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As the largest contributor to renewable energy, biomass (especially lignocellulosic biomass) has
significant potential to address atmospheric emission and energy shortage issues. The bio-fuels derived
www.rsc.org/ from lignocellulosic biomass are popularly referred to as second-generation bio-fuels. To date, several
thermochemical conversion pathways for the production of second-generation bio-fuels have shown
commercial promise; however, most of these remain at various pre-commercial stages. In view of their
imminent commercialization, it is important to conduct a profound and comprehensive comparison of
these production techniques. Accordingly, the scope of this review is to fill this essential knowledge gap
by mapping the entire value chain of second-generation bio-fuels, from technical, economic, and
environmental perspectives. This value chain covers i) the thermochemical technologies used to convert
solid biomass feedstock into easier-to-handle intermediates, such as bio-oil, syngas, methanol, and
Fischer-Tropsch fuel; and ii) the upgrading technologies used to convert intermediates into end
products, including diesel, gasoline, renewable jet fuels, hydrogen, char, olefins, and oxygenated
compounds. This review also provides an economic and commercial assessment of these technologies,
with the aim of identifying the most adaptable technology for the production of bio-fuels, fuel additives,
and bio-chemicals. A detailed mapping of the carbon footprints of the various thermochemical routes to
second-generation bio-fuels is also carried out. The review concludes by identifying key challenges and
future trends for second-generation petroleum substitute bio-fuels.

DOI: 10.1039/x0xx00000x

Broader context

Lignocellulosic biomass is currently utilized predominantly for the generation of heat and electricity. However, a
more efficient way to exploit its full value is the production of combustible bio-fuels and allied fuel additives and
bio-chemicals. The novelty of this review lies in mapping the techno-commercial and environmental aspects of all
existing thermochemical pathways to produce second-generation bio-fuels and allied products. Although
previously published reviews have focused on detailing either specific technologies or specific feedstocks, or
providing economic analyses of specific routes, these alone cannot address the significant challenge of comparing
all technologies. Such knowledge is pivotal to bridging the gap between academic research and practical
development.

exhausted within the next 45, 60, and 120 years
1. Introduction respectively.2 At the same time, global energy demand
is increasing dramatically, from 13,214 Mtoe (Million
tonnes of oil equivalent) in 2010 to an estimated
15,888 Mtoe by 2020, and further to 20,680 Mtoe by
20402
The wuse of alternative energy resources is
necessary to address this inevitable and foreseeable
demand-supply gap in the energy sector. In 2014, it
was reported that, by 2040, oil, gas, coal, and low-
carbon sources would supply roughly equal
proportions of energy, which is around 25% each; this
means that approximately 75% of total energy will still
be derived from fossil fuels.* This consumption level is
expected to lead to an increase in global temperature
of 3.6°C, much higher than the allowable safe limit
(2°C) determined by the Intergovernmental Panel on
Climate Change (IPCC) to avoid severe and widespread

The worldwide concerns of global warming have
brought both industries and academic researchers in
attempts to develop technologies aiming to address
the unprecedented challenge of reducing carbon
emissions. Given the fact that global CO, emissions in
1973 were 15,633 Mt, increasing to 31,734 Mt by
2012, a 200% increase has been seen in merely 40
years.1 Fossil fuels (oil, gas, and coal) remain the
predominant sources of both energy supply and CO,
emissions globally—in 2012, approximately 81.7% of
the total primary energy supply, 67.9% of electricity
generation, and 99.5% of CO, emissions resulted from
the consumption of fossil fuels.! In addition to the
considerable CO, emissions, the depletion of fossil fuel
resources is yet another major concern, as reserves of
petroleum, natural gas, and coal are expected to be
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climate change implications.‘l For this reason, efforts
are being made to obtain a higher proportion (> 25%)
of energy from low-carbon sources.

Biomass is considered an attractive low-carbon
resource. According to the climate agreement made at
CcoP21 (21St annual Conference of the Parties) in Paris
in 2015, it was agreed that biomass and bioenergy play
a crucial role in meeting the 2°C target for climate
change. In 2012, biomass contributed to around 10%
of world energy consumption and 80% of global
renewable energy production, and it will continue to
play a dominant role among renewable resources
throughout the first half of this century.5 Legislation to
mandatorily increase the share of bioenergy has been
enacted in several nations. For example, there are
targets to obtain 20% of transportation fuel from
biomass by 2030 in the US, and targets for biomass to
provide 20% of the renewable energy share and 10%
of transportation renewable energy in the EU by 2020.°
By 2050, 30% of the world’s energy demand is
expected to be met by bioenergy.7 However, these
ambitious targets raise a question: is the existing
biomass sufficient? The answer is in the affirmative.
The quantity of biomass is enormous and the total
energy stored in biomass plant materials is three to
four times greater than the global energy demand.’
Efficient utilization of bioenergy would therefore
provide an ideal alternative energy resource.

Theoretically, biomass is a resource that can be
used to produce all types of energy: heat, electricity,
and fuels. Currently, heat is the major product of
biomass utilization, with roughly 60% of worldwide
bioenergy comprising traditional applications for
cooking and heating in developing countries.” With
regard to electricity production from biomass,
dedicated biomass power plants or biomass co-firing
plants are feasible means of reducing CO, emissions
and producing green energy. In fact, as of 2011, there
were 230 biomass co-firing plants in operation
worldwide, generating electricity and heat.? However,
combustion of biomass does not represent its optimal
use; it can be more efficiently utilized if converted into
bio-fuel or related products, since biomass is the only
renewable energy resource that contains all elements
needed for the generation of fuels and allied products.
The various types of fuels derived from biomass,
whether gaseous (syngas, biogas), liquid (biomass-
derived diesel, ethanol, gasoline), or solid (pellets,
briquettes, charcoal), have the potential to replace
conventional gaseous, liquid, and solid fuels,
respectively. It is thus increasingly important to
develop technologies for the efficient production of
high-quality fuels, rather than exploiting the direct
conversion of biomass into heat and electricity.

Over the past decades, considerable efforts have
been made to convert lignocellulosic biomass into bio-
fuels, fuel additives, and bio-chemicals, especially after
the oil crisis of the mid-1970s. Various conversion
pathways, including thermochemical and biochemical
routes, have been explored. Thermochemical routes
convert biomass into fuels by controlling heating and
oxidation, while biochemical routes are normally
controlled by enzyme-catalysis. The commercial
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potential of both pathways has been proven.9 The
main advantages for the scale-up of thermochemical
conversion technologies are related to the high
temperatures and short residence times involved. High
temperatures enable the actuation of all the
components of the plant material, especially lignin,
which is the most difficult to break down, whereas the
feedstocks for biochemical conversions are limited to
sugars. The short residence times of most
thermochemical conversion technologies, comprising
minutes or even seconds, compared to hours or days
for biochemical conversion processes, allows the
construction of reactors on smaller scales, enabling
more economically viable pathways.10

Extensive scientific research has been carried out
into the production of second-generation bio-fuels via
thermochemical conversion pathways. However, in
practice, all proposed conversion technologies remain
at laboratory, pilot, or pre-commercialization stages.
Additionally, there is a related need to synthesize
research and practice-based knowledge to guide future
development. This review provides such a synthesis
through a rigorous comparison of technical, economic,
and environmental aspects of different
thermochemical technologies, with a view to
facilitating the emerging industry of second-generation
bio-fuels. Combustion is not considered here, since this
is a mature technology aimed only at generating heat
and electricity rather than bio-fuels and bio-chemicals.
The review first explains the thermochemical
processing of biomass from mass, energy, economic
and environmental perspectives, which are then then
described in detail in subsequent sections. The review
concludes with a discussion of challenges and future
trends in the conversion of biomass into fuel and
related products.

2. Essentials of biomass thermochemical
conversion
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Figure 1. Mass-energy-economic comparison of second-
generation  bio-fuels generated via thermochemical
conversion processes.

Biomass thermochemical conversion comprises a
set of chemical reactions that simultaneously generate
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or absorb heat to convert raw biomass feedstock into
energy (electricity and heat), energy carriers (bio-fuels,
fuel additives), or chemical products (bio-chemicals).
Essentially, the thermochemical conversion of biomass
to produce bio-fuels and allied products is a process
that separates useful from non-useful biomass
components. The solid, liquid, and gas fuels generated
represent energy carriers that can be further utilized,
but the process also generates undesirable products,
mainly in the form of CO,, H,0, and environmentally
unfriendly emissions. For example, one of the main
problems of using biomass feedstock is its high water
content when compared with fossil fuels. Water is
useless as an energy carrier and needs to be removed,
requiring the consumption of external energy.
Similarly, the high oxygen content of biomass is not
useful for second-generation bio-fuels, and it is
typically removed using either H or C to produce H,0,
CO,, or CO.

Considering all conversion pathways and products,
Fig. 1 provides an overall evaluation of the
thermochemical conversion of lignocellulosic biomass
from mass, energy and economic perspectives. Among
the three main forms of second-generation bio-fuels,
solid products such as firewood, woodchips, wood
pellets, and charcoal are more widely available as
source materials and have higher conversion
efficiency, with effective conversion technologies and
lower production costs. However, solid products are
bulky and difficult to handle, and can only be used in
solid fuel burners. Second-generation liquid bio-fuels
are energy dense, easier to transport, and have the
potential to substitute for conventional transport fuel.
It is important to note that liquid fuel is still expected
to dominate the transportation fuel sector, at least
until 2050, due to the existing liquid fuel supply
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system, which restricts automobile utilization of
natural gas, hydrogen, and electric power sources.”
However, the energy efficiency of converting biomass
into liquid fuel is low and production costs are high.
Moreover, the technologies for converting
lignocellulosic biomass into liquid bio-fuel that can be
directly used have not yet been fully commercialized.
With regard to gaseous products, there are a number
of quite widely used techniques available, with the
main challenges involved being those of upgrading
intermediate gases and disposing of unwanted by-
products.7

The production of solid fuels from raw biomass is
considered low-level decomposition, while the
decomposition level for liquid products is higher than
that of solid fuel, and the production of gaseous fuel
represents the greatest decomposition of raw biomass.
As such, the mass yields of solid, liquid, and gaseous
products derived from biomass are around 75-90%,
40-80%, and 20-50%, respectively. It is evident that
higher-level decomposition leads to a lower mass yield.
From energy and economic perspectives, a higher level
of biomass decomposition will provide purer products
with higher heating values, because the low quality
and low energy density portions have been removed.
However, high-level decomposition involves higher
production costs, as shown in Fig. 1. Thus, the
appropriate and maximal utility of bio-fuels needs to
be evaluated, considering all three aspects of technical
feasibility, energy efficiency, and economic costs.

3. Technical forefront

3.1 All pathways
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Figure 2. Thermochemical and further upgrading pathways for converting lignocellulosic biomass into second-generation bio-
fuels, fuel additives, and bio-chemicals. F-T: Fischer-Tropsch; WGS: Water-gas-shift; i-C4: isobutene and isobutane; DME:
dimethyl ether. Pink lines represent solid streams, green lines represent liquid streams, and blue lines represent gaseous
streams. Grey lines represent pathways for heat and electricity generation, which are outside the scope of this research, while

the dashed blue lines show

Fig. 2 provides a general classification of all
biomass thermochemical conversion technologies.
Overall, the process of bio-fuel formation can be
described as feedstock (lignocellulosic biomass) being
converted into solid, liquid, or gaseous intermediates
via thermochemical processing technologies, followed
by these intermediates being further upgraded into
final products (bio-fuels, bio-chemicals, fuel additives)
via further conversions. The main thermochemical
processing technologies include pyrolysis, gasification,
liguefaction, and torrefaction, while the upgrading
technologies include bio-oil upgrading and syngas
upgrading techniques. The selection of technologies
requires a general understanding of the biomass
feedstock, the desired product, and the relevant
economic and environmental impacts.

3.1.1 Thermochemical conversion

Operating conditions

Three key operating parameters governing the
technologies and their end products are temperature,
heating rate, and residence time. Fig. 3 summarizes
these operating conditions for various thermal
conversion technologies.

Torrefaction is a deep pre-treatment technology
with operating conditions of a temperature range of
200-300°C, isolating oxidation, and at atmospheric
pressure. The operating temperature is lower than for
other thermal conversion technologies and thus
requiring lower energy inputs.11

Pyrolysis is a thermal conversion technology that
can either be considered an initial step for other
thermal conversion processes, such as gasification, or
as a conversion method to produce bio-fuels in its own
right. Pyrolysis decomposes biomass in the absence of
oxygen, within a temperature range of 300—900"C,7

4 | Green Chemistry 2016, 00, 1-3

alternative gasification classifications.
and a heating rate that varies greatly from less than
0.005°C/s to more than 10,000°C/s,.1z Depending on
operating conditions, pyrolysis can be classified as
slow, intermediate, fast, or flash pyrolysis. As shown in
Fig. 3, preferential conditions for slow pyrolysis are a
relatively low heating rate (around 0.005°C/s), low
temperature (300-600°C), and long residence times
(minutes to days). Fast pyrolysis is a process with a
heating rate ranging between 5 and 100°C/s,> ™ a
temperature range of 375-650°C, and a short
residence time of 1-5 5. *® Intermediate pyrolysis is a
technology with moderate operating temperature and
heating rate. Flash pyrolysis has the highest heating
rate (up to 104°C/sl7) and the shortest residence time
(< 1 sec), and thus special reactors, such as
appropriately designed entrained flow reactors or
fluidized bed reactors, and fine particles (105-250
um)18 are normally required. Depending on operating
conditions or energy sources, flash pyrolysis can be
subdivided into flash hydro-pyrolysis, rapid thermal
process, solar flash pyrolysis, and vacuum pyrolysis, as
detailed described by Goyal et al.’®
Liquefaction normally operates at high pressures
(5—40 MPa) and mild temperatures (200-400°C), in the
presence of a solvent.® Water is the most common
solvent used for liquefaction due to its lower cost
when compared to other options, including creosote
oil, ethylene glycol, simple alcohols, and phenol.m The
use of high pressure offers the potential to use a
mixture of feedstock varieties, including lignocellulosic
biomass, after consideration of the difficulties that this
poses for processing.19 An additional benefit of this
hydrothermal process is that neither catalysts nor
active organisms are required for pre- or post-
treatment, because of the high pressures and
temperatures involved.*
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Figure 3. Various operating conditions of the main thermochemical processing technologies for lignocellulosic biomass. Slow:
slow pyrolysis; Fast: fast pyrolysis; Intermediate: intermediate pyrolysis; Flash: flash pyrolysis;

Gasification is a partial biomass oxidation process
typically conducted at temperatures higher than
800°C. It is aimed at the production of syngas rich in
CO and Hz-21 Under different operating conditions,
gasification can be classified into atmospheric
gasification, hydrothermal homogeneous gasification,
and hydrothermal catalytic gasification. The normal
operating conditions for hydrothermal gasification are
high pressures (5-40 MPa) in a liquid environment and
within a temperature range of 400-700°C.*

Product distribution
Different thermochemical technologies provide
different distributions of the three product forms:
solid, liquid, or gaseous. This distribution is shown in
Fig. 4.
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Figure 4. Solid, gaseous, and liquid product distribution
diagram for different thermochemical processing pathways
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An energy-dense solid product, termed torrefied
biomass, is the main product of torrefaction. The solid
yield is normally in a range of 65-95 wt% (see Fig. 4).

This journal is © The Royal Society of Chemistry 20xx

The remaining products comprise torrefaction gases
that are non-condensable, including CO and CO,, and
condensable, including water, acetic acid, furfural,
formic acid, methanol, lactic acid, and phenol.24’ b
Gaseous yields increase with elevated temperature
and extended residence times. Solid char is also the
major product of slow pyrolysis and carbonization,
with the latter focusing more on the production of
charcoal, and less on gas and liquid products, therefore
requiring a longer residence time (days) than slow
pyrolysis.22 An asymptotic relationship for char yield
with decreasing heating rate has been noted, and a
heating rate of less than 15°C/h stops the wood
particles shrinking and cracking, leading to maximal
formation of solid char.®® The distribution of liquid,
gaseous, and solid products from pyrolysis varies with
temperature and heating rate and with the complexity
of the biomass feedstock. It has been found that the
pyrolysis conversion rate increases significantly from
50% to 80% with a temperature increase from 673 K to
973 K. % 3 Higher heating rates also lead to higher
liquid yields; for example, the oil yield from raw
biomass at a heating rate of 0.5°C/s (slow pyrolysis) is
51.7%, which increases to 68% at a heating rate of
5°C/s, % and increases further to 73% at heating rates
higher than 100°C/s.> ¥ During fast pyrolysis,
lignocellulosic feedstock is first cracked into short
chain vapors, which can be rapidly cooled into liquid
bio-oil. Secondary reactions, involving the
depolymerization of the vapor, are prevented by rapid
heating and cooling,33 leading to higher liquid yields
(up to 70—80%).5 However, it is worth noting that the
reason for higher liquid yields from fast pyrolysis, as
compared with flash pyrolysis, is the significant
secondary cracking of long chain liquid products into
gases during flash pyrolysis.

Green Chemistry, 2016, 00, 1-3 | 5
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Gasification produces the highest yield of gaseous
products, normally around 85%, with 5% liquid and
10% solid products. Four sub-processes are involved in
biomass gasification: dehydration, pyrolysis, oxidation,
and reduction. Moisture evaporation occurs during
dehydration at temperature ranges of around 100-
200°C. As temperature increases, volatile vapors (light
hydrocarbons, CO, CO,) and tar (liquid long-chain
hydrocarbons) are released, while char is produced as
a solid residue. The distribution of gases, tar, and solids
varies depending on the feedstock type, operating
conditions, and gasifying agents.“ During the oxidation
stage, non-decomposed materials (biomass, char,
volatile vapors, and partial tar) are oxidized by the
injected gasifying agent, forming CO, CO,, H,0, and
various other species. Finally, CO, is reduced by char to
CO in the reduction zone of the entire gasification
process.

3.1.2 Bio-oil upgrading

Direct utilization of crude bio-oil as a
transportation fuel is challenging, due to its low quality
and immiscibility with conventional liquid fuels.
Reported technologies for upgrading bio-oils include
chemical (hydro-deoxygenation, catalytic treatment,
visbreaking, and steam reforming) and physical
methods (emulsification and fiItration).as' 3 Fig. 5
provides a detailed description of the various
upgrading technologies.
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Figure 5. Mapping of operating conditions and key issues
facing bio-oil upgrading technologies.

Bio-oil  hydro-deoxygenation (HDO) is an
extensively studied technology for upgrading low-
grade bio-oil into high-quality liquid fuels that can be
further refined in existing oil refineries. The process
can be summarized as the reaction of crude bio-oil
with H,, during which C-O bonds are broken, new C-C
bonds are formed, and water is produced
simultaneously. HDO originates from the hydro-
desulfurization (HDS) process in conventional industrial
petroleum refineries.® Thus, HDS and HDO have similar
reaction pathways and mechanisms, with the
difference being that HDO mainly produces H,0, while
HDS mainly produces H,S. The processing temperature
is normally 300—900°C, in the presence of hydrogen at
pressures of 3.5-20 MPa® over a heterogeneous
catalyst. 2

6 | Green Chemistry 2016, 00, 1-3

Catalytic cracking is another common bio-oil
upgrading method,37' 8 which takes place at
atmospheric pressure. Both HDO and catalytic cracking
are used to reduce the high oxygen content of bio-oil;
the former requires high-pressure hydrogen in the
presence of a catalyst and eliminates oxygen in the
form of H,0, while the latter operates under
conditions similar to those in the petroleum refining
process, eliminating oxygen in the form of CO, and CO.
The catalytic cracking process can be easily controlled
because its operating temperatures (300—-600°C) are
similar to those required for bio-oil production
processes.

Catalytic fast pyrolysis (CFP) provides another
means of converting lignocellulosic biomass into
gasoline-compatible aromatics, using a technology that
was first proposed at the beginning of the 1980s.> CFP
is normally carried out at a high heating rate (around
500°C/s), with a short residence time (2-10 s) and at
temperatures between 400 and 600°C (see Fig. 3.) in
an inert atmosphere with zeolite catalysts. This
catalytic deoxygenation method is carried out during
fast pyrolysis and so takes place in a single reactor.
Compared with a two-reactor system of pyrolysis
followed by catalytic cracking, CFP produces more
aromatic products and less coke. A detailed description
of CFP was well presented by Carlson et al.*®

Catalysts play a significant role in the upgrading of
bio-oil. The HDO process employs sulfided CoMo and
NiMo-based catalysts, which have a high resistance to
sulfur poisoning compared to noble metal catalysts.
However, a certain amount of sulfur needs to be fed
into the system to avoid catalyst deactivation.® Other
types of catalysts, such as Pt/SiO,-Al,03;, vanadium
nitride, and ruthenium/C, do not necessarily require
co-feeding of sulfur and have a much higher
hydrogenating capability than conventional HDO
catalysts. However, these are generally not preferred
due to their higher costs and the occurrence of side
decarboxylation reactions.® Various catalysts have
been developed for catalytic cracking or for the CFP
process, including HZSM-5, H-Y zeolite, mordenite,
silicalite, and silica-alumina. Silica-alumina catalysts
work to minimize char formation, and H-Y, silicalite,
and silica-alumina catalysts minimize tar formation,
resulting in a higher production of aliphatic
hydrocarbons.“’ 2 Al-MCM-41, Cu/Al-MCM-41, and Al-
MCM-41 can eliminate the formation of levoglucosan
and large molecular phenols, increasing the yield of
acetic acid, furfural, and furans, and reducing large
molecular phenols.“’ % The widely used zeolite
catalysts“' %8 are inexpensive and produce the
highest yield of organic liquid products (34 wt%), with
minimal coke formation. Transition metal catalysts
(Fe/Cr) lead to the selective production of phenol and
light phenolics, but their activity is lower than that of
zeolites. A robust catalyst is needed for the CFP
process, and catalyst regeneration is therefore a key
consideration in reactor design.zs’ * It has been
reported that the use of fluid catalytic cracking (FCC)
catalysts with ZSM-5 additives can improve the quality
of bio-oil, however, this also increases the yield of
water, non-condensable gases, and char.’®® More
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selective bi-functional catalysts, formed, for example,
by the addition of Ga to ZSM-5, have also been
suggested. Pore size narrowing in zeolite can
significantly increase p-xylene selectivity during
biomass CFP, from 32% to 96%.°

Thermal cracking, or visbreaking, is an oil refinery
technique for upgrading crude oil, reducing oil viscosity
and producing light hydrocarbons, liquefied petroleum
gas (LPG), or gasoline. Visbreaking has also been used
to upgrade bio-oil, mainly to reduce its viscosity. In
some EU countries, visbreaking is preferred over
catalytic cracking, especially for oil feedstocks with
poisonous catalyst compounds (e.g. metals and
aromatic compounds such as asphaltene and resins).*"
52 Visbreaking normally takes place at mild
temperatures of 470-500°C with a short residence
time of 1-3 min, in order to maximize liquid yields and
minimize coke formation. The latter can also be
avoided through low residence times and through
blending with H-donor additives such as tetralin.®®** A
combination of hydro-treatment and visbreaking
provides a higher liquid yield than the sole application
of visbreaking. 55

Steam reforming provides a feasible means of
converting liquid energy carriers into gaseous
products, especially hydrogen. The feedstock can be
fossil fuel, bio-oil, or black liquor from chemical pulp
and paper production.56 The technology for steam
reforming of fossil fuels is well developed. The
technique is usually carried out at temperatures of
600-800°C, with high space velocities, and usually with
Ni catalysts.20 Steam reforming of bio-oil is more
complicated than that of petroleum oil, due to the
presence of some active bio-oil compounds. Therefore,
during steam reforming, bio-oil is first separated into
high-value and low-value products, with the latter
being subjected to the steam reforming treatment,”’
using aqueous bio-oil compounds to produce
hydrogen. The non-aqueous organic fraction is used to
produce chemicals such as phenol-formaldehyde resins
or gasoline additives like aromatic hydrocarbons and
ethers.>®

The physical emulsification of bio-oil with
gasoline/diesel is considered a simple method for
transforming bio-oil into useful liquid fuel by reducing
viscosity. However, since bio-oil is not miscible with
conventional fuel, a surfactant is required. A higher
fraction of bio-oil in an emulsification leads to higher
viscosity. Emulsification can also reduce the
corrosiveness of bio-oil; for example, 10-20 wt%
emulsions can reduce the corrosiveness of bio-oil by
half. ® CANMET in Canada®® ®! have developed micro-
emulsions with 5-30% bio-oil in diesel, while
researchers at the University of Florence® have
developed emulsifications of 10-90%.

Table 1. Summary of key syngas cleaning technologies.

Filtration is used to remove the solid contents in
bio-oil, reducing the ash content to less than 0.01%,
and the alkali content to less than 10 ppm; these
proportions are much lower than those produced by
systems that only use cyt:lones.25 The char in crude bio-
oil can also be reduced by filtration, which can increase
liquid yield by up to 20%, since the presence of char
will catalytically crack vapors.25 Active char will also
reduce the average molecular weight of the produced
liquid, in turn leading to an increase in burning rate
and delayed ignition.25 Due to the liquid nature of bio-
oil, filtration of small-sized solid particles (< 5 um) is
difficult, owing to the greater demands on the
pressure drop and the self-cleaning ability of filters.®

3.1.3 Syngas cleaning and upgrading

The syngas produced directly from biomass
gasification is not sufficiently clean to be used either in
gas engines or to be further upgraded into high-value
products. Its main contaminants include tar,s3 solid
particulates, alkali compounds, sulfur, and a number of
catalyst-retarding gases. The currently available syngas
cleaning technologies are listed in Table 1, which also
summarizes the  associated advantages and
disadvantages for each cleaning technology for
downstream applications and for targeted end-
products.

Gas cleaning and purification technologies can be
classified as hot, warm, or cold, corresponding to
temperature ranges of more than 300°C, within 25—
300°C, or lower than 25°C, respectively.“ Cold syngas
cleaning can be further subdivided into wet cold
cleaning and dry cold cleaning, depending on whether
wet scrubbing is involved. Wet cold cleaning has been
commercially used in the petrochemical process,
however, significant wastewater generation remains a
problem and limits its application. Warm cleaning can
be used for hydrogen generation. Hot cleaning systems
have the advantage of higher efficiency, due to the
lower energy loss when a high temperature
downstream process, such as combustion in a turbine,
is applied, because the raw syngas produced from
gasifiers is normally a gaseous mixture at high
temperatures. However, for other downstream
processes with low operating temperatures, such as F-
T synthesis, hot cleaning is not preferred from an
energy conversion perspective.21 The process of syngas
cleaning includes various endothermic and exothermic
reactions, which can be controlled through different
types of heating or cooling mechanisms, depending on
the process design.

Cleaned syngas can either be used for direct
combustion aimed at power generation,s5 or can be
further synthesized into liquid fuel or bio-chemicals. As
shown in Fig. 6, there are various upgrading
technologies, including the F-T process, methanol
synthesis, isosynthesis, and oxosynthesis.

Technologies | Contaminants Operating Contamination problem, advantages, and disadvantages Ref.
removed conditions
Filter Solid Cold, warm, | Filter particulates, which damage equipment; filter is inexpensive and e
Particulate hot highly efficient, but the short operating period leads to a low chance
for wide plant availability.
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Scrubbing Tar Cold

Tar causes equipment fouling and clogging, reducing gasification
efficiency; scrubbing is efficient but economically impractical when
working at elevated temperatures.

21, 66

Thermal Tar Hot
cracking

considered.

Thermal cracking reduces tar and increases gas yield by breaking
down long chain tar hydrocarbons into smaller molecules such as CO
and H,. It improves thermal integration and biomass utilization
efficiency, but suffers from problems of coke formation. Dolomite and
olivine catalysts can be used to enhance tar cracking; these are cheap
but still cannot remove tar completely. Nickel-based catalysts can
remove tar efficiently but their easy deactivation by coke must be

6663,
69

Steam Tar Warm, hot

reforming

Steam reforming reduces tar and increases gas yield, as hydrocarbons
in tar react with steam to produce CO and H,; the temperature
normally ranges from 650°C to 700°C. A further water-gas-shift
reaction can be added to adjust the targeted H,/CO ratio. Coke
formation remains a problem, but can be reduced by providing
sufficient steam, or using appropriate catalysts to reduce tar and char
formation concurrently.

21,70,

71,72

Sorbents Sulfur Cold

Sulfur creates catalyst poisoning, especially during subsequent F-T
synthesis. Sorption capacity is a key factor for evaluating the
efficiency of sulfur removal, and sorption capacity is highly dependent
on material porosity. High porosity facilitates sorption; however, this
also decreases the material’s tensile strength. As a result,
optimization of porosity is needed.

21,73

Sorbents Alkali Cold

Alkalis cause irreversible damage to equipment. Similar to sulfur
sorption, the sorption capacity is a key factor and is highly dependent
on material porosity.

21

Water NH; Cold
scrubber

NH; poisons the zeolite catalyst. Water scrubbers can help to remove
NH3, and a water scrubber can be easily operated.

74
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Figure 6. Syngas upgrading technologies.

F-T synthesis is one of the leading technologies for
the conversion of gaseous into liquid fuel. During the
syngas F-T process, cleaned syngas can be polymerized
into long-chain liquid hydrocarbons (C.H,,,). The
operating requirements for this process are
temperatures of 150-300°C and elevated pressures of
tens of atmospheres, to avoid the formation of short
chain hydrocarbons (CH4).21 The need for high pressure
is a disadvantage because it increases costs. F-T
synthesis uses transition metal-based catalysts,
including Fe, Co, Ni, and Ru. In the case of Co-based
catalysts, it is better for syngas to have a H,/CO ratio
close to 2, while Fe-based catalysts have lower
hydrogen requirements because they promote the
formation of H, through water-gas-shift reactions. The
F-T process involves CO adsorption onto the metal
surface to form metal carbonyls, with further

8 | Green Chemistry 2016, 00, 1-3

hydrogenation and hydrogenolysis, and the formation
of many intermediates with bonded C, H, and O,
before a final C-C bond-formation step.75 To ensure
efficient functioning of the catalyst, and given that
sulfur can poison the F-T catalyst, a proper
desulfurization stage for raw syngas is required.21 The
liquid products and their quality are highly dependent
on the catalyst and on operating conditions, especially
synthesis temperature.u' 7 The hydrocarbon products
from F-T synthesis have carbon numbers from 1 to
more than 12; hydrocarbons with chains that are too
long and are solid at room temperature are not
needed, and are referred to as F-T wax. F-T wax, which
has a boiling point of more than 370°C, can be further
converted into the desired liquid hydrocarbons
through hydrocracking, thus enhancing F-T product
quality.u' " Catalysts and hydrogen injection are also
needed for F-T wax hydrocracking, and the proper
selection of catalysts helps to control the degree of
hydrocracking to ensure that the wax decomposes into
hydrocarbons of a preferred chain Iength.21 Potential
sources of hydrogen are gasification, tar thermal
cracking, and tar steam reforming.

Methanol synthesis has been widely used as
another means for converting syngas into liquid. The
process can be summarized as follows: gases are
initially chemisorbed onto the transition metal surface
to form a highly reactive intermediate metal carbonyl,
which can be further formed into methanol. The key
step is the chemisorption of gaseous CO onto the
metal surface.”* The process is exothermic, which
poses challenges for reactor design, as heat removal is
required.z'J Methanol synthesis normally occurs at low
temperatures of 220-300°C and high pressures of 50—
100 bar over Cu/ZnO-based catalysts.z'J The copper
catalyst has a lifetime of 2-5 years, but it can be
poisoned by sulfur; therefore, sulfur should be reduced
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to less than 0.1%.%° Cu catalysts will also sinter in the
presence of cl.? Methanol synthesis produces a
number of side products, including methane, dimethyl
ether, methyl formate, higher alcohols, and acetone,
which together decrease methanol yield.20

Isosynthesis reactions can be described as the
conversion of syngas into i-C4 hydrocarbons (isobutane
and isobutene), using a thorium or zirconium catalyst.
The selective formation of i-C4 is affected by CO,
content in the reactant mixture,77 and a potential
means of improving carbon efficiency is to recycle CO,
back into the synthesis process. This also
simultaneously reduces CO, emissions. Extreme
optimum reaction conditions (450°C and 150-1000
atm)78 are needed to obtain optimum i-C4 production
from the isosynthesis reaction. Undesired alcohols will
form at low temperatures, while methane and
aromatics form at high temperatures. The choice of
optimum reaction conditions varies with the use of
different catalysts. For example, for thorium-based
catalysts, 150 atm and 450°C are the preferred
conditions for the isosynthesis reaction, with 46% CO
conversion, the product is 10% isobutene, with
isobutane comprising much of the remainder. For
zirconium-based catalysts, the overall CO conversion is
comparatively lower. For example, under the same
operating conditions (150 atm and 450°C), only 32% of
CO can be converted. Another difference between the
two catalysts is that the latter has higher selectivity for
isobutene than thorium-based catalysts, and has also
received more attention in the literature.”” 7° Pure
isosynthesis catalysts (either thorium- or zirconium-
based) can be improved by using promoters such as
Al,O3, Zn, or Cr.

Another pathway that directly converts syngas is
oxosynthesis, also referred to as hydroformylation, to
produce aldehydes through hydroformylate olefin
intermediates. The operating conditions for
oxosynthesis are temperatures of up to 200°C, with a
1:1 ratio of H,/CO. Oxosynthesis is an exothermic
reaction’®, and during the initial stage of the process, a
metal-carbonyl complex is formed by the combination
of an olefin and a metal. This is followed by the
formation of an alkyl-metal carbonyl complex through
combination of the olefin and a metal-hydrogen bond.
Finally, aldehyde can be formed through the insertion
of CO, followed by H,, into the carbon-metal bond in
the alkyl-metal carbonyl complex." The catalysts used
in oxosynthesis processes are Co, Pt, Rh, and Rh,

among which, Co and Rh are predominantly used in
commercial plants.78

3.2 Feedstock classification and characterization

Based on various biomass feedstock types, bio-
fuels can be classified into four generations (see Table
2).g First-, second-, and third-generation bio-fuels are
produced from edible feedstocks, non-food
competitive feedstocks, and aqueous biomass,
respectively, while fourth-generation bio-fuels apply
similar technologies but also consider carbon capture
and storage (CCS), which is outside the scope of this
review.

First-generation biomass feedstocks are not
considered sustainable, due to the inherent fuel versus
food competition, and significant social and
environmental problems related to water and land.? It
is expected that, in the near future, second- and third-
generation biomass sources will dominate.® Second-
generation bio-fuels provide a compelling alternative
fuel option, and their exploration has begun through a
growing number of demonstration or pilot-scale
plants. In addition to the advantage of not competing
with food, there is also wider availability of second-
generation biomass than of first-generation feedstock.
It is believed that second-generation feedstocks will be
able to meet fuel provision requirements once
commercialized.® Moreover, they are more
environmental-friendly than conventional energy
crops, due to their tolerance to a wide range of soil
and environmental stressors, fast growth rates, lower
land use requirements, and reduced CO, emissions.®
The latter is a key environmental advantage over first-
generation feedstocks and fossil fuels.’? Microalgae
constitute the main feedstock of third-generation bio-
fuels, due to their rapid growth rate, high feedstock
production efficiency, environmental benefits, and
high liquid fuel production capacity. It should be noted
that the mass production of oil from microalgae is 30
times that from oil seed crops when using the same
area of land.®? However, the technologies involved are
expensive and cannot compete in the short-term with
other energy sources. 9 8 Therefore, the near-term
strategy is to increase bio-fuel production through a
transition from first-generation to second-generation
bio-fuels, reaping the associated social and
environmental benefits. The transition process will be
slow and must be steady.84

Table 2. Various biomass feedstocks and their corresponding generations of bio-fuels.

Biomass feedstocks Bio-fuels
Edible Starch (wheat, barley, corn, potato)
feedstock S beet
ljlgars (sugarcane, sugar beet) Bioethanol, biodiesel First-generation bio-fuel
Oil crops (rapeseed, soybeans, sunflower,
palm, coconut, used cooking oil, animal fats)
Non-food- Forest and forest residue
based Agricultural biomass (straw, grass) Hydrocarbon fuels, hydrogen, . .
- - methanol, alcohols, F-T fuel, Second-generation bio-fuel
Energy crops (jatropha, cassava, miscanthus) . )
aviation fuel, olefins
Municipal solid waste
Aquatic Microalgae Naphtha, diesel. hvd
biomass Seaweed aphtha, diesel, hydrogen, Third-generation bio-fuel
- methanol, ethanol
Microbes

Based on the same technologies of first-, second-, third-generation bio-fuels, but including carbon

Fourth-generation bio-fuel
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| capture and storage (CCS) for each conversion technology

Typical feedstock for second-generation bio-fuels
include: i) woody biomass and related waste; ii)
agricultural biomass and related waste; iii) energy
crops; iv) Municipal Solid Waste (MSW); and v) animal
manure. The first three of these are generally referred
to as lignocellulosic biomass. This is the most abundant
biomass type, comprising more than 95% of all global
biomass sources.® Its utilization has a long history,
primarily for cooking and heating, predating the use of
fossil fuels in the 19" century.7' % Of the different
lignocellulosic biomass types, woody biomass is
generally preferred, owing to lower concentrations of
fertilizers and pesticides, and the fact that less land is
required for the same level of production.11
Considerable focus has been placed on energy crops,
due to their fast growth rates, the environmental
benefits for increasing carbon storage in soil, and the
improvement of surface water quality.ss’ 86, 87, 88 Energy
crops can also grow on land that is unsuitable for
growing food crops, reducing land erosion, and
restoring soil.? However, the environmental benefits of

greenhouse gases (GHG) than using diesel or gasoline,
but emissions are up to 20% higher than those of
diesel or gasoline if the crops are grown on arable land
converted from pasture.89 Additionally, the GHG
emissions of tropical energy crops are higher than
those of fossil fuels if grown on tropical rainforest soils,
but are lower when grown on degraded land.®
Feedstock characterization can be performed on
the basis of biochemical, proximate, and ultimate
analysis.80 Biochemical analysis determines the main
biomass components, including cellulose,
hemicellulose, and lignin, with minor amounts of other
oils, fats, proteins, terpenes, alkaloids, terpenoids, and
waxes °. Proximate analyses determine the thermal
properties of the feedstock thermal properties,
including moisture content, fixed carbon, volatile
matter, and ash, the latter comprising mainly of
inorganic remains following combustion. Ultimate
analysis determines individual element contents,
including C, H, O, N, and S. Fig. 7 provides a general
description of some most important factors in key

energy crops vary with land use. For example, normal  biomass feedstocks.
utilization of temperate energy crops releases fewer
Woody Biomass Energy Crop Manure
(wt.%) Agricultural Biomass MSW Coal (MJ/ke)
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Figure 7. Key properties of typical biomass feedstocks and coal. MSW: municipal solid waste; HHV: high heating value.

93,94

Moisture content significantly influences the
heating value, especially the low heating value (LHV),
since moisture evaporation requires large quantities of
energy,95 and the presence of moisture reduces the
efficiency of most thermochemical conversion
processes. Table 3 shows moisture content
requirements for the main thermochemical conversion
technologies. Moisture content varies significantly
with different feedstocks and with other factors, such
as climate. Normally, green unseasoned wood has a
moisture content of 40-100% on a dry basis, even if
the content of intrinsic water that is chemically bonded
to biomass is low.*® In contrast, seasoned, air-dried
wood has a much lower moisture content of 10-25%
on a dry basis, and this can be reduced to 5-10% after
pelletization.

10 | Green Chemistry 2016, 00, 1-3

8, 80,90, 91, 92,

Table 3. Moisture content requirements for key
thermochemical conversion technologies.

Normally MC (maximum Ref
value)
Combustion 5% 35% %
Gasification 15% 10-20% %
Liquefaction No drying No drying
needed needed
Fast pyrolysis < 10% Up to 15% z

Biomass normally has a higher content of volatiles
(64—98%) compared to coal (< 40%), * and a lower
fixed carbon content than fossil fuels. Levels of
volatiles and fixed carbon significantly influence the
distribution of gaseous, liquid, and solid products.
Greater quantities of gaseous products can be
obtained from the cracking of volatiles contained in
the feedstock, while a high liquid yield normally
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requires external hydrogen. Some degree of hydro-
processing, hydrogen addition, or steam reforming is
therefore needed to increase liquid quality.80 A larger
content of fixed carbon will lead to more solid char
formation.”’ Compared with fossil fuels, biomass has a
lower carbon content,u' © leading to low energy
density. Biomass generally contains less sulfur (0.05—
0.1%) than fossil fuels, and SO, emissions from
subsequent biomass combustion are not significant.
However, the presence of sulfur in syngas poses
problems for further syngas upgrading. 8 The nitrogen
content of biomass is similar to or greater than that of
fossil fuels, and must be dealt with during the
upgrading process.”

It is worth noting that inorganic elements in
biomass, mainly in the form of inert and thermally
stable ashes, do not contribute to the heating value of
feedstock. However, inorganic elements have
considerable influence on the yield and quality of
produced bio—fuels,mo’ 0 ot only accelerating the
primary decomposition of biomass into cellulose,
hemicellulose, and lignin, but also promoting further
volatile cracking to form light compounds and char.®
102 However, the presence of inorganic elements also
creates problems such as slagging and fouling, due to
the high alkali content of biomass ash, especially in
agricultural biomass. 780 \When compared with woody
biomass, herbaceous biomass has a higher ash
content, and is especially high in silica and potassium,
leading to greater gasifier slagging.7 For example, the
ash content of switchgrass is 4.5-6.4%,'" which is
undesirably high for conversion into bio-fuel, and
therefore must be addressed.'®?

3.3 Second-generation bio-fuels and allied products
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Figure 8. Network of second-generation bio-fuels and allied
fuel additives and bio-chemicals. Brown backgrounds
represent solid feedstocks or products, green backgrounds
represent liquid products, and blue backgrounds represent
gaseous products. F-T: Fischer-Tropsch; i-C4: isobutene and
isobutane; DME: dimethyl ether; OME: oxymethylene ethers;
MTBE: Methyl tert-butyl ether; HRIJs: hydro-processed
renewable jet fuels.

Fig. 8 shows the network of second-generation bio-
fuels and allied fuel additives and bio-chemicals. Key
intermediates include torrefied biomass, bio-oil,
syngas, methanol, and F-T fuel. End products mainly
include charcoal, gasoline/diesel-range hydrocarbons,
jet fuels, aldehydes, and hydrogen.
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3.3.1 Torrefied biomass

Compared with untreated biomass, torrefied
biomass is a more attractive fuel, with enhanced
physical properties providing both energetic and
economic advantages for downstream conversions
including  gasification and combustion.™ 1%
Torrefaction can significantly reduce the high moisture
content of raw biomass, directly improving energy
efficiency, and enhancing ignition behavior. Another
important advantage of torrefied biomass over raw
biomass is its higher calorific value, due to its lower
moisture and oxygen contents. Energy densification,
defined as the dimensionless energy density ratio of
torrefied to raw biomass, can range from 1.0 to 1.45,
depending on feedstocks and operating conditions.*
The improvement in energy density provides additional
cost-saving advantages during handling and
transportation. Moreover, the grindability of torrefied
biomass is improved by breaking down feedstock
ﬁbers;105 as a result, the energy consumption of a
biomass mill can be significantly reduced.”” ' Biomass
fuel uniformity can also be increased through
torrefaction, enabling the production of torrefied
biomass with similar physical and chemical properties
from a variety of raw materials.'®

3.3.2 Syngas

Syngas is the general name for gaseous products
derived from gasification. The composition of syngas
varies with different gasification technologies,
operating conditions, and gasifying agents.m' 107
Chemically, syngas consists of 30-60% CO, 25-30% H,,
5-15% CO,, 0-5% CH,, and small proportions of tar,
particulates, water vapor, H,S, COS, NH;3, and other
compounds.7 High-value products derived from syngas
upgrading include methanol, F-T fuel, i-C4, and
aldehydes, as shown in Fig. 6 and described in section
3.1.3. Other products that can be obtained directly or
indirectly from syngas are higher alcohols, dimethyl
ether (DME), and hydrogen. Higher alcohols include
ethanol, propanols, and butanols.”” '® Based on
standard enthalpy and Gibbs free energy of formation,
the order of alcohol formation, with increasing
difficulty, can be summarized as follows: isobutanol <
butanol < propanol < ethanol.” It has been shown that
ethanol yields from syngas are similar to those from
corn fermentation 2% 1% 110111

3.3.3 Methanol

For the syngas-to-methanol process, it has been
shown that a lower temperatures leads to higher
methanol yield,112 and a certain quantity of water
promotes the methanol process via a water-gas-shift
reaction. However, extra water blocks the active sites
and reduces methanol yield.78 H,, CO, and CO, are all
present during the methanol synthesis process, and
the preferred ratio of (H,-CO,)/(CO+CO,) is around
2118 However, the rate of methanol production from
a H,-CO-CO, mixture is thought to be significantly
higher (7 times) than that from a H,-CO, or H,-CO
mixture.” CO, in the product gas may originate either
from gasification reactions or from the water-gas-shift
reaction.”? The presence of CO, promotes the
formation of methanol, as this helps to maintain the
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oxidation state of active metal sites.”® However,
excessive concentrations of CO, reduce methanol
formation due to lower catalyst activity, and are also
undesired from the perspective of environmental
impact. It has been shown that CO, concentrations of
4-8% provide maximum methanol yields.78 One
possible method for disposing of excessive CO, is to
convert it into methanol over a copper catalyst, with a
H, to CO, ratio of 3:1, giving a 25% CO, conversion, and
a 20% methanol yield.m

Direct utilization of methanol as a transportation
fuel in internal combustion engines following blending
with gasoline is limited, due to undesirable properties
such as toxicity, water solubility, low vapor pressure,
and phase separation.m' 15 However, methanol can be
used directly in methanol fuel cells, &7 118 and is also
an important platform chemical that can be further
converted into other fuels and chemicals. It has been
reported that 25% of industrial methanol is used to
produce methyl tert-butyl ether (MTBE), 9% for acetic
acid, and 35% for the production of formaldehyde.78
Other products derived from methanol include olefins
(ethylene and propene), hydrogen,m' 120, 121, 122, 123
gasoline-range hydrocarbons, and the fuel additives
DME and oxymethylene ether (OME). As the simplest
alcohol, methanol can be further converted into higher
alcohols, such as ethanol, 2-propanol, and butanol. The
catalysts needed for the conversion process are mainly
Cu, Zn, Mo, or Cr, and are promoted with alkali metals.

3.3.4 Bio-oil

The liquid energy-dense form of biomass, bio-oil, is
mainly collected from the quenching of vapors and
Table 4. Key bio-oil components.18

aerosols. It is much easier to handle and deliver than
raw solid biomass. Bio-oil is a heterogeneous mixture
of viscous black liquids with high oxygen contents and
alkalinity.“' 8 More than 400 different compounds can
be found in bio-oil, and the main components are
shown in Table 42 *® On the basis of water
dissolvability, these can be divided into: i) aqueous
compounds, including dissolved oxygenated organics
such as acetic acid, methanol, and acetone, which
account for 15-30 wt%; and ii) non-aqueous
compounds, including some oxygenated compounds
(aliphatic alcohols, carbonyls, acids, phenols, sugars,
hydroxyaldehydes, and hydroxyketones) and aromatic
hydrocarbons (benzene, toluene, indene, and
naphthalene).m

The composition and properties of bio-oil vary with
different feedstocks™ 2 and conversion pathways.sg' 125
Feedstocks with low nitrogen and ash are preferred for
bio-oil production.7 Moreover, higher lignin content in
feedstock leads to a lower bio-oil yield, because the
decomposition of lignin is difficult,22 even though
feedstocks with high lignin content tend to result in
products with high octane numbers.'® Comparing
pyrolysis bio-oil with hydrothermal liquefaction bio-oil,
the latter has lower moisture due to the high pressure
applied in liquefaction, which can evaporate the
moisture. Liquefaction bio-oil also has a lower oxygen
content than pyrolysis bio-oil, due to the
decarboxylation reaction that takes place during the
process, the low content of polar compounds, and the
high heating value.” Pyrolysis bio-oil is water-soluble,
while liquefaction bio-oil is water insoluble.”

Phenols Phenol, methyl-substituted phenols
Acids Formic, acetic, propanoic, hexanoic, benzoic, etc.
Esters Methyl formate, methyl propionate, butyrolactone, methyl n-butyrate,
valerolactone, etc.
Alcohols Methanol, ethanol, 2-propene-1-ol, isobutanol, etc.
Ketones Acetone, 2-butanone, 2-butanone, 2-pentanone, 2-cyclopentanone, 2,3
pentenedione, 2-hexanone, cyclo-hexanone, etc.
Aldehydes Formaldehyde, acetaldehyde, 2-butenal, pentanal, ethanedial, etc.
Organic species Alkenes 2-methyl propene, dimethylcyclopentene, alpha-pinene, etc.
Aromatics Benzene, toluene, xylenes, nphthalenes, phenanthrene, fluoranthrene, chrysene, etc.
cN(latrrr:;)goeunnds Ammonia, methylamine, pyridine, methylpyridine, etc.
Furans Furan, 2-methyl furan, 2-furanone, furfural, furfural alcohol, etc.
Guaiacols 2-methoxy phenol, 4-methyl guaiacol, ethyl guaiacol, eugenol, etc.
Syringols Methyl syringol, 4-ethyl syringol, propyl syringol, etc.
Sugars Levoglucosan, glucose, fructose, D-xylose, D-arabinose, etc.
Miscellaneous | Hydroxyacetaldehyde, hydroxyacetone, dimethyl acetal,
oxygenates acetal, methyl cyclopentenolone, etc.
Inorganic species Ca, Si, K, Fe, Al, Na, S, P Mg, Ni, Cr, Zn, Li, Ti, Mn, Ln, Ba, V, Cl, etc.

Potential applications of bio-oil include: i)
combustion in stationary power boilers for electricity
or heat production; ii) upgrading and blending with
diesel oil, followed by further utilization in diesel
engines; iii) gasification into syngas,127 which can be
further upgraded into desired liquid fuels; iv)
producing chemicals, for example, resins and anhydro-
sugars like levoglucosan; v) as a binder for pelletizing
and briquetting combustible organic waste materials;
vi) as a preservative, such as the wood preservative
liguid smoke; and vii) for producing adhesives.®®

12 | Green Chemistry 2016, 00, 1-3

However, crude bio-oil cannot be directly used for
combustion in boilers/turbines, except in some
industrial-scale combustion systems that have a
unique burner set up specifically for bio-oil
combustion. Additionally, it cannot be introduced into
commercialized FCC units due to its high oxygen and
water contents, high viscosity, low volatility, high
corrosiveness,128 high acidity, low energy density, and
low stability. % The physical properties of crude bio-oil
and its related problems have been explained by
Bridgwater25 and Mohan et al;?*> the main issues are
shown in Table 5. The upgrading of crude bio-oil aims
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to reduce moisture, acid, and oxygen, with each
deoxygenation technology aiming to achieve one or
more of these targets.

HDO treatment can significantly reduce oxygen
content, from 40-50 wt% to 1-28wt%, 2% 130, 131, 132, 133
The conversion rate from crude bio-oil to upgraded
HDO bio-oil is up to 85%.2% When co-processing HDO in
standard refinery units, it was found that up to 70 wt%
of carbon in pyrolysis oil was recovered during the
HDO process. Even so, the oxygen content of the
upgraded bio-oil is still high compared to conventional
oil. However, 20 wt% of the product is miscible with
FCC feed with a long residue. Additionally, HDO also
minimizes the yields of light gases, char, and coke.”
The liquid viscosity will be increased during the HDO
process, thus a lower limiting value of 5 wt% for the
oxygen content is needed to ensure low viscosity.20
Considering the different bio-oil compounds involved
in HDO, mainly aromatics and aliphatic compounds,
the energy required to break down C-O bonds is higher
for the former than the Iatter,20 and the reaction of
aromatics with hydrogen should be avoided because it
decreases the octane number and consumes more
hydrogen.

Catalytic cracking leads to the removal of oxygen,
with the main products being CO and CO,. The yield of
gasoline-compatible aromatics from this process is
20% of the raw biomass material on a mass basis and
45% on an energy basis.?> 1**

When comparing upgraded bio-oil from different
upgrading technologies, hydro-treating typically
produces high quality oil, with high energy content and
low corrosivity. However, the technology requires
high-pressure H,, and the product water reduces the
caloric value of the produced bio-oil to some extent.”
Catalytic cracking does not need H,, but the formation
of coke influences catalyst reactivity. The naphtha
equivalents for both HDO and catalytic cracking are
25% of the mass of the biomass, and 55% of the
energy, without considering hydrogen provision.134
Compared to catalytic cracking, thermal bio-oil from
visbreaking has a lower hydrocarbon content and a
higher proportion of heavy oxygenated compounds.9
Physical emulsion with diesel fuel requires expensive
emulsifying agents and produces highly corrosive oil.
Steam reforming is a technically feasible route,
however, the rate of conversion to fuel is low.?°
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Table 5. Main physical properties of crude bio-oil, with sources, advantages, and disadvantages.
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Normally Petroleum Source Advantages and disadvantages Ref
fuel
Moisture content 15-35% 0.1% Biomass feedstock. Moisture content in bio-oil reduces its viscosity and produces enhanced fluidity, which is good for its 3134
combustion in engines; however, its energy density and flame temperature are reduced.
Oxygen content 35-50% 0.5-2% Biomass composition. High oxygen content leads to poor chemical stability, low energy density, high reactivity, and 126,
immiscibility with hydrocarbon fuels. Additionally, the lower energy released when burning leads to 128,
higher CO, emissions per unit energy. 134
The highest oxygen content that the FCC unit can tolerate is 10 wt%. 136
However, oxygen content cannot be reduced too much as the oxygen content of gasoline is so low
(near to zero) that anti-knock agents (gasoline additives) are needed to ensure auto-ignition.
pH 2-3 3.5-4 Organic acids from Acidity leads to corrosion of vessels and pipework. Given that the industry standard is < 1.5 mg KOH/g >
biopolymer degradation. before FCC, the acid number of bio-oil needs to be reduced by using 317 stainless steel cladding, which 38,134,
is able to tolerate the acid number of bio-oil, but this has not yet been applied in standard refinery 7
units. The acidity of bio-oil is mainly caused by carboxylic acid in the liquid; this leads to the
composition of bio-oil changing over time due to the reactions of aldehydes under acid conditions,
leading to further storage difficulties.
Ash 0-0.2 wt% 0.001-0.180 | The ash content of pyrolysis Existence of ash reduces the oil quality. The ash content can be reduced to < 0.01% by hot-gas 625
wt% oil has been shown to be filtration, meeting the requirement for even the best quality diesel fuel. 134
directly related to the char Alkalis leads to problems such as catalyst poisoning, deposition of solids in combustion, erosion, and
content of oil. corrosion, slag formation, and creates damage to turbines. A guard bed with ion exchanger can be
used to remove metals contained in bio-oil. Alkali content can be lowered to about 2 ppm, very close
to the level recommended for gas-turbine fuels.
Char NA NA Incomplete char separation Char causes problems like oil aging, sedimentation, filter blockage, catalyst blockage, engine injector >
during the process. blockage, and alkali metal poisoning.
Distillability Poor NA Reactive mixture of Bio-oil cannot be distilled — typical maximum is 50%. Liquid begins to react at < 100°C and substantially >
degradation products. decomposes at > 100°C.
LHV 15-20 MJ/kg | 35-40 High moisture content, high Low energy density creates utilization difficulties >
MJ/kg oxygen content
Viscosity 25-1000 3-400 Chemical composition of bio- High viscosity leads to high pressure drop, increasing equipment costs, high pumping cost, poor 22
centistokes centistokes oil. atomization, fairly high and variable with time, greater temperature influence than hydrocarbons.
H:C ratio Low NA Low H:C ratio in biomass Upgrading to hydrocarbons is more difficult. =

feedstock.

25

75, 133,
138

Miscibility with Very low NA Highly oxygenated nature of Will not mix with any hydrocarbons and integration into a refinery is thus more difficult.
hydrocarbons bio-oil.
Nitrogen 0-0.2 wt% 0-0.02 wt% Contaminants in biomass Existence of nitrogen leads to unpleasant smell, catalyst poisoning during upgrading, and release of
feed. NO, in combustion.
High nitrogen feed such as
proteins in wastes.
Phase separation NA NA High feed water. Inhomogeneity leads to phase separation, partial phase separation, layering, poor mixing, and

or inhomogeneity

High ash in feed.
Poor char separation.

inconsistency in handling, storage, and processing.

25

Notes: LHV-lower heating value; HHV-higher heating value.
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With the exception of the aforementioned
chemical and physical bio-oil upgrading technologies,
blending of additives, such as methanol, can
significantly reduce the viscosity of bio-oil. Diebold and
Czernik™® reported that adding 10 wt% methanol to
bio-oil can reduce its viscosity to 20 times less than
that of crude bio-oil. Moreover, the stability of bio-oil
can be significantly increased using ZnO catalysts, with
the increase in viscosity reduced to 55% after heating
at 80°C for 24 hours, compared to a 129% increase in
viscosity in the absence of ZnO catalysts.”0

3.3.5 F-T fuel

F-T hydrocarbon fuels produced from syngas are
clean, of high value,m1 non-toxic, and do not produce
NO, emissions. They have a high cetane number, low
particulate emissions, and low sulfur and aromatic
contents.”® F-T fuel does not need specialized
distribution infrastructure, due to the high fuel
quality.”1 Additionally, F-T fuel is characterized by
wider feedstock flexibility, as it is produced from
syngas. However, due to the lack of sulfur, F-T fuel is
low in Iubricity;76 one solution for this is to blend it
with conventional fuel.”® Due to its low efficiency (of
25-50%) and high price, F-T fuel is generally unpopular
from a power and fuel economy viewpoint.”1 One
potential problem in its application is fuel leakage in
the engine while blending, due to its lack of aromatic
compounds, but the use of additives can minimize this
problem.76 The F-T hydrocarbons produced can be
further converted into a wide range of products,
including gasoline, diesel, and chemicals. Linear oils
and waxes are also tagged as high price products.”z
The production of chain alkanes from the F-T process
range from C1 to C50, while methane is also a major
byproduct of F-T synthesis. Product selectivity of F-T
fuels can be adjusted by controlling the catalytic
properties.

3.3.6 Char

Char produced during pyrolysis can be directly
utilized as a solid fuel for boilers. Global wood charcoal
production was around 51 million tons in 2012, with
annual production estimated to remain in the order of
50 million tons in the near future.” Char also acts as an
intermediate in the production of activated carbon and
carbon nano-tubes, or for soil amendment.* It can
also be gasified or steam reformed into syngas,
through similar mechanisms to those of torrefied
biomass. Wood charcoal is normally made into
briquettes, requiring additives as binders; these are
normally anthracite coal, mineral charcoal, starch,
sodium nitrate, limestone, borax, and sawdust.’

The main component of char is carbon, along with
hydrogen and various inorganic species. Char yield is
normally 35 wt% from wood on a dry basis. However,
as biomass has a higher volatile content than coal, its
char yield is lower. Thus, an efficient way of utilizing
biomass is by combining the production char and
gases. The combustion of biomass normally gives a
temperature of 850°C, while charcoal combustion can
produce temperatures as high as 2000°c.*®

It has been noted that the char vyield from
hemicellulose is higher than that from cellulose, mainly

This journal is © The Royal Society of Chemistry 20xx

due to the former’s higher mineral content catalytically
promoting char formation. Conversely, the higher
crystallinity of cellulose obstructs char formation.” The
high char yield from lignin is mainly due to the benzene
rings present in lignin. Thus, biomass with a high lignin
content is recommended for coal substitution in
industrial applications, while biomass with a low lignin
content is recommended for bio-oil production via fast
pyrolysis. During the latter process, lignin is the main
reason for the production of high molecular weight
compounds that contribute to bio-oil viscosity, mainly
due to the high stability of the benzene rings.l“
Depolymerization of lignin mainly produces phenolic
compounds.12

3.3.7 Renewable gasoline/diesel-range hydrocarbons

Renewable gasoline/diesel-range hydrocarbons
produced from biomass are one type of drop-in bio-
fuel, in that their properties meet the requirements of
existing fuel utilization systems. These hydrocarbons
can be widely upgraded from F-T fuel, syngas,
methanol, and bio-oil.

The conversion rate of gasoline/diesel-range
hydrocarbons from F-T fuel is 40%, using a high
capacity FFB reactor at around 340°C with Fe catalysts.
Production of gasoline requires specific properties,
such as high linearity and low aromatic content, and
the F-T products (propane and butane) are highly
branched, with high octane values. Compared with
diesel, gasoline is not a favored F-T fuel product due to
its production t:omplexity.”z The process of converting
F-T fuel into diesel requires high-capacity slurry bed
reactors with cobalt catalysts, operated to maximize
wax production.mz The selectivity of “straight run”
diesel can be 20%, with a cetane number of 75 after
hydrotreatment; the final cetane number of diesel is
around 70 after hydrocracking, higher than the market
requirement. It can therefore be used for blending
with diesel and to increase the fuel quality.”2 Coupling
the Co or Fe catalyst with ZSM-5 zeolite catalysts can
crack the long chains in gasoline-range fuels, and
directly produce high-octane gasoline from the F-T
process.”’5 The heavy waxes produced can be
hydrocracked to increase the yield of gasoline and
diesel.

Gasoline-range hydrocarbons can also be produced
from syngas, using bi-functional catalysts, which are a
combination of transition metal species and zeolites.
During the process, syngas initially converts into mixed
alcohols by CO chemisorption on the catalyst as a first
step. The alcohols are further converted into low
olefins. Hydrocarbons are formed from these olefins by
oligomerization, followed by hydrogenation.74 Bi-
functional catalysts have a higher energy efficiency
than metal catalysts. The main reason for this is that,
when using the same metal catalyst, correctly chosen
zeolite supports (mainly from the point of view of size
and acidity level) determine the selection of desired
hydrocarbons. For example, H-Y zeolite leads to high-
octane fuels, while the HZSM-5 catalyst leads to
aromatics for more expensive jet fuels. One probable
reason for this difference is the different pore sizes of
different zeolite catalysts.m6 The metal/support ratio

Green Chemistry, 2016, 00, 1-3 | 15



Green‘Chemistry

also affects the hydrocarbon type, mainly by affecting
protonic acid sites. It is considered that a balance
exists in the ratio of metal/support for optimal catalyst
design.“ Olefins can be formed from methanol over a
Ca-modified HZSM-5 zeolite catalyst. Further, it has
been shown that optimal Ca loading for a given HZSM-
5 catalyst provides the best performance of the
methanol-to-olefin process.”7 During the alcohol-to-
hydrocarbon process, carbenium ions are important
intermediates in the formation of long molecules on
zeolite catalysts. Carbenium ions can be formed from
the dehydrogenation of an olefin on the acid site of the
catalyst,“ with these increasing in size through the
transfer of hydrogen ions. Finally, products can be
formed from the Ilarger carbenium ions by
hydrogenation.”

The methanol to gasoline (MTG) process involves
the production of gasoline-range hydrocarbons from
methanol over a composite catalyst containing H-ZSM-
5 and a mixed oxide (Cu—Co—Cr) alcohol synthesis
catalyst.”8 Methanol converts into ethanol, with the
formation of the first C-C bond; this is considered the
rate limiting step during the MTG process.m9 Following
this, progressively higher value alcohols produce
higher gasoline yields than methanol. This remains a
challenge for catalyst development for higher alcohol
synthesis.”8 Gujar et al.”®? investigated the effects of
temperature, total pressure, and H, partial pressure on
MTG in a batch reactor, finding that high pressures and
H, promoted gasoline vyield and decreased poly-
aromatic compounds. Aromatics comprise 40% of
gasoline produced from MTG. The MTG process can be
described as DME formation, with water being
produced from the dehydration of methanol at a
temperature of 300°C and a pressure of 27 atm,
followed by the production of hydrocarbons and water
from DME at 350°C and 20 atm over ZSM-5 catalysts.20

Gasoline-range hydrocarbons can also be produced
from the upgrading of bio-oil. HDO oil is separated into
two parts: the light volatile fractions and the heavy
non-volatile fractions (37 wt%). The light parts are
correspondingly blended with petroleum, while the
heavy parts are blended with vacuum gas oil (VGO) for
further upgrading. Blending the heavy portion of HDO
oil with VGO increases gasoline and diesel production,
but simultaneously increases the coke vyield. Coke
blocks the active catalyst site and the structure of the
catalyst must be adjusted accordingly.150 Blending of
HDO oil with VGO in an FCC unit or in hydro-treating,
up to 20 wt%, has shown that it is possible to operate
without the reactor plugging, with coke formation at
5%. This is the same level as for the VGO upgrading,
and the gasoline fraction yield is the same as with the
VGO-only unit.™®® ' A mixture of 15 wt% HDO bio-oil
with light cycle oil can be used in the FCC unit,
producing a bio-gasoline with similar quality to the
products upgraded from VGO, but with a lower yield of
around 20 wt%."

3.3.8 Fuel additives

Oxygenated compounds produced from methanol
can be blended with conventional fuel diesel or
gasoline to reduce pollutants such as NO, and
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particulates. Such compounds include DME, and
oxymethylene ethers (OME). DME can be used as a
diesel additive and is produced from the dehydration
of methanol. It can also be directly produced from
syngas over bi-functional catalysts.20 The operating
temperature for DME formation is lower than that of
the bi-functional catalytic syngas-to-olefin process. A
hybrid catalyst, referred to as HMCM-22 zeolite, with
different SiO,/Al,O; ratios, has been studied for a
syngas-to-DME one step process. Results showed that
a higher SiO,/Al, O3 ratio leads to a higher DME yield
and lower vyield of side-products. Further results have
shown that a high-silica HMCM-22 zeolite catalyst is
preferred for the syngas-to-DME process.153 An
admixed catalyst of methanol synthesis catalyst (CuO-
Zn0-Al,03) combined with HZSM-5 zeolite was also
tested for the syngas-to-DME process. It was shown
that a DME selectivity of 69% can be attained under
the optimal operating conditions, at a temperature of
260°C and a pressure of 4 MPa.”** OME is another
promising diesel additive that has advantages over
DME due to its more similar physical properties to
conventional diesel, requiring less engine
modification.'*> 15617

Butanol (29MJ/I), which has higher energy than
ethanol (21 MJ/I), is preferred as a gasoline additive
(34 MJ/1) over ethanol. Furthermore, another high
octane number gasoline additive, methyl tertiary-butyl
ether (MTBE), is produced from methanol reacting
with isobutene over a solid acid catalyst H-zSM-5.2% 74
The use of MTBE raises environmental concerns
related to groundwater contamination from leaking
tanks in gas stations, which limits its use as a gasoline
additive in the US.%

3.3.9 Renewable jet fuels

Bio-oil HDO generates aviation fuels, or so-called
hydro-processed renewable jet fuels (HRJs), mainly
comprising paraffinic hydrocarbons with the formula
CnHZ,HZ‘76 The process involves HDO followed by
isomerization and cracking to remove the oxygen in
bio-oil through the addition of hydrogen. HRJs can be
solely and directly used in conventional aircraft
engines due to their high energy content and high
quality. The paraffinic hydrocarbons contained in HRJs
have a high cetane number and are thermally stable
fuels free of aromatics, oxygen, and sulfur. The high
purity of these fuels results in ash free combustion
with low emissions of CO, HC, NO,, and particulate
matter.”® Some conventional jet fuel or fuel additives
should be blended with HRJs to improve its low
lubricity, due to its absolute lack of oxygen and
sulfur.**®

Bio-alcohols (methanol, ethanol, and butanol)
cannot be used as aviation fuels due to their low flash
points, low energy densities, and pure low
temperature properties. However, they can be used as
the feedstock to produce jet fuels. There are other
options for jet fuel include liquid hydrogen and liquid
methane; however, their applications are limited by
high production costs and lower suitability for
conventional aircraft engines.76 For example, liquid
hydrogen produces more energy per weight compared
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with conventional aviation fuel but high storage
volumes and other modifications are required for its
use in aircraft engines. There are also associated
security and storage challenges. Furthermore, during
hydrogen combustion, large amounts of water are
produced, posing a problem for potential hydrogen
aircraft. 7

3.3.10 Hydrogen

Hydrogen can be produced from biomass steam
gasification. Where H, needs to be separated from CO
and CO,, this can be done using either the membrane
method or through chemical methods. The hydrogen
yield can be further improved through the water-gas-
shift (WGS) reaction, by adjusting the CO/H, ratio.”
Industrial WGS decreases CO concentration to 0.2%
through a two-step reaction, first decreasing CO
concentration to 2—3% at high temperatures of 350—
500°C with Fe-oxide-based catalysts, followed by H,
purification methods including pressure swing
adsorption at low temperatures (200°C) with Cu-based
t:atalysts,20 preferential air oxidation (PROX), and Pd
membranes.”’

Hydrogen can also be produced from gasification or
catalytic steam reforming of bio-oil. The carbohydrate-
derived fraction of bio-oil is converted to hydrogen and
CO, with nickel-based catalysts. The overall yield of
hydrogen from biomass via bio-oil is lower than direct
gasification of biomass feedstock (6 wt% compared
with 11-12 wt%), however, the economics of the
biomass = bio-oil - hydrogen route can be improved
by selling lignin-derived products as a replacement for
phenol in phenol-formaldehyde resins.®*
Carbohydrate-derived bio-oil theoretically generates
around 80% hydrogen, equivalent to an approximately
6 wt% hydrogen yield from wood.”

Three major pathways for the production of
hydrogen from methanol are auto-thermal reforming
(Eq. 1), partial oxidation (Eq. 2), and aqueous-phase
reforming (APR). These are used to supply hydrogen to
proton-exchange membrane (PEM) fuel cells. Auto-
thermal reforming is an endothermic process, while
partial oxidation is an exothermic process; however
both occur within a temperature range of 150-350°C
and require a catalyst, such as Pd/ZnO, Pt/ZnO, and
Cu/zno.”®
CH30H + H20 = COZ + 3”2

Considering lignocellulosic biomass feedstocks,
different fractions of hemicellulose, cellulose, and
lignin lead to differences in hydrogen production. In
general, H, from hemicellulose starts to be formed at a
temperature of 480°C, while H, from cellulose and
lignin is formed from 500°C. The lower starting
temperature of hemicellulose can be explained by its
mineral composition, which acts as a catalyst for
hemicellulose decomposition.12

Eq. 1

3.3.11 Bio-chemicals

Another important application of lignocellulosic
biomass is the production of bio-chemicals (see Fig. 9).
For example, carboxylic acids (formic acid, acetic acid,
and propionic acid) can be used to produce calcium
salts as road de-icers. It is technically possible to scale
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up the production of biomass-derived de-icers,
however, this is not presently economically feasible.
Other applications include the use of carbonyl groups
for the production of nitrogen fertilizers, the use of
terpenoid and phenolic compounds as wood
preservatives, and the use of aldehydes (especially
glycolaldehyde) as meat browning agents. Phenolic
compounds can be used to give smoky flavors.
Levoglucosan/levoglucosenone has various
applications, including in the manufacture of
pharmaceuticals, surfactants, biodegradable polymers,
antibiotics, and flavor compounds.m Furfural from the
pyrolysis of cellulose or hemicellulose can be used as a
chemical solvent or as a platform molecule for other
chemicals or fuels.*®®

Lignocellulosic biomass

- . 2 Char
Syngas ] Bio-oil

Soil
amendment
Methanol F-T fuel
- Furfural
; Aldeh / 1
e BT gly:olalmde v \ . i,
VVVVVVVV e Propylens Carboxylic : evogiucosencne
acids PVDMI:
e Carbonyl ignin Solvent
h Plastic BrOug ealic
jormone compounds
Terpenoid Phaﬂ:’i’algﬂi{.als
factants
Detergent | Meatbrowning Gl antibiotics, flavors

R““e'imsmlm - - donnalmﬁ'\',gtmslns
fertilizer flavors
Dveggvogtive
Figure 9. Main bio-chemical production routes.

The water-insoluble fraction of bio-oil, referred to
as pyrolytic lignin, can be converted into resin.**
Chemical extraction provides a possible means of
separating these compounds, with the main limitation
being the ability to develop low-cost separation and
refining techniques.59

Some chemicals can also be produced from the
conversion of syngas. For example, ethylene,
propylene, i-C4, and aldehydes can be produced via
the platform molecules of methanol and F-T fuels. The
methanol to olefin (MTO) process was discovered in
the 19705,20 and olefin selectivity from methanol is as
high as 80-90%. 6% 161162163, 184 T o ce chemicals can be
further used to produce plant hormones, detergents,
and bio-plastics. For example, ethylene and propylene
can be used for the production of polyethylene,
polyvinylchloride, polypropylene, and acrylonitrile.
Long chain olefins can be used to produce linear
alcohols by hydroformylation, to further produce
biodegradable detergents, with prices six times higher
than that of fuel.**?

4. Energy perspective

4.1 Energy quality

Fuel quality can be expressed in terms of its C, H,
and O contents, 6 using the atomic ratios O/C and
H/C,Bs' 185 often summarized in the well-known Van
Krevelen diagram165 to compare different solid
feedstocks. Another two hydrogen-to-carbon atomic
effective ratios have been further defined to better
indicate fuel quality, as shown in Egs. 3'% and 4. ¢

H/C.s considers the effect of H and O, while H/Cgf.ag
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considers the influences of a wider spectrum of
elements (H, O, N, and S).

H-20
H/Ceff = T Eq. 3

H-20-3N-25
H/Ceffqa =——F(—— Eq. 4

Fig. 10 illustrates and compares the HHV and H/C.
values of 22 types of fuel obtained through biomass
thermochemical conversion, including most biomass
feedstock and bio-products. Three categories of fuel
are indicated: solids, liquids, and gases. The figure
shows that the heating value of solid char is lower than
that of fuel gas, fuel oil, or bio-chemicals. Converting
biomass into gaseous and liquid fuels is therefore of
greater value than converting it into solid products.
Biomass-derived liquid fuels, in the form of “drop-in”
fuels, like butanol and diesel/gasoline-range
hydrocarbons, may be directly used in existing engines
without significant modifications. While some fuels
with high oxygen content are not suitable for direct
use in engines, they could instead be used as fuel
additives. For instance, gasoline has a near-zero
oxygen content, and therefore improving its oxygen
content with additives will facilitate auto-ignition.

* HHV (MJ/kg)

Solids
>

Liquids

Liquids A

Gases

[o/x|||%/>mlesue

o
3

H/Coy=(H-2x0)/C ()
Figure 10. HHV-H/C¢: map for solid, liquid, and gaseous fuels;
hydrogen is not included because its H/C value is infinite.
HHV for hydrogen is 142 MJ/kg. HHV: high heating value;

DME: dimethyl ether; HDO: hydro-deoxygenation; MSW:
.. . 8,11, 15,17, 22, 23, 24, 25,26, 27, 28, 80,, 90,91, 92,93, 94
municipal solid waste.

Compared with fossil fuels, biomass has a low
energy density, and its HHV normally lies within the
range of 15-25 MJ/kg,go' 1 as shown in Fig. 10. Low
density (80-100 kg/m3 for grasses, 150-200 kg/m3 for
woody biomass®) is another problem that can result in
biomass having a lower quality than oleaginous
feedstock. This low density could be addressed by
biomass densification, such as through torrefaction,
pelletization, briquetting, steam explosion, and
carbonization.® Torrefaction provides the potential of
improving biomass quality through a significant
decrease in the O/C ratio,168 and an increase in HHV to
20-25 MJ/kg.168 Air-dried wood normally has an energy
content of 15 MJ/kg, which can be increased to 28-33
MJ/kg for char after carbonization. Additionally, higher
carbon content in a feedstock gives higher energy
content. Lignin normally contains greater amounts of
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carbon and its energy content is around 26 MJ/kg,
close to that of coal.?”®

The energy content of syngas ranges from 5 to 20
MJ/Nm3, > roughly 10-45% of that of natural gas.
Typically, for gasification of wood to syngas, the
carbon conversion rate is 92%, the hydrogen
conversion rate is 71%, and the energy conversion rate
is 62%, with a syngas yield of around 1.2 Nm3/kg
wood.” The production of fuels from biomass via
syngas normally has a low overall process thermal
efficiency of 16-50% because some proportion of
biomass energy is lost during the biomass-to-syngas
step. Biomass air gasification has been widely
employed, as air is a low-cost agent and is easy to
obtain, however, using air as a gasifying agent is
disadvantageous as it produces low-ranked syngas
with heating values of around 3-6 MJ/Nm3 , 65 169,170
The heating value of syngas can be increased by using
pure O, as a gasifying agent, although this requires an
additional O, separation unit, which significantly
increases operating costs. Alternatively, steam
gasification can improve H, yield and thus produce
syngas with a high heating value (10-15 MJ/Nm3).m’ 172
CO, is also considered to be a preferred gasifying agent
because both carbon and oxygen components are
included in the product gases. In particular, the use of
Ni/Al catalysts in the CO, gasification process provides
a feasible means of increasing syngas yield, and the
production of CO and H, increases with increases the
amount of catalyst. However, the gas yields do not
increase beyond a threshold.'”®

The heating value of crude bio-oil is lower than that
of other liquid fuels (see Fig. 10): around 36—47% of
that of fuel oil (1619 MJ/kg for bio-oil and 40-44
MlJ/kg for conventional fuel oil).ls' 3, 134 1t has been
shown that a higher lignin content in feedstock will
lead to a bio-oil product with a higher heating value.
The upgrading processes for the two types of bio-oil
(fast pyrolysis and liquefaction) are similar, although
the upgrading of hydrothermal liquefaction bio-oil is
more straightforward.19 The production of either
pyrolysis bio-oil or liquefaction bio-oil requires only a
single reactor, significantly minimizing energy loss due
to complicated multi-step reactors, and thereby
offering relatively large energy recovery during solid
biomass feedstock conversion into liquid products
(around 50—90%).20 Nevertheless, further upgrading of
bio-oil reduces energy efficiency and increases costs.
For example, 70% of energy and 83% of the mass of
wood feedstock are retained in pyrolysis oil, 63% of
energy is retained after hydro-treating, and 53% is
retained after zeolite upgrading. The corresponding
values at the final stage of refining hydrocarbons are
25-27 wt% and 55% energy. The thermal efficiency of
pyrolysis and further upgrading is higher than that of
gasification followed by F-T synthesis.20

4.2 Reaction heat

Reaction heat is an important parameter required
to understand the energy balance and efficiency of
specific thermochemical technologies. Fig. 11
summarizes the standard enthalpy changes for the
detailed reactions involved in individual processes.
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Torrefaction normally has a thermal efficiency,
represented by the ratio between energy in the
product and energy in the feedstock, of up to 96% (on
a dry, ash free basis)u 168 \vith a proportion of the
process energy being derived from the combustion of
torrefaction gas. The net process efficiency,

represented by the ratio between energy in the
product and the sum of energy in the feedstock and
such as internal electricity

The net process efficiency can
174

process energy input,
. . 24
consumption, is 92%.
be reduced to 80% or even less on a wet basis.
Endothermic
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Figure 11. Enthalpy changes during main thermochemical

. . . 7,20,74,78, 149,160,
conversion and further upgrading technologies.
161, 162, 163, 175, 176,177, 178, 179,

Pyrolysis is an endothermic process, with external
heat sources provided for the reaction. Elevated
temperatures can prompt the release of volatiles and
char, but when the released volatiles approach solid
fuel particles, they can be condensed onto the fuel
surface and form tar.2

For biomass gasification, the reaction heat varies
with different gasifying agents. As shown in Fig. 11, air
or O, gasification is exothermic, as a portion of the
energy required is provided by partial combustion. This
is not the case with steam or CO, gasification, which
are endothermic reactions, and thus external energy
must be supplied for continuous operation. From an
energy-saving perspective, the use of external energy
sources should be avoided, especially high-quality
energy sources. Alternatively, a combination of air and
steam or air and CO, gasifying agents can be used,
providing benefits both in terms of high heating value
syngas, and by providing essential system energy.lso’ 181,

5. Economic assessment and feasibility
of commercialization

5.1 Economic assessment
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Figure 12. The range of production costs for the main second-

generation bio-fuels and bio-chemicals, compared with the
price Of fuel from fOSSiI SOUrCeS.5' 84, 182, 183, 184, 185, 186, 187, 188, 189, 190,
191, 192, 193, 194, 195, 196, 197, 198, 199, 200, 201, 202, 203, 204, 205, 206, 207, 208 A” costs
are in USS, with an average exchange rate of €1 = $1.09 and
£1 = $1.5, based on current currency in 2015. All production
prices were converted into 2015 costs using an inflation rate
of 2%. Within the two parts of each bar, the length of the
dash filled part represents mineral production cost, and the
total length of each bar presents the maximal production.

Fig. 12 presents the production costs of the main
fuels and allied products produced from both
lignocellulosic biomass and fossil fuels. The production
costs of bio-fuel are around 2-3 times higher than
those of conventional fuels. For each specific bio-fuel,
there is a large range of production costs, which are
dependent on feedstock cost, conversion efficiency,
plant capacity, product value, and the producing
region.

Feedstock cost is the most significant factor
influencing the economy of bio-fuel production. High
biomass feedstock cost can be explained by intrinsic
features, such as diversity and low quality. Biomass is a
complicated feedstock and a number of pre-treatment
factors need to be considered, such as cultivation,
harvesting, transportation, processing, and storage.
Moreover, the cost of deliverable biomass depends
greatly on the plant type and production regions.20 The
predicted order of delivery costs for different
feedstocks is as follows: waste > straw > woody
biomass > corn stover > high-yield grasses
(Miscanthus) > normal-yield grasses (switchgrass,
prairie grasses) = hay > corn grain.193 One potential
solution to address the diversity and low quality of
biomass feedstocks is the development and integration
of feasible technologies to simultaneously process
various biomass feedstocks, improving energy
efficiency, reducing cost, and minimizing the waste
stream.® Bio-refineries?'® 2t %12 213 provide another
promising way of mitigating the low value of biomass
feedstocks; by coupling with the facilities of petroleum
refineries, they focus on converting low-value high-
volume (LVHV) biomass feedstock into multiple high-
value low-volume (HVLV) bio-fuels or bio-chemicals at
low costs.

For the liquid bio-products, fast pyrolysis with bio-
oil processing (such as catalytic cracking or hydro-
processing) provides a relatively low-investment cost
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option,28 compared with either fermentation or
gasification followed by F-T synthesis. The low capital
cost of fast pyrolysis is due to the small scale of the
process. In contrast, fermentation needs a longer
reaction time, leading to higher capital costs.”® The
process of gasification combined with the F-T process
for liquid production, has high investment costs.’
Moreover, the thermal efficiency of bio-oil production
from pyrolysis or liquefaction is higher than that for
liquid fuel derived from biomass gasification followed
by F-T synthesis (16—43%).20

The cost of bio-oil production is 10-100% higher
than that of fossil fuel.®™ When comparing fast
pyrolysis and liquefaction pathways for bio-oil
production, the production cost of the latter (either
crude bio-oil or refined bio-oil) is higher, mainly due to
high capital costs and variable operating costs driven
by long reaction times.** % Chemical production from
bio-oils faces technical and economic obstacles due to
the complexity of the bio-oils and various product
separation issues.™

The upgrading of bio-oil to specific usable liquid
fuels is still in development, due to technical
challenges and a lack of economic feasibility.
Visbreaking has low cost as no hydrogen is required, it
is carried out at laboratory scales.’ Catalytic vapor
cracking can produce aromatics from bio-oil;"8
however, its technical feasibility has not yet been fully
demonstrated.® The main issues are catalyst
deactivation and high processing costs, which render
the product uncompetitive with fossil fuels. A
combined mode, with the production of bio-oil in
several small pyrolysis plants, followed by
transportation to a central bio-refinery for further
conversion, could provide an economically preferable
option, because the transport cost of dense bio-oil will
be lower than that of solid biomass feedstock. Bio-
oil/diesel emulsification can generate fuel that is easily
ignited, however, the cost of emulsification is high
because of the high cost of surfactant, and the fact
that emulsification also requires more energy with
further complications caused by corrosion of engines
and subassemblies. ****

The largest fraction of production costs for syngas-
derived bio-fuel is the syngas production cost, which
accounts for 50-75% of total;78 this is mainly due to
the costly and energy-consumptive step of syngas
purification.7 The order of costs for syngas-derived fuel
is H, < methanol = ethanol < F-T liquids. F-T diesel is
40-50% more expensive than methanol or hydrogen,20
and biomass-derived methanol is more expensive than
its market price. Gasification followed by F-T synthesis
can produce high-quality fuels that are compatible
with conventional fossil fuels, however their high
investment costs make them economically unfeasible.

The production cost of jet fuels (HRIJs) is $0.80—
2.00/L, three times higher than the cost of
petroleum.76 This needs to be reduced to compete
with petroleum jet fuel. The development of
renewable aviation fuels would reduce dependence on
fossil fuel sources, thus reducing environmental
impacts. To achieve this, the production costs must be
reduced, for example, by reducing feedstock cost.”

20 | Green Chemistry 2016, 00, 1-3

Finally, the production cost of hydrogen is within the
cost range of the hydrogen market price.zo' B s
commercial price depends on the cost of fossil fuels,
with higher fossil fuel costs leading to higher hydrogen
costs.

5.2 Feasibility of full commercialization

Currently, biomass utilization is dominated by
combustion and co-firing with coal/natural gas for heat
and power production. Most bio-fuels, especially
biodiesel and bioethanol, still rely on first-generation
biomass in phase | bio-refineries, with no flexibility for
resource input,214 using conventional esterification
technologies. It has been reported that biomass co-
firing and first-generation biodiesel and bioethanol
make up two-thirds of renewable energy consumption
in Europe.9 To meet future renewable energy
requirements, phase Il bio-refineries, with fixed input
and processing capabilities, that utilize lignocellulosic
materials, and phase Il bio-refineries, which can
flexibly accommodate both feedstocks, are needed.
However, the related costs are high due to the
required facilities for such innovative technologies.
Alternatively, biomass-derived intermediates can be
integrated within existing oil refineries, offering a
viable option for bio-fuel and bio-chemical production
at a reasonable cost’ Table 6 lists the second-
generation bio-fuel plants at various stages of
development (operational, under construction,
planned, or shut down).

5.2.1 Liquid fuel commercialization

Technologies for the commercial production of
transportation liquid fuels from first-generation
biomass feedstocks are available in some countries.
For example, bioethanol produced from corn grain in
the US meets 10% of the gasoline demand in the
country.215 Similar cases are found in the use of
bioethanol from sugarcane in Brazil, and the use of
biodiesel from rapeseed and bioethanol from wheat
and barley in Europe.9 Unfortunately, technologies for
second-generation bio-fuels for transportation are still
under commercialization. The most promising
technology chains include: i) fast pyrolysis followed by
bio-oil upgrading, ii) gasification with F-T synthesis, and
iii) gasification, methanol synthesis, and additional
alcohol upgrading.

CFP, as a technology for producing transportation
fuel from biomass via a one-step reactor, has been
investigated extensively by Professor George Huber’s
laboratory at the University of Massachusetts-
Amherst, and has been further developed by
Anellotech, during which the process of producing
cost-competitive  aromatics from  lignocellulosic
biomass was patented. However, no commercial plant
has yet been established.
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Table 6. Economic evaluation of different products produced through different pathways.

ARTICLE

Product Scale Company Description Capacity Location Status
Commercial Dynamothlve Energy Systems Fast pyrolysis; a bgt?bllng fluid bed reactor 130 t/d feedstock West Lorne , Ontario Shut down
Corporation to generate electricity
Commercial Dynamothlve Energy Systems Fast pyrolysis to generate electricity 200 t/d feedstock Guelph, Ontario Shut down
Corporation
Pilot Union Fenosa :ea:ic:tyzyrrolyms in a bubbling fluid bed 4.8 t/d feedstock Spain Dismantled
Pilot Agri-Therm Flash pyrolysis in a fluidized bed reactor 4.8 t/d feedstock Canada Developing
Pilot Agri-Therm M.Oblle pyrolysis in a fluidized bed reactor 5 t/d feedstock Canada Developing
with heat recovery
Fast lysis i tati tor t
Pilot Biomass Technology Group ast pyrolysis |n. a} rotating cone reactor te 4.8 t/d feedstock UK Operational
generate electricity
pilot Wellman Process Engineering Fast pyrolysis in a bubbllng flwd bed 6 t/d feedstock Oldbury, UK Finished
Ltd. (WPEL) reactor to generate electricity
. Fast pyrolysis to conyert ’radlat.e Pme, 1000 odt feedstock Somersby Operational
Demo Licella banana grass, algae into ‘drop-in’ fuels, L R
. X - 350 t/y bio-oil Australia
including aviation fuel
Bio-oil Demonstration Licella Fast pyrolysis 200,000 odt feedstock - Planning
io-oi — — -
pilot Biomass Engineering Ltd Fast pyrolysis in fluidized bed reactor to 6 t/d feedstock Newton-le-Willows, Operational
process sawdust UK
Commercial BTG-BTL Rotating cone reactor 120 t/d feedstock Hengelo, Netherlands | Operational
Commercial BTG-BTL Rotating cone BTG unit 48 t/d feedstock Malaysia Shut down
. : ™
Commercial Ensyn T'ransported'l:.)ed & CFB; A dedicated RFO 3 million gallons/year bio-oil Renfrew, Ontario Operational
bio-fuels facility
. Ensyn Transported bed & CFB for production of Rhinelander, .
Commercial Red Arrow RTP Facilities food flavorings 40.8 t/d feedstock Wisconsin Operational
Industrial Pyrovac Vacuum pyrolysis 93 t/d feedstock Québec, Canada Operational
Industrial ENEL The Ensyn unit transported bed & CFB 650 t/d feedstock Italy Not operated
Industrial PyTec Ablative pyrolysis 2*250 t/d feedstock Germany Operational
UPM, Metso and Fortum, A pyrolysis transported bed & CFB reactor
Pilot Technical Research Centre of is integrated into a power boiler to 9.6 t/d feedstock Finland Finished
Finland (VTT) convert wood
Industrial Lurgi LR Augur or Screw reactor 1*500 t/d feedstock Germany Operational
Industrial Renewable Oil Intl Augur or Screw reactor 4*200 t/d feedstock USA Operational
Industrial Anhui Yineng Bioenergy Ltd. Moving bed and fixed bed reactor 3*600 t/d feedstock China Operational
Pilot GTI Gas Technology Institute Forest residues 21 t/d feedstock De§ Plaines Operational
United States
pilot TUBITAK Combma.tlon of h'aze'lnut shell, olive cake, 6 t/d feedstock Gebze Under )
T liquids wood chips, and lignite blends Turkey construction
a Vienna University of
. Technology; L. 7 Nm3/h syngas . . .
Pilot Gasification foll d by FT G Aust (e} t |
ilo BIOENERGY 2020+; Repotec; asification followed by 0.2t/y F-T liquids ussing, Austria perationa
Biomassekraftwerk Glssing
F-Tliquids; gasoline- Pilot GTI Gas Technology Institute Wood, corn stover, bagasse, algae 0.05 t/d feedstock De§ Plaines Operational
type fuel United States
F-T liquids; mixed Pilot Research Triangle Institute Gasification with further upgrading 0.5 t/d feedstock Research Triangle Under
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alcohols ParK, United States construction
Pilot Southern Research Institute Feedstock is cellulosics, municipal wastes 2-4 t/d feedstock SDtl;T;:m' United Operational
. FT process converting green waste, .
Renewaple F-T diesel Pilot Clearfuels-Rentech municipal and solid wastes, wood waste, 20 t/d feedstock Commerce City, CO, Under .
and F-T jet fuel o USA construction
and bagasse to synthetic jet fuels
Pilot Chemrec & Weyerhaeuser Processmg wood using thermochemical 330 t BLS /day New Bern, NC Finished
technologies
Gasification and fermentation; Natural
Demonstration Coskata gas, wood chips, and simulated waste NA Madison, PA Operational
materials
Ethanol . Indian River BioEnergy Center, Gasification and anaerobic fermentation; 60 million tonnes of Operational
Commercial Vero Beach, FL. Owned by the Lignocellulosic biomass etrochemicals USA
Swiss firm Ineos Bio INEOS g P
. Thermochemical conversion; Urban waste L .
Pilot Gulf Coast Energy including sorted MSW and C&D debris Livingston, AL Operational
Pilot Pearson Technologies Inc. The.rmochemlcal conversion; Agricultural 30 t/d feedstock Aberdeen, MS Operational
residues, wood
Demonstration Cello Energy Cat.alytlc depolymerization; Agricultural 20 MGY Bay Minette, AL Not operated
residues, wood
Thermochemical conversion; Agricultural
. ThermoChem Recovery residues, wood, energy crops, and urban Operational
Demonstration International (TRI) waste, including sorted MSW and C&D 0.02 MGY Durham, NC
. debris
Elzsel—tyze Demonstration Virent Steam reforming gasification; Pine 30 t/y diesel Madison, Wisconsin Operational
ydrocarbons residues, sugarcane bagasse, and corn Y United States p
stover
CHOREN Tech. GmbH
Pilot Sold to Linde Engineering Gasification following by FT 100 I/day diesel Freiberg (Germany) Developing
Dresden
Demonstration CHOREN Tech.GmbH Gasification, BTL 2739 t/d feedstock Schwedt (Germany) Developing
Pilot Neste and Stora Enso Gasification and the FT process; Wood - Varkaus, Finland Cancelled
Jet fuel Commercial So.le.na F}Jels Unique cor’p?ma.tlon of high temperature 1575 t/d feedstock Thurrock, Essex Under )
British Airways plasma gasification, and FT tech construction
Syngas Commercial Premier Green Energy Lignocellulosic biomass 72 t/d feedstock Thurles, Ireland Planning
Syngas Commercial Rentech-SilvaGas Gasification -- Burlington, VT Finished
. 5 t/d feedstock Petten .
Syngas/SNG Pilot ECN Netherlands Operational
Demonstration ECN - Consortium Groen Gas Convert waste wood, prunings, or mown 6500 t/y SNG Alkmaar Plannin
2.0 grass into electricity and heat 11.6 MWqhermal OUtput gasifier Netherlands g
Forest residues, wood pellets, branches, Gétebor
SNG Demonstration Goteborg Energi AB and tree tops 11200 t/y SNG & Operational
- : Sweden
District heating
Demonstration Biomassekraftwerk Gussing Two inter-connected fluidized bed systems | 576 t/y, 100 Nm>/y SNG Giissing, Austria Operational

Vienna University of

of the fluidized bed steam gasifier
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ARTICLE

Technology,
Paul Scherrer Institute,
Repotec,

(reactor).

Syngas, methanol,

" Thermochemical from wood urban waste Operational
acetate§, and second- Pilot Enerkem including sorted MSW and C&D debris 4.8 t/d feedstock Sherbrooke (CAN)
generation ethanol
. Treated wood (i.e. decommissioned
Commercial . K X Westbury .
. Enerkem electricity poles and railway ties), wood 48 t/d feedstock Operational
Demonstration Canada
waste, and MSW
" Enerkem - Varennes Cellulosic Sorted industrial, commercial, and 350 t/d feedstock Varennes .
Ethanol; methanol; Commercial R Planning
. X Ethanol L.P. institutional waste Canada
various chemicals Edmonton
Commercial Enerkem Alberta Bio-fuels LP Sorted municipal solid waste (SMSW) 350 t/d feedstock Canada Operational
. Enerkem Mississippi Bio-fuels Sorted municipal solid waste (SMSW) and Pontotoc .
Commercial LLC wood residues 350 t/d feedstock United States Developing
Chemical products — . .
resins, Demonstration Tembec Chemical Group Temis-caming
. ’ Spent sulfite liquor 13000 t/y chemicals Canada Operational
lignosulfonates, and
ethanol
DME Pilot Chemrec AB Gasification; Black liquor 20 t/d feedstock Pitea, Sweden Operational
DME; gasoline-type Pilot Karlsruhe Institute of . L Karlsruhe .
fuel Technology (KIT) Biolig Lignocellulosic biomass 12 t/d feedstock Germany Operational
Operational in
Various chemicals Pilot NREL {National Renewable Dry biomass 0.5-1 t/d feedstock Go!den, Colorado 1985; .
Energy Laboratory) United States expansion
ongoing
Bio-oil, steam, EMPYRO . .
electricity and organic | Demonstration BTG Biomass Technology Using fas.t pyrolysis technology to convert 25 MW;hermal Polygeneration Hengelo, The Operational
. woody biomass Netherlands
acids Group B.V.
Bio-oil, e!ectrluty, Commercial Ensyn Technc?Iogles Inc. ConverFlng sawmill into energy by fast 400 t/d feedstock Alberta, Canada Under )
heat, resins Tolko Industries Ltd. pyrolysis construction
Low-carbon Gasification; Urban waste, including sorted Stxap::CtEd to
Commercial Sierra Bio-fuels Plant MSW and C&D debris, to produce 246 t/d feedstock McCarran, Nevada Lo
renewable fuel . operation in
electricity 2017
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The production of ethanol from lignocellulosic biomass has
still not been completely commercialized, because of its high
production cost and complicated feedstock supply system.
Reported cellulosic ethanol production from global pilot plants
was 20,000 gal in 2012, with production increasing to 218,000
gal in 2013.2° The MTG process is used commercially with
gasoline selectivity over 85%, and the remainder comprising
light petroleum gas. 12 A commercial plant producing gasoline
from methanol (MTG) was operated in New Zealand by Mobil
from 1981 to 1984, producing 14,500 bbl/day.zo Commercial
processes for the production of mixed higher alcohols have
been developed by Snamprogetti-Topsoe, Lurgi, Dow, and IFP-
Idemitsu.?® Considering the isosynthesis process, research has
recently more focused on catalytic performance, which is the
key process element. Oxosynthesis is one commercial
technology for the application of syngas,78 and the aldehydes
(butanol, propanol, isobutanol, and ethylhexanolzo) generated
in this process can be further used to produce detergents or
polyvinyl chloride.”®

The conversion of biomass to jet fuel is a promising
process, which is of interest to several companies. Airlines are
providing support by signing contracts for the use of jet fuel
produced from biomass, including British Airways, Airbus,
Hainan Airlines, General Electric Aviation, and the Air Force
Certification Office, a fuel certifying agency that has legalized
the use of F-T fuel blends in aviation fuel.”® The ASTM
international standard, D7566, has approved specifications for
aviation fuels, with F-T fuels approved in 2009 and HRJs in
2011.7°

5.2.2 Gaseous fuel commercialization

Gasification feedstocks can be any carbon-rich materials,
including coal, petroleum, natural gas, or biomass. Gasification
is a mature technology based on the resources of coal,
petroleum, and natural gas, with these comprising around
51%, 25%, and 22%, respectively, of the total capacity of 144
commercial gasification plants in 2010. However, biomass-
based gasification accounted for only 0.5% of capacity in 2010.
7 Of the total produced syngas, 45% was used to produce
chemicals, 38% was used for transportation fuels, 11% for
electricity, and 6% for use as gaseous fuel.” From Table 6, it
can be noted that second-generation liquid bio-fuels,
produced from biomass gasification followed by F-T synthesis,
are still at various stages of development.

5.2.3 Solid fuel commercialization

Carbonization for the production of char is currently
practiced in traditional stoves in developing countries, in
barbecues in Western countries, and in the Brazilian steel
industry.5 Torrefaction has not yet been commercially applied,
with research and development focusing on addressing
challenges related to handling, logistics, safety, and
optimization of process design for high energetic and
economic efficiency. Furthermore, combinations of biomass

This journal is © The Royal Society of Chemistry 20xx

L ROYAL SOCIETY

OF CHEMISTRY

densification processes, such as pelletization with torrefaction,
also provide a possible direction for technological
development, with the added benefits of reduced dust
formation.”

5.2.4 Chemicals commercialization

The conversion of bio-oil into chemicals is a promising
commercial possibility for products such as fertilizers, liquid
smoke, and resins,134 which have higher values than bio-fuels.
Some biochemical production processes have already been
commercialized (such as for liquid smoke), or are highly likely
to be commercialized through fast pyrolysis technology.m
Commercial production of chemicals from bio-oil must
consider low-cost chemical separation processes and market
requirements.m

Honeywell UOP currently runs a commercial process
producing olefins from methanol (originally from natural
gas/coal/petroleum residues) using silicoaluminophosphate
(SAPO) catalysts. New opportunities for producing olefins from
methanol may be provided by using other catalysts, such as
eight-membered ring zeolites, chabazite, ITQ-3,151 ITQ-
29,152, and ITQ-32.2°

6. Environmental analysis

The renewability and sustainability of biofuel has been deemed
questionable, as a result of its ecological impacts, such as
cleanliness measured by CO, and other pollutant emissions, impacts
on water resources, land use, and biodiversity, and its
socioeconomic impacts on food security, income, and employment.
217, 218 pather than simply considering biofuel as a renewable and
carbon-neutral resource owing to the inherent photosynthesis that
will absorb CO,, the renewability of biofuel is also dependent on the
non-renewable energy used during the production of the biofuel
itself. 2*° Based on Fossil Energy Ratio (FER) or Net Energy Ratio
(NER), which define the amount of energy that can be produced
from the consumption of one unit of energy, individual fuels can be
classified as entirely renewable, partially renewable, or non-
renewable. The extra fossil energy needed to generate the biofuel
will release CO,, although the regrowth of the plant will absorb CO,.
However, in some cases, this absorption cannot be taken into
consideration, depending on the origin of the raw material, for
example, the absorbed CO, can be take into consideration if the
feedstock is grown on wastelands or deserts, but it cannot been
considered when it is grown on deforested land. 220

“Corn to ethanol” is one commonly debated pathway for first-
generation biofuels, where the claimed renewability is offset
against the fossil fuel requirement and the GHG emissions of the
process.221 Second-generation biofuel will potentially generate
fewer GHG emissions and have a better environmental
performance. 222 These biofuels tend to compete less with food and
fibre production, and have higher energy yields per unit of land
area. In addition, second-generation biofuels have greater land
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adaptability, although adequate water and nutrient supplies are
needed. >

Land conservation under biofuel production falls into two
categories: direct land use change (dLUC), due to the direct
transformation of previously untouched areas into biofuel crops;
and indirect land use change (iLUC), which refers to the additional
change in land use in other places to maintain the same production
of food and feed crops as demanded in the market. Traditional Life
Cycle Assessment (LCA) cannot normally consider the GHG
emissions of iLUC, due to their variability and complexity, in
addition to the fact that it usually occurs across country borders. 218
Thus, in order to consider the influence of iLUC, the European
Commission (EC) has proposed the addition of a specific iLUC factor
for different biofuel sources. However, subsequent investigations
have indicated that it is oversimplified to consider the effect of iLUC
using a single factor, due to the difficulty in calculating the impacts
from theoretical models based on hypotheses, assumption, and
market predictions, which is necessary due to the significant
uncertainty in iLUC 218,

The iLUC issue is that using agricultural areas and dedicating
land for biofuel production is closely related to rates of
deforestation, irrigation water use, and crop price. As a result,
second-generation biofuels typically perform much better, except
when the crops are directly competing for agricultural land, in
which case the performance is worse than for first-generation
biofuels. ***

The effects of biofuel production on water use, soil quality, and
biodiversity are not typically considered in the traditional LCA
approach. The impacts on water use mainly focus on water
consumption and the effects of water pollution on ecosystems and
human health. > Impacts on soil quality are related to land use and
land transformation, 25 and depend on different biofuel systems.
An obvious example is that biofuel production may significantly
alter forest ecosystems, but will have limited impact on microalgal
cultural systems, except for the salinization of the soil and
groundwater. 2 For biodiversity, biofuel production is becoming a
key environmental concern, as biodiversity is strongly linked to the
impacts of land use and land use change, as well as water use. 225

The conventional measurement of greenhouse gas emissions is
the amount of carbon dioxide equivalent emitted per unit of energy
provided by a particular pathway (i.e. gCO,e/MJ). 226 The GHG
emissions of some typical biofuels from different pathways are
shown in Fig. 13.

Methane APU auxiliary power unit
Second-generation ethanol

Corn ethanol

Biodiesel

Renewable diesel/gasoline catalytic pyrolysis

Renewable diesel/gasoline (internal APR hydrogen)
Renewable diesel/gasoline (partial internal APR hydrogen)

Renewable diesel/gasoline (ext. hydrogen)

Annualized GHG emissions by biofuel
pathway (gCO,e/MJ)

Conventional diesel

Conventional gasoline

40 20 0o 20 4 e 8 100 120
Figure 13. GHG emissions of several typical bio-fuels in from different
pathways in gCO2e/MJ. The dash filled part represents mineral annualized
GHG emissions, and the maximum value of the solid filled part presents the
maximal annualized GHG emissions.

Considering the GHG emissions of biofuels, there is not yet any
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fixed conclusions as to the cleanness of biofuel, although one study
calculated that the first-generation biofuel will reduce
approximately 78% of the GHG emissions, while second-generation
biofuel will reduce 94% of GHG emissions, compared with fossil
fuels. 28 Comparing forest-based renewable diesel and microalgae-
based diesel, it has been shown that the GHG emissions of
microalgae are higher than those of forest residue-based diesel,
due to the relative immaturity and uncertainty of microalgae-
processing technology, although in contrast, microalgae systems
result in a lower impact on land use and biodiversity. 225

The renewability of biofuel depends on the feedstock. For
example, the biofuel produced from corn grain, corn stover, and
switchgrass can be defined as advanced biofuel, however that
produced from corn starch cannot be considered an advanced
biofuel. 2° In the generation of second-generation liquid biofuels
from sugarcane bagasse, it was concluded that the thermal
conversion process with gasification followed by Fischer-Tropsch
synthesis has higher environmental benefit than by the two
biochemical conversion pathways. The main reason for this is the
relatively high energy efficiency (51.7 £ 0.8% vs. 43 £ 1.1%) due to
the heat integration during the thermochemical process, in addition
to the fact that the large amount of processing chemicals utilized in
the biochemical process also have a negative impact on the
environment. 22 It has also been reported that FT-diesel from
forest residues can reach the 60% emission reduction target set by
the EU. **

Another measurement of GHG emissions was proposed by
Kauffman et al. 226, based on the unit of land rather than the energy
provided by the pathway. One benefit of utilizing a land-based
measurement is that it can consider various different feedstocks,
which is practical as multiple types of feedstock are normally
utilized together during biofuel production, due to land scarcity. For
example, the ethanol produced from corn is not considered as an
advanced fuel in an energy-based LCA evaluation, however, under a
land-based LCA evaluation, by combining the bio-fuel produced
from corn with the associated conversion of corn stover to drop in
fuel via fast pyrolysis, and the by-product bio-char used as soil
fertilizer, the GHG emissions can realize a 52.1% reduction when
compared with 2005 gasoline-based emissions, and can therefore
be considered an advanced fuel. *®

7. Challenges and future trends

Complete commercialization of the production of directly
usable second-generation bio-fuels and allied products can be
envisaged in the near future. Fig. 14 summarizes the
relationships between key challenges and future directions,
which are further discussed in this section.
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7.1 Main challenges

7.1.1 Diversity and low-quality of feedstock

The imminent utilization of lignocellulosic feedstocks faces
numerous challenges, including diverse distribution and
complex multi-scale structures. Some primary conversion steps
are needed to purify the feedstock and give high product
yields, by mitigating the intrinsic difficulties of the
lighocellulosic biomass, such as those related to harvesting,
handling, and transportation.

Harvesting and collecting pose problems for biomass
utilization, because the feedstock is concentrated, as with
fossil fuels. The low harvesting density also creates
transportation problems, and the storage of biomass is
likewise problematic. A large biomass harvesting area,
especially of agricultural land, must be available to guarantee
local supply, except in the case of extensive imports.
Moreover, unlike fossil fuels, biomass also suffers from
discontinuous production influenced by harvesting season,
climate, and region.6 The diversity of biomass feedstocks also
makes continuous supply difficult.®

Low energy density is another barrier, mainly as a result of
high moisture and oxygen contents. Even if pre-treatment
improves biomass properties through energy densification, a
number of existing technical and economic challenges remain
unresolved. For example, depolymerization of lignin into
aromatic alcohols and further end products remains
problematic.6 In addition, bio-fuel cannot be compatible with
conventional fuels, mainly due to its sulfur and aromatic
content, auto ignition temperature, thermal stability, and
storage stability in the case of bio-jet fuel.

The complex structure and diversity in size of biomass, with
a length scale from 0.1 to 10 m, also limits the production of
bio-fuels and bio-chemicals from biomass.” The precise
characteristics of the biomass structure helps to determine its
conversion process,228 however, the detailed conversion
mechanisms are still unclear due to complex feedstock
structures. A description of the fundamental mechanisms of
biomass-to-biofuel/biochemical processes would be a
powerful tool in optimizing the process and providing
theoretical understanding.zzg’ 30, 231,232, 233 Despite approximate
descriptions of several key steps of the main thermochemical
processes (such as pyrolysis and gasification), there are still
insufficient satisfactorily-detailed explanations of conversion
pathways and kinetics.® Accurate structural descriptions of
biomass feedstocks and of interactions between constituents,

26 | Green Chemistry 2016, 00, 1-3

Green Chemistry

either based on molecular/atomic modeling or on
experiments, are needed, and would eventually contribute to
developing high-efficiency and low-cost conversions of
biomass into useful bioenergy. Other problems include the
tenacious and fibrous structure of biomass and its
heterogeneous composition, further complicating the
conversion process.

7.1.2 Complexity and instability of bio-oil

Bio-oil has considerable potential to replace current
petroleum fuels, due to its low cost of production. However, it
is typically low quality and complex, and there is still no
standard for bio-oil usage and distribution. The main
challenges lie in finding effective ways to scale up, reducing
production costs, and improving quality. In general, the
challenge for fast pyrolysis of biomass into bio-oil is still the
commercial upgrading of crude bio-oil into marketable
products, especially through the development of hydrogen-
lean or hydrogen-free technologies.z"'4 At the same time, since
bio-oil compositions vary with feedstock type, inorganic
content, and operating conditions, optimal process design
could make it possible to obtain a high-quality bio-oil.
Theoretically accurate characterization of the process, using
fundamental models, would be needed for this approach.234

Bio-oil produced using hydrothermal liquefaction is still
under development. High pressures pose challenges for scaling
up, and feedstock impurities are of critical concern, especially
when utilizing low quality feedstock, which often leads to
fouling and plugging problems, coke formation, and catalyst
deactivation. Another operating barrier is the feeding of
feedstock into a high pressure reactor: in addition to the
technical difficulties of scaling up, hydrothermal high pressures
involve high capital costs, because of the specific reactor and
separator requirements. Additionally, more that 15-20 wt%
solid loading is required to render commercial production
profitable. Otherwise, with low concentrations of solid loading,
high capital costs will create economic barriers."”

None of the bio-oil upgrading technologies are vyet
sufficiently mature to be commercialized. HDO, catalytic
cracking, and steam reforming are complex processes that
require high-performance reactors, and each possesses its own
difficulties. Bio-oil HDO is limited by the high cost of high-
pressure hydrogen, as hydrogen for treating biomass is even
more expensive than for hydro-treating of conventional
petroleum, because of the higher oxygen content in biomass
feedstock.® The availability of active surface hydrogen is crucial
for the HDO process, especially for the deoxygenation and
decarboxylation steps. HDO can be promoted if hydrogen is
largely produced from renewable sources, such as solar, wind,
or biomass.?® For example, there are promising attempts to
combine APR and HDO. APR produces hydrogen for the HDO
process from biomass-derived oxygenated compounds (e.g.
glycerol) in aqueous solution, at low temperatures, and in the
presence of platinum as a catalysts. In addition to the costs of
pressured hydrogen, the complex HDO equipment also incurs
extra costs, and catalyst deactivation and reactor clogging
remain significant challenges.59 The use of high pressures
(around 170 atm) and longer contact times can help to avoid
such problems, however, this further increases costs.”™ The
HDO process also suffers other limitations, including the large
amount of water produced during the HDO process, which is
an undesirable component of bio-oil.*®

This journal is © The Royal Society of Chemistry 20xx

Page 26 of 34



Page 27 of 34

Upgrading via catalytic cracking avoids the high cost of
pressurized H, used in HDO, providing both economic and
safety advantages. The challenge of catalytic cracking of bio-oil
is catalyst deactivation, mainly due to the large amount of
coke formed (8-25%) during the process,ls’ 50 although catalyst
deactivation could also be partially due to volatile components
blocking the active catalyst sites.®® Coke formation poisons
the catalyst because of the latter’s small pore size. When large
oxygenate compounds are produced, these cannot enter the
catalyst pores, and coke will therefore be formed on the
catalyst surface, leading to catalyst deactivation and a
decrease in hydrocarbon yield. It has been reported that acetic
acid is the main compound leading to coking. Sugars are not
the main cause, because they are thermally decomposed
before reaching the catalyst su rface.”® The problem of catalyst
deactivation due to coking is even more severe during bio-oil
steam reforming than for petroleum oil, due to the high
reactivity of bio-oil.

7.1.3 Syngas impurity

The main challenge for biomass gasification into bio-fuels
and bio-chemicals is the cleaning and processing of raw
syngas, for both technical and economic reasons. Process
design, including sorbent, filters, and heat exchangers, plays a
crucial role in future commercialization of bio-fuels and bio-
chemicals via gasification.10 For example, a lab-scale
experiment in Karlsruhe in Germany238 combined a sorption
stage at the head of the filter and a tar reforming stage at the
end of the filter. However, these concepts have not yet been
commercially applied.

Biomass gasification followed by the F-T process is still
limited by high capital costs’ and by the high contaminants of
crude syngas. Catalyst poisoning is also a major challenge
limiting commercialization. These difficulties could potentially
be overcome economically through the development of
reliable technologies or discoveries of new catalysts.M

The utilization of side products from biomass gasification,
which would improve process efficiency, remains another
t:hallenge;74 as it currently requires low-cost separation
technologies.

For an integrated biomass gasification cycle, biomass
production and processing (crushing, drying) comprise a large
share of total energy consumption (around 50% and 43%,
respectively).9 Biomass transportation consumes 4-16% of the
total energy. To reduce this cost, an option is to transport the
produced bio-oil instead of the low bulk density biomass
feedstock. To do this, bio-oil should be produced near the
crops and subsequently transported to a central plant. The
drawback of this option is that it is only cost effective for a
large generation plant (more than 20 PJ/year), with a
maximum 30% reduction.’

7.1.4 Challenges facing environmental evaluation

Challenges facing the environmental evaluation of biofuel
systems involve tackling the issue of iLUC, mainly through data
collection and indicator definition. Currently, although
consideration of iLUC is made in some analysis systems, a lack of a
uniform and widely-used model, and insufficient transparency
between different analysis approaches limits its utility.225
Moreover, the lack of a commonly accepted methodology capable
of comprehensively estimating the chosen environmental impacts
becomes another problem when considering the environmental
impact of the biofuel production process. 22
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Furthermore, when evaluating the environmental impact, most
cases are site-dependent, which will create more difficulties for
data collection and uniform modelling of data sets for holistic
evaluation. %

From perspective of policy, the impacts of iLUC should be
considered in the national reporting on GHG emissions, such as in
Renewable Energy Directive (RED) of the European Commission. 225

The uncertainties in the GHG emission calculation using the
existing methodology is a further challenge. This creates problems,
in that the evaluation results cannot be used directly for political
and economic decision-making. Uncertainty assessment can help to
address this issue to some extent, but sometimes it may compound
the problem by widening the range of uncertainties.”®

7.2 Future trends

7.2.1 Process integration

The integration and optimization of multi-state processes is
a feasible way of improving economic viability and overall
process efficiency. Examples include further conversion of
waxy materials into useful fuels via the F-T process,9 tar
separation from produced fuel, combined hydrogen
production and biomass gasification, steam reforming, the
water-gas-shift reaction, and H, separation and CO, capture.
The use of various sources of waste materials is helpful for
sustainable production and distribution of feedstock.
Moreover, energy efficiency and economic benefits can be
improved by combining targeted products with marketable by-
products. The latter can be heat, electricity, fuels, and
chemicals, depending on the process optimization, but with
the aim of maximizing value.®

Bio-refineries remain within the early stages of
development, due to high capital costs. Co-processing of
renewable lignocellulosic biomass using the infrastructure of
existing petroleum refineries provides a potential solution for
capital investment savings,235 with the additional benefits of
wider product choices, such as LPG, kerosene, or fuel oil,
rather than just gasoline and diesel.® Upgrading of bio-oil for
direct utilization in conventional equipment will also help to
improve the process. However, the high water® and oxygen
contents of crude bio-oil limits its application. Pre-processing
of bio-oil using HDO or hydrogenation is therefore normally
required to maintain a longer catalyst lifetime and to ensure
high quality of the final products.6

The concept of using small-scale bio-refineries to overcome
the high transportation cost of biomass feedstocks has been
proposed. However, this does not feasibly address the
problem of smaller capacities, as an increasing number of bio-
refineries will be needed for equable production. Satellite
storage locations have also been proposed, representing
temporary storage facilities for renewable biomass feedstock
before transportation to bio-refineries. A combination of both
small refineries and satellite storage locations has also been
proposed to minimize the transportation costs of
lignocellulosic biomass.®

However, process integration is not easy and requires
further research and development. Macroscopic integrated
simulations of the bio-fuel production process may provide a
way of describing biomass utilization, which could serve as a
bridge between theoretical modeling and the industrial world.

7.2.2 Catalyst regeneration
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Proper catalyst design can significantly assist in improving
desired products. This mainly depends on the catalyst
properties, such as their chemisorption rates and levels of
acidity. The use of catalyst promoters is a good option: for
example, K,CO; (potassium carbonate) can be used as a
catalyst promoter to significantly improve the alcohol vyield
from syngas when using molybdenum disulfide as catalyst.239
Similarly, the performance of Mo/HZSM-5 can be improved by
using catalyst promoters such as Ag, Al, Cu, Co, Fe, Ga, Pt, Ru,
W, Zn, and ™

Novel heterogeneous catalysts for the production of
second-generation bio-fuels, which differ from the
conventional catalysts used in the petroleum industry, still
need to be developed.6 Novel catalyst design should also
consider the interaction between different biomass
constituents and the influence of the mineral contents of
biomass.”> Some studies have proposed novel catalysts,
including a mixture of mesoporous, macroporous (Gamma-
Al,O3, CaO, and MCM-41), and microporous (LOSA-1) catalysts9
to avoid catalyst deactivation. Using these catalysts, large
oxygenate compounds can be cracked into small compounds,
such as olefins and aromatics. Acetic acid can be steam
reformed using a noble metal catalyst, such as Pt, Rh, and Pd
supported on Al,O3; and CeOz—Zrozl20

Several potential solutions can be explored to address the
issue of catalyst deactivation resulting from coke formation.
One option is to use a specific thermal pre-step to crack
coke.?® Similarly, a two-reactor system was specially
developed by Bakhshi et al.” to minimize coke formation and
extend catalyst lifetime. In this, a thermal reactor was used
first, followed by a catalytic reactor. During the thermal
reaction, there is a separation of bio-oil into light and heavy
organics. The heavy bio-oil feed is thermally cracked to avoid
catalyst deactivation in the second catalytic upgrading reactor.
Co-feeding of methanol (around 70 wt%) allows catalyst
activity to be maintained.’* Co-feeding of other model bio-oil
compounds, (acetic acid, hydroxyacetone, and phenol) can
also reduce coke formation and increase bio-oil conversion,
giving higher production yields. However, feeding of these bio-
oil compounds influences the reactivity of the catalyst. 6
Therefore, coke formation can also be avoided using aqueous-
phase reactants. However, these require high operating
temperatures. Instead of using water-containing reactants,
ionic liquids have also been proposed as reaction media. The
use of ionic liquid is a better option than water, as it leads to a
higher conversion of feedstock, especially of lignin-derived
phenols. In the case of lignin-derived bio-oil production,
Mo,C/CNF is a better catalyst choice than CoMo/Al,O; for the
production of oxygen-free products like benzene and toluene.

To solve the problem of catalyst deactivation during the
steam reforming process, it has been demonstrated that
fluidized bed reactors are preferable to fixed bed reactors, due
to catalyst stability associated with better steam-catalyst
contact.?’ Fixed bed reactors are not suitable for generating
hydrogen through bio-oil steam reforming, especially for
lignin-derived compounds, due to coke formation leading to
catalyst deactivation.” Catalyst regeneration during the steam
reforming process in a fixed bed requires 3-4 hours.?®
However, in a fluidized bed reactor, catalyst attrition is a
further problem that must be considered. A high ratio of
steam to carbon may be a good way of avoiding catalyst
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deactivation from coking; this should normally be greater than
7.

One possible means of decreasing catalyst deactivation is
to recycle a portion of the hydrogen generated from the steam
reforming process to hydrogenate the bio-oil and improve its
stability.20 The catalyst can then be regenerated by steam or
CO, gasification. Commercial nickel catalysts can be readily
regenerated within 20 min to 2 hours by steam or CO,
gasification after deactivation during reforming.59 Coke can
also be oxidized through continuous catalyst regeneration
after the catalytic cracking process. Despite this, some
technical issues still persist, such as poor control of the system
and high processing costs.”®

Moreover, it has been shown that a combination of HDO
and catalytic cracking to treat crude bio-oil, generating a
stream, would not poison the catalyst downstream.
Additionally, further upgrading can also be carried out in the
FCC, leading to better performance and a higher quality of final
hydrocarbon fuels.

7.2.3 Policy support

Bio-fuels can also be encouraged through governmental
policy support in the short-term (2020-2030). To meet the
10% mandatory bio-fuel target by 2020 without interfering
with other goals, it was determined that 3% should be
obtained from second-generation bio-fuels. To achieve this
target, the CO, cost needs to be set at €60/t CO,. ° However,
the carbon price remained stable at €10/t CO, in 2012.

In addition, modern carriers for transporting lignocellulosic
biomass from high production areas (Scandinavian countries)
to high fuel demand areas (Holland, Belgium, and North
Germany) will be very helpful for the use of second-generation
bio-fuels.® Market orientation of bio-fuel may also be another
direction in which to promote the development of second-
generation bio-fuels.

7.2.4 Future trends of environmental evaluation

The identification of common sustainability criteria is one way
in which the lack of common models can be addressed, allowing the
?fzsessment of different scenarios, and a reduction of uncertainties.

Process design and plant capacity design will be helpful for the
overall optimization of both economic cost and environmental
benefits. For example, various negative environmental impacts of
biofuel production can be eased by adjusting the design of system

S 1. 219222
components, such as through the use of recycled materials

8. Concluding remarks

Producing second-generation bio-fuels using lignocellulosic
biomass can represent a solution for biomass utilization in the
short-term.

Technical efforts toward this end should be invested in
each conversion pathway to enable their universal application.
Promising pathways for industrialization include fast pyrolysis
for bio-oil and gasification for syngas, with downstream
upgrading of the raw products. Technical barriers to the
conversion of lignocellulosic biomass into fuels via pyrolysis
include bio-oil upgrading, while barriers to gasification include
syngas purification.

In the case of bio-fuels and bio-chemicals produced from
bio-oil, a short-term goal may be to minimize the consumption
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of hydrogen, which is reliant on the development of active and
efficient catalysts that enable deoxygenation with minor or no
hydrogen requirements. With the same aim, hydrogen
generation processes can be combined with bio-oil generation
to upgrade bio-oil, providing a single promising pathway with
both environmental and economic benefits.

The essentials of thermochemical conversion of
lignocellulosic biomass involve trade-offs among technical,
economical, and environmental aspects. One trade-off exists
between high biofuel quality and low economic cost; another
one exists between low production costs and increased
environmental benefits, although the environmental benefits
of bio-fuels are still under debate.

The main focus of the short-term development of the
technologies of second-generation bio-fuels is still the
lowering of the production cost. To decrease the cost gap
between the biomass-derived and fossil-fuel derived products,
future development should be focused in two main directions,
namely, improving feedstock processing technologies to assure
sustainable and continuous provision of biomass feedstock,
and co-processing biomass-derived fuels within conventional
petroleum facilities. Furthermore, process integration, proper
catalyst design, and policy support would significantly facilitate
full commercialization of second-generation bio-fuels and
allied products in the near future.
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