicated to heat production and only 17% to power generation. However, the latter
is expanding rapidly, primarily in Northern Europe, North America and Brazil owing to
favorable policies and abundant resources (IEA Bioenergy, 2002; Van Loo and Koppejan,
2008; Eurobserver, 2010).

Due to the low energy density and high transportation costs of biomass fuel, dedicated
biomass power plants are usually smaller (5-25 MWe) than those using conventional fossil
fuels, resulting in lower energy conversion efficiencies (typically between 20-25% depending
on plant size and technology) and higher investment costs (2000-4000€/kW). Biomass
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combustion plants also require expensive maintenance programs due to corrosion, fouling and
slagging caused by inorganic elements present in the biomass fuel (Cl, K, Na, Ca, Mg)
(Jenkins et al., 1998; Demirbas, 2005). Economic risks are also higher than in conventional
power plants owing to seasonal and yearly variability in the production and quality of the
biomass feedstocks, their scattered geographical distribution and high transportation costs
(Caputo et al., 2005).

As a result, the production of electricity from biomass remains expensive in most cases
and highly dependent on public subsidies (Badcock and Lenzen, 2010; San Miguel et al.,
2010). Electricity costs have been calculated to range between US$20/MWh for the co-firing
of a locally available charge-free biomass feedstock to a more realistic $30-$50/MWh for
medium size (10-25 MWe) dedicated power plants using conventional biomass at a standard
cost of US$3-US$3.5/GJ (Caputo et al., 2005). This compares unfavorably with electricity
generation costs calculated for more conventional energy sources like hydroelectric power
(15 US$/MWh), natural gas in a combined cycle (25 US$/MWh), coal (26 US$/MWh) and
nuclear (16 US$/MWh) (CNE, 2008). At present, biomass only accounts for 1.3% of the
electricity generated in the world, 3.7% in the European Union and 3.4% in the USA (IEA
Bioenergy, 2010; EIA, 2009).

1.3. Advanced Thermochemical Technologies: Gasification and Pyrolysis

The increase of scale in the consumption of biomass fuels expected in the following years
will definitely require the development of innovative technologies capable of providing
greater energy efficiency, improved cost effectiveness and a higher overall environmental
performance. Gasification and pyrolysis are two thermochemical technologies that have the
potential to contribute in this direction and play a key role in the expansion of bioenergy. As
shown in Table 1, the former involves the transformation of a carbonaceous feedstock into a
gas, usually called syngas or producer gas, by exposure to high temperatures (850-1000°C)
under mildly oxidizing conditions (usually substoichiometric oxygen or/and steam).
Gasification was developed in the early 19" century for the transformation of mineral coal
into town gas that was used for lighting and domestic energy applications. It was
subsequently adapted for the treatment of organic wastes, petroleum fractions and biomass.
Syngas can be used with higher energy efficiency than the original feedstock in burners,
engines and turbines for the generation of heat and electricity. After necessary processing and
upgrading, syngas may also be used as a chemical feedstock for the synthesis of ammonia,
methanol, synthetic liquid fuels or purified hydrogen.

Biomass gasification has already passed the demonstration stage and can be regarded as a
young commercial technology, with plants of varying scale operating around the world.
However, it is also true that the penetration of this technology in the energy market is still
limited due to technical problems associated with the formation of tars and the fuel quality of
the resulting gases (Knoef, 2005; Badeau et al., 2009).

Pyrolysis is another thermochemical technology capable of transforming lignocellulosic
biomass into high value products. The term pyrolysis is very self explanatory in its root,
deriving from the Ancient Greek words pyro (mp) meaning heat and lysis (A0oc1c) meaning
rupture. Pyrolysis is mainly associated with thermal decomposition of organic compounds, as
they are heated in the absence of oxygen or any other reactive element. The pyrolysis of
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lignocellulosic biomass gives rise to its transformation into a non-condensable gas,
condensable oil and a solid char, which can be used for their energy content or as a chemical
feedstock. As will be explained throughout this paper, this technology is highly versatile, with
product yields and characteristics highly dependent not only on biomass feedstock but also
processing conditions. As shown in Table 1, pyrolysis processes are usually classified in two
categories depending on the target product: solid charcoal in slow pyrolysis and liquid oils in
fast pyrolysis.

Table 1. Typical product yields, reaction conditions and enthalpy in the pyrolysis of
biomass, compar ed against combustion and gasification technologies

Process Product yields (wt%) Conditions Enthalpy
Liguid |Char |Gas

Low temperature (300-600°C).

Slow [15-25 [30-40 [30-40 |Long vapor residence time (> 1 min)
Inert atmosphere

Moderate temperature (450-500°C).
Fast |60-75 [10-15 [15-30 |Short vapor residence time (< 2 sec)
Inert atmosphere

Very high temperature (850-
Gasification 0-5 5-10 [85-95  [1000°C). Endothermic
Mildly oxidizing conditions
High temperatures (700-850°C). Highly
Highly oxidizing conditions. exothermic

Endothermic/
Exothermic

Pyrolysis
Slightly
endothermic

Combustion 0 0-5 95-100

Slow pyrolysis or carbonization is a traditional technology that has been used for
centuries in rural societies for the production of charcoal (Lehmann and Joseph, 2009).
Charcoal is more stable and has a higher energy density that the original biomass, which
allows for storage for longer periods of time and produces higher temperatures upon
combustion. Slow pyrolysis involves heating the wood slowly to temperatures around 300-
600°C in the absence of oxygen over long periods of time. The process results in the thermal
decomposition of the feedstock into a volatile fraction and a solid char. The resulting vapors
are allowed very long residence times inside the reaction chamber in order to maximize
recombination and polymerization reactions, leading to the formation of the solid char (30-40
wit%). The anoxic conditions were traditionally achieved by covering the piles of wood with
turf or moistened clay. At present, the process is conducted in kilns and retorts which achieve
higher carbon efficiencies and reduce processing times. The vapors generated in slow
pyrolysis processes are usually condensed in order to reduce emissions into the atmosphere.
This condensate, called pyroligneous oil, amounts to 15-25 wt% of the original biomass
feedstock and consists of a mixture of water, methanol, acetic acid, phenols and other
insoluble organic tars (Strezov et al., 2007; Lehmann and Joseph, 2009).

Fast pyrolysis is based on the same principles as carbonization, but relies on the careful
control of the process conditions in order to maximize the formation of condensable
compounds at the expense of other gas or solid fractions. In short, the production of high oil
yields requires very rapid thermal degradation of the biomass feedstock followed by very
rapid removal of the volatile products in order to minimize secondary reactions. This
objective is achieved using reactors that allow efficient heat transfer into the biomass particle,
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small particle size of the feedstock, fine control of the reaction temperature (usually between
450°C and 500°C) and reduced residence time of the pyrolysis vapors in the reaction chamber
(usually below 2 seconds). Oil yields up to 85 wt% have been reported in the literature,
although typical values in optimized plants usually range between 60-75 wt%.

Bio-oils produced through fast pyrolysis have significantly higher energy density (around
19-22 GJ/m?®, compared to 4-5 GJ/m? in the original biomass and 38-40 GJ/m® of petroleum
derived fuels) and more homogeneous characteristics than the original material. Therefore,
they can be handled, stored, transported and processed more effectively than the original
biomass feedstock. Pyrolysis oil is intended to serve as a secondary energy carrier for
subsequent conversion into heat, electricity, chemicals or transport fuels.

The vision expressed in numerous communications describes an energy system in which
bio-oil is produced in distributed pyrolysis units close to the sources of generation and then
transported to centralized plants for energy generation or to bio-refineries for subsequent
processing into advanced fuels and high-value chemicals (Bridgwater et al., 1999; Czernik
and Bridgwater, 2004; Mohan et al., 2006; Demirbas and Balat, 2006; Babu, 2008; Badger
and Fransham, 2006; Venderbosch and Prins, 2010). This model benefits from the improved
economy of scale of large energy generation and processing plants. Unlike first generation
bio-fuels (bio-ethanol and biodiesel), which only make use of a small fraction of the biomass
(sugars and fats, respectively), fast pyrolysis processes make use of all the organic matter
present in the biomass feedstock. This results in higher overall energy efficiencies and greater
greenhouse gas abatement potential.

The basis of modern, fast pyrolysis was established in the early 1980°s with pioneering
work conducted at the University of Waterloo (Canada). This was followed by numerous
research institutions and companies that contributed in different areas like fast pyrolysis
process design, characterization of pyrolysis oils and development of energy applications.
The most renowned of these research groups include Aston University (United Kingdom),
VTT Technical Research Centre (Finland), the University of Western Ontario (Canada), the
National Renewable Energy Laboratory (USA) and the University of Twente (Netherlands),
while the most active private companies in this field include Biomass Technology Group
(BTG, The Netherlands), Envergent Technologies (USA), Dynamotive Energy Systems
(Canada) and Ensyn Technologies (Canada). Interest in this technology is evidenced by the
large number of technical documents published in the last two decades including numerous
scientific reviews (Graham et al., 1984; Elliot et al., 1991; Maschio et al., 1992; Freel et al.,
1993; Scott et al., 1999; Bridgwater, 1999; Bridgwater et al., 1999; Meier and Faix, 1999;
Oasmaa and Czernik, 1999; Bridgwater and Peacocke, 2000; Bridgwater, 2003; Czernik and
Bridgwater, 2004; Yaman, 2004; Mohan et al., 2006; Demirbas and Balat, 2006; Zhang et al.,
2007; Babu, 2008; Goyal et al., 2008; Qiang et al., 2009; Zhang et al., 2010; Venderbosch
and Prins, 2010), manuals (Bridgwater et al., 1999; Bridgwater 2002 and 2005) and
compilations (Bridgwater, 2001, 2003, 2008 and 2009; Bridgwater and Boocock, 2006). The
intense activity in this field of international scientific networks and organizations like
ThermalNet (www.thermalnet.co.uk), PyNe (http://www.pyne.co.uk) and IEA Bioenergy
(www.ieabioenergy.com) is also noteworthy.

Despite the considerable scientific and technical progress achieved in the last few
decades, fast pyrolysis of biomass is not a complete reality yet. The production of bio-oil is
not particularly expensive but there is limited acceptance of this novel fuel in the energy and
chemical markets. Existing plants operate intermittently, usually in association with research
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programs designed to improve the efficiency of the pyrolysis process, upgrade the fuel
properties of the resulting oils and develop new energy technologies capable of using them
efficiently. Despite these uncertainties, private companies have been making substantial
investments in the last few years in preparation for new technical developments that allow a
wider application of these oils. This includes the construction of increasingly larger biomass
pyrolysis plants, such as the 50 T/day BTG plant constructed in Malaysia in 2005, and based
on rotating cone technology; the 130 T/day and the 200 T/day Dynamotive plants in West
Lorne and Guelph (Canada) constructed in 2005 and 2006 based on the fluidized bed
technology; the 100 T/day; the 100 T/day RTP™-1 plant constructed by Ensyn in 2007 in
Renfrew (Canada) based on circulating fluidized bed technology; and the 36 T/day Bio Oil
Holding-1 plant in Tessenderlo (Belgium) based on the Auger technology. In addition, a few
more commercial plants are being planned for the next few years or are under construction,
like the Pytec Mallis plant at Brahlstorf (Germany), the Bio Oil Holding plants at Tessenderlo
(Belgium) and Delfzijl (Netherlands), and the BTG Empyro BV at Hengelo (Netherlands).

The situation at present has been compared to the early days of the petrochemical
industry, owing to the enormous potential of this new material (bio-oil) but the lack of
experience and technical means that allow its use and transformation in a cost-effective
manner (Mohan et al., 2006). The path will be progressively cleared with the advent of green
chemistry, the development of biorefinery concepts (Demirbas, 2009; Cherubini, 2010) and
the progressive depletion of fossil fuel resources.

The aim of this paper is to provide a review of existing knowledge regarding the fast
pyrolysis of biomass and provide a critical evaluation of its potential in the mass production
of renewable energy. The paper has been divided into six sections, including this introduction,
to biomass energy. Section two provides a review of scientific and technical aspects
associated with the pyrolysis of biomass, including a description of the biomass feedstock, the
chemistry behind the thermal degradation of the biomass components and the conceptual
description of the essential features in a typical fast pyrolysis plant. Owing to the importance
of reactor design in this technology, section three provides a review of the existing
alternatives, with information about technical and economic aspects associated with each
option. This section is illustrated with a description of the 25 kg/hour pilot scale biomass fast
pyrolysis pilot plant designed and developed at lkerlan-1K4 (Mifiano, Spain). Section four
contains information about the chemical, physical and fuel characteristics of the bio-oils and
evaluates potential applications primarily in the energy sector. Section five provides a
summary of alternative technologies aimed at improving the fuel properties of pyrolysis oils.
This upgrading is essential in order to counteract the adverse properties of the oils in terms of
instability and corrosive behavior, and to facilitate its use in conventional or adapted energy
technologies like burners, engines and turbines. Finally, section six provides a historic review
of the commercial development of fast pyrolysis technology, with a description of the most
representative plants and future developments.
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2. SCIENTIFIC PRINCIPLES OF BIOMASS PYROLYSIS

2.1. Biomass as an Energy Feedstock
2.1.1. Introduction to Lignocellulosic Biomass

The term biomass in its broadest sense is used to describe organic matter produced by
living organisms. Electromagnetic radiation from the sun is captured by green plants during
photosynthesis and stored as chemical energy in the form of sugar molecules. These
molecules are subsequently transformed into other biomass constituents (fats, proteins and
carbohydrates) through different metabolic routes and passed around to other organisms
through the food chain (Stassen et al., 1999). Biomass is currently the largest source of
renewable energy in the world and a continuous expansion is expected in the following years
in order to comply with existing programs aimed at reducing the consumption of fossil fuels
(EIA, 2010; IEA, 2009; Eurobserver, 2010). The combustion of biomass and its derivates is
regarded as low carbon activity because the CO, emitted into the atmosphere has been
recently captured by the plants through photosynthesis. Substitution of fossil fuels with
locally generated biomass provides additional benefits in the form of energy security,
improved trade balances, opportunities for economic and social development in rural
communities and the possibility of reducing waste disposal problems (Stern, 2006; IEA
Bioenergy, 2010).

Although any organic material can be subjected to fast pyrolysis, this technology was
developed primarily for the conversion of lignocellulosic biomass. Wood parts, shavings,
sawdust and tree bark produced as by-products of forest management, wood processing and
agricultural activities are the most common feedstocks for fast pyrolysis processes. Other
abundant types of residual lignocellulosic materials with the potential to be subjected to fast
pyrolysis include sugarcane and sorghum bagasse, corn and cotton stalks, rice hulls, cereal
straws, peanut and oat hulls, organic fibers from the pulp and paper industry, nut shells and
fruit stones (Mohan et al., 2006). Residual lignocellulosic biomass is being increasingly
demanded for various energy and non-energy applications, resulting in reduced availability
and higher market prices. In addition, due to their residual nature, they tend to be subjected to
changes in quality and supply. Hence, dedicated energy crops like short-rotation coppice
(eucalyptus, poplar, willow) and grasses (miscanthus, switchgrass) are increasingly being
considered a means of producing large amounts of lignocellulosic biomass in a more
controlled environment. Intensive energy crops need to be adequately managed in order to
minimize other adverse effects on local biodiversity and land use (Berndes et al., 2003;
Bassam, 2010).

However, not all lignocellulosic materials are the same. Hard woods, soft woods,
herbaceous plants and other biomass feedstocks differ largely in their chemical composition
and physical characteristics, which have a notable effect on their thermal behavior. The main
differences relate to the proportion and exact characteristics of the polymeric components
(lignin, cellulose and hemicellulose), water content and the presence of additional organic
compounds (resins, fats, sugars and other extractives), and inorganic elements (ash)
(Salisbury et al., 1992). These features have a notable effect on the pyrolysis behavior of the
feedstock, affecting the yield and characteristics of the final products (Oasmaa et al., 2003;
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Yang et al., 2007; Livingston, 2007; Fahmi et al., 2008; Guo et al., 2010). Hence, adequate
selection and conditioning of the biomass feedstock has to be regarded as an essential part of
the fast pyrolysis process.

2.1.2. Polymeric components of lignocellulosic biomass

Lignocellulosic biomass is a composite material consisting primarily of three organic
polymeric constituents: cellulose, hemicellulose and lignin (Salisbury and Ross, 1992;
Sjostrom, 1993; Walker, 2009). As shown in Figure 2, cellulose is a linear
homopolysaccharide typically consisting of between 10,000-15,000 units of D-glucose,
linked by B(1—4) glycosidic (ether) bonds. Cellulose is a structural component of the primary
cell wall in all green plants and typically represents 40-60 wt% of the wood. It has a
crystalline structure stabilized by (Os — H-0,') and (Os-H — Oc) intermolecular hydrogen
bonds, which make it highly stable and resistant to chemical and thermal degradation. The
chemical formula of cellulose is (CsH100s), , With oxygen representing 49% of its mass
(O’Sullivan, 1997).
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Figure 2. Chemical structures of main biomass components (Salisbury and Ross, 1992).

Hemicellulose is a heteropolysaccharide that is found together with cellulose in the
primary cell wall of plants. It is made of pentoses (mainly D-Xylose but also L-arabinose),
hexoses (mainly D-glucose, D-mannose and D-galactose) and glucuronic acid linked by
glycosidic bonds, with a degree of polymerization of around 200-1000 units. Unlike cellulose,
hemicellulose has a highly branched, random and amorphous structure that can be easily
hydrolyzed into basic sugars by the application of heat or chemical reagents. The composition
and specific structure of hemicellulose differs depending on plant species (soft and
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hardwoods, herbaceous plants) and the part of the anatomy (stem, branches, roots, bark,
leaves). It represents between 20-35 wt% of the wood, having a chemical formula similar to
cellulose (Sjostrom, 1993; Walker, 2009). The combined carbohydrate fraction of a biomass
(cellulose and hemicelluloses) is also known as hollocellulose.

Lignin is a highly aromatic and amorphous biopolymer present in the secondary cell wall
of plants. It forms covalent bonds with the fibrous cellulose and hemicellulose polymers,
increasing mechanical strength, reducing water permeability and protecting the plant structure
from chemical and biological attack (Salisbury and Ross, 1992; Sjostrom, 1993). Lignin has a
three-dimensional highly branched structure consisting of phenyl propane units linked to each
other by ether and C-C bonds. As illustrated in Figure 3, the most common of these units can
be associated with the following structures: 4-propenyl phenol (p-coumaryl alcohol), 4-
propenyl-2-methoxy phenol (coniferyl alcohol) and 4-propenyl-2,5-dimethoxy phenol
(sinapyl alcohol). Hardwood lignin (Dicotyledonous angiosperm) contains higher proportions
of coniferyl and sinapyl units, while softwood lignin (Gymnosperm) mostly consists of
coniferyl monomers. The molecular weight of lignin structures ranges widely between 10000
and 50000 units, which represents around 60-200 phenyl propane monomers. The oxygen
content is around 20-25 wt%, much lower than in cellulose. Lignin is therefore highly
resistant to chemical and thermal degradation (Sjostrom, 1993; Walker, 2009; Faravelli et al.,
2010).
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Figure 3. Monomeric building blocks of lignin, cellulose and hemicellulose.

2.1.3. Other Components in Lignocellulosic Biomass

2.1.3.2. Extractives

Lignocellulosic biomass also contains variable amounts (1-15 wt% in total) of extractives
that confer additional properties (odor, color, protection against mechanical and biological
attack) to different elements in the anatomy of the plant (Sjostrom, 1993; Walker, 2009; Guo
et al., 2010). Owing to their defensive and structural needs, wood bark and leaves usually
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contain much higher proportions of extractive elements than internal wood tissues.
Extractives are outside the primary cell walls and can be readily separated from the biomass
using non-polar solvents such as toluene, acetone or n-hexane (Thurbide and Hughes, 2000).
Extractive elements have been classified into various categories including fatty acids,
triglycerides, terpenoids, tannins, rubbers, waxes, alkaloids, proteins, carbonhydrates and
other organic species. Depending on their concentration and characteristics, these elements
may interfere with the mechanical and chemical aspects of the pyrolysis process (Oasmaa et
al., 2003; Guo et al., 2010).

2.1.3.2. Inorganic elements

Ash content and composition has been reported to have a dominant effect on the
thermochemical conversion of biomass (Raveendran et al., 1995; Livingston, 2007; Fahmi et
al., 2008). This is due to the fact that alkaline (mainly K and Na), alkaline-earth (mainly Ca
and Mg) and other inorganic species have a catalytic effect on the oxidative (combustion,
gasification) and thermal cracking reactions that take place on the organic molecules when
exposed to high temperatures. The presence of these inorganic elements affects the
mechanism of thermal decomposition in biomass, promoting ring scission reactions instead of
the predominant depolymerization mechanism that takes place in their absence. The pyrolysis
of lignocellulosic biomass containing high proportions of mineral elements, as happens with
cereal straw and rice husks, is associated with the production of reduced oil yields and the
formation of higher proportions of gas products (Fahmi et al., 2008; Livingston, 2007;
Richards and Zheng, 1991). In contrast, fast pyrolysis of a biomass previously demineralized
by acid washing resulted in the production of high oil yields rich in levoglucosan and other
anhydrosugars (Piskorz et al. 1989; Raveendran et al., 1995).

Most of the inorganic matter present in the biomass feedstock concentrates is in the solid
char fraction upon pyrolysis, although some of it also ends up in the pyrolysis oil. The
presence of these inorganic elements in the liquid fuel is highly detrimental due to deposition,
corrosion and erosion in the equipment. In addition, the presence of alkaline inorganic
elements in the pyrolysis oil has also been associated with accelerated aging as they catalyze
recombination and polymerization reactions (Livingston, 2007). The mineral content and
composition of a plant is affected by a number of parameters including plant species, part of
the anatomy, type of soil and weather conditions. High ash contents are typically found in
cereal and in herbaceous plants (5-15 wt%), with high concentrations of Si, K, Ca, Na and CI.
Lower ash contents (< 0.5 wt%) are characteristic of softwood from conifers (Livingston,
2007). Although demineralization of biomass feedstock by acid washing is technically viable,
this activity is unlikely to be economically and environmentally acceptable in large scale
commercial processes.

2.1.3.3. Water

Moisture content in biomass feedstock represents a very important parameter in the
design of a fast pyrolysis process. The lignocellulosic biomass delivered to energy plants
usually contains between 30 and 60 wt% water, depending on plant species, location, weather
and storage conditions (Fagernas et al., 2010). Some of this is in the form of free water, filling
the lumens, open pores and intercellular spaces of the biomass tissues. This free water can be
easily removed by air drying at temperatures slightly above 100°C. Biomass also contains
bound water physisorbed within molecular size cavities and inside plant cell walls.
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Elimination of this water requires more severe conditions in order to counteract the attractive
interactions (hydrogen bonds and Van der Waals forces) that exist between the water
molecules and the solid (Amos, 1998; Brammer and Bridgwater, 1999; Walker, 2009).

This water has a negative impact on the energy balance of the pyrolysis process. All the
moisture introduced into the reactor is evaporated and then heated to the pyrolysis
temperature (usually around 500°C). Additional energy is also consumed in order to cool and
condense the water present in the volatile fraction. This water is recovered together with the
pyrolysis oil, reducing its energy value and affecting its fuel properties.

However, excessive elimination of moisture from the biomass feedstock may be
detrimental to the fast pyrolysis process. Flash evaporation of internal water has been reported
to favor the mechanical rupture of the biomass structures, thus facilitating the evolution of
volatile products from the interior of biomass particles. Steam has also been reported to favor
heat transfer and act as an absorbent inside the pyrolysis reactor, capturing of water soluble
elements and favoring their transfer outside the reaction chamber (Diebold and Bridgwater,
1999). In addition, biomass pyrolysis oils with very low water content exhibit very high
viscosities and are more chemically unstable, affecting their potential use as fuels.

2.1. The Chemistry of Biomass Pyrolysis
2.1.4. Thermal Degradation of Biomass Components

The term pyrolysis is used to describe the degradation of a substance by exposure to high
temperatures. By definition, pyrolytic processes take place in the absence of oxygen or any
other external element that may interact with the substance under consideration. The addition
of heat causes the atoms in the molecule to increase their energy of vibration. When the
kinetic energy associated with this vibration is greater than the potential energy of the
chemical bond, the interaction is broken resulting in the transformation of the original
compound and the formation of new species.

Thermal degradation processes are usually highly complex, owing to the numerous
reactions taking place at one time, the unstable nature of intermediate products generated and
the high temperatures involved. Primary decomposition reactions in a simple molecule like
ethanol or acetic acid may involve several transformations (elimination, chemical
rearrangement, substitutions, additions) occurring simultaneously, or sequentially, as the
molecule is progressively heated to increasingly high temperatures (Moldoveanu, 1998). This
complexity is far greater when the subject of the pyrolysis reaction is a solid composite
material like lignocellulosic biomass, and when this material is heated very rapidly as
happens in the fast pyrolysis processes. This section provides an introduction to the chemical
basis of biomass pyrolysis including information about primary degradation reactions taking
place on the biomass components and secondary homogeneous and heterogeneous reactions
taking place on the resulting products.

The thermal degradation of biomass can be investigated by monitoring the sample mass
as it is progressively heated under inert atmospheric conditions. Figure 4 shows the
thermogravimetric analysis (TGA) of lignocellulosic biomass and its main components
(lignin, cellulose and hemicellulose). It has been described that each one of the components
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behaves rather independently during the thermal degradation of lignocellulosic biomass
(YYang et al., 2007).

120 5
Residue Temperature (2C)
100 === S at 6002C [ e T ——— e
. 3 - e e
NG 200 600 800
80 A -5 N
g \ , g N
i‘\_,‘ \‘ 65.2% Iy 10
\ + - -
% 60 \ £
2 S 2 i Cellul
Seao R i e ellulose
40 | e Cellulose ~~~___ i 34.2% s 15 T L el
=== Hemicellulose : i TTTmeal g, i Hemicellulose
20 - Lignin N -20 Lignin —
e 5.9% i
.............................. 25
0
0 200 400 600 800

Temperature (2C) -30

Figure 4. TGA-DTG analysis of biomass components (cellulose, hemicellulose and lignin).

The TGA analysis shows three areas of weight loss that may be associated with different
stages in the pyrolysis process. The first one takes place at temperatures between 120-200°C
and involves the volatilization of free water and light organic products. The second stage
takes place at temperatures between 200-450°C and involves the thermal degradation of the
main biomass components. The third stage takes place at temperatures above 450-500°C, and
involves the progressive cracking of resilient elements present in the original biomass (lignin)
and carbonized products (Yang et al., 2007; Wu et al., 2009).

The TG analysis in Figure 4 also shows that hemicellulose decomposes at lower
temperatures (225-300°C) than crystalline cellulose (350-400°C), leaving a residue of solid
char that represents around 32 wit% of the original mass at 500°C. Despite the higher
degradation temperature required, pyrolysis of cellulose generates virtually no solid residue,
which may be attributed to low cross linking reactions during the degradation process. In
contrast, the thermal degradation of lignin pyrolysis takes place over a wider temperature
range (200-600°C) and results in the formation of a highly resilient solid char residue (50
wit% of original mass at 800°C).

Thermal degradation of cellulose

In the case of cellulose, controlled exposure to low temperatures (between 230°C and
250°C) leads to intra-molecular elimination of water in position C,-C3 and the formation of
anhydro-cellulose (Scheirs et al., 2001). As shown in Figure 4, char formation is very limited
in the thermal degradation of cellulose. This may be increased by exposing the cellulose to
temperatures around 250°C over long periods of time, which promotes exothermic cross-
linking reactions in the dehydrated polymer (Pastorova et al., 1994; Hosoya et al., 2006).
Higher temperatures (above 350°C) are required to affect the fracture of the dehydrated
polymer chain. This takes place by rupture of C-O glycosidic bonds between adjacent glucose
units, far more unstable than the C-C bonds that form the cellulose rings. This rupture appears
to take place through random scission mechanisms that lead to the formation of anhydro-
oligomer fragments and levoglucosan (Piskorz et al., 2000). Owing to its reduced thermal
stability, these new fragments are readily degraded into smaller oxygenated species like acetic
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and formic acids, hydroxyacetaldehyde, 2-butanone, 1-hydroxy-2-propanone, acetone and
furfural (Wu et al., 2007).

The degradation mechanism described for the thermal degradation of cellulose is
significantly altered by the presence of inorganic elements (mainly alkali and alkali-earth
cations) that catalyze the cleavage of C-C bonds in glucose rings (Richards and Zheng, 1991;
Piskorz et al., and 2000; Patwardhan et al., 2010). The presence of alkali salts has been
reported as having greater influence on the reaction mechanism than temperature. The
presence of small concentrations of these elements (below 0.1 wt%) has been associated with
reduced yields of levoglucosan and the formation of higher proportions of smaller molecular
weight aldehydes and ketones.

Thermal degradation of hemicellulose

Hemicellulose has a more diverse chemical composition than cellulose and has a lower
thermal stability due to its non-crystalline structure. Hence, dehydration reactions on the
polymeric components take place at comparatively lower temperatures (around 200°C).
Cross-linking reactions in anhydro-hemicellulose polymers are more favored than in the
anhydro-cellulose molecule, as evidenced by the formation of large amounts of char residue.
At temperatures between 250-300°C, the anhydropolymer undergoes depolymerization
reactions following a mechanism similar to the one described for cellulose. These
intermediate products are highly unstable and rapidly undergo C-C scission reactions to give
rise to the formation of acetone, furfural, acetic acid and other small molecular weight
oxygenated compounds (Wu et al., 2009; Shen et al., 2010).

Thermal degradation of lignin

Owing to its highly complex and heterogeneous structure, lignin contains many different
types of chemical bonds that may respond differently to thermal stress. As a result, thermal
degradation of lignin occurs over a very wide temperature range (200-900°C). It has been
described that the pyrolytic process is initiated by the rupture of the weaker ether bonds in the
B—O—4 position of the phenyl propane units (see Figure 3). This leads to the formation of
radical structures that stabilize themselves through hydrogen abstraction, resulting in the
fracture of the original lignin macromolecule. This depolymerization process leads to the
formation of phenolic monomers and oligomers containing the characteristic p-coumaryl, p-
coniferyl and p-sinapyl structures (Faravelli et al., 2010).

Table 2. Main condensable products derived from the fast pyrolysis of biomass
components (Bridgwater et al., 1999; Wu et al., 2009).

Biomass component Main condensable products

Hemicellulose Acetic acid, furfural, furan, 1-hydroxy-propanone, 1-hydroxy-2-
butanone.

Cellulose Levoglucosan, hydroxyacetaldehyde, 5-hidroxymethylfurfural, acetol,
formaldehyde, furfural.

Lignin Monomeric phenolic structures (including phenols, p-coumaryl
alcohols, coniferyl alcohols, sinapyl alcohols) and oligomeric phenols
of molecular mass between 200-3000 u.




Conversion of Wood into Liquid Fuels 15

At temperatures above 500°C, this depolymerization mechanism is increasingly
overlapped by intermolecular and intramolecular condensation reactions, leading to the
formation of polyaromatic hydrocarbons. This process is accompanied by the release of
volatile components and a reduction in O and H content, characteristic of char formation
(Faravelli et al., 2010; Nakamura et al., 2008). As in the case of hollocellulose, the presence
of mineral elements (mainly K, Na and Ca) promotes ring fractionation in the lignin molecule
(Dobele et al., 2005; Richards and Zheng, 1991). Table 2 describes the main condensable
products derived from the fast pyrolysis of biomass components.

2.2.2. Chemical Reactions in the Fast Pyrolysis Process

The reaction mechanisms described in Section O are substantially complicated in fast
pyrolysis processes because the biomass feedstock is heated almost instantly. As a result, a
large number of degradation routes are activated simultaneously on the biomass components
leading to the formation of a very complex mixture of primary products. In addition, the high
temperatures inside the reactor favor further cracking of these primary products, and also
promote secondary homogeneous (gas-gas) and/or heterogeneous (gas-solid) reactions
between the reactive pyrolysis vapors and the solid char (Garcia-Perez, 2008).

The severity of the pyrolysis process can be controlled by adjusting the temperature
inside the pyrolysis reactor and the residence times of the evolving products at such high
temperatures. High pyrolysis temperatures promote the cracking of primary and secondary
products, leading to the formation of higher concentrations of small molecular weight non-
condensable gases. Application of high reaction temperatures and allowing longer residence
times of the vapors inside the reactor chamber also promote recombination and
polymerization reactions leading to the formation of solid char (Elliott et al., 1991; Meier and
Faix, 1999; Bridgwater, 1999).

Particle size of the biomass feedstock also has a notable effect on the secondary
reactions. Pyrolysis vapors generated in the interior of biomass particles need to diffuse into
the bulk of the gas phase before they can be removed from the reaction chamber. This transit
may be hampered in the case of large biomass particles, increasing the residence time of the
pyrolysis products inside the reactor and favoring recombination reactions with the external
surface of the solid biomass and char. In contrast, this mass transfer may be favored when the
pyrolysis process is conducted under vacuum conditions, reducing the extent of
heterogeneous and homogeneous secondary reactions taking place inside the particles
(Brackmann et al., 2003).

2.3. Introduction to Fast Pyrolysis Processes

A fast pyrolysis plant consists of an integrated series of operating units where the
received biomass feedstock is conditioned to reduce moisture content and particle size,
pyrolyzed under controlled conditions and the resulting products separated into non-volatile
solids (charcoal), condensable volatile products (pyrolysis oil) and non-condensable volatile
products (pyrolysis gas). The yield and composition of each of these fractions depends on
many factors, the most important involving the nature and conditioning of the biomass
feedstock (mainly drying and reduction of particle size); primary and secondary thermal
reactions (influenced by reactor configuration, temperature profile of the system, heat transfer
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and vapor residence time) and product separation technologies and conditions (cyclones and
filters for solids and quenching for condensable products) (Elliot et al., 1991; Meier and Faix,
1999; Bridgwater and Peacock, 2000; Mohan et al., 2006; Venderbosch and Prins, 2010).

2.3.1. Fast Pyrolysis Plant Layout

Figure 5 illustrates the main features in a typical fast pyrolysis system. The process starts
with the initial collection, transportation and storage of the selected biomass feedstock.
Hence, selection of the biomass and location of the pyrolysis plant has a marked effect on the
economics of the process and needs to be decided taking into consideration geographical,
seasonal and yearly production of the biomass feedstock and transportation costs (Caputo et
al., 2005). As discussed above, biomass characteristics also have a decisive effect on product
yields and characteristics. A review describing the fast pyrolysis of different biomass
feedstocks (bark, different types of wood, agricultural wastes, nuts and seeds, algae, grasses,
forestry residues, cellulose, lignin) is included in Mohan et al. (2006).

The biomass feedstock needs to be conditioned in order to reduce moisture content and
particle size. Drying is essential as it affects the energy requirements of the pyrolysis process
and the fuel properties of the resulting bio-oil. The drying system is usually integrated with
existing energy sources within the pyrolysis plant in order to optimize the energy efficiency
(Amost, 1998). Selection of the drying technology requires analysis of energy sources, plant
size and throughput, emission requirements and fire risks associated with the specific
characteristics of the biomass feedstock. Owing to its reduced investment and maintenance
costs, most biomass to energy plants use direct rotary dryers, although faster and more energy
efficient steam drying systems are increasingly being considered (Fagernas et al., 2010;
Brammer and Bridgwater, 1999).
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Heat
Gas
Heat
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Figure 5. Simplified process diagram of a biomass fast pyrolysis plant.
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In most cases, drying units use process heat obtained directly from the hot flue gases as
they exit the pyrolysis reactor. Additional energy can be obtained by combustion of the
pyrolysis char and gases (Brammer and Bridgwater, 1999). The use of direct and indirect
solar dryers is also being considered particularly in warm countries owing to the lower energy
requirements (Sharma et al., 2009). Optimum moisture content in the biomass feedstock
needs to be reduced to 10-15 wt%.

Feedstock particle size is a key parameter in biomass pyrolysis as it affects heat transfer
and determines the extent of intra-particle secondary reactions. Small particles are heated
more rapidly and homogeneously than larger particles. In addition, secondary reactions
(mainly recombination but also cracking) are promoted in larger particles as a result of
impeded transference of volatile pyrolysis products from the interior of the biomass particle
to the bulk of the gas phase. This results in reduced oil yields and a marked variation in
product composition (Shen et al., 2009). Feed specifications depend on reactor design and
usually range between less than 0.5 mm in rotating cone reactors, 1-5 mm for bubbling
fluidized beds and 1-10 mm for circulating fluidized beds. Ablative reactors may use much
larger biomass particles (5-10 cm) owing to the different heat transfer mechanisms involved
(Bridgwater and Beacock, 2000). Size reduction of biomass is usually conducted in
commercial knife and hammer mills. This processing involves high economic and energy
costs which increase exponentially with the reduced particle size (Esteban and Carrasco,
2006; Zhu and Pan, 2010).

Dry and particle size reduced biomass may then be fed into the pyrolysis reactor, where
the thermal decomposition takes place. The pyrolysis process usually takes place at
atmospheric pressure and temperatures between 450°C and 500°C. This temperature
represents an equilibrium aimed at maximizing the thermal decomposition of the original
biomass feedstock while minimizing secondary reactions of the pyrolysis vapors. Secondary
reactions are influenced not only by the thermal profile of the pyrolysis process but also by
exposure time of the pyrolysis vapors. It has been described that, although secondary
reactions are slowed at temperatures below 400°C, some secondary reactions continue to
occur even a room temperature, which contributes to modifying the composition and fuel
properties of the final oils (Bridgwater and Peacock, 2000). Gas residence times are largely
affected by the scale of the pyrolysis process. Thus, very low residence times (below 0.1 s)
can be achieved in small laboratory reactors. Gas residence times around 2-10 s are usually
achieved in larger scale commercial fluidized bed reactors. Vapor residence times are
minimized in ablative reactors owing to their particular design (Peacocke and Bridgwater,
1994; Mohan et al., 2006).

The reactor is the most important part of the pyrolysis process, as it has a crucial effect
both on energy efficiency and also on product yields and composition. Pyrolysis reactors need
to comply with the following requirements: high heating and heat transfer rates; careful
control and homogeneity in the temperature profile; and rapid cooling of the pyrolysis vapors
after they have been produced (Bridgwater and Peacock, 2000). Some of the reactor designs
have been adapted from conventional industrial processes, like bubbling and circulating
fluidized beds. Others have been developed specifically for fast pyrolysis, taking into
consideration the specific requirements of this technology. These include ablative reactors
(vortex, rotating blades); spouted bed reactors, rotating cones and vacuum reactors. Although
the latter category may produce better results in laboratory experiments, it also entails higher
technical and economic risks due to the limited experience in the development of large scale
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units (Meier and Faix, 1999; Bridgwater and Peacock, 2000; Venderbosch and Prins, 2010).
The characteristics of each one of these reactor designs are described in more detail in Section
0 of this paper.

The low density char fines generated during the pyrolysis process are usually entrained in
the gas stream as it exits the reactor. The presence of solids in the pyrolysis oil is highly
detrimental to its fuel properties as described in Section 0 of this paper. Fuel solids need to be
below 0.01 wt% in turbines and engines, although higher levels may be acceptable in burners
and other less restrictive applications (Oasmaa et al., 2009). Separation of these solids from
the condensed oil is highly problematic owing to its high viscosity and large molecular
weight.

Cyclone separators are usually employed to remove solid char particles from pyrolysis
gas streams because of their low cost and reliable design. However, the efficiency of these
devices is very limited for very small particles. Reactors employed in the fast pyrolysis of
biomass subject the char to some degree of attrition. This effect is particularly severe in
fluidized bed reactors owing to physical interaction of the char particles with circulating sand
and the high gas velocities employed. Hence, single gas cyclones are usually not sufficient to
ensure efficient removal of solids in this type of systems. Multi-cyclone systems (operating
either in series or in parallel) and ceramic filters achieve higher solid separation efficiencies,
particularly in the case of particles smaller than 10 um. However, ceramic filters involve
higher maintenance and operating costs, and cause greater pressure drops in the system. The
installation of hot gas filtration technologies has been reported to reduce bio-oil yields and
modify oil properties owing to enhanced thermal and catalytic cracking reactions in the
cyclones and filters (Scahill et al. 1996).

Rapid quenching of the pyrolysis vapors is required to separate the condensable pyrolysis
oils from the non-condensable gas fraction. The collection of liquids also represents a
significant technology challenge, as a high proportion of the condensable products present in
the gas stream are in the form of aerosols. Capture of these aerosols simply by cooling to
temperatures below dew point in indirect heat exchanging devices involves very low
efficiencies (Meier and Faix, 1999). Large scale pyrolysis plants typically employ direct
contact quenching towers using organic absorbents like fuel oil, bio-diesel and bio-oil.
Careful design and temperature control are essential in order to avoid clogging by fast
condensation of heavier lignin derived products. Gas exit temperature needs to be sufficiently
low to ensure effective recovery of light products. Additional collection of aerosols may be
achieved using electrostatic separators.

3. TECHNOLOGY PRINCIPLES OF BIOMASS FAST PYROLYSIS
3.1. The Fast Pyrolysis Reactor
3.1.1. Fundamentals in the Design of the Pyrolysis Reactor
Numerical modeling is a fundamental tool in the design of large scale fast pyrolysis

reactors. Pyrolysis Kkinetics coupled with transport phenomena must be solved in order to
predict the reactor performance and optimize the operating conditions.
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Fast Pyrolysis Kinetics

For engineering purposes, primary decomposition of wood is usually simplified as taking
place according to a single degradation mechanism described in Figure 6 (Shafizadeh, 1975;
Shafizadeh and Chin, 1977; Chan et al. 1985; Samolada and Vasalos 1991; Di Blasi, 2008).
This reaction pathway is extended to include secondary reactions leading to the formation of
gases and char (Antal, 1983; Di Blasi, 1993).

Kinetic models use a first order Arrhenius equation to relate reaction rate and
temperature. Activation energy values determined for the three parallel primary reactions are
comparable to each other (between 56 and 106 kJ/mol for pyrolysis temperatures between
425-525°C). Therefore, it is not possible to displace the selectivity toward the production of
specific compounds (Di Blasi, 2008). For most of the biomass species, the overall reaction
rate constant (addition of k;+ky+ks) at 500°C is greater than 0.5 s which substantiates the
fast nature of the pyrolytic reaction (Van de Velden, 2006).
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Figure 6. Simplified mechanism for the thermal degradation of biomass (Shafizadeh, 1975).

Thermogravimetric analysis (TGA) has been used to determine the kinetics of biomass
pyrolysis. It has been described that these values may not be directly applicable to fast
pyrolysis due to the low heating rates employed (usually 5-20°C/min compared to above
100°C/s in fast pyrolysis) and the thermal lag characteristic of this technology (Narayan and
Antal, 1996; Van de Velden et al 2006). Kinetic parameters have also been determined for
different biomass feedstocks and temperature ranges using tube furnaces (Thurner and Mann,
1981, Di Blasi and Branca, 1999), fluidized bed (Samolada and Vasalos, 1991) and spouted
beds (Olazar et al., 2001).

Heat Requirements

The amount of heat that needs to be delivered to the pyrolysis rector is reported to be in
the range between 0.82 - 3.47 MJ/kg (Piskorz et al., 1999). The energy demand is the addition
of the sensible heat required to heat the biomass to the pyrolysis temperature (around 500°C),
the energy required to evaporate the moisture introduced into the reactor and the energy
absorbed by the pyrolysis reaction. The average steady state heat requirement (Qpyr) of the
process may be expressed using the following formula:

prr = mwcp,w (Tr - TO) + mwAprr + mHZOCp,HZO (Tr - TO) + mHZOAHevap

Considering the following values for the pyrolysis of 1 kg of biomass containing 10 wt%
moisture (Van de Velden et al., 2006): temperature of the pyrolysis process (T, = 500°C),
specific heat capacity of the biomass (C,w = 1.0 ki/kg K), enthalpy of the pyrolysis process
(AHpy= 434 kJ/kg), and enthalpy of water vaporization (AHeyap = 2440 kJ/kg). The heat input
required to pyrolyze 1 kg of biomass can be calculated as follows:
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kJ kJ
prr =1 kgw * 1](9—1((500 - ZS)K +0,1 kgHZO * 4-'18kg_K(100 - ZS)K +
0,1k G20 * 2440% +0,9kg,, * 434,’:—; =1140k

This represents around 7% of the heating value contained in the original biomass. In
laboratory scale prototypes, this energy is usually supplied by electric resistances that heat the
external walls of the pyrolysis reactor. However, this approach is not economically viable and
may not be considered for larger scale commercial processes.

One way of providing reaction heat is by controlled combustion of the pyrolysis gases
(CO, CHy, H; and light hydrocarbons and organics) inside the reactor, in a procedure usually
referred to as oxidative pyrolysis (Senneca et al., 2004; Scott et al., 1995). This is achieved by
controlled injection of air into the system. A key drawback of this method relates to reduced
oil yields resulting from localized high temperatures inside the reactor which results in
excessive cracking of the volatile products. In addition, bio-oils produced in oxidative
pyrolysis processes usually contain excessive water generated during the combustion process
and lack lighter hydrocarbons consumed during the combustion reaction. These two aspects
negatively affect the fuel properties of the oils.

A more widely used alternative to heat supply involves the reheating of process gases or
the fluidizing sand. These are usually extracted from the pyrolysis reactor and re-heated in an
external burner, which usually employs pyrolysis gases and chars as fuels. The reheated gases
also provide the inert atmospheric conditions required in pyrolysis processes, although their
heat transfer capacity is limited. An optimum value needs to be reached between gas
temperature (which promotes unwanted secondary reactions on the pyrolysis products) and
gas flow rate (which negatively affects condensation process). In bubbling and circulating
fluidized bed reactors, most of the heat transfer is achieved by reheating and circulating the
fluidizing sand (Mohan et al., 2006; Bridgwater and Peacocke, 2000; Meier and Faix, 1999).
In ablative reactors (vortex, cyclone or rotating disk), heat is transferred indirectly through the
reactor wall by conduction. Heat transfer rate is increased by centrifugal or mechanical forces
that facilitate the contact of biomass particles with the hot reactor walls (Peacocke and
Bridgwater, 1994). A more detailed description of the functioning of these reactors can be
found in the next paragraph.

3.2. Reactor Designs for Biomass Fast Pyrolysis

The cost of the pyrolysis reactor amounts to approximately 10-15% of the total plant cost
(Huber et al. 2006). However, the reactor is the central part of the process, having a key effect
not only on the energy efficiency of the process but also the yields and characteristics of the
resulting products. Reactors intended for the fast pyrolysis of biomass need to fulfill three
basic requirements: first, very fast heat transfer in order to ensure rapid heating of the biomass
particles at relatively low temperatures; second, very low residence time of the vapors inside
the reaction chamber in order to minimize secondary reactions; and third, reduced purge gas
flow in order to reduce dilution of volatile products and condensation requirements.

Other aspects that need to be taken into consideration include attrition of the chars in
order to avoid contamination of volatile products, and biomass particle size requirements in
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order to avoid excessive energy and economic costs in feedstock preparation. Various reviews
have been dedicated to describing alternative reactor designs for fast pyrolysis (Meier and
Foix, 1999; Bridgwater and Peacocke, 2000; Mohan et al., 2006). These reactor designs can
be classified in two main categories, fluidized bed and non-fluidized beds.

In fluidized bed reactors, a fluidizing gas (recycled pyrolysis gas) is passed through a
granular material (usually inert silica sand) at velocities sufficiently high to suspend the solid
and cause it to behave like a fluid. Heat is transferred primarily by conduction between the
hot sand and the biomass, allowing for very fast heating rates of the feedstock. Fluidized bed
reactors are widely used in many industrial applications owing to its rapid heat transfer
characteristics and uniform temperature profiles. Hence, the use of these conventional
technologies involves lower technical and economic risks. A key drawback with fluidized bed
reactors is the small particle size of the biomass feedstock required to ensure adequate
fluidizing behavior of the bed and fast heat transfer conditions. Size reduction may involve
significant economic costs. Figure 7 show a schematic representation of conventional
(bubbling and circulating bed) and non conventional (conical spouted bed and spout fluid
bed) fluidized bed reactors.

Flue gas

Char

combustor

Air

(@) (b)
Figure 7 a). Bubbling fluid bed, b) circulating fluid bed, c) conical spouted bed, d) spout fluid bed.

The non-fluidized reactor category includes a wide range of designs developed or adapted
to the specific requirements of fast pyrolysis. This includes ablative reactors, rotating cones,
horizontal stirred moving bed and the Lurghi twin screw reactor. These designs do not require
recirculation of inert gas, which results in improved thermal efficiency and a higher
concentration of the volatile products. They also exhibit high heating rates owing to direct
contact between the hot surface and the biomass, allowing the possibility of using larger
particle size feedstocks, and minimizing secondary reactions due to localized heat supply
surfaces. However, these non-fluidized designs suffer from the need to have moving parts
operating at high temperatures. In addition, they assume higher technology and economic
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risks due to limited previous experience in large scale applications. The following sections
provide further information about the design and operating characteristics of these reactors.

3.2.1. Conventional Fluidized Beds

Bubbling Fluid Beds (BFB)

The bubbling fluid bed is a reliable and well developed technology widely used in
commercial processes like combustion, gasification and oil cracking. This type of reactor is
simple to construct and operate, providing very effective heat and mass transfer
characteristics and thermal control. Sand is used as the solid phase of the bed and the
residence time of the vapors is controlled by the fluidizing gas flow rate. Owing to their cost
effectiveness and high proportion of oil yields, bubbling fluidized beds are the most widely
used reactor design for the fast pyrolysis of biomass (Scott and Piskorz, 1984; Samolada et
al., 1992; Gerdes et al., 2002; Wang et al., 2005).

Fluidized bed reactors were first adapted for the fast pyrolysis of biomass in the
Department of Chemical Engineering at University of Waterloo (Scott and Piskorz, 1982).
The process, usually referred to as the Waterloo Flash Pyrolysis Process (WFPP), operates at
temperatures between 450-500°C, involves vapor residence times around 2 seconds and has
been claimed to produce liquid yields between 70-74 wt%. Large scale WFPP reactors
usually employ lower reaction temperatures (430°C) and longer residence times (10 s) in
order to reduce gas recycling flow rates (Scott and Piskorz, 1982; Scott et al., 1999).

Biomass particle size is a critical issue in bubbling fluidized beds. Small particle size is
necessary to ensure good bed mixing and avoid segregation. Typical biomass particle size are
between 0.1-2.0 mm. Owing to the poor fluidization properties of the biomass, high sand to
biomass ratios (around 10:1) are usually required (Ramakers et al. 2004).

Circulating Fluid Beds (CFB)

Circulating fluidizing bed reactors are also common in industrial chemical processes,
providing higher throughputs than conventional BFB. CFB reactors require higher gas
velocities (3-7 m/s) in order to carry bed particles out of the main reactor. As a result, bed
porosity is much higher than in conventional bubbling beds and the residence time of biomass
particles and volatile products is similar (Van de Velden and Baeyens 2006). The entrained
mixture of sand and carbonized biomass is usually driven to a secondary reactor where the
char is combusted and the sand is heated for process energy. At this point, ash content needs
to be eliminated in order to reduce ash recirculation, which affects secondary reactions during
the pyrolysis process. Standard sand to biomass ratios in circulating fluidized beds are
between 10:1 and 20:1, and residence times for both gas and solids are lower than 2 seconds
(Freel and Graham 1991, Boukis et al. 2007). CFBs can handle particles up to 10 mm but due
to the low residence times of the solids biomass particles usually have to be smaller than 1.5
mm (Boukis et al. 2007). Owing to the higher gas velocities, attrition of the char is more
severe, resulting in higher char contents in the volatile fraction.

3.2.2. Non Conventional Fluidized Beds
Non-conventional fluidized beds include spouted beds and spout fluid beds. They provide
some advantages to fast pyrolysis processes associated with the lower fluidizing gas velocities
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required. However, since they are scarcely used in commercial high temperature applications,
they involve higher technological risks.

Spouted Beds

Spouted bed reactors are gas-particle contactors in which the gas is introduced through a
single nozzle at the center of a conical base. Spouted beds are divided into three different
regions, each one of them having its own specific flow behavior. In the central region, the
particles move upwards, entrained by the incoming gas as in a transported bed. In the area
surrounding this central region, particles move downwards as in a moving bed. In the fountain
region the particles are uplifted into the main reactor, closing the cycle. Spouted beds achieve
higher thermal efficiencies than conventional fluidizing beds because they need less
fluidizing gas and also because only part of the bed is fluidized, resulting in reduced pressure
drops.

Although large scale spouted beds are not common in industrial processes, the upper limit
seems to be around 3 m in diameter (Lim and Grace, 1987). This is one order of magnitude
smaller than fluidized beds that have been scaled up to a 30 m diameter. The inclusion of an
element in the spout-annulus interface holding the annulus region, called draft tube, stabilizes
the functioning of the reactor, reducing its limitations for scaling up. Thus, the draft tube is
indispensable for large size spouted beds (Konduri et al., 1999).

Spouted beds provide good mixing and very efficient bed material contact. Conical
geometry spouted beds are able to handle biomass particles such as chips and shavings with
no inert material being required (Olazar et al., 1994). They are especially useful for
applications where irregular, sticky or coarse particles, such as biomass, need to be dealt with
vigorously. The research center Ikerlan-1K4 (Ikerlan website, 2010) has developed a biomass
fast pyrolysis pilot plant based on a draft tube Conical Spouted Bed reactor in an attempt to
demonstrate the performance of this technology and obtain experimental know-how for
scaling up.

Spout Fluid Beds

Spout fluid beds represent a combination of spouted and bubbling fluidized bed reactors
(Chatterjee, 1970). This gas particle interaction can be achieved by feeding supplementary
gas into the annulus region of a spouted bed. As a result, both spouting and fluidizing
phenomena take place in the reactor bed. Higher circulation velocities than in spouted beds
and better solid recycling and mixing than in the bubbling fluid beds is achieved (Berruti et
al., 1988). The most important work on fast pyrolysis with a spout fluid bed is being
conducted by the Anhui University of Science and Technology (China) with a 6 kg/h pilot
plant.

3.2.3. Non Fluidized Reactors

Rotating Cone Reactor

As illustrated in Figure 8, the Rotating Cone Reactor relies on the application of
centrifugal forces on a mixture of hot sand and biomass particles. As a result, the mixture is
transported in spiral movements from the bottom to the top of the reactor and across the cone
wall. Typical rotating speeds of the cone may vary between 180 and 600 rpm. Using sand as a
heat carrier, the reactor operates like a mechanical fluidized bed. Heat transfer occurs by the
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combination of gas and solid phase convection, and also by conduction against the hot wall,
allowing high heat transfer even in large scale reactors (Janse et al., 1999; Wagenaar et al.,
2001). Char and sand are continuously transported through a hole to a fluid bed combustor
and reheated sand is returned to the reactor through a standpipe, a riser and a cyclone.

Pyrolysis vapors are ejected at the top of the reactor and there is negligible vapor transfer
to the char combustor. Solid residence time is very short, between 0.05 and 3 seconds and
vapor residence time is around 0.3-0.5 seconds (Wagenaar et al., 1994). Hence, this
technology requires very small particle size and very high reaction temperatures to ensure
complete pyrolysis of the feedstock (Janse et al. 1999). Conical reactors do not require the
recirculation of inert gas, thus minimizing dilution of the volatile products derived from the
biomass pyrolysis process.
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Figure 8. Rotating cone reactor developed by Twente University and BTG-BTL. (Figure published in
Janse et al. 2000).

Twin Screw Reactor and the Auger Reactor

In the Auger Reactor, a single rotating screw is used to transport a mixture of pre-heated
sand and ground biomass along the reaction chamber. An improvement to this initial design is
the Twin Screw Reactor; where two parallel intermeshing and self cleaning screws are forced
to rotate in the same direction.

Hot sand, used as a heat carrier, and coarse biomass particles are fed on one end of the
twin screw system at a ratio of 20:1. The rotating movement transports the mixture along the
reactor, allowing a good radial and low axial mixing between these two elements. Coarse char
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particles are separated from the heat carrier particles and these are reheated and recycled to
the reactor. The temperature of the incoming sand is around 550°C and this is reduced by
around 100°C in each cycle. Vapor residence time is less than 1 s (Henrich, 2007). The
experience obtained by Lurgi GmbH gasifying coal has been used to adapt this reactor design
for the pyrolysis of biomass. No inert gas is required in this type of reactor. However, this
reactor design entails mechanical challenges due to the moving parts at high temperatures. In
addition, the high friction between pipe walls, screws and particles causes erosion. The
control of the biomass residence time is another advantage of this reactor. The average solid

residence time depends on screw rotation and can vary from 10 to 55 seconds (60-300 rpm
respectively) for 15 kg/h (Raffelt et al., 2006).
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Figure 9. Twin Screw reactor developed by FZK.

Ablative Reactors

Ablation pyrolysis is a novel technology which fits well with the requirements of fast
pyrolysis processes. The reaction process has been resembled to buttering bread (Ringer et al.
2006). Melting velocity of the biomass particles increases with pressure against the hot wall.
This is typically achieved by exerting pressure directly on biomass particles against a rotating
disk (Scholl et al. 2004, Peacocke and Bridgwater, 1994) or by applying centrifugal forces
against a hot wall, as in cyclonic and vortex reactors (Diebold 1980, Lede et al. 2006).
Contact pyrolysis involves high heat transfer due to the high thermal conductivity of metals.
Wall temperature should be higher than 600°C, and in the case of cyclonic reactors the
relative velocity between the particle and wall must be high (Bridgwater et al., 1999). Owing
to the low thermal conductivity of the biomass, only the outer layer of the particle is subjected
to pyrolysis. The volatile products generated as a result are rapidly removed from the hot
surface, ensuring very low secondary reactions. The carbonized outer layer of the biomass
particle is rapidly removed owing to attrition in the ablative reactor, leaving a second layer of
fresh biomass exposed, which is subjected to further pyrolysis b