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Preface

One of the key issues of sustainable industrial development is the conversion from fossil feedstocks to
renewable feedstocks in various sectors such as energy production, fuel production, chemical and related

industries.

Such a conversion is driven by several factors (fossil feedstock depletion, need of diversification of
feedstocks-fossil and renewable, abundance of renewable resources in many countries of the world, CO,
“neutrality” of renewable feedstocks, concerted potential development of both industry and agriculture,

new openings for green chemistry and related industries development, etc.

Obviously, there are several problems to be solved in the development of this sector. Among those, there
is a need of further development of suitable technologies including 2™ and 3™ generation of bio-fuels,
availability of feedstocks, uncertainty of bio-feedstocks supply and their prices, risk of misconception in
designing of bio-fuels strategies, etc. Therefore, further development and assessment of various

technological options and of various scenarios of bio-fuels exploitation is highly needed.

The International Centre of Science and High Technology of the United Nations Industrial Development
Organization (ICS-UNIDO) has been promoting a programme on the knowledge transfer and capacity

building to developing countries in selected priority sectors including the use of renewable resources.

Due to the importance of bio-feedstocks exploitation and bio-fuels production, especially as a potentially
important sector for developing countries, UNIDO has recently elaborated “UNIDO Bio-fuels Strategy”.
In synergy with this effort, ICS-UNIDO has been implementing a technical expertise programme on bio-
fuel production technologies, focusing on the survey and assessment of technologies, especially those

belonging to 2™ and 3™ generation technologies.

The present publication provides a survey of current technologies for the production of bio-fuels and bio-
based products, and briefly describes various feedstocks and indicates also trends of further development
toward bio-refineries and integrated production of a variety of products (bio-fuels, chemicals, materials,

...) in a sustainable way.

The final part is dedicated to the assessment of various technologies and their comparison together with a
brief description of the concept of decision support tools for technology assessment and preparation of

various scenarios for bio-feedstocks exploitation.
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The present publication can be used as a technical guideline and expertise document in the preparation,
development and implementation of various initiatives with specific focus on UNIDO initiatives in

developing countries.

We also enclosed in the Annex a preliminary survey of selected initiatives and programmes in this sector
in various parts of the world. In the present version this is limited to bio-diesel issues, however this part is
being further developed to cover other bio-fuels and bio-based products as well as to offer a more

comprehensive survey in other countries with the focus on developing countries.

This document has been prepared within the ICS-UNIDO Work Programme 2006-2007 in the Area of
Pure and Applied Chemistry by experts and fellows of ICS-UNIDO in tight cooperation with a group of
experts of the Institute for Energy and Environment of Leipzig, Germany, who agreed to participate in

this ICS-UNIDO initiative.

Therefore the valuable expertise contribution of Sivasamy Arumugam, Paolo Fornasiero, Sergei Zinoviev

as well as of Franziska Mueller-Langer, A. Vogel and Daniela Thraen is appreciated.
We are aware that this working document could contain possible errors, therefore we would appreciate if
readers could give us such indications or further suggestions, which will be taken into account when
preparing next version of this document.
Stanislav Miertus
Area Chief

Pure & Applied Chemistry, ICS-UNIDO

Trieste, 28 June 2007
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Part 1. Introduction

Biomass

Biomass refers to material of biological origin excluding material embedded in geological
formations and transformed to fossil. Biomass can directly or indirectly be converted to biofuels
which can be of solid, liquid or gaseous forms. Major sources of biomass for energy purposes are
various types of woody and herbaceous biomass, biomass from fruits and seeds (e.g. energy
crops) as well as biomass mixtures like animal or horticultural by products etc. Within these
products solar energy directly or indirectly (in terms of biomass of animal by-products) by the
process of photosynthesis is stored which enables the plants to produce biomass. Biomass is
available in abundance and is cheap and its better utilization is to convert it to energy rich

products using suitable processes.

Biomass has been the most important energy source for humans since the discovery of fire, and
today it is still the main source for almost half of the world’s population. The need to increase

the use of renewable energy is fundamental to make the world energy matrix more sustainable.

The total use of biomass energy is inherently difficult to measure, especially because much of it
does not involve commercial transactions. Globally, the primary energy use of biomass in 2000
was about 52 EJ. Of this total, roughly 45 EJ was consumed as traditional household fuel in
developing countries, with some of this converted to charcoal for urban and industrial uses. This
is why biomass is only a small percentage of primary energy in industrialized countries but is 42
% of primary energy in India and up to 90% in the world’s poorest countries in Africa and Asia.
Modern uses of biomass comprise the remaining 7 EJ, mostly in the production of electricity and
steam in industrialized and developing countries, such as in the pulp and paper industry, but also

in some production of biofuels, as with ethanol in Brazil.

Combustion to produce thermal energy is the traditional way of using biomass, which is what
humans have been doing since they discovered fire. The positive benefits of wood combustion to
human well-being and longevity were undoubtedly enormous, but there were also costs.
Archaeologists tell that cave walls of our ancestors were coated with residues from the thick
smoke that would have filled the air and clogged the lungs of cave dwellers. Smoke-filled
interior spaces are still the norm for the one third of humanity that continues to rely on wood as
its primary energy source, and the particulates and noxious fumes from cooking with open fires

and inefficient and poorly ventilated stoves fuelled by wood and crop residues have substantial
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health impacts. The transition in developing regions of the world from traditional technologies
using biomass to more efficient technologies using fossil fuels (propane, butane) results in a

dramatic improvement in indoor air quality and increased life expectancy.

Biomass to energy conversion technologies

Advanced technologies are now under development to convert biomass into various forms of
secondary energy including electricity, gaseous and liquid biofuels, and even hydrogen. The
purpose of biomass conversion is to provide fuels with clearly defined fuel characteristics that
meet given fuel quality standards. To ensure that these fuel quality standards are met and these
biomass based fuels can be used with a high efficiency in conversion devices (like engines,
turbines) upgrading is needed. In general, there are various options to produce alternative
transportation fuels based on biomass. Biogenous energy sources can be converted by means of
highly different supply chains into gaseous and liquid biofuels that can be used for transportation
purposes. This treatment leads to an upgrading of energy sources in terms of one or more
properties named as follows:

*  Energy density,

* Handling,

*  Storage and transport,

*  Environmental compatibility,

*  Utilising of by-products and residues.

Depending on the conversion of biomass in principal three main pathways come into
consideration (Scheme 1.1): (i) the thermo-chemical pathway, (ii)the physical-chemical
conversion pathway, (iii) the bio-chemical conversion pathway. Those processes provide
biofuels in the form of solids (mainly charcoal), liquids (mainly biodiesel and alcohols), or
gases (mainly mixtures with methane or carbon monoxide), which can be used for a wide range
of applications, including transport and high-temperature industrial processes. These pathways

are introduced as follows.
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Scheme 1.1. Basic pathways for the provision of final energy derived from biomass

Biofuels types and generations
Biofuel is any fuel that is derived from biomass, recently living organisms or their metabolic
byproducts, such as manure from cows. It is a renewable energy source, unlike other natural

resources such as petroleum, coal and nuclear fuels.

Biofuels can be grouped in 'generations', according to the type of technology they rely on and the
biomass feedstocks they convert into fuel. The principal biofuels of the first and second

generations, including respective feedstocks and production technologies are presented in Table

I.1.

Table 1.1. Overview of biofuels of the first and second generation and their related feedstock and

conversion processes
Generic name  Chemical composition Feedstocks Technology
Vegetable oil Straight Vegetable Oil  Oil crops (e.g. rape, Cold/hot pressing,
§ (SVO) — triglycerides palm, soya, jatropha, solvent extraction, and
S of fatty acids etc.) purification
)
N
S  Biodiesel Fatty acid methyl esters SVO, waste oil, and Ibid. and
. (FAME) animal fats transesterification
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Bioethanol Ethanol Sugar crops (sugar Extraction, hydrolysis (in
beet, sugarcane) and the case of starch),
starch crops (corn, fermentation of sugars
wheat)

Bio-ETBE Ethyl-tert-butyl ether Bio-ethanol, isobutene  Catalytic synthesis

Advanced Hydrocarbons Cf. biodiesel Hydrocracking

~ biodiesel

kN

Ex Biomethane Methane Wet biomass Anaerobic digestion,
conditioning/cleaning

Biooil Oxygenated Any biomass Flash pyrolysis or

hydrocarbons and tar hydrothermal upgrading

Bio-syngas CO, H,, with impurities  Ibid. Gasification or pyrolysis

of CO,, methane, etc.

Bio-SNG Synthetic (substitute) Bio-syngas Upgrading, catalytic

natural gas — methane synthesis

FT diesel Hydrocarbons Ibid. Ibid.

Biomethanol Methanol Ibid. Ibid.

S

2

§ Biohydrogen Hydrogen Ibid. Water gas shift reaction
% (WGSR), purification
80

kS Bio-DME Dimethylether Bio-methanol Catalytic synthesis

Bio-MTBE Methyl-tert-butyl ether  Ibid. and isobutene Catalytic synthesis

Cellulosic Ethanol Cellulose and Fractionation, hydrolysis,

bioethanol hemicellulose (woody  fermentation
or herbaceous crops)

Biobutanol Butanol Ibid. Ibid.

HTU diesel Hydrocarbons Wet biomass Hydrothermal upgrading

First Generation Biofuels

and hydroprocessing

First (1*)-generation biofuels are biofuels which are produced from food crops (sugar or oil
crops) and other food based feedstock (e.g. food waste). These biofuels are on the market in
considerable amounts today and their production technologies are well established. The most

important biofuels of the 1%-generation are bioethanol, biodiesel, and biogas.

Bioethanol is produced by fermenting sugars from starch and sugar biomass (e.g. cereal crops

such as corn or maize and sugarcane). It can be used in pure form in specially adapted vehicles
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or blended with gasoline in any proportion up to 10% (US), provided that fuel specifications are

met.

Ethyl-tertiary-butyl-ether (ETBE) is synthesized from bioethanol and isobutylene. It can be

blended with gasoline in any proportion up to 15%. It is currently the biggest biofuel contributor

in Europe.

Biodiesel (FAME) is made from vegetable oils of rapeseed, soya, palm fruits or other oil crops
via the reaction of triglycerides with methanol and alkali or acid (transesterification process). It
can be used in pure form in specially adapted vehicles or be blended with automotive diesel in

any proportion up to 5% (up to 30% for captive fleets).

Biogas is obtained by anaerobic treatment of manure and other humid biomass materials (e.g. in
landfills), including food waste, and then upgraded to biomethane that can be feed-in into the
natural gas grid and e.g. used in natural gas vehicles. There is a discussion whether to refer to
biogas as to the first or the second generation, because it can be produced from a variety of
biomass and not only from food crops. However, in view of the maturity and wide use of the
technology of its production, in this paper biogas is considered within the first generation, which

is also an opinion shared by many experts in the field.

For these types of fuels, only easily extractible parts of plants are used, such as starch-rich corn
kernels, grains or the sugar in canes or oilseeds are used. Remaining by-products, such as press
cake from vegetable oil production, glycerine from biodiesel production or DDGS (Dried
Distillers Grains with Solubles) from bioethanol based on starch, are typically used for fodder or
chemical purposes. Integrated concepts that are in R&D stage include the energetic use of by-

products (e.g. for process energy provision).

The production of 1*-generation biofuels is commercial today, with almost 50 billion litres
(approx. 39.5 million t) of bioethanol and 5.4 million t of biodiesel produced worldwide in 2006.
The production capacity of ETBE plants in Europe was approx. 2.3 million t in 2005.

Second Generation Biofuels
Different from the 1™ generation the so called second (2nd) or ‘next’ generation of future biofuels
can be produced from wider range of feedstocks, which are represented mainly by non-food

crops. For example, the whole plant biomass can be used or waste streams that are rich in lignin
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and cellulose, such as wheat straw, grass, or wood. In order to breakdown this biomass, two main
conversion pathways come into consideration: 1) hydrolysis (can be done via chemical and bio-
chemical pathways) of ligno-cellulose into sugars, which can then be fermented into alcohol -

this technology is best known as 'cellulosic bioethanol' and is still in development; 2) thermo-

chemical processes (use of high temperatures to pyrolyse or gasify biomass) of lignocelluloses to
a raw gas or oil. The resulting gas is then treated and conditioned into synthesis gas (syngas),
consisting mainly of carbon monoxide and hydrogen. This gas can further be processed into
different types of liquid and gaseous fuels via different fuel syntheses. Fuels from this route are
then called 'synthetic biofuels'. Most promising liquid synthetic biofuels, also called BtL:

biomass-to-liquids, are biomethanol and Fischer-Tropsch fuels. Gaseous synthetic biofuels are

e.g. dimethylether (DME) and Bio-SNG, which is also a form of biomethane and can be

similarly used as natural gas substitute like biogas. Alternatively, the cleaned and conditioned
product gas can be converted into hydrogen. Bio-oil obtained from biomass via pyrolysis or
hydrothermal treatment can also be converted into high quality liquid fuels by deoxygenation
(e.g. HTU diesel).

Third Generation Biofuels

Third generation biofuels rely on biotechnological interventions in the feedstocks themselves.
Plants are engineered in such a way that the structural building blocks of their cells (lignin,
cellulose, hemicellulose), can be managed according to a specific task they are required to
perform. For example, plant scientists are working on developing trees that grow normally, but
that can be triggered to change the strength of the cell walls so that breaking them down to
release sugars is easier. In third generation biofuels, a synergy between this kind of interventions
and processing steps is then created: plants with special properties are broken down by
functionally engineered enzymes. Notably, this latter generation of biofuels is only gradually

being explored.
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Part 2. First generation of biofuels

Biodiesel from vegetable oils

The first generation biodiesel is usually referred to as the mixture if fatty acid methyl esters
(FAME) produced from vegetable oils and animal fats via their transesterification reaction.
Several production methodologies are available, which employ the use of homogeneous,
heterogeneous, or bio-catalysts. The mostly used commercial technology for biodiesel
production is the transesterification reaction of the triglyceride of the fatty acid with methanol
under the basic conditions (e.g. sodium hydroxide as the catalyst) to yield the methyl ester of the

fatty acid (biodiesel).

In addition, other types of biofuels can be produced from vegetable oils and fats. Such include,
fur example, direct use of straight vegetable oils (SVO) as fuels. This application is less common
and is not considered promising due to inferior properties of SVO with respect to the diesel fuels.
In addition to the commonly used FAME diesel, a biodiesel can be obtained from vegetable oils
via their hydrocracking. Such a diesel is mainly composed of alkanes and is similar to petroleum
diesel or the next generation FT diesel. However, since it is obtained from the food crops (oil) it
is, however, considered as the first generation of biodiesel. Its production technology is less
developed but is believed by some to be in the next future a competitive option to the FAME

diesel.

Feedstocks for first generation of biodiesel basically include vegetable oil obtained from oil
(energy) crops, as well as recycled oil, animal fats, algae, etc. Different feedstocks may require
different conditions of treatment and different pretreatment technology to be adopted,

consecutively, the cost and complexity of the process and the quality of the product can vary.

This chapter is dedicated to the issues related to the production technologies for biodiesel of the
first generation, including biodiesel produced by vegetable oil hydrocracking. The use of straight
vegetable oils (SVO) as fuels, directly or as blends, is also described. Production of other types
of biodiesel, e.g. second generation synthetic biodiesel from bio-SNG (synthetic natural gas),

will be considered in the next chapters.

FAME production technology
Generally speaking, there are three basic ways for the production of methyl esters from oils and

fats:
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e Base catalysed transesterification of the oil (triglycerides) with methanol;
e Direct acid catalyzed esterification of the free fatty acids (FFA) with methanol;

e Conversion of the oil to FFA followed their esterification as described above.

The majority of the methyl esters are produced using the base catalyzed reaction because it is the
most economic for several reasons:

e low temperature and pressure;

e high yields and short reaction times;

e direct conversion process.

e Simple in operation and environmentally benign.

Transesterification can be defined as the process of reacting a triglyceride (oil) with an alcohol
(e.g., methanol or ethanol) in the presence of a catalyst, such as sodium hydroxide or potassium
hydroxide, to chemically break the molecule of the oil into methyl or ethyl esters. Glycerol, also
known as glycerine, is the by-product of this reaction. The process is similar to hydrolysis,
except than alcohol is used instead of water. The general scheme of the transesterification

reaction is shown in scheme 2.1.

OCOR? OH + R'COOCH,

N
N

H,C H,C
catalyst

CH—OCOR? +3CH;OH ——> CH—OH + R2COOCH,

O~
~_

H, H2C\
OCOR3 OH + R3COOCH,
triglyceride methanol glycerol fatty acid methyl esters

Scheme 2.1. Transesterification reaction

Transesterification consists of a number of consecutive, reversible reactions. Diglycerides and
monoglycerides are the intermediates in this process. The triglyceride is converted stepwise to
diglyceride, monoglyceride and finally glycerol. The reactions are reversible, although the
equilibrium lies towards the production of fatty acid esters and glycerol. A little excess of
alcohol is used to shift the equilibrium towards the formation of esters. In presence of excess
alcohol, the foreword reaction is pseudo-first order and the reverse reaction is found to be second

order. It was also observed that transesterification is faster when catalyzed by alkali.
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The mechanism of alkali-catalyzed transesterification as described in more detail in scheme 2.2
was formulated as three steps. The first step involves the attack of the alkoxide ion to the
carbonyl carbon of the triglyceride molecule, which results in the formation of a tetrahedral
intermediate. The reaction of this intermediate with an alcohol produces the alkoxide ion in the
second step. In the last step the rearrangement of the tetrahedral intermediate gives rise to an

ester and a diglyceride (Schwab, 1987).

Pre-step OH + ROH RO+ H,0
or NaOR RO + Nat
Step. 1. -
P ) 7
R’ {[ + RO —= R'—C— OR
|
OR" OR"
Step. 2. -
P ? 0
|
R—C—OR + ROH=—=  R—C—0R + RO
| by +
Le R'"OH
Step. 3.
o

R—C—O0OR : R'COOR + R"OH
|
R'OH*

Where R" = (H,
| H —OCOR’
CH, —OCOR’
R = Carbon chain of fatty acid
R = Alkyl group of aleohol

Scheme 2.2. Mechanism of base catalyzed transesterification (Ma, 1999a)

Transesterification can also be catalyzed by Brownsted acids, preferably by sulfonic and sulfuric
acids. These catalysts give very high yields in alkyl esters but these reactions are slow, requiring
typically temperature above 100 °C and more than 3 h to complete the conversion (Schuchardt,
1998). The mechanism of acid catalyzed transesterification of vegetable oil (for a

monoglyceride) is shown in Scheme 2.3.
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Scheme 2.3. Mechanism of acid catalyzed trasesterification

The protonation of carbonyl group of the ester leads to the carbocation, which after a
nucleophilic attack of the alcohol produces a tetrahedral intermediate. This intermediate
eliminates glycerol to form a new ester and to regenerate the catalyst. This mechanism can be

extended to di- and tri-glycerides.

The process of transesterification is affected by various factors depending upon the reaction
condition used. The effects of these factors are described below. The most relevant variables are:
the reaction temperature, the ratio of alcohol to vegetable oil, the amount and the type of catalyst,

the mixing intensity and the raw oils used.

Transesterification process technological arrangement

In scheme 2.4 the basic transesterification process flows are presented. Critical quality
parameters of the process are:

e Complete reaction.

e Removal of glycerol.

e Removal of catalyst.

e Removal of alcohol.

e Absence of free fatty acids.

e Low sulphur content.



Methanol Qils & Fats
{Multi-Feedstock)

Transesterification

Purification

Scheme 2.4. Flowchart of the esterification process

The standards ensure that these factors in the fuel production process are satisfied. Basic
industrial tests to determine whether the products conform to the standards typically include gas
chromatography, a test that verifies only the more important of the variables above. More
complete tests are more expensive. Fuel meeting the quality standards is very non-toxic, with a

toxicity rating of greater than 50 mL/kg.

As illustrated in the Scheme 2.3, a typical supply chain includes the production of vegetable oils
or provision of other feedstocks. The extracted and purified oils/fats than undergo the conversion
to biodiesel in the production plant. The product, after purification steps is distributed to the end

user.
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Scheme 2.3. Feedstock supply and biodiesel production and distribution

Feedstock issues

The kind and quality of feedstock is the decisive factor according the technical design of a
transesterification plant respectively on the corresponding material and energy flows, which are
not only indicators of technical efficiency, but also affect the economic efficiency of biodiesel
production. The most relevant feedstock parameters and their relevance for the production

process and biodiesel use are in table 2.1.

Table 2.1. Feedstock parameters and their relevance for biodiesel production and use (IEE,

2006)

Parameter

Characterization

Relevance for the biodiesel
production and use

Free fatty acids
(FFA)

significant measure of feedstock
quality, indicator for the level of
hydrolysis; FFA of native unrefined
oils and fats can be above 20.0,
refined oils/fats have FFA up to 1.0

influence degree of required
processing (e.g. catalyst demand)
and biodiesel quality (primarily cold
flow properties)

Total
contamination

proportion of unresolved impurities
(particles) in the oils/fats; mainly
affected by the oil production
procedure

relevant to glycerin quality and
unwanted glycerin caking within the
process; High total contaminations
lead to clogging the fuel filters and
increase the danger of damage to the
injection pump and to injection
nozzles as well as of deposits in the
combustion chamber.

Water content

mainly affected by the moisture of
the seeds and refined oils/fats; with

at high temperatures water can
hydrolyze the triglycerides to
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all oils/fats the water content can
rise through storage and transport

diglycerides and form free fatty
acids; relevant for disturbing the
transesterification by catalysts loss
and unwanted soap production

Cinematic physical-mechanical characteristic,  influenced by the temperature, fatty

viscosity depending of specific melting point  acid profile and oil-aging degrees,
whereas the kind of the oil
production procedure does not affect
viscosity

Cold flow strongly affected by temperature; cloud point (CP) and the cold filter

properties saturated fatty compounds with a plugging point (CFPP) or pour point

significantly higher melting points
than unsaturated fatty compounds

(PP) for fuels not suitable to
describe cold flow properties of
oils/fats, since the transition of the
liquid to the solid phase can not be
definite.

Todine number

indicator for double bindings in the
molecular structure of oils/fats. the
higher the iodine value, the more
unsaturation acids are present in the
oils/fats

high iodine number in oils/fats for
less age resisting than oils/fats with
high degree of saturation; informs
about the tendency of deposits in the
combustion chamber and at
injection nozzles.

Phosphorus present in vegetable oils in the form  decreasing oxidation stability with
content of phospholipids; depends on rising portion of phospholipids; high
refining grad of oils/fats (influenced amounts of phospholipids leading to
by oil production process) disturbances with technical
processes (e.g. blockages of filters
and injection nozzles); avoidance of
phosphorus compounds in waste
water
Oxidation stability ~value, which describes the aging oxidation and polymerization

condition and the shelf-life of
oils/fats

procedures during fuel storage,
which can lead to formation of
insoluble compounds and thus cause
e.g. filter blockage

By-products issues

An important aspect is that related with glycerol, the principal by-product of this process. It
occurs in vegetable oils at a level of approximately 10 % by weight. Crude glycerol possesses
very low value because of the impurities. However, as the demand and production of biodiesel
grows, the quantity of crude glycerol generated will be considerable, and the utilization of it will
become an urgent topic. Refining of the crude glycerol will depend on the economy of

production scale and/or the availability of a glycerol purification facility. It is generally treated
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and refined through filtration, chemical additions and fractional vacuum distillation to yield
various commercial grades. Small to moderate scale producers who cannot justify the high cost

of purification find crude glycerol utilization or disposal to be a problem.

Larger scale biodiesel producers refine their crude glycerol and move it markets in the food,
pharmaceutical and cosmetic industries. Moreover glycerol can be burn as a fuel. Another
alternative is to etherify glycerol with either alcohols (e.g. methanol or ethanol) or alkenes (e.g.
isobutene) and produce branched oxygen-containing components, which could have properties
for use in fuel or solvents. An advantage of using glycerol in fuel is that, as a biocomponent, it

could be included in the renewables category (Karinen, 2006).

Effect of free fatty acid and moisture

The free fatty acid and moisture content are key parameters for determining the viability of the
vegetable oil transesterification process. To carry the base catalyzed reaction to completion; an
free fatty acid (FFA) value lower than 3% is needed. The higher the acidity of the oil, smaller is
the conversion efficiency. Both, excess as well as insufficient amount of catalyst may cause soap

formation (Dorado, 2002).

Ma et al. (Ma, 1998) studied the transesterification of beef tallow catalyzed by NaOH in
presence of free fatty acids and water. Without adding FFA and water, the apparent yield of beef
tallow methyl esters (BTME) was highest. When 0.6% of FFA was added, the apparent yield of
BTME reached the lowest, less than 5%, with any level of water added.

The products were solid at room temperature, similar to the original beef tallow. When 0.9% of
water was added, without addition of FFA, the apparent yield was about 17%. If the low qualities
of beef tallow or vegetable oil with high FFA are used to make biodiesel fuel, they must be
refined by saponification using NaOH solution to remove free fatty acids. Conversely, the acid

catalyzed process can also be used for esterification of these free fatty acids.

The starting materials used for base catalyzed alcoholysis should meet certain specifications. The
triglycerides should have lower acid value and all material should be substantially anhydrous.
The addition of more sodium hydroxide catalyst compensates for higher acidity, but the resulting
soap causes an increase in viscosity or formation of gels that interferes in the reaction as well as
with separation of glycerol (Freedman, 1984). When the reaction conditions do not meet the

above requirements, ester yields are significantly reduced. The methoxide and hydroxide of
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sodium or potassium should be maintained in anhydrous state. Prolonged contact with air will
diminish the effectiveness of these catalysts through interaction with moisture and carbon

dioxide.

Most of the biodiesel is currently made from edible oils by using methanol and alkaline catalyst.
However, there are large amounts of low cost oils and fats that could be converted to biodiesel.
The problems with processing these low cost oils and fats are that they often contain large
amounts of free fatty acids that cannot be converted to biodiesel using alkaline catalyst.
Therefore, two-step esterification process is required for these feed stocks. Initially the FFA of
these can be converted to fatty acid methyl esters by an acid catalyzed pretreatment and in the
second step transesterification is completed by using alkaline catalyst to complete the reaction
(Canakci, 2001). Initial process development was performed with synthetic mixture containing
20 and 40% free fatty acid prepared by using palmitic acid. Process parameters such as molar
ratio of alcohol to oil, type of alcohol, amount of acid catalyst, reaction time, free fatty acid level
were investigated to determine the best strategy for converting the free fatty acids to usable
esters. The work showed that the acid level of the high free fatty acids feed stocks could be
reduced to less than 1% with a two step pretreatment reaction. The reaction mixture was allowed
to settle between steps so that the water containing phase could be removed. The two-step
pretreatment reaction was demonstrated with actual feedstocks, including yellow grease with
12% free fatty acid and brown grease with 33% free fatty acids. After reducing the acid levels of
these feedstocks to less than 1%, the transesterification reaction was completed with an alkaline
catalyst to produce fuel grade biodiesel. Turck et al. (Turck, 2002) have investigated the negative
influence of base catalyzed transesterification of triglycerides containing substantial amount of
free fatty acid. Free fatty acids react with the basic catalyst added for the reaction and give rise to
soap, as a result of which, one part of the catalyst is neutralized and is therefore no longer
available for transesterification. These high FFA content oils/fats are processed with an
immiscible basic glycerol phase so as to neutralize the free fatty acids and cause them to pass
over into the glycerol phase by means of monovalent alcohols. The triglycerides are subjected to
transesterification, using a base as catalyst, to form fatty acid alkyl esters, characterized in that
after its separation; the basic glycerol phase produced during transesterification of the
triglycerides is used for processing the oils/fats for removal of free fatty acids. The minimum
amount of catalyst required for this process was calculated, relative to 1000 g of the oil to be

processed, as a function of the acid value and the mean molar mass of the oil/fat.
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Catalyst type and concentration
Catalysts used for the transesterification of triglycerides are classified as alkali, acid, enzyme or
heterogeneous catalysts, among which alkali catalysts like sodium hydroxide, sodium methoxide,
potassium hydroxide, potassium methoxide are more effective (Ma, 1999a). If the oil has high
free fatty acid content and more water, acid catalyzed transesterification is suitable. The acids
could be sulfuric acid, phosphoric acid, hydrochloric acid or organic sulfonic acid. Methanolysis

of beef tallow was studied with catalysts NaOH and NaOMe.

Comparing the two catalysts, NaOH was significantly better than NaOMe (Ma, 1998). The
catalysts NaOH and NaOMe reached their maximum activity at 0.3% and 0.5% w/w of the beef
tallow, respectively. Sodium methoxide causes formation of several by-products mainly sodium
salts, which are to be treated as waste. In addition, high quality oil is required with this catalyst
(Ahn, 1995). This was different from the previous reports (Freedman, 1984) in which ester
conversion at the 6:1 molar ratio of alcohol/oil for 1% NaOH and 0.5% NaOMe were almost the
same after 60 min. Part of the difference may be attributed to the differences in the reaction

system used.

As a catalyst in the process of alkaline methanolysis, mostly sodium hydroxide or potassium
hydroxide have been used, both in concentration from 0.4 to 2% w/w of oil. Refined and crude
oils with 1% either sodium hydroxide or potassium hydroxide catalyst resulted successful
conversion. Methanolysis of soybean oil with the catalyst 1% potassium hydroxide has given the

best yields and viscosities of the esters (Tomasevic, 2003).

Attempts have been made to use basic alkaline-earth metal compounds in the transesterification
of rapeseed oil for production of fatty acid methyl esters. The reaction proceeds if methoxide
ions are present in the reaction medium. The alkaline-earth metal hydroxides, alkoxides and
oxides catalyzed reaction proceeds slowly as the reaction mixture constitutes a three-phase
system oil-methanol-catalyst, which for diffusion reason inhibits the reaction (Gryglewicz,
1999). The catalytic activity of magnesium oxide, calcium hydroxide, calcium oxide, calcium
methoxide, barium hydroxide, and for comparison, sodium hydroxide during the
transesterification of rapeseed oil was investigated. Sodium hydroxide exhibited the highest
catalytic activity in this process. The degree to which the substrates were reacted reached 85%
after 30 min of the process and 95% after 1.5 h, which represented a close value to the
equilibrium. Barium hydroxide was slightly less active with a conversion of 75% after 30 min.

Calcium methoxide was medially active. The degree to which the substrates were reacted was
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55% after 30 min. Eighty percents after 1 h and state of reaction equilibrium (93%) was reached
after 2.5 h. The rate of reaction was slowest when catalyzed by CaO. Magnesium oxide and
calcium hydroxide showed no catalytic activity in rapeseed oil methanolysis. Acid catalyzed
transesterification was studied with waste vegetable oil. The reaction was conducted at four
different catalyst concentrations, 0.5, 1.0, 1.5 and 2.25 M HCI in presence of 100% excess
alcohol and the result was compared with 2.25 M H,SO, and the decrease in viscosity was
observed. H,SO4 has superior catalytic activity in the range of 1.5-2.25 M concentration

(Mohamad, 2002).

Although chemical transesterification using an alkaline catalysis process gives high conversion
levels of triglycerides to their corresponding methyl esters in short reaction times, the reaction
has several drawbacks: it is energy intensive, recovery of glycerol is difficult, the acidic or
alkaline catalyst has to be removed from the product, alkaline waste water require treatment, and

free fatty acid and water interfere the reaction.

Enzymatic catalysts like lipases are able to effectively catalyze the transesterification of
triglycerides in either aqueous or non-aqueous systems, which can overcome the problems
mentioned above (Fuduka, 2001). In particular, the by-products, glycerol can be easily removed
without any complex process, and also that free fatty acids contained in waste oils and fats can
be completely converted to alkyl esters. On the other hand, in general the production cost of a
lipase catalyst is significantly greater than that of an alkaline one. Table 2.2 summarizes the

differences between the various technologies used to produce biodiesel.

Table 2.2. Comparison of the different technologies to produce biodiesel

Variable Alkali catalysis Lipase catalysis Supercritical Acid catalysis
alcohol
Reaction T(°C) 60-70 30-40 239-385 55-80
FFA in raw Saponified Methyl esters Esters Esters
material products
H,O in raw Interference with No influence Interference with
materials reaction reaction
Yields of Normal Higher Good Normal
methyl esters
Recovery of Difficult Easy Difficult
glycerol
Purification of Repeated washing  None Repeated washing
methyl esters
Production cost of  Cheap Relatively Medium Cheap
catalyst expensive
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Molar ratio of alcohol to oil and type of alcohol

One of the most important variables affecting the yield of ester is the molar ratio of alcohol to
triglyceride. The stoichiometric ratio for transesterification requires three moles of alcohol and
one mole of triglyceride to yield three moles of fatty acid alkyl esters and one mole of glycerol.
However, transesterification is an equilibrium reaction in which a large excess of alcohol is
required to drive the reaction to the right. For maximum conversion to the ester, a molar ratio of
6:1 should be used. The molar ratio has no effect on acid, peroxide, saponification and iodine
value of methyl esters (Tomasevic, 2003). However, the high molar ratio of alcohol to vegetable
oil interferes with the separation of glycerin because there is an increase in solubility. When
glycerin remains in solution, it helps drive the equilibrium to back to the left, lowering the yield

of esters.

The base catalyzed formation of ethyl ester is difficult compared to the formation of methyl
esters. Specifically the formation of stable emulsion during ethanolysis is a problem. Methanol
and ethanol are not miscible with triglycerides at ambient temperature, and the reaction mixtures
are usually mechanically stirred to enhance mass transfer. During the course of reaction,
emulsions usually form. With methanol these emulsions quickly and easily break down to form a
lower glycerol rich layer and upper methyl ester rich layer. Instead with ethanol these emulsions
are more stable and severely complicate the separation and purification of esters (Zhou, 2003).
The emulsions are caused in part by formation of the intermediates monoglycerides and
diglycerides, which have both polar hydroxyl groups and non-polar hydrocarbon chains. These
intermediates are strongsurface active agents. In the process of alcoholysis, the catalyst, either
sodium hydroxide or potassium hydroxide is dissolved in polar alcohol phase, in which
triglycerides must transfer in order to react. The reaction is initially mass-transfer controlled and
does not conform to expected homogeneous kinetics. When the concentrations of these
intermediates reach a critical level, emulsions form. The larger non-polar group in ethanol,
relative to methanol, is assumed to be the critical factor in stabilizing the emulsions. However,
the concentrations of mono- and di-glycerides are very low, and then the emulsions become
unstable. This emphasizes the necessity for the reaction to be as complete as possible, thereby

reducing the concentrations of mono- and di-glycerides.

Effect of reaction time and temperature
The conversion rate increases with reaction time. Freedman et al. (Freedman, 1984)
transesterified peanut, cotton-seed, sunflower and soybean oil under the condition of methanol—

oil molar ratio 6:1, 0.5% sodium methoxide catalyst and 60 °C. An approximate yield of 80%
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was observed after 1 min for soybean and sunflower oils. After 1 h, the conversion was almost
the same for all four oils (93-98%). Ma et al. (Ma, 1999b) studied the effect of reaction time on
transesterification of beef tallow with methanol. The reaction was very slow during the first
minute due to mixing and dispersion of methanol into beef tallow. From one to 5 min, the
reaction proceeds very fast. The production of beef tallow methyl esters reached the maximum

value at about 15 min.

Transesterification can occur at different temperatures, depending on the oil used. For the
transesterification of refined oil with methanol (6:1) and 1% NaOH, the reaction was studied
with three different temperatures (Ma, 1999a). After 0.1 h, ester yields were 94, 87 and 64% for
60, 45 and 32 °C, respectively. After 1 h, ester formation was identical for 60 and 45 °C runs and
only slightly lower for the 32 °C run. Temperature clearly influenced the reaction rate and yield

of esters (Ma, 1999a).

Mixing intensity

Mixing is very important in the transesterification reaction, as oils or fats are immiscible with
sodium hydroxide—methanol solution. Once the two phases are mixed and the reaction is started,
stirring is no longer needed. Initially the effect of mixing on transesterification of beef tallow
was study by Ma et al. (Ma, 1990b). No reaction was observed without mixing and when NaOH—
MeOH was added to the melted beef tallow in the reactor while stirring, stirring speed was
insignificant. Reaction time was the controlling factor in determining the yield of methyl esters.
This suggested that the stirring speeds investigated exceeded the threshold requirement of

mixing.

Effect of using organic cosolvents

The methoxide base catalyzed methanolysis of soybean oil at 40 °C (methanol—oil molar ratio
6:1) shows that to form methyl esters proceeds approximately more slowly than butanolysis at 30
°C. This is interpreted to be the result of a two phase reaction in which methanolysis occurs only
in the methanol phase. Low oil concentration in methanol causes the slow reaction rate; a slow
dissolving rate of the oil in methanol causes an initiation period. Intermediate mono- and di-
glycerides preferentially remain in the methanol, and react further, thus explaining the deviation

from second order kinetics.

The same explanations apply for hydroxide ion catalyzed methanolysis. In order to conduct the

reaction in a single phase, cosolvents like tetrahydrofuran (THF), 1,4-dioxane and diethyl ether
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were tested. Although, there are other cosolvents, initial study was conducted with
tetrahydrofuran. At the 6:1 methanol-oil molar ratio the addition of 1.25 volume of
tetrahydrofuran per volume of methanol produces an oil dominant one phase system in which
methanolysis speeds up dramatically and occurs as fast as butanolysis. In particular, THF is
chosen because its boiling point of 67 °C is only two degrees higher than that of methanol.
Therefore at the end of the reaction the unreacted methanol and THF can be co-distilled and

recycled (Boocock, 1996a).

Using tetrahydrofuran, transesterification of soybean oil was carried out with methanol at
different concentrations of sodium hydroxide. The ester contents after 1 min for 1.1, 1.3, 1.4 and
2.0% sodium hydroxide were 82.5, 85, 87 and 96.2%, respectively. Results indicated that the
hydroxide concentration could be increased up to 1.3 wt%, resulting in 95% methyl ester after 15
min. (Boocock, 1998). Similarly for transesterification of coconut oil using THF/MeOH volume

ratio 0.87 with 1% NaOH catalyst, the conversion was 99% in 1 min.

A single-phase process for the esterification of a mixture of fatty acids and triglycerides were
investigated. The process comprises forming a single-phase solution of fatty acids and
triglyceride in an alcohol selected from methanol and ethanol, the ratio of said alcohol to
triglyceride being 15:1-35:1. The solution further comprises a cosolvent in an amount to form
the single phase. In a first step, an acid catalyst for the esterification of fatty acid is added. After
a period of time, the acid catalyst is neutralized and a base catalyst for the transesterification of
triglycerides is added. After a further period of time, esters are separated from the solution

(Boocock, 2001).

An improved process was investigated for methanolysis and ethanolysis of fatty acid glycerides
such as those found in naturally occurring fats and oils derived from plant and animals. The
processes comprise solubilizing oil or fat in methanol or ethanol by addition of a cosolvent in
order to form a one-phase reaction mixture, and adding an esterification catalyst. The processes
proceed quickly, usually in less than 20 min, at ambient temperatures, atmospheric pressure and
without agitation. The co-solvent increases the rate of reaction by making the oil soluble in
methanol, thus increasing contact of the reactants. The lower alkyl fatty acid monoesters
produced by the process can be used as biofuels and are suitable as diesel fuel replacements or
additives (Boocock, 1996b).
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Product properties and quality

While the suitability of any material as fuel, including biodiesel, can be influenced by
contaminants arising from production or other sources, the nature of the fuel components
ultimately determines the fuel properties. Some of the properties included as specifications in
standards can be traced to the structure of the fatty esters comprising biodiesel. However, as
biodiesel consists of fatty acids esters, not only the structure of the fatty acids but also that of the
ester moiety derived from the alcohol can influence the fuel properties of biodiesel. Since the
transesterification reaction of oil or fat leads to a biodiesel fuel corresponding in its fatty acid
profiles with that of the parent oil or fat, biodiesel is a mixture of fatty esters with each ester
component contributing to the properties of the fuel. The properties of a biodiesel fuel that are
determined by the structure of its component fatty esters include ignition quality, heat of

combustion, cold flow, oxidative stability, viscosity and lubricity.

The properties of biodiesel and diesel fuels, as given in Table 2.3, show many similarities, and

therefore, biodiesel is rated as a strong candidate as an alternative to diesel.

Table 2.3. Properties of biodiesel from different oils (Barnwal, 2005)

Vegetable oil Kinematic ~ Cetane  Lower Cloud Pour Flash Density
methyl esters viscosity no. heating point (°C) point point (kg
(biodiesel) (mm¥s) value () (°C)

(MIkg)
Peanut 49 54 33.6 3 - 176 (0.883
Soya bean 4.5 45 335 1 -7 178 (0.885
Babassu 36 63 31.8 4 - 127 0.875
Palm 5.7 62 335 13 - 164 (.880
Sunflower 4.6 49 335 1 - 183 0.860
Tallow - - - 12 9 06 -
Diesel 3.06 50 43.8 - — 16 76 0.855
20% biodiesel 32 51 43.2 - — 16 128 (01.859
blend

The advantages that biodiesel has over petroleum-based diesel are lot. Biodiesel's primary

advantages lie in its effect on emissions, cetane number, its flash point, and its lubricity.

Cetane number

The cetane number is indications of a fuels readiness to auto ignite after it has been injected into
the diesel engine. Diesel fuel for use in on-highway engines is required to have a cetane number
of 40 or higher. Since a higher cetane number translates into higher fuel costs, most refiners keep
the cetane number of their diesel fuels between 40 and 45. Current research shows that

Biodiesel's higher cetane number (generally between 46 and 60 depending on the feedstocks
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used to make the Biodiesel) shortens the ignition delay. Biodiesel’s lower volatility also tends to
reduce the rate at which fuel is prepared to burn during the ignition delay period. Table 2.4
shows the different types of biodiesel and its heat of combustion and corresponding cetane
numbers. These two factors contribute to improved combustion characteristics than occurs with

fossil diesel fuel (www.me.iastate.edu/biodiesel/Pages/biodiesel8.html).

Table 2.4. Cetane number and energy content for biodiesel fuels (www.me.iastate.edu/biodiesel)

Type of Biodiesel Heat of Combustion in Cetane No.
MJ/Kg

Methyl Soybean 39.8 46.2
Ethyl Soybean 40.0 48.2
Butyl Soybean 40.7 51.7
Methyl Sunflower 39.8 47.0
Methyl Peanut - 54.0
Methyl Rapeseed 40.1 -
Ethyl Rapeseed 414 -
Flashpoint

The flashpoint of a fuel is the temperature at which the vapours above the fuel become
flammable. Petroleum-based diesel fuels have flash points of 50 °C to 80 °C, so they are
considered to be intrinsically safe. Biodiesel has a flash point that is considerably higher than
fossil diesel fuel (above 160 °C). This means that the fire hazard associated with transportation,
storage and utilization of Biodiesel is much less than with other commonly used fuels

(http://'www.me.iastate.edu/biodiesel/).

Lubricity

Lubricity can be defined as: "The property of a lubricant that causes a difference in friction under
conditions of boundary lubrication when all the known factors except the lubricant itself are the
same. The lower the friction, the higher the lubricity" (http://www.me.iastate.edu/biodiesel/). In
the case of diesel fuel, the fuel acts as a lubricant for the finely fitting parts in the diesel fuel
injection system. There is general agreement that the severe hydrotreating process used by
petroleum refineries to remove sulphur (as demanded by recent regulations world-wide) results

in lower fuel lubricity (http://www.me.iastate.edu/biodiesel/).

Pure biodiesel and high level blends have excellent lubricity; the addition of small amounts of

biodiesel (0,25% to 2%) to diesel fuel has a dramatic effect on the lubricity of that fuel. The
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higher the number the better the fuel lubricity. As little as 1% biodiesel could change the diesel

fuel from an unacceptable level to an acceptable one.

Cold flow

At low temperatures, Biodiesel will gel or crystallize into a solid mass that cannot be filtered or
pumped. The engine cannot run at these temperatures. This is not a new problem for diesel
engine operators. Petroleum-based diesel fuel also gels but at temperatures that are lower than

for Biodiesel (http://www.me.iastate.edu/biodiesel/Pages/biodiesell 6. html).

The cloud point is the temperature at which crystals first start to form in the fuel and the pour
point is the lowest temperature at which the fuel will still pour from a container. The cold filter
plugging point (CFPP) is the lowest temperature at which a certain volume of fuel can be drawn
through a metal screen filter. It usually correlates well with the lowest temperature that an engine

can operate at (http://www.me.iastate.edu/biodiesel/Pages/biodiesel9.html).

Fuel stability

A fuel is considered unstable when it undergoes chemical changes that produce undesirable
consequences such as deposits, acidity or a bad smell. There are three different types of stability
commonly described in technical literature: thermal stability, oxidative stability and storage
stability. Vegetable oils are generally more susceptible to oxidative attack because they are less
saturated, that is, they contain more carbon-carbon double bonds. The short chain acids can be
volatile thus causing a foul smell and a lowering of the flashpoint. Polymerization can cause an
increase in viscosity and the formation of insoluble sediments and varnish deposits. Highly
saturated fuels, such as those made from tallow, are very resistant to oxidation and have high
Cetane numbers. However, they tend to have poor cold flow properties, often starting to
crystallize at temperatures as high as 10-15 °C. Unsaturated fuels, such as those made from
soybean oil will generally stay liquid at temperatures down to 0°C

(http://www.me.iastate.edu/biodiesel/).

Fuel energy content

As can be seen in the Table 2.5, Biodiesel has lower energy content (lower heating value) than
fossil diesel fuel. On a weight basis, the energy level is 13% less. Since Biodiesel is denser than
fossil diesel fuel, the energy content is only 8% less. Since diesel engines will inject equal

volumes of fuel, most diesel engine operators see a power loss of about 8%. In some cases, the
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power loss may be even less than this. Biodiesel's higher viscosity can decrease the amount of

fuel that leaks past the plungers in the diesel fuel injection pump.

Table 2.5. Comparison of diesel/biodiesel energy content and energy efficiency

Fuel Density Caloric value Energy efficiency
glem?® MJ/Kg MJ/dm?® %
Diesel 0.83 42.90 35.60 38.20
Biodiesel 0.88 37.20 32.90 40.70
Variation -13% -8% + 7%

Material compatibility

Biodiesel interacts differently with materials than diesel fuel. Some metals have a catalytic effect
on the Biodiesel oxidation process. Contact with these materials should be avoided, particularly
in long-term storage. Copper and copper-containing alloys such as brass and bronze should be
avoided. Lead, tin, and zinc are also cited as having some incompatibility with Biodiesel (Tyson,

2001, http.//www.nrel.gov/docs/fy060sti/40555.pdf).

Blends of B20 or less do not seem to cause problems within a reasonable time period. With
higher level blends, users should be aware of the elastomer materials that are used in their diesel
engine fuel system. While most modern diesel engines use steel lines for the entire fuel
distribution system, older engines may contain incompatible materials. Older pumps may also
contain elastomer diaphragms, seals and o-rings. These are usually made from viton but if they
are made from nitrile or natural rubbers, they will deteriorate on contact with high levels of

biodiesel (http://www.me.iastate.edu/biodiesel/Pages/bio25.html).

Equipment benefits

Biodiesel has much more lubricity than diesel fuel, and thus allows the engine to wear less and
last longer. Because of its solvent and lubricating properties, mechanics have reported that
engines running biodiesel look like new. The lubricating properties of biodiesel may play an
important role. When diesel fuel has its sulphur removed (scheduled for this summer and fall-
see below), the diesel fuel becomes very dry and that lubricity must be restored with an additive
(like biodiesel).

Precautions
There are a couple things to be aware of when starting to use biodiesel. Biodiesel is a good

solvent and will clean out the soot and other junk left in your engine and lines by regular diesel
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fuel. This junk will eventually clog up your vehicle’s fuel filter. So it is routinely suggested that
you change the fuel filter of your vehicle after running a couple of tankfulls of biodiesel. Also,
biodiesel tends to degrade rubber. This usually isn’t a problem in newer vehicles because they
use synthetics instead of rubber, but in pre-1993 vehicles, some of the hoses and seals may be
made out of rubber, and should be watched for signs of swelling or degrading. If so, they can be
replaced with the synthetic lines, made out of a material called Viton. The final thing to be aware
of is that biodiesel will begin to cloud up and gel (crystallize) at higher temperatures than
petrodiesel. It depends on the type of oil the biodiesel was made from, but most commercial
biodiesel is made from soybean oil, and begins to crystallize and cloud up at around freezing. If
you are driving your vehicle every day, the fuel should stay warm enough that it won’t gel up
even if temperatures are a little below freezing. But when we get a “hard freeze” with
temperatures in the 20’s for several days, then you should add some petrodiesel to your tank. The
colder it is, the higher the percentage of petrodiesel you will need to add to keep your fuel from
gelling. It might be a good idea to keep a clear plastic container of your biodiesel on the front
seat of your car, so you can see if it is starting to gel. If so, it is time to let go of your purist ethics
a little and add some petrodiesel. Unfortunately, the anti-gel additives made for diesel do not
really work for B100; they only work well for mixtures containing petrodiesel. (One additive
known as Arctic Express is supposed to reduce the gel point of B100 by a few degrees). Of
course if you are only using B50 or B20, this won’t even be an issue in the northwest, given

relatively mild climate.

Biodegradability

The degradation of a compound through microbial activity in soils is called the biodegradability.
According to the standard test the result for biodiesel is that more than 95% are degraded after 21
days, fossil Diesel about 72% after 21 days (ABI, 2002). Dextrose (a test sugar used as the
positive control when testing biodegradability) degraded at the same rate. Blending biodiesel
with diesel fuel accelerates its biodegradability. For example, blends of 20% biodiesel and 80%

diesel fuel degrade twice as fast as fossil diesel alone (Levelton Engineering, 2002).

NOx emission

As described before about 11 percent of the weight of B100 is oxygen. The presence of oxygen
in biodiesel improves combustion and therefore reduces hydrocarbon, carbon monoxide, and
particulate emissions; but oxygenated fuels also tend to increase nitrogen oxide emissions
(Szybist, 2005). Engine tests have confirmed the expected increases and decreases of each

exhaust component from engines without emissions controls.
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Figure 2.1. Average emission impacts of biodiesel for heavy-duty highway engines (US EPA,
2002)

The increase in nitrogen oxide emissions from biodiesel is of enough concern that the National
Renewable Energy Laboratory (NREL) has sponsored research to find biodiesel formulations
that do not increase nitrogen oxide emissions. Adding cetane enhancers can reduce nitrogen
oxide emissions from biodiesel, and reducing the aromatic content of petroleum diesel from
31.9% to 25.8% is estimated to have the same effect. In the case of petroleum diesel, the
reduction in aromatic content can be accomplished by blending fuel Nitrogen oxide emissions
from biodiesel blends could possibly be reduced by blending with kerosene or Fischer-Tropsch
diesel. Kerosene blended with 40 percent biodiesel has estimated emissions of nitrogen oxide no
higher than those of petroleum diesel, as does Fischer-Tropsch diesel blended with as much as
54 percent biodiesel (McCormick, 2003). These results imply that Fischer-Tropsch diesel or
kerosene could be used to reduce nitrogen oxide emissions from blends containing 20%
biodiesel, although the researchers did not investigate those possibilities. Blending di-tert-butyl
peroxide into B20 at 1 percent is estimated to cost 17 cents per gallon (2002 cents), and blending

2-ethylhexyl nitrate at 0.5% is estimated to cost 5 cents per gallon.

Oxides of nitrogen and hydrocarbons are ozone precursors. Carbon monoxide is also an ozone
precursor, but to a lesser extent than unburned hydrocarbons or nitrogen oxides. Air quality

modeling is needed to determine whether the use of biodiesel without additives to prevent
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increases in nitrogen oxide emissions will increase or decrease ground-level ozone on balance

(US EPA, 2002).

Global warming and pollution reduction

When biodiesel displaces petroleum, it reduces levels of global warming gases such as CO,. As
plants like soybeans grow, they take CO, from the air to make the stems, roots, leaves and seeds.
After the oil is extracted from soybeans, it is refined into biodiesel and, when burned, produces

CO; and other emissions, which are returned to the atmosphere.

However, this cycle does not add to the CO, level in the air because the next soybean crop will
reuse the CO; to grow. Another important environmental factor is that biodiesel reduces tailpipe
particulate matter (PM), HC and CO emissions. These benefits occur because biodiesel contains
11% oxygen (O;) by weight. The presence of O, allows the fuel to burn more completely,
resulting in fewer emissions from unburned fuel. This same principle also reduces air toxicity,
which is associated with the unburned or partially burned HC and PM emissions. Testing has
shown that PM, HC and CO reductions are independent of the vegetable oil used to make

biodiesel.

Safety

Another advantage of biodiesel is that not only it is non-toxic, but in its liquid form it is almost
not flammable. The fuel has to be heated up to over 150 °C before it will combust. The only
reason it works in the diesel engine is because diesels compress the vaporized fuel and air
mixture so much that it combusts (without the need for spark plugs). Thus, if a biodiesel
powered car, truck or boat is in an accident, the resulting spill won’t require a hazmat team to

clean up, and will very likely not result in a fire.

Concerns/barriers

Biodiesel lowers emissions, raises the fuel’s cetane number and flashpoint, and has excellent
lubricity. It also has the attractive advantage that it can be used directly in diesel engines without
modifications. However, Biodiesel has some drawbacks as well. There are other issues that
consumers should be aware of. These include cold flow properties, stability, energy content,

elevated NOy levels and material compatibility.

Biodiesel production via transesterification in supercritical medium
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Recently, some innovative processes for biodiesel production via transesterification of oils have

emerged. One of such new approaches proposes to use the supercritical single phase reaction.

As discussed previously, the production of biodiesel using vegetable oils is reacted with acid or
alkaline catalysts in the presence of methanol to yield methyl esters and glycerol (by products)
and the whole process follows two phase reaction system. The rate of transesterification of
triglycerides is low and it follows slow liquid-liquid separation step is involved with washing the

products with a large quantity of water to purify the phases.

Production of biodiesel using supercritical methanol follows the same general reaction as the
traditional transesterification reaction. The difference is that the reaction doesn’t require a base
or acid catalyst. Therefore, unlike the two-phase nature of the biodiesel production using catalyst
methods, there is no time consuming and complicated separation of the product and catalyst.
This in turn will reduce production costs, energy consumption and water usage. Supercritical
methanol forms a single phase as a result of the lower value of the dielectric constant of
methanol in the supercritical state. A co-solvent, usually a light hydrocarbon such as propane, is
also required. Without a co-solvent, the operating temperature and pressure of the process would
be about 650-750 °C and 6500-9500 PSIG. Co-solvents can decrease the critical point of

methanol and allow the supercritical reaction to be carried out under milder conditions.

Direct use of vegetable oils and their blends as fuels

Although vegetable oils occupy a prominent position in the development of alternative fuels
although, there are many problems associated with using them directly in diesel engine
(especially in direct injection engine). These include coking and trumpet formation on the
injectors, carbon deposits, oil ring sticking, thickening or gelling of the lubricating oil, and
lubricating problems. Other disadvantages to the use of vegetable oils and especially animal fats
are the high viscosity (about 11-17 times higher than diesel fuel) and lower volatilities. These
problems can be avoided by modifying the engine less or more according to the conditions of use

and the oil involved.

The fuel properties of vegetable oils as listed in Table 2.6 indicate that the kinematics viscosity
of vegetable oils varies in the range of 30-40 mm?/s at 38 °C. The high viscosity of these oils is
due to their large molecular mass in the range of 600-900, which is about 20 times higher than
that of diesel fuel. The flash point of vegetable oils is very high (above 200 °C). The volumetric
heating values are in the range of 3940 MJ/kg, as compared to diesel fuels (about 45 MJ/kg).
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The presence of chemically bound oxygen in vegetable oils lowers their heating values by about

10%. The cetane numbers are in the range of 32—40.

Table 2.6. Properties of vegetable oils (Barnwal, 2005)

Vegetable oil  Kinematic vis- Cetane Heating Cloud Pour Flash Density
cosity ar 38 °C no. (°C)  value point point point (°C) (ke
(mm>/s) (MI/kg) (°Cy (“C)
Com 34.9 376 39.5 —1.1 —40.0 277 0.9005
Cottonseed 33.5 41.8 39.5 1.7 —15.0 234 0.9148
Crambe 53.6 44.6 40.5 10.0 —122 274 0.9048
Linseed 27.2 346 39.3 17 —150 241 0.9236
Peanut 39.6 41.8 39.8 12.8 —67 271 0.9026
Rapeseed 37.0 3.6 39.7 -39 —31.7 246 09115
Safflower 31.3 41.3 39.5 183 —67 260 0.9144
Sesame 35.5 40.2 39.3 -39 —94 260 0.9133
Soya bean 326 3.9 39.6 -39 —12.2 254 0.9138
Sunflower 339 371 39.6 72 —15.0 274 09161
Palm 39.6 42.0 - 310 - 267 09180
Babassu 30.3 38.0 - 2000 - 150 0.9460
Diesel 3.06 50 43.8 - — 16 76 0.855

Although vegetable oils occupy a prominent position in the development of alternative fuels
although, there are many problems associated with using them directly in diesel engine

(especially in direct injection engine). These include:

1. Coking and trumpet formation on the injectors to such an extent that fuel atomization does not
occur properly or even prevented as a result of plugged orifices;

2. Carbon deposits;

3. Oil ring sticking;

4. Thickening or gelling of the lubricating oil as a result of contamination by vegetable oils;

5. Lubricating problems.

Other disadvantages to the use of vegetable oils and especially animal fats are the high viscosity
(about 11-17 times higher than diesel fuel), lower volatilities that causes the formation of
deposits in engines due to incomplete combustion and incorrect vaporization characteristics.
These problems are associated with large triglyceride molecule and its higher molecular mass
and avoided by modifying the engine less or more according to the conditions of use and the oil

involved.
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Table 2.7. Known problems, probable cause and potential solutions for using straight vegetable

oil in diesels (Harwood, 1984)

Problem

Probable cause

Potential solution

Short-term
. Cold weather starting

2. Plugging and gumming of filters,
lines and injectors
3. Engine knocking

Long-term
4. Coking of injectors on piston
and head of engine

5. Carbon deposits on piston
and head of engine

6. Excessive engine wear

7. Failure of engine lubricating
oil due to polymerization

High viscosity, low cetane, and low flash point
of vegetable oils

Matural gums (phosphatides) in vegetable oil.
Other ash

Very low cetane of some oils. Improper injection
timing.

High viscosity of vegetable oil, incomplete
combustion of fuel. Poor combustion at part
load with vegetable oils

High viscosity of vegetable oil, incomplete
combustion of fuel. Poor combustion at part
load with vegetable oils

High viscosity of vegetable oil, incomplete
combustion of fuel. Poor combustion at part
load with vegetable oils. Possibly free fatty acids
in vegetable oil. Dilution of engine lubricating
oil due to blow-by of vegetable oil

Collection of polyunsaturated vegetable oil
blow-by in crankcase to the point where
polymerization occurs

Preheat fuel prior to injection. Chemically alter fuel
to an ester

Partially refine the oil to remove gums. Filter to
4-microns

Adjust injection timing. Use higher compression
engines. Preheat fuel prior to injection. Chemically
alter fuel to an ester

Heat fuel prior to injection. Switch engine to diesel
fuel when operation at part load. Chemically alter
the vegetable oil to an ester

Heat fuel prior to injection. Switch engine to diesel
fuel when operation at part load. Chemically alter
the vegetable oil to an ester

Heat fuel prior to injection. Switch engine to diesel
fuel when operation at part load. Chemically alter
the vegetable oil to an ester. Increase motor oil
changes. Motor oil additives to inhibit oxidation

Heat fuel prior to injection. Switch engine to diesel
fuel when operation at part load. Chemically alter
the vegetable oil to an ester. Increase motor oil
changes. Motor oil additives to inhibit oxidation.

For this reasons direct use of vegetable oils is generally considered to be not satisfactory and
impractical for both direct diesel engines. The probable reasons for the problems and the

potential solutions are shown in Table 2.7.

To solve the problem of the high viscosity of vegetable oils, microemulsions with solvents such
as methanol, ethanol and 1-butanol have been studied. Methanol was often used due to its
economic advantage over ethanol. A microemulsion is defined as a colloidal equilibrium
dispersion of optically isotropic fluid microstructures with dimensions generally in the 1-150 nm
range formed spontaneously from two normally immiscible liquids and one or more ionic or
non-ionic amphiphiles (Schwab, 1987). It is possible to improve spray characteristics by
explosive vaporization of the low boiling constituents in the micelles (Pryde, 1984). It has been
demonstrated that short term performances of both ionic and non-ionic microemulsions of
aqueous ethanol for example in soybean oil are nearly as good as that of conventional diesel, in
spite of the lower cetane number and energy content (Goering, 1982). Although the process
lowers the viscosity, engine performance problems (e.g. carbon deposit, lubrificant oil

contamination) still exist.

Mixing biodiesel with conventional diesel fuels
Because biodiesel is physically similar to petroleum-based diesel fuel, it can be blended with

diesel fuel in any proportion. The most common blend is a mixture consisting of 20% biodiesel
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and 80% petroleum diesel, called B20. The motive for blending the fuels is to gain some of the
advantages of biodiesel while avoiding higher costs. Biodiesel is currently higher in price than
conventional diesel fuel. The environmental benefits of using biodiesel scales with the percent of

biodiesel contained in the blend.

e BI100 (100% biodiesel) offers the most overall environmental benefits. Use of B100 may
require engine or fuel system component modification and can cause operating problems,
especially in cold weather.

e B20 (20% biodiesel) offers about one fifth of the environmental benefits of B100, but can be
more broadly applied to existing engines with little or no modification.

e B2 (2% biodiesel) offers little environmental or petroleum dependence benefit and could be

potentially used an environmental marketing tool.

Production of biodiesel by pyrolysis and hydroprocessing of oils and fats

Pyrolysis, strictly defined, is the conversion of one substance into another by means of heat or by
heat with the aid of a catalyst in the absence of oxygen or in the reductive environment, e.g.
using molecular hydrogen. It involves cleavage of chemical bonds of organic molecules to yield
low molecular weight hydrocarbons. Pyrolysis chemistry is difficult to characterize because of
the variety of reaction paths and the variety of products that may be obtained. The pyrolyzed

material can be any type of biomass, such as vegetable oils, animal fats, wood, bio-waste, etc.

Different types of pyrolysis exist, depending on the temperature, reaction time, pressure,
reagents, and catalysts involved. For example, in the case of the use of pyrolytic technologies for
biomass conversion, fast or flash pyrolysis technology is utilized for conversion of solid biomass
into bio-oil (pyrolysis oil) - the process also known as liquefaction. Other types of pyrolysis for
liquefaction of biomass include direct hydrothermal liquefaction, where biomass is undergone
heating and pressurizing in contact with water in the presence of alkali. Slow pyrolysis results in
predominantly gaseous products (bio-syngas). The use of pyrolysis for conversion of solid

biomass into fuels is discussed in the second generation biofuels technologies (chapter 2).

The pyrolysis of oils and fats has been investigated for more than 100 years, especially in those
areas of the world that lack deposits of petroleum. Such pyrolysis (also called cracking) can be
carried out directly (direct thermal cracking) or in the presence of catalysts. Cracking of oils in
the presence of hydrogen (used to remove oxygen from oil molecules) can be also called

hydrocracking (terms like hydroprocessing, hydrogenation, hydrogenolysis or hydrotreatment
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are sometimes used). In the catalytic cracking reaction, typically, four main catalyst types are
used including transition metal catalysts, molecular sieve type catalysts, activated alumina, and
sodium carbonate. Basically, cracking represents the same principle of conversion as pyrolysis,
where it applies for conversion of higher molecular weight oils in lower molecular weight ones.
Hydrocracking involves the same reaction in the presence of hydrogen in order to yield oxygen
free fossil diesel like hydrocarbons. In this case hydrogenation and cracking reactions occur

simultaneously.
The general mechanism for the thermal decomposition of a triglyceride is given in scheme 2.4.

CH;-(CH,)5-CH,-CH,-CH=CH-CH,-CH,~(CH,)5-CO-OCH,R

CHy~(CH,)5-CH,}CH,-CH=CH-CH,}CH,~(CH,)-CO-OH
CH3-(CHy)s-CHy,+ i CH,~CH-CH=CH,} - CH,-(CH,)s-CO-OH
i : l H

CH;-(CH,)5-CO-OH

lH Diels Alder l -CO,
CH;3-(CHy);-CH; CH;-(CHy)4-CH;
e
2H,

Scheme 2.4. General representation of the mechanism of thermal decomposition of triglycerides

Hydroprocessing vegetable oils and greases by using existing hydrocracking technology will
result in a fully-deoxygenated, high-cetane (80-90), straight-chain paraffins which are superior to
minimum quality standards for diesel fuel. There are two general options available for the
hydroprocessing of the vegetable oils, i.e. co-processing in existing hydrotreaters and processing

in a separate modular unit.

Generally, the first option will greatly reduce capital cost since no new units will be required.
However, the second option will allow for optimization of the processing conditions and catalyst

for conversion of the bio-feedstock, minimize the use of expensive metallurgy for acidic bio-
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feedstocks and products and allow for the removal of products such as carbon oxides and H,O

which interfere with the hydroprocessing catalyst.

The reactor uses a conventional commercial refinery hydrotreating catalyst and hydrogen.
Several reactions occur in the reactor: hydrocracking (breaking apart of large molecules),
hydrotreating (removal of oxygen) and hydrogenation (saturation of double bonds). The
hydrotreating options can be successfully implemented to the number of feedstocks for example,
canola oil, soya oil, yellow grease, animal tallow and tall oil (a by-product of the Kraft pulping

process).

The co-products can be easily integrated into a pre-existing refinery infrastructure. The
hydrocarbon liquid can be distilled into three basic fractions: naphtha middle distillate (CETC
SuperCetane) waxy residues. When yellow grease, animal tallow and vegetable oils are used as
feedstocks, negligible amounts of naphtha and small volumes of waxy residues are produced.
Since the naphtha fraction is so small it is usually not necessary to remove it from the
SuperCetane. The waxy residue is paraffin-rich and can be used as refinery feedstock or power

boiler fuel.

The middle distillate (SuperCetane) is the primary liquid product where yields of 70-80% were
achieved for yellow grease and tallow. It consists mainly of straight chain hydrocarbons in the
diesel fuel boiling range with a cetane number of about 100. The high cetane diesel fuel is a
means of reducing emissions of engine pollutants and improving fuel economy. CETC
SuperCetane also resembles conventional diesel fuel when analyzed by GC/MS, is miscible in all

proportions with diesel fuel and the sulphur content is less than 10 ppm.16

As shown in scheme 2.5 the general set up uses a hydrotreating process with conventional
petroleum refinery units this same can be used for hydrotreating of different types of biomass

feedstocks to produce good quality of biodiesel.
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Scheme 2.5. General arrangement of the biodiesel production process via the hydroprocessing

technology

While the processes of pyrolysis of solid biomass, coal, and cracking of bio-oil are well studied
and implemented on the large scale, the cracking technologies applied to vegetable oils and fats
for fuel production are still in the research phase. No commercial technologies or scaled up

productions have been introduced so far.

There are controversial viewpoints on the future potential of development of the technology
based on hydrocracking of vegetable oils for diesel fuel production. While some say that the
technology, once commercialized, will represent a competitive alternative to the conventional
biodiesel, the others indicate that that significant drawbacks and limitations exist. Besides higher
cost of the equipment for thermal cracking and pyrolysis especially for modest throughputs,
there is also concern that the removal of oxygen during the thermal processing removes any
environmental benefits of using an oxygenated fuel. On the other hand, the deoxygenated diesel
fuels obtained via hydrocracking process are more stable than FAME, which contain oxygen and
double bonds and can be sometimes better suitable for the use at low temperatures. Other
advantages of the biodiesel via pyrolysis and hydrocracking processes lie in a lower amount of

by-products formed and less demand for feedstock quality.
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Market and economic aspects of biodiesel production
Although the use of Biodiesel may provide significant environmental advantages (pollutant
emissions) when compared to the combustion of fossil fuels, the effective use of Biodiesel will

depend on a large extent on its economic feasibility.

Final price
The diesel price is a critical factor in the feasibility of Biodiesel. It basically depends on three
parameters: VAT(value added tax), mineral oil taxes and production price (http://www.liquid-

biofuels.com/FinalReport1.html).

Alternate uses for soybean oil and even animal fats and recycled frying oils keep their price at a
level where they cannot compete directly against fossil diesel fuel. Some type of government
subsidies are necessary for the industry to develop. These subsidies, primarily in the form of tax
waivers, have been responsible for the rapid growth of Biodiesel use in Europe. In various

European countries, the price of Biodiesel is actually less than for petroleum diesel fuel.

A state mandate requiring the use of a minimum Biodiesel blend in all fuels sold for use is
another type of subsidy: it removes price as an issue since the fuel suppliers will have to pay
whatever is  necessary to get the Biodiesel they need for blending

(http.//www.me.iastate.edu/biodiesel)).

Production costs

In the early days, Biodiesel producers were satisfied when achieving a transesterification rate
(yield) of approx. 85 - 95 % thus leaving quite a volume of potential feedstock as waste in the
glycerine phase. However, yield is the second biggest factor affecting profitability, i.e. a 10%
decline of yield reduces profitability by approx. 25 %. It is therefore crucial to transfer any
potential molecule into a fatty-acidmethyl-ester; this includes all the triglycerides and Free-Fatty-
Acids (FFA). A modern and profitable process technology today is able to achieve a 100 % yield

without any expensive losses (Austrian Biofuels Institute, 2000).

Feedstock costs

The high price of Biodiesel’s oil feedstock is the major obstacle to market development. As the
selling price of Biodiesel must exceed the feedstock cost to cover processing, packaging,
transportation, distribution and profit, it is highly sensitive to any widening of the fossil oil-

vegetable oil price gap (Korbitz, 2002).
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The most promising approach to lowering the price is to use other, less expensive feedstocks to

provide a portion of the Biodiesel supply. These other feedstocks could include spoiled

soybeans, beef and pork tallow, recycled restaurant frying oils and byproducts , such as

soapstock, from other processes involving vegetable oils. While the quantities of these

feedstocks are not sufficient to supply a large market, they can be used as blending agents to

lower the overall costs (Levelton, 2002).

Tax incentives

Tax relief or subsidies are essential for commercial production of biodiesel due to present

processing costs to produce biodiesel, which are much higher than those for petroleum diesel.

These incentives are being used in several countries (Pramanik, 2005):

US Federal Governament introduced a legislation providing for a 1 % vol reduction in diesel
fuel tax over three year period (until December 2005) for every percent of biodiesel blended
with diesel to 20 %.

Germany does not levy excise tax on biodiesel.

France offers a tax incentive of 0.35 Euro/l for VOME (Vegetable oil methyl ester) blended
with diesel.

UK has a 20 % lower tax.

Austrian tax law on Tax Reform 2000 exempts to 2 % biodiesel blend from mineral oil taxes.

Finland has adopted a tax incentive for reformulated diesel fuel.

It should be mentioned that technical, economic and environmental factors are not sufficient to

fully explain the use or non-use of a given fuel; other factors such as:

Sociological and cultural aspects
Organisational aspects
Institutional, structural and political aspects would have to be investigated, but they were

partly neglected as this would have gone beyond the scope of this work.
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Bioethanol from sugar crops

Bioethanol is mainly produced by fermentation process using different sugar materials as
feedstocks. Ethanol also is produced through chemical reactions using ethylene and steam as
reactants. Ethanol is a colourless, biodegradable and low toxicity liquid. Ethanol low
environmental pollution compared to other chemicals. The usage of ethanol as an alternative
transport fuel has been ever increasing all over the world due to dependence of petroleum fuel,
reduce air pollution, mitigation of global climate change and create more jobs in rural area in
particular transition, developing and least developed countries. In general ethanol unlike gasoline
it contains 35% of oxygen which reduces the emissions of NOx and particulate matters from
combustion. The most common blend is 10% ethanol and 90% petrol (E10). Vehicle engines
require no modifications to run on E10 and vehicle warranties are unaffected also. Only flexible

fuel vehicles can run on up to 85% ethanol and 15% petrol blends (E85).

Ethanol could be produced through chemical reactions or by conversion of biomass materials by
fermentation processes followed three major steps: the formation of a solution of fermentable
sugars; the fermentation of these sugars to ethanol; and the separation and purification of the

ethanol, usually by distillation.

Bioethanol from sugar feedstocks

Easiest way to produce ethanol is from Cg  sugars using fermentation process. The most
common sugar is glucose (Cg) or biomasses containing higher levels of glucose or precursors to
glucose are the easiest to convert to ethanol. Many microorganisms like fungi, bacteria, and yeast
can be used for fermentation of sugars but Saccharomyces cerevisiae also known as Bakers yeast
is frequently used to ferment sugar to ethanol. Sugarcane is a typical example for sugar
feedstock. Brazil is one of the highest producers in the of bioethanol world for fuel which is use
as sugarcane as feedstock. Other sugar rich biomass feedstocks are sweet sorghum, sugar beet,
and also different types of fruits. However, all these materials are in the human food chain, these
materials are usually too expensive to use for ethanol production but these waste residues can be

used for alternative feedstock for the production of bioethanol.

Bioethanol from starch:

Starch is another feedstock which available plenty and it made up of long chains of glucose
molecules these can be fragmented into simple sugars before fermentation to produce ethanol.
Starch biomass feedstocks are include tubers like sweet potato, potato, cassava and cereal grains

etc., Starchy feedstocks undergo hydrolysis to breakdown the starch into fermentable sugars i.e.,
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saccharification. The hydrolysis of starch can be carried out by mixing water with the feedstocks
to form slurry which is then heated to rupture of cell walls and different specific enzymes are

added during hydrolysis to break chemical bonds present in the starch materials.

Wet Milling Processes

Cereals can be processed into ethanol by either the dry milling or the wet milling process. In the
wet milling process, for example, cereal like corn kernel is steeped in warm water, this helps to
break down the proteins and release the starch present in the corn and helps to soften the kernel
for the milling process. The corn is then milled to produce germ, fibre and starch products. The
germ is extracted to produce corn oil and the starch fraction undergoes centrifugation and
saccharification to produce gluten wet cake. The ethanol is then extracted by the distillation
process. The wet milling process is normally used in factories producing several hundred million

gallons of ethanol every year.

Dry milling process

The dry milling process involves cleaning and breaking down the cereals kernel into fine
particles using a hammer mill process. This creates a powder with a course flour type
consistency. The powder contains the cereals germ, starch and fibre. In order to produce a sugar
solution the mixture is then hydrolysed or broken down into sucrose sugars using enzymes or a
dilute acid. The mixture is then cooled and yeast is added in order to ferment the mixture into
ethanol. The dry milling process is normally used in factories producing less than 50 million

gallons of ethanol every year.

Sugar fermentation process

The hydrolysis process breaks down the cellulosic part of the biomass or corn into sugar
solutions that can then be fermented into ethanol. Yeast is added to the solution, which is then
heated. The yeast contains an enzyme called invertase, which acts as a catalyst and helps to
convert the sucrose sugars into glucose and fructose (both C¢H,0¢). Table ... shows that

different types of enzymes used for various types of feedstocks for the production of bioethanol.
The chemical reactions are shown below:
Invertase

CipHp0p + HyO > CgH 046 + CsH 204

Sucrose Fructose  Glucose
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The fructose and glucose sugars then react with another enzyme called zymase, which is also
contained in the yeast to produce ethanol and carbon dioxide. The chemical reaction is shown
below:

Zymase
C¢H{,0¢ —> C,H;OH+2CO,

Fructose/Glucose Ethanol
The fermentation process takes around three days to complete and is carried out at a temperature
of between 250 °C and 300 °C. Table 2.8 shows that different types of carbohydrate feedstocks

and corresponding enzymes used for the production of bioethanol.

Table 2.8. Feedstocks and enzymes used for production of bioethanol

Carbohydrate Main carbohydrate Process utilizing Required enzyme
Feedstock to be converted added enzymes
Sugar cane or Sucrose Dextran hydrolysis Dextranase
molasses
Grains and tubers Starch (0-1,4 linked  Starch, beta glucan Amylase,
glucose molecules) and pentosan glucoamylase,
hydrolysis betagulcanase,
xylanase

Fractional Distillation Process

The ethanol, which is produced from the fermentation process, still contains a significant
quantity of water, which must be removed. This is achieved by using the fractional distillation
process. The distillation process works by boiling the water and ethanol mixture. Since ethanol
has a lower boiling point (78.3 °C) compared to that of water (100 °C), the ethanol turns into the

vapour state before the water and can be condensed and separated.

Advantages of bioethanol as fuel

Bioethanol has a number benefits over conventional fuels. It is a renewable resources and it
reduces the green gas emissions. By encouraging bioethanol use, the rural economy would also
receive a boost from growing the necessary crops. Bioethanol is also biodegradable and far less
toxic that fossil fuels. In addition, by using bioethanol in older engines can help reduce the
amount of carbon monoxide produced by the vehicle thus improving air quality. Another
advantage of bioethanol is the ease with which it can be easily integrated into the existing road

transport fuel system. In quantities up to 5%, bioethanol can be blended with conventional fuel
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without the need of engine modifications. Bioethanol is produced using familiar methods, such
as fermentation, and it can be distributed using the same petrol forecourts and transportation

systems as before.

Disadvantages of bioethanol as fuel

Though ethanol based fuels has many advantages over fossil fuels but it is not compatible with
some fuel system components. It may corrode ferrous components, jelly-like deposits on fuel
strainer screens and salt deposits etc. Water content in ethanol should be less than 1.0%
otherwise, phase separation occur during blending with gasoline and moreover, ethanol will mix
either water or gasoline but not in both. Ethanol blended gasoline can also affect in electric fuel

pumps by causing internal wear and undesirable spark generation.



49

Biogas by anaerobic digestion

Biomethane is seen to play an important role when feed-in to the natural gas grid for the use as
natural gas substitute or in addition to that. Methane has a high market potential as a well known
energy carrier for the transport sector and stationary applications (heat and power) and for
material utilisation. Within the existing and well developed natural gas grid biomethane can
easily be fed in and distributed to the final consumer in industry and households. In addition to
the above mentioned advantages the combustion properties of methane are already well known

and characterised through comparably low emissions.

As shown in Scheme 2.6, biomethane can be provided either by the treatment of bio-chemical
produced biogas or by the synthesis of treated gas coming from thermo-chemical gasification. In

this chapter we will focus on the biomethane produced via the biochemical pathway.

Solid biofuels
(e.g. forestry and herbaceous
residues, energy crops such as
willow, miscanthus)

l l

Thermo-chemical Bio-chemical
gasification anaerob. digestion

Gas cleaning /

Biogas substrates
(e.g. manure, maize silage,
biowaste)

conditioning Biogas
Synthesis gas \
N
BtL synthesis Methanation Electricity and heat -
(e.g. to FT, MeOH) (synthesis) provision Biogas treatment

Bio-SNG treatment

Biomethane Biomethane

Feed-in into natural gas grid

Scheme 2.6. Options for the provision of biomethane

Biomethane by anaerobic digestion (via biogas)

In recent years, increasing awareness that anaerobic digesters can help control the disposal and
odour of animal waste has stimulated renewed interest in the technology. New digesters now are
being built because they effectively eliminate the environmental hazards of dairy farms and other
animal feedlots. Notably that it is often the environmental reasons - rather than the digester’s
electrical and thermal energy generation potential - that motivate farmers to use digester

technology. This is especially true in areas where electric power costs are low. Developing rural
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areas can therefore find this technology highly attractive due to the fact that it requires low cost

infrastructures.

Furthermore, anaerobic digester systems can reduce fecal coliform bacteria in manure by more
than 99%, virtually eliminating a major source of water pollution. Separation of the solids during
the digester process removes about 25 % of the nutrients from manure, and the solids can be sold
out of the drainage basin where nutrient loading may be a problem. In addition, the digester’s
ability to produce and capture methane from the manure reduces the amount of methane that
otherwise would enter the atmosphere. Methane is a green house gas and its release in the

atmosphere contributes to global climate change.

The process of anaerobic digestion

The process of anaerobic digestion occurs in a sequence of stages involving distinct types of
bacteria. Hydrolytic and fermentative bacteria first break down the carbohydrates, proteins and
fats present in biomass feedstock into fatty acids, alcohol, carbon dioxide, hydrogen, ammonia
and sulphides. This stage is called hydrolysis or, sometimes, "liquefaction" (not to confuse with

thermal liquefaction of biomass based on pyrolysis).

Next, acetogenic (acid-forming) bacteria further digest the products of hydrolysis into acetic
acid, hydrogen and carbon dioxide. Methanogenic (methane-forming) bacteria then convert these

products into biogas.

The combustion of digester gas can supply useful energy in the form of hot air, hot water or
steam. After filtering and drying, digester gas is suitable as fuel for an internal combustion
engine, which, combined with a generator, can produce electricity. Future applications of
digester gas may include electric power production from gas turbines or fuel cells. Digester gas
can substitute for natural gas or propane in space heaters, refrigeration equipment, cooking
stoves or other equipment. Compressed digester gas can be used as an alternative transportation

fuel.

Digester Technology
Biomass that is high in moisture content, such as animal manure and food-processing wastes, is

suitable for producing biogas using anaerobic digester technology.
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During anaerobic digestion, bacteria digest biomass in an oxygen-free environment. Symbiotic

groups of bacteria perform different functions at different stages of the digestion process.

animal manure, fuel collection, particulate matter,
agricultural residue, —p storage and — odor liquid waste
wastewater pretreatment !

!

bacterial ) liquid and solid
digestion wastes

air

filtering and
/ drying
gaseous
emissions ‘/ l
enging or gaseous emissions,
heat gas turbine and |—  liquid and salid
generator wastes

|

mechanical energy,
heat, electricity

Scheme 2.7. Anaerobic digestion

There are four basic types of microorganisms involved. Hydrolytic bacteria break down complex
organic wastes into sugars and amino acids. Fermentative bacteria then convert those products
into organic acids. Acidogenic microorganisms convert the acids into hydrogen, carbon dioxide
and acetate. Finally, the methanogenic bacteria produce biogas from acetic acid, hydrogen and

carbon dioxide.

Controlled anaerobic digestion requires an airtight chamber, called a digester. To promote
bacterial activity, the digester must maintain a temperature of at least 18 °C. Using higher
temperatures, up to 65 °C, shortens processing time and reduces the required volume of the tank
by 25 to 40%. However, there are more species of anaerobic bacteria that thrive in the
temperature range of a standard design (mesophilic bacteria) than there are species that thrive at
higher temperatures (thermophilic bacteria). High-temperature digesters also are more prone to
upset because of temperature fluctuations and their successful operation requires close

monitoring and diligent maintenance.

The biogas produced in a digester (also known as “digester gas™) is actually a mixture of gases,

with methane and carbon dioxide making up more than 90 % of the total. Biogas typically



52
contains smaller amounts of hydrogen sulphide, nitrogen, hydrogen, methylmercaptans and

oxygen.

Methane is a combustible gas. The energy content of digester gas depends on the amount of
methane it contains. Methane content varies from about 55 to 80 %. Typical digester gas, with a

methane concentration of 65%, contains about 600 Btu of energy per cubic foot.

For individual farms, small-scale plug-flow or covered lagoon digesters of simple design can
produce biogas for on-site electricity and heat generation. For example, a plug-flow digester
could process 8,000 gallons of manure per day, the amount produced by a herd of 500 dairy
cows. By using digester gas to fuel an engine-generator, a digester of this size would produce

more electricity and hot water than the dairy consumes.

Larger scale digesters are suitable for manure volumes of 25,000 to 100,000 gallons per day. In
Denmark and in several other European countries, central digester facilities use manure and

other organic wastes collected from individual farms and transported to the facility.

Types of Anaerobic Digesters
There are three basic digester designs. All of them can trap methane and reduce fecal coli form
bacteria, but they differ in cost, climate suitability and the concentration of manure solids they

can digest.

A covered lagoon digester, as the name suggests, consists of a manure storage lagoon with a
cover. The cover traps gas produced during decomposition of the manure. This type of digester is
the least expensive of the three. Covering a manure storage lagoon is a simple form of digester
technology suitable for liquid manure with less than 3-percent solids. For this type of digester, an
impermeable floating cover of industrial fabric covers all or part of the lagoon. A concrete
footing along the edge of the lagoon holds the cover in place with an airtight seal. Methane
produced in the lagoon collects under the cover. A suction pipe extracts the gas for use. Covered
lagoon digesters require large lagoon volumes and a warm climate. Covered lagoons have low
capital cost, but these systems are not suitable for locations in cooler climates or locations where

a high water table exists.
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A complete mix digester converts organic waste to biogas in a heated tank above or below
ground. A mechanical or gas mixer keeps the solids in suspension. Complete mix digesters are

expensive to construct and cost more than plug-flow digesters to operate and maintain.

Complete mix digesters are suitable for larger manure volumes having solids concentration of 3
percent to 10 percent. The reactor is a circular steel or poured concrete container. During the
digestion process, the manure slurry is continuously mixed to keep the solids in suspension.
Biogas accumulates at the top of the digester. The biogas can be used as fuel for an engine-
generator to produce electricity or as boiler fuel to produce steam. Using waste heat from the

engine or boiler to warm the slurry in the digester reduces retention time to less than 20 days.

Plug-flow digesters are suitable for ruminant animal manure that has a solids concentration of 11
percent to 13 percent. A typical design for a plug-flow system includes a manure collection
system, a mixing pit and the digester itself. In the mixing pit, the addition of water adjusts the
proportion of solids in the manure slurry to the optimal consistency. The digester is a long,

rectangular container, usually built below-grade, with an airtight, expandable cover.

New material added to the tank at one end pushes older material to the opposite end. Coarse
solids in ruminant manure form a viscous material as they are digested, limiting solids separation
in the digester tank. As a result, the material flows through the tank in a "plug." Average

retention time (the time a manure “plug” remains in the digester) is 20 to 30 days.

Anaerobic digestion of the manure slurry releases biogas as the material flows through the
digester. A flexible, impermeable cover on the digester traps the gas. Pipes beneath the cover

carry the biogas from the digester to an engine-generator set.

A plug-flow digester requires minimal maintenance. Waste heat from the engine-generator can
be used to heat the digester. Inside the digester, suspended heating pipes allow hot water to
circulate. The hot water heats the digester to keep the slurry at 25°C to 40°C, a temperature range
suitable for methane-producing bacteria. The hot water can come from recovered waste heat
from an engine generator fuelled with digester gas or from burning digester gas directly in a

boiler.
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Biogas from wastes

Municipal sewage contains organic biomass solids, and many wastewater treatment plants use
anaerobic digestion to reduce the volume of these solids. Anaerobic digestion stabilizes sewage
sludge and destroys pathogens. Sludge digestion produces biogas containing 60 to 70% methane,

with an energy content of about 600 Btu per cubic foot.

Most wastewater treatment plants that use anaerobic digesters burn the gas for heat to maintain
digester temperatures and to heat building space. Unused gas is burned off as waste but could be
used for fuel in an engine-generator or fuel cell to produce electric power. Before use, the gas is
cleaned to remove impurities. These are principally hydrogen sulphide, halogens (fluorine,
chlorine and bromine), moisture, bacteria and solids. Biogas also contains carbon dioxide, which

cannot be removed easily.

Landfill Gas
Underground decomposition of cellulose contained in municipal and industrial solid waste
produces biogas. The digestion occurring in landfills is an uncontrolled process of biomass

decay.

The efficiency of the process depends on the waste composition and moisture content of the
landfill, cover material, temperature and other factors. The biogas released from landfills,

commonly called "landfill gas," is typically 50% methane, 45% carbon dioxide and 5% other

gases. The energy content of landfill gas is 400 to 550 Btu per cubic foot.

Capturing landfill gas before it escapes to the atmosphere allows for conversion to useful energy.
A landfill must be at least 40 feet deep and have at least one million tons of waste in place for
landfill gas collection and power production to be technically feasible. Notably that by capturing

landfill gas will contribute to the reduction of green house gas emissions.

A landfill gas-to-energy system consists of a series of wells drilled into the landfill. A piping
system connects the wells and collects the gas. Dryers remove moisture from the gas, and filters
remove impurities. The gas typically fuels an engine-generator set or gas turbine to produce
electricity. The gas also can fuel a boiler to produce heat or steam. Further gas cleanup improves
biogas to pipeline quality, the equivalent of natural gas. Reforming the gas to hydrogen would

make possible the production of electricity using fuel cell technology.
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Scheme 2.8. Landfill gas

Biogas upgrading to biomethane

Yet, in order to feed biogas into the gas grid, the raw biogas has to undergo two major processes
to obtain natural gas quality, namely cleaning and upgrading. For the employment in a steam
reformer the biogas has to be purified from trace components, primarily H,O, H,S and NHs. The
heating value, Wobbe index and other parameters, which highly depend on the CH,4 content, are
adjusted to pipeline specifications by removing the CO,. The upgrading process basically

consists of the separation of CH, and CO,.

A couple of technologies enable the removal of H,S and CO, combining the two steps. However,
the relevance, feasibility and sequence of the different cleaning and upgrading processes depend
on the specific gas composition and pipeline specifications. Upgrading technologies for biogas
result mainly from technological applications from the natural gas sector where partly
comparable upgrading tasks have to be solved, but at a by far larger scale. Until today, some

technologies show long time experiences but on the background of actual political discussions
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and decisions not only companies change the owner - also lots of research is done in this field.

Thus, the main technologies will be characterized in the following.

Generally it has to be stated that all companies offering upgrading plants pledge to reach a
biomethane quality of more than 96% methane content and a methane loss with less than 3%.
Additionally a very high availability for all technologies is promised and confirmed in practice
with at most plants about 95 %. Practical measurements in Sweden have shown different results,
but more or less independent on the used technology. Especially it seems to be necessary to care
about the methane losses which are reported with up to 10%, because they influence ecological

and economical parameters of such plants very strongly.

Water scrubbing

One of the mainly used technologies for biogas upgrading is the water scrubbing process which
is very common in Sweden and shows a very long history of experiences. The process is based
on sorption of carbon dioxide in water at high pressures at about 10 bar and desorption of carbon
dioxide at lower pressures in another vessel to separate carbon dioxide and methane. At the same
time most trace gases as for example H,S are separated during this process. As water source
circulated fresh water or cleaned waste water without circulation can be used. Advantages of
waste water use are compensated by bio fouling in the scrubbers due to the relatively high

organics content.

Due to the long research and development period the technology has reached a very high level of
development and is proven in practice. Thus, it has to be expected, that the technology has to
compete with other technologies in economical questions but is seen as technological state of the

art.

Pressure swing adsorption

A lot of upgrading plants install pressure swing absorption technologies for biomethane
production. The technology is based on high pressure absorption of carbon dioxide at molecular
sieves or activated charcoal in at least two steps. Other trace gases have to be separated e. g. in
filter systems before carbon dioxide absorption. Absorption materials have long operation
durations but have to be exchanged from time to time. This technology shows long time

experiences and is well established and competes as solid and reliable technology.
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Chemical adsorption

Chemical absorption is possible with a number of substances (e.g. Selexol, MEA, DEA and
others), which are capable to absorb carbon dioxide at ambient pressure combined with heat
demand or at raised pressure. Available information about efficiencies of the processes are very
different, but a lot of experiences exist and research is going on. The advantage of chemical
absorption is that used substances are selective for carbon dioxide (and sometimes for H,S too,
most times H,S-separation is done before upgrading) and thus no methane will be absorbed what
results in high methane concentrations in the purified gas. Absorption processes under pressure
seem to be of comparable behaviour as water scrubbing processes but ambient pressure systems
(where only pilot plants are known) promise less electrical energy demand for the continuous
process and could be of high interest for applications where only low pressure is required after
upgrading and heat is available. Summarizing it can be stated that some chemical absorption

technologies are reliable and well established and others are under development.

Membrane technologies

Due to the different molecule size of methane and carbon dioxide it is generally possible to
separate both gases through membranes. The smaller methane molecules can pass a membrane
and a gas with very high methane content and a gas with very high carbon dioxide content can be
produced. Technologies were developed for dry separation (transport through the membrane is
forced by very high pressure) and for wet separation (transport is forced by a very low
concentration of methane in a fluid where methane is absorbed in). Both technologies are only
known from pilot plants and efficiencies regarding methane losses and energy demand are not

known from continuously practiced processes.

Cryogenic upgrading

Additionally it is possible to use the differences in dew and condensation point of methane and
carbon dioxide. Therefore it has been shown in small scale that both gas components can be
separated by cooling down of biogas to less than -45 °C at about 80 bar pressure. Applications of
this process, called cryogenic upgrading, are under research in Sweden and Germany but not

available at the market.

For safety reasons the treated biogas has to be odorised prior to being injected into public natural
gas grid. Concerning the different biogas treatment options, further technical equipment is
required, including an appropriate periphery to the gas grid, compressors adjusting required grid

pressure specifications as well as gas counter and measurement of the injected gas composition.
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If biogas is injected into the nearest low-pressure gas grid (e.g. 4 to 5 bar) additional gas
compression is not required. Most of the upgrading technologies (e. g. water scrubbing and PSA)
are appropriate to provide biogas at this pressure level. In addition, a gas mixer might be
necessary to add high-calorific gas (e.g. propane or butane). This addition is an option aimed at

maximising the methane yield if biogas is upgraded to a lower gas quality as required.
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Part 3. Second generation of biofuels and biorefineries

Pyrolysis and gasification of biomass

The use of biomass as liquid fuels has attracted significant interest on pyrolysis during the past
two decades. The main advantage that pyrolysis offers over gasification is a wide range of
products that can potentially be obtained, ranging from transportation fuel to chemical feedstock.
Considerable amount of research has gone into pyrolysis in the past decade in many countries.
Any form of biomass can be used (over 100 different biomass types have been tested in labs

around the world).

Pyrolysis is a process that generally occurs under temperatures that vary from 400 °C up to
650 °C in total or partial absence of oxygen. Gases, liquids and solids are generated in
proportions that depend on the parameters considered, that is, the temperature and pressure of the
reactor, the residence time of the solid, liquids and gaseous phases inside the reactor, the time
and the rate of heating of the biomass particles, the reactor internal environment, and initial

conditions of the biomass.

Fast pyrolysis is one of the most recently emerging technologies used to convert biomass
feedstock into maximum bio-oil. The main characteristics of the fast pyrolysis process are: short
heating time for carbonaceous particles and for vapours formed within the reactor; high heating
rates and mass-transfer coefficients; and moderate temperature from the heating source. In
general, the residence time for vapours should be lower then 1 minute. Bio-oil is formed from
successive decomposition reactions, isomerisation, cracking (split), and recombination by
condensation, polymerization, depolymerisation and fragmentation of biomass and also has high

water content in its composition.

Tar and bio-oil produced in pyrolysis is a liquid containing more than 200 components, like
acetic acid, methanol, acetic aldehyde, acetone, ethyl acetate, etc. Some components have a
value as raw material in the chemical industry. Resultants produced in biomass pyrolysis mainly
contain gases such as CO,, CO, CHy, C;H4, Hj, etc., with a lower heat value is between 15 and
20 MJ/m3, therefore belonging to combustible gases of medium heat value. It is also a gas of
high quality because it doesn’t contain any sulphide and nitride, and can be used directly as civil

combustible gas.
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The gaseous components obtained from biomass pyrolysis techniques can be used to produce a
fuels and chemicals using appropriate conversion technologies. To increase the yield of gaseous
products slow pyrolysis technology is used. The pyrolytic gas (bio-syngas) is generally
composed of carbon monoxide, hydrogen, water, methane, nitrogen, and other light organics and
tar (see table 3.1). This gas can be used as fuel in turbines or boilers or be upgraded to other

biofuels.

Table 3.1. Composition of raw bio-syngas

Component Wood gas (vol%o)
Nitrogen 50-54
Carbon monoxide 17-22
Carbon dioxide 9-15
Hydrogen 12 -20
Methane 2-3
Heating value (MJ/Nm3) 5-59

Gasification is a thermochemical technology similar to pyrolysis which affords higher yield and
quality of bio-syngas. Gasification is carried out using high temperatures under limited supply of
oxygen or air, and, eventually, steam. During the gasification reaction, the biomass is heated by
the energy emitted via its partial combustion, whereby it undergoes a combination of drying,

pyrolysis, oxidation, and reduction processes (see scheme 3.1).
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Scheme 3.1. Schematic representation of biomass gasification
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Synthetic biofuels

For an efficient production of synthetic biofuels with regard to “economy of scale” and biomass
transportation costs conversion concepts that are in a medium to large-scale are required for the
production of liquid biofuels. This scale is necessary to provide sufficient amount of raw gas for
gas cleaning/conditioning and fuel synthesis as well as to produce this gas via gasification at

economically justifiable costs.

Despite the scale of a gasifier, no gasification system is a priori appropriate for biomass. Among
other criteria, chemical characteristics, physical and mechanical properties of the utilised
biomass are of importance. But, all reactors for biomass gasification are still in an R&D stage up
to now. Furthermore, previous developments on gasification were mostly not focused on syngas

production but rather on the use of product gas for heat and power generation.

Depending on fuel synthesis — where reactors are available — specific qualities of bio-syngas at
constant compositions and large amounts have to be achieved (e.g. for the production of
100 to 1,000 m3srp/h of FT); primarily with regard to the gas purity and the Hj-to-CO-ratio.
Because so far no gasification system meets these requirements, appropriate gas cleaning and

conditioning system have to be applied.

During gasification, besides the main components (CH4, H,, CO and CO;) also impurities are
generated such as tars, coarse and fine particles, sulphur compounds, alkalis, halogen and
nitrogen compounds as well as heavy metals. Their quantities vary depending on the gasification

process.

For raw gas cleaning either low temperature wet gas cleaning or, alternatively, hot gas cleaning
can be applied. The effectiveness of wet gas cleaning (e.g. cyclone and filter, scrubbing based on
chemical or physical absorption and ZnO-bed) has been well proven for large-scale coal
gasification systems. Different to that, not all elements of hot gas cleaning (e.g. tar cracking,
granular beds and filters, physical adsorption or chemical absorption, ZnO-bed, physical
absorption) are of mature technology yet. Nevertheless, hot gas cleaning offers benefits for the

overall energy balance and with regard to the avoidance of contaminated sewage.

For gas conditioning available system components can be applied: hydrocarbons in the product

gas can be converted by means of an additional steam reforming step resulting in a higher H,/CO
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ratio. To achieve the required quality for fuel synthesis the water-gas CO conversion is

conducted as final step of bio-syngas production.

Based on these and further aspects the following overall concepts for liquid biofuel production
seem to be promising (Scheme 3.2). Thereby the technological performance of FT synthesis can
be carried out in low temperature solid bed reactors or slurry reactors followed by fractioning
and hydrocracking of FT products to diesel. For the production of MeOH synthesis low pressure
synthesis is used in commercial practise by means of solid bed reactors. MeOH is also applied as
feedstock for indirect DME synthesis that is matured. In general, the complexity of an overall
system for production of synthetic biofuels strongly depends on the necessary gas cleaning and
gas conditioning. For a high efficient production the efficiency of bio-syngas production is

crucial.
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Scheme 3.2. Concepts for liquid synthetic biofuels

With regard to that overall concept, the technologies for liquid synthetic biofuels (BtL) can be

briefly characterised as follows:

Bio-SNG
The bio-SNG (synthetic natural gas) production is characterised through the possibility that

relatively small conversion units with capacities in a range of 10 up to 100 MWy, biomass input
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can be used. Thus, the conversion of locally available lignocellulosic biomass is possible. The
production of synthetic biofuel, electricity and heat (so called tri-generation) allows high overall
efficiencies (e.g. high CO, mitigation potential) within the entire production process. In
comparison to the production of BtL-fuels (like Fischer-Tropsch-fuels) is the SNG production
system marked through lower technical and financial risks due to a technology that is less
complex (e.g. synthesis and fuel treatment) and basically smaller units can be used. Based on

these circumstances a rapid and easy market entrance seems to be possible.

The production of SNG can occur within a very promising concept via the steam gasification of
woody biomass with water as gasification agent, gas cleaning, subsequent methanation and up-

grading. One promising concept is shown in Scheme 3.3.
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Scheme 3.3. System concept of the Bio-SNG production

For example, the steam gasification using a fast internal circulating fluidised bed gasifier
(FICFB) and the gas cleaning have been demonstrated successfully in a full technical scale
(8 MW thermal capacity) at the biomass combined heat and power (CHP) gasification plant in
Giissing/Austria whereas during the last years experiences in commercial use for more than
30,000 hours have been achieved. Steam gasification leads to a producer gas with a relatively
high content of hydrogen and methane as well as a low content of nitrogen. These properties are

necessary for an efficient SNG production.
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The gas cleaning of the producer gas from biomass gasification for application in gas engines
and turbines can be considered as state of the art. Additionally for the methanation process acid
components such as H,S, HCI and organic sulphur that could damage the catalyst have to be
removed (e.g. a rapeseed-methyl-ester (RME) scrubber). For the conversion of the producer gas
(also called bio-syngas as it is close by composition to the synthesis gas) into biomethane a
fluidized bed methanation reactor will be constructed at the demonstration plant in
Giissing/Austria. Therewith biomethane can be derived from woody biomass with an overall

efficiency of 60 to 65 % depending on the biomass assortment.

Beside the production of SNG as a biofuel for the transport sector, additionally electricity can be
generated in a gas engine as well as through the use of rejected heat in the ORC process. The
arising heat can be provided for district heating purposes as well. Currently the methanation
reactor is within a laboratory scale in operation (thermal capacity 10 kW), fed by a slipstream at
the biomass CHP gasification plant in Giissing/Austria to find out the optimal operation

conditions.

The biomass gasification for example has to be further developed, upscaled to larger scales and
improved to secure the production of a favourable bio-syngas (i.e. optimisation of the
gasification regarding the composition of the gas (primarily regarding the H,/CO ratio). The
optimisation and the extension of the gas cleaning and conditioning is a premise for the
production of an appropriate bio-syngas that can fulfil the necessary requirements with regard to
the gas properties. With regard to the arising problem in the field of the methanation catalyst, gas
impurities like sulphur and chlorine compounds have to be removed more intensive whereas the
gas cleaning has to be further developed. The already demonstrated methanation process has to
be scaled up on the MW range. Concerning the utilized catalyst further optimization has to be

performed to ensure a long term performance of the catalyst.

Within the overall SNG conversion system the single interactions between the different system
components (like gasification, gas cleaning, methanation and upgrading) have to be optimised.
Additionally, the availability and reliability of the entire facility have to be demonstrated and

improved.

Fischer-Tropsch fuels
In addition to the presented concept, there are many other different concepts to produce FT-fuels

that are characterised by the typical by-products waxes, naphtha and electricity. Basically the
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technology is more complex (e.g. when compared to Bio-SNG), whereby mechanical-thermal
biomass treatment (e.g. chipping and drying of solid biofuels) is matured. The pyrolysis and
transport of pyrolysis products (e.g. slurry) is in an R&D stage. Biomass gasification is
demonstrated in small-scale. Basically, the synthesis and fuel treatment of the FT raw products
(refinery technology required) are commercial available for fossil material. The expected overall
efficiency is between 40 to 45%. Particularly in Europe, the FT-technology is in view of many
technology developers and mineral oil industries. The first commercial demonstration plant with
a capacity of approx. 15 kt/a FT-diesel (45 MWy, biomass input) is currently built by Choren
Industries in Freiberg/Germany and will start its operation end of 2007. However, for a broad
market implementation existing techno-economic barriers have to be overcome in the years to
come. This is expected to after 2010. Until then, several R&D demand is required, e.g. with
regard to (i) further development of pyrolysis and gasification (e.g. upscale, operation under
pressure), (ii) efficient and economic gas treatment technologies, (iii) treatment of FT-raw
products (e.g. downsizing hydrocracking, use in refineries) as well as the successful

demonstration of plants availability and reliability for the use of approved system components.

Biomethanol

Methanol synthesis and fuel treatment are not that complex as FT-fuel production. Thus, higher
overall efficiencies of up to 55% can be expected. Currently, the R&D activities are with regard
to produce an intermediate product for further fuel production (e.g. gasoline). The required R&D
demand is quite similar to FT-fuels for gasification and gas treatment. Moreover, the adaptation
of methanol synthesis units has to be carried out. This is also true for the demonstration of

biomethanol plants in pilot scale.

Dimethylether (DME)

The synthetic biofuel DME can be applied similar to LPG (liquefied petroleum gas) in adapted
diesel engines. However, DME might potentially be used for non-transport energy purposes.
While the processes of gasification of solid biofuels and the gas cleaning and conditioning to

bio-syngas are similar, significant differences exists with regard to the catalytic synthesis.

For DME production synthesis can either be realised via the previous step of methanol synthesis
(so called indirect synthesis) or directly. The most common types for methanol synthesis and

catalytic dehydration of methanol (DME synthesis) are presented in the following.
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A typical reactor type for methanol production is the so called adiabatic quench reactor. The
cooling is done by an internal quench (fast cooling by injection of condensate) with fresh syngas.
The reaction heat is withdrawn at the exit of the reactor, which is at the bottom. The conversion
of methanol to DME where water is chemically separated is done in a DME reactor. Usually,
fixed bed reactors are used for this purpose. First, methanol is heated to a temperature of about
250 °C (e.g. by a heat exchanger) before entering the reactor, where an exothermic reaction takes
place at temperatures of 250 to 300 °C and DME is formed. Afterwards, the reactor effluents are
cooled down and DME is separated from unconverted methanol and water. The conversion rate
of raw methanol to DME ranges from 86 to 88 %. Raw DME contains some water, dissolved

gases and little amounts of higher ethers, which have to be withdrawn by distillation.

Hydro Thermal Upgrading (HTU) diesel

Another basic approach to convert various types of solid biomass into fuels lies in the principle
to obtain the bio-oil as an intermediate. Bio-oil, also named “bio-crude” can be obtained via flash
pyrolysis or via hydrothermal treatment or upgrading - HTU. In the later case, the thermal
pyrolytic process is carried out in the aqueous medium under elevated pressures (sub-critical
water) which improves yield and quality of the product oil, as large amount of O, is removed as
CO;, during the HTU process. The HTU process is therefore advantageous for biomass

containing high water content, since drying of the biomass is not necessary.

The HTU technology uses pressures in the range of 120 — 180 bars, and temperature range of
300 — 350°C. Under these conditions, the biomass is depolymerised to a hydrophobic liquid (bio-
crude), which separates from the water. Some gases such as CO, Hz, CO2 (90 weight %) and

methane is produced, along with water and organic compounds. The main product of this
reaction is a liquid (oil) consisting of various kinds of hydrocarbon. The lighter fractions of this
oil can be upgraded to diesel fuel components. HTU diesel is produced by means of a catalytic
process called “hydrodeoxygenation” (HDO) which is intrinsically similar to the
hydroprocessing technology discussed above for the diesel via hydrocracking of vegetable oils.
Oxygen is removed from the biocrude by treatment with hydrogen at elevated temperatures. The
upgrading of the biocrude to diesel fuel may be done at the same location as the production of
the biocrude or the biocrude may be transported to other locations, followed by local upgrading
to HTU diesel. It can be blended with fossil diesel in any proportion without the necessity of

engine or infrastructure modifications.
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Presently, HTU technology is only researched in the Netherlands, where the only HTU pilot
plant is located as well. Research activities focus on the complex chemical properties of the
reactions of the HTU process, the feeding pump to achieve the required pressure, and testing of
several feedstock types. It will probably take a few more years before the process has been tested

and developed sufficiently before a commercial diesel equivalent can be produced
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Cellulosic bioethanol

Since sugar and starchy materials are expensive and interfere in human food chain and divert
them to transport fuel production not advisable. Alternative cellulosic materials are better option
to solve these problems. Examples of cellulosic feedstocks are agricultural residues like stalks,
leaves and husks of food crops; forestry wastes such sawdust and chips from timber mills, dead
trees, and tree branches; municipal solid wastes cardboard, paper and house hold garbage
products; food processing and other industrial wastes such as liquor, a by-product from paper
and pulp manufacturing industries and also energy crops, fast growing tress and grasses
developed just for this purpose. Cellulosic resources are in general very widespread and
abundant. For example, forests comprise about 80% of the world’s biomass. Being abundant and
outside the human food chain makes cellulosic materials relatively inexpensive feedstocks for

ethanol production.

Cellulose molecules consist of long chains of glucose molecules as do starch molecules, but have
a different structural configuration. These structural characteristics plus the encapsulation by

lignin makes cellulosic materials more difficult to hydrolyze than starchy materials.

Thus, in general, trees have higher lignin contents then grasses. Unfortunately, lignin which
contains no sugars encloses the cellulose and hemicellulose molecules, making them difficult to
reach. Hemicellulose is also comprised of long chains of sugar molecules; but contains, in
addition to glucose (a 6-carbon or hexose sugar), contains pentoses (5-carbon sugars). To
complicate matters, the exact sugar composition of hemicellulose can vary depending on the type
of plant. Since 5-carbon sugars comprise a high percentage of the available sugars, the ability to
recover and ferment them into ethanol is important for the efficiency and economics of the
process. Recently, special microorganisms have been genetically engineered which can ferment

5-carbon sugars into ethanol with relatively high efficiency.

Process description

Ethanol can be manufactured from cellulosic biomass feedstocks using acid hydrolysis,
enzymatic hydrolysis and also by thermo chemical treatment. The most commonly used process
is acid hydrolysis with sulphuric acid. Virtually any acid can be used; however, sulfuric acid is

most commonly used since it is usually the least expensive.

Scheme 3.4 illustrates the different steps involving in conversion of the biomass to bioethanol

production.
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Scheme 3.4. Schematic representation of production of ethanol from cellulosic biomass

Hydrolysis by dilute acid

There are two basic types of acid processes: dilute acid and concentrated acid, each with
variations. Dilute acid processes are conducted under high temperature and pressure, and have
reaction times in the range of seconds or minutes, which facilitates continuous processing. The
first reaction converts the cellulosic materials to sugar and the second reaction converts the
sugars to other chemicals. Unfortunately, the conditions that cause the first reaction to occur also
are the right conditions for the second to occur. Thus, once the cellulosic molecules are broken
apart, the reaction proceeds rapidly to break down the sugars into other products most notably
furfural, a chemical used in the plastics industry. Not only does sugar degradation reduce sugar
yield, but the furfural and other degradation products can be poisonous to the fermentation
microorganisms. The biggest advantage of dilute acid processes is their fast rate of reaction,
which facilitates continuous processing. Their biggest disadvantage is their low sugar yield. For
rapid continuous processes, in order to allow adequate acid penetration, feedstocks must also be
reduced in size so that the maximum particle dimension is in the range of a few millimetres.
Since 5-carbon sugars degrade more rapidly than 6-carbon sugars, one way to decrease sugar
degradation is to have a two-stage process. The first stage is conducted under mild process
conditions to recover the 5-carbon sugars while the second stage is conducted under harsher

conditions to recover the 6-carbon sugars.

As an example, using a dilute acid process with 1% sulfuric acid in a continuous flow reactor at a
residence time of 0.22 minutes and a temperature of 237°C (458°F) with pure cellulose provided
a yield over 50% sugars. In this case, 0.9 t (1 ton) of dry wood would yield about 189 L (50
gallons) of pure ethanol. The combination of acid and high temperature and pressure dictate

special reactor materials, which can make the reactor expensive. Most dilute acid processes are
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limited to a sugar recovery efficiency of around 50%. The reason for this is that at least two
reactions are part of this process. Unfortunately, sugar degradation is still a problem and yields

are limited to around 272 L/t (80 gallons of ethanol/ton) of dry wood.

Hydrolysis by concentrated acid

The concentrated acid process uses relatively mild temperatures and the only pressures involved
are usually only those created by pumping materials from vessel to vessel. In the TVA
concentrated acid process, corn stover is mixed with dilute (10%) sulfuric acid, and heated to
100°C for 2 to 6 hours in the first (or hemicellulose) hydrolysis reactor. The low temperatures
and pressures minimize the degradation of sugars. To recover the sugars, the hydrolyzed material
in the first reactor is soaked in water and drained several times. The solid residue from the first
stage is then dewatered and soaked in a 30% to 40% concentration of sulfuric acid for 1 to 4 hrs
as a pre-cellulose hydrolysis step. This material is then dewatered and dried with the effect that
the acid concentration in the material is increased to about 70%. After reacting in another vessel
for 1 to 4 hr at 100°C, the reactor contents are filtered to remove solids and recover the sugar and
acid. The sugar/acid solution from the second stage is recycled to the first stage to provide the
acid for the first stage hydrolysis. The sugars from the second stage hydrolysis are thus
recovered in the liquid from the first stage hydrolysis. The primary advantage of the concentrated
process is the high sugar recovery efficiency, which can be on the order of over 90% of both
hemicellulose and cellulose sugars. The low temperatures and pressures employed also allow the
use of relatively low cost materials such as fibre glass tanks and piping. Unfortunately, it is a
relatively slow process and cost effective acid recovery systems have been difficult to develop.
Without acid recovery, large quantities of lime must be used to neutralize the acid in the sugar
solution. This neutralization forms large quantities of calcium sulfate, which requires disposal
and creates additional expense. Using some assumed cellulose conversion and fermentation
efficiencies, ethanol yields from glucose can be calculated for corn stover (the above-ground part
of the corn plant less the ears) as shown in Table 3.3 showing ethanol yield from glucose.

Similarly, ethanol yields from the xylose can be calculated as shown in Table 3.4.

Thus, in this example, the total yield/t of dry stover is about 227 L (60 gallons) of ethanol. These
numbers also show how critical sugar conversion and recovery efficiencies and fermentation
efficiencies are. If one could attain 95% for both efficiencies, then the yield would be
approximately 350 L/t (103 gallons of

ethanol/ton).
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Enzymatic hydrolysis

Another basic method of hydrolysis is enzymatic hydrolysis. Enzymes are naturally occurring
substances that cause certain chemical reactions to occur. However, for enzymes to work, they
must obtain access to the molecules to be hydrolyzed. For enzymatic processes to be effective,
some kind of pretreatment process is thus needed to break the crystalline structure of the
lignocellulose and remove the lignin to expose the cellulose and hemicellulose molecules.
Depending on the biomass material, either physical or chemical pre-treatment methods may be
used. Physical methods may use high temperature and pressure, milling, radiation, or freezing —
all of which require high-energy consumption. The chemical method uses a solvent to break

apart and dissolve the crystalline structure.

Bioethanol production from hydrolysed cellulosic biomass:

After the pretreatment of cellulosic biomass using acid, alkali or enzymatic hydrolysis
carbohydrate moieties can be converted into ethanol by fermentation techniques using different
types of enzymes depends on the feedstock of sugar moieties for example, as shown in table 3.2.
Cellulose and hemicellulose can be converted in to ethanol using cellulases and hemicelluases

respectively.

Table 3.2. Feedstocks and enzymes used for production of bioethanol

Carbohydrate Main carbohydrate to  Process utilizing Required enzyme
feedstock be converted added enzymes
Lignocellosic biomass  Cellulose (f-1,4 linked  Cellulose and Cellulases,
(e.g. plant residues, glucose molecules) and  hemicellulose hemicellulases
bagasse etc) hemicellulose hydrolysis

The following tables 3.3 and 3.4 illustrate that the production of cellulose, hemicellulose,
glucose and xylose from 1000 kg of dry stover. It is interesting to note that we can get 151 litters

of cellulosic bioethanol from 1000 kg dry stover.

Table 3.3. Ethanol yield from glucose

Dry stover One tonne (1000 kg)
Cellulose % 0.45
Cellulose conversion and recovery efficiency % 0.76
Ethanol stoichiometric yiels x 0.51
Glucose fermentation efficiency x 0.75

Yield from glucose 131 kg ethanol = 151 L (40 gallons)
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Table 3.4. Yield of Ethanol from xylose

Dry stover One tonne (1000 kg)
Hemicellulose content % 0.45
Hemicellulose conversion and recovery efficiency x 0.76
Ethanol stoichiometric yield x 0.51
Xylose fermentation efficiency x 0.75
Yield from Xylose 131 kg ethanol = 151 L (40 gallons)

Ethanol-from-cellulose (EFC) holds great potential due to the widespread availability,
abundance, and relatively low cost of cellulosic materials. However, although several EFC

processes are technically feasible, cost-effective processes have been difficult to achieve.

Hybrid and thermochemical processes for ethanol production from cellulosic biomass

There are two ethanol production processes that currently employ thermochemical reactions in
their processes. The first system is actually a hybrid thermochemical and biological system.
Biomass materials are first thermochemically gasified and the resulting synthesis gas (a mixture
of hydrogen and carbon monoxide) is bubbled through the specially designed fermenters
containing the microorganisms capable of converting the synthesis gas into ethanol under

specific conditions.

In the second thermochemical ethanol production process the synthesis gas obtained from
biomass passes through a reactor containing the catalyst, which causes the gas to be converted
into ethanol. Numerous efforts have been made since then to develop commercially viable
thermochemical-to-ethanol processes. Ethanol yields up to 50% have been obtained using
synthesis gas-to-ethanol processes. Some processes that first produce methanol and then use

catalytic shifts to produce ethanol have obtained ethanol yields in the range of 80%.
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Bio-hydrogen
It is widely acknowledged that hydrogen is an attractive energy source to replace conventional
fossil fuels, both from the environmental and economic standpoint. It is often cited as a potential

source of unlimited clean power (Hoffman, 2002).

When hydrogen is used as a fuel it generates no pollutants, but produces water which can be
recycled to make more hydrogen. Apart from its use as a clean energy resource, hydrogen can be
used for various other purposes in chemical process industries. It is used as a reactant in
hydrogenation process to produce lower molecular weight compounds. It can also be used to
saturate compounds, crack hydrocarbons or remove sulphur and nitrogen compounds. It is a
good oxygen scavenger and can therefore be used to remove traces of oxygen to prevent
oxidative corrosion. In the manufacturing of ammonia, methanol and syngas, the use of
hydrogen is well known. The future widespread use of hydrogen is likely to be in the
transportation sector, where it will help reduce pollution. Vehicles can be powered with
hydrogen fuel cells, which are three times more efficient than a gasoline-powered engine. As of
today, all these areas of hydrogen utilization are equivalent to 3% of the energy consumption, but

it is expected to grow significantly in the years to come.

The commercially usable hydrogen currently being produced is extracted mostly from natural
gas. Nearly 90% of hydrogen is obtained by steam reformation of naphtha or natural gas.
Gasification of coal and electrolysis of water are the other industrial methods for hydrogen

production.

However, these processes are highly energy intensive and not always environment-friendly.
Moreover, the fossil-fuel (mainly petroleum) reserves of the world are depleting at an alarming
rate. So, production of hydrogen by exploiting alternative sources seems imperative in this

perspective.

Biomass, as a product of photosynthesis, is the most versatile non-petroleum renewable resource

that can be utilized for sustainable production of hydrogen (Cole, 1992).

Therefore, a cost-effective energy-production process could be achieved in which agricultural

wastes and various other biomasses are recycled to produce hydrogen economically.
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Production of hydrogen from renewable biomass has several advantages compared to that of
fossil fuels. A number of processes are being practised for efficient and economic conversion

and utilization of biomass to hydrogen.

Production technologies

There are different process routes of hydrogen-production from biomass (Milne, 2002):
1) thermochemical gasification coupled with water gas shift;

2) fast pyrolysis followed by reforming of carbohydrate fractions of bio-oil;

3) direct solar gasification;

4) miscellaneous novel gasification process;

5) biomass-derived syngas conversion;

6) supercritical conversion of biomass;

7) microbial conversion of biomass.

Among the mentioned technologies, the processes based on thermal gasification and pyrolysis of
biomass are the most developed and can be envisaged to operate on commercial basis in the near

future.
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Thermo-chemical gasification coupled with water gas shift

Gasification coupled with water gas shift is the most widely practised process route for biomass
to hydrogen (Milne, 2002). Thermal, steam and partial oxidation gasification technologies are
under development around the world. Feedstock include agricultural and forest product residues
of hard wood, soft wood and herbaceous species. Thermal gasification is essentially high-rate
pyrolysis carried out in the temperature range of 600—-1000 °C in fluidized bed gasifiers. The

reaction is as follows:

Biomass + O, = CO + H; + CO; + Energy

Other relevant gasifier types are bubbling fluid beds and the high-pressure high-temperature
slurry-fed entrained flow gasifier. However, all these gasifiers need to include significant gas
conditioning along with the removal of tars and inorganic impurities and the subsequent

conversion of CO to H, by water gas shift reaction.

CO+H,0O—->CO,+H,

Fast pyrolysis followed by reforming of carbohydrate fraction of bio-oil

Pyrolysis produces a liquid product called bio-oil, which is the basis of several processes for the

development of fuel chemicals and materials. The reaction is endothermic:

Biomass + Energy = Bio-oil + Char + Gas

Catalytic steam reforming of bio-oil at 750-850 °C over a nickel-based catalyst is a two-step

process that includes the shift reaction:

Bio-oil + H,O = CO + H,
CO+H,0—->CO,+H,

The overall stoichiometry gives a maximum yield of 0.172 g Ha,/g bio-oil (11.2% based on

wood).

CH, 9007+ 1.26H,0 = CO, + 2.21H,
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The first step in pyrolysis is to use heat to dissociate complex molecules into simple units. Next,
reactive vapours which are generated during the first step convert to hydrogen. The Waterloo
fast-pyrolysis process technology carried out at 700 °C is used for the steam gasification of pine
sawdust using Ni—Al catalyst at a molar ratio 1:2. It has revealed that catalytic reactivation and

high steam to biomass ratios diminish the rate of deactivation (Garcia, 2002).

Methanol and ethanol can also be produced from biomass by a variety of technologies and used
on board reforming for transportation. Caglar and Demirbas (Caglar, 2001) have used pyrolysis
of tea waste to produce hydrogen, while Abedi et al. (4bedi, 1988) have studied hydrogen and

carbon production from peanut shells.

Direct solar gasification

In 1974, Antal et al. examined the feasibility of using solar process heat for the gasification of
organic solid wastes and the production of hydrogen (Yogev, 1998). With a credit for the wastes
used, the economic projections were thought to be surprisingly favorable. Shahbazov and
Usubov (Shahbazov, 1996) show good hydrogen yields from agricultural wastes using a
parabolic mirror reflector. Thermal decomposition samples were studied by the method of
derivative chromatographic analysis. In 1998, Rustamov et al. (Rustamov, 1998) studied the
thermo-catalytic reforming of cellulose and wood pulp using concentrated solar energy. The
possibility of obtaining hydrogen and carbon monoxide with temperatures of 700-750 °C on a

Pt/Al,O3 catalyst is shown.

Midilli et al. (Midilli, 2000) present results of the use of a palladium diaphragm to achieve solar
assisted hydrogen separations from the gases generated by pyrolysis of hazelnut shells at 500-
700 °C. It was concluded that pure hydrogen gas could be efficiently separated at membrane
temperatures between 180-250 °C. Walcher et al. (Walcher, 1996) mention a plan to utilize

agricultural wastes in a heliothermic gasifier.

Miscellaneous novel gasification processes

Several novel heat sources and chemistries have also been explored for hydrogen from organic
biomass. Safrany (Safrany, 1971) has proposed the use of a thermonuclear device to vapourize
waste organic materials in an underground, large-scale plasma process. In the 1980s, two novel
processes for hydrogen from carbonaceous materials were presented. Thakur (Thakur, 1980)

tested the production of hydrogen by the electrolysis of a mixture of coal, lime and water. In
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1981, an open-cycle two-step process was tested involving the reduction of In,O; by carbon

(chars) and its reoxidation by water to produce hydrogen (Thakur, 1981).

;05 + C (or 2C) = In,0 +CO; (or 2CO), T>873K
n:0 + 2H,0 = In,05 + 2H,, T<673K

A set of biochemical reactions have been proposed to describe decomposition of water into
hydrogen and oxygen using nuclear heat and a carbon cycle (Antal, 1974). Municipal waste is
suggested as a possible source of carbon. Algae can be a by-product. Coughlin and Farooque
(Coughlin, 1979) have showed that coals and other forms of solid carbonaceous fossil fuels
could be oxidized to oxides of carbon at the anode of an electrochemical cell and hydrogen
produced at the cathode. Gases produced are discussed as function of coal slurry concentration

and electrode potential.

Biomass derived syn-gas conversion

Hydrogen production from gasified biomass by sponge-iron reactor is also reported (Hacker,
1998). The sponge-iron process (or steam-iron process) offers a simple possibility to store the
energy of synthesis gas. A number of recent studies have looked into the classical steam-iron
process for upgrading synthesis gas (mainly CO and Hj) to pure H, for use in fuel cells and other
energy devices. Some authors worked on the purification of nitrogen containing reduction gas
from a biomass gasifier using wood and wood waste. The process involves two steps:

(1) cleaning of gas from solid biomass or coal or methane, and

(2) energy storage in sponge-iron.

This study investigates woody biomass and commercially available sponge-iron. The reactions

arc:

Fe;04 +4CO — 3Fe + 4CO; (coal, biomass or natural gas)
3Fe + 4H,O = Fe;04 +4H,

Supercritical conversion of biomass

Many researchers have investigated the aqueous conversion of whole biomass to hydrogen under
low temperature but supercritical conditions. The earliest report of supercritical gasification of
wood is by Modell (Modell, 1985). He studied the effect of temperature and concentration on the

gasification of glucose and maple sawdust in water, in the vicinity of its critical state (374 °C, 22
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MPa). No solid residue or char is produced. Hydrogen gas concentration up to 18% (v/v) is
reported. The first report of extensive work on supercritical conversion of biomass-related
organics was given by Manarungson et al. (Manarungson, 1990), where glucose at 550 °C has
been converted largely into hydrogen and carbon dioxide. This was followed by a study of the
uncatalysed solvolysis of whole biomass and hemicellulose in hot compressed liquid water
(Mok, 1992). The first study showed that complete gasification of glucose can occur at 600°C,
34.5 MPa and 30 s residence time.

Following this work, a flow reactor has been used with newly discovered carbon-base catalysts
to convert water hyacinth, algae, pithed bagasse, liquid extract, glycerol, cellobiose, whole
biomass feedstock and sewage sludge to hydrogen. Wood sawdust, dry sewage sludge or other
particulate biomass can be mixed with a corn-starch gel to form a viscous paste. This paste can
be delivered to a supercritical flow reactor with a pump. Ongoing work indicates that the starch
can be reduced to 3% (w/w) and the particulate biomass increased to 10% (w/w). At the critical
pressure of water (22 MPa), the paste vapourizes without the formation of char. A packed bed of
carbon catalyst, at 650°C, causes the tarry vapours to react with water to produce hydrogen,

carbon dioxide, some methane and only a trace of carbon monoxide (Antal, 1997).

Microbial conversion of biomass

Highly concentrated organic waste water is one of the most abundantly available biomass which
can be exploited for microbial conversion into hydrogen. A new and unique process has been
developed when substrates such as carbohydrates are fermented by a consortium of bacteria; they

produce hydrogen and carbon dioxide.

Municipal solid wastes and digested sewage sludge have the potential to produce large amount
of hydrogen by suppressing the production of methane by introducing low voltage electricity into
the sewage sludge. Some authors (Fascetti, 1995) have reported on the photosynthetic hydrogen
evolution from municipal solid wastes. Batch-wise and continuous experiments show that the
acidic aqueous stream obtained from such refuse is a good substrate for the growth of R.
sphaeroides RV. The substrate from the acidogenesis of fruit and vegetable market wastes gives
higher hydrogen evolution rates (about threefold) compared to synthetic medium. Mixed culture
of photosynthetic anaerobic bacteria provides a method of utilization of a variety of resources for

hydrogen-production (Miyake, 1990).
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Hydrogen production from whey by phototropic bacteria like R. rubrum and R. capsulatus has
been discussed by Venkataraman and Vatsala (Venkataraman, 1990). Roychowdhury et al.
(Roychowdhury, 1988) have on reported hydrogen generation from fermentative bacteria. Kumar
and Das (Kumar, 2000) studied the suitability of starchbased residues for hydrogen-production.
Lactate and lactate-containing waste water (Zurrer, 1982), cow dung slurry (Vrati, 1983),
vegetable starch, sugar-cane juice and whey (Singh, 1994), bean-product waste water (Liu,
1995), tofu waste water (Zhu, 1999) are among other liquid biomass which are extensively used

for hydrogen production.

Comparative analysis
A comparison of different process routes for hydrogen production on the basis of their relative

merits and demerits is given in Table 3.5.

In all types of gasification, biomass is thermochemically converted to a low or medium-energy
content gas. Air-blown biomass gasification results in approximately 5 MJ/m’ and oxygen-blown
15 MJ/m® of gas. However, all these processes require high reaction temperature. Char (fixed

carbon) and ash are the pyrolysis by-products that are not vaporized.

Table 3.5. Merits and demerits of different processes of biomass conversion to hydrogen

Process Merits Demerits
Thermochemical Maximum conversion can Significant gas conditioning is
gasification be achieved. required.

Removal of tars is important.
Fast pyrolysis Produces bio-oil which is the basis of Chances of catalyst deactivation

several processes for development of
fuels, chemicals and materials.

Solar gasification Good hydrogen yield. Requires effective collector
plates.

Superecritical Can process sewage sludge, which is Selection of supercritical

conversion difficult to gasify. medium.

Microbial Waste water can also be treated Selection of suitable

conversion simultaneously. Also generates some microorganisms.

useful secondary metabolites.

Some of the unburned char may be combusted to release the heat needed for the endothermic
pyrolysis reactions. For solar gasification, different collector plates (reflectors) like parabolic
mirror reflector or heliostat are required. In supercritical conversion, no solid residue or char is
produced in most of the cases. A wide variety of biomass is nowadays being used to produce

hydrogen using supercritical water. In microbial conversion of biomass, different waste materials
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can be employed as substrates. These wastes are also treated simultaneously with production of

hydrogen.

Hydrogen produced from biomass in all these processes mostly contains different gaseous
impurities like O,, CO, CO,, CH4 and some amount of moisture. Sometimes, presence of these
gases lowers the heating value of hydrogen, in addition to posing some problems in efficient
burning of fuels. CO, acts as a fire extinguisher and it is sparingly soluble in water. Scrubbers
can be used to separate CO,. Fifty per cent (w/v) KOH solution is a good CO, absorbent.
Monoethnoamine can also be used as a CO; absorber. The presence of O, in the gas may cause a
fire hazard. Water solubility of O, is less compared to that of CO,. Alkaline pyrogallol solution
can be used as an absorbent of O,. Another important problem is the presence of moisture in the
gas mixture. It must be removed; otherwise the heating value of hydrogen will get reduced. This
can be achieved by passing the mixture either through a dryer or a chilling unit (by condensing
out vapour in the form of water). Nowadays, different membrane separation systems are being

utilized efficiently for gas purification.

Table 3.6. Some biomass feedstock used for hydrogen-production

Biomass feedstock Major conversion technology
Almond shell Steam gasification
Pine sawdust Steam reforming
Crumb rubber Supercritical conversion

Rice straw Pyrolysis
Microalgae Gasification
Tea waste Pyrolysis
Peanut shell Pyrolysis
Maple sawdust slurry Supercritical conversion
Starch biomass slurry Supercritical conversion
Composted municipal refuse Supercritical conversion
Kraft lignin Steam gasification

Paper and pulp waste Microbial conversion
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Biorefineries

Definition for Biorefinery

Biorefinery is a facility that integrates biomass conversion processes and equipment to produce
fuels, power, and chemicals from biomass. The biorefinery concept is analogous to today's
petroleum refineries, which produce multiple fuels and products from petroleum. Industrial
biorefineries have been identified as the most promising route to the creation of a new domestic

bio-based industry.

By producing multiple products, a biorefinery can take advantage of the differences in biomass
components and intermediates and maximize the value derived from the biomass feedstock. A
biorefinery might, for example, produce one or several low-volume, but high-value, chemical
products and a low-value, but high-volume liquid transportation fuel, while generating electricity
and process heat for its own use and perhaps enough for sale of electricity. The high-value
products enhance profitability, the high-volume fuel helps meet national energy needs, and the

power production reduces costs and avoids greenhouse-gas emissions.

Biorefinery Concept

Although a number of new bioprocesses have been commercialized it is clear that economic and
technical barriers still exist before the full potential of this area can be realized. One concept
gaining considerable momentum is the biorefinery. The biorefinery concept could significantly
reduce production costs of plant-based chemicals and facilitate their substitution into existing
markets. This concept is analogous to that of a modern oil refinery in that the biorefinery is a
highly integrated complex that will efficiently separate biomass raw materials into individual
components and convert these into marketable products such as energy, fuels and chemicals. By
analogy with crude oil; every element of the plant feedstock will be  utilized including the low
value lignin components. However, the different compositional nature of the biomass feedstock,
compared to crude oil, will require the application of a wider variety of processing tools in the
biorefinery. Processing of the individual components will utilize conventional thermochemical
operations and state-of-the-art bioprocessing techniques. The production of biofuels in the
biorefinery complex will service existing high volume markets, providing economy-of-scale
benefits and large volumes of by-product streams at minimal cost for upgrading to valuable
chemicals. A pertinent example of this is the glycerol by-product produced in biodiesel plants.
Glycerol has high functionality and is a potential platform chemical for conversion into a range

of higher value chemicals. The high volume product streams in a biorefinery need not
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necessarily be a fuel but could also be a large volume chemical intermediate such as ethylene or
lactic acid. A key requirement for delivery of the Biorefinery concept is the ability to develop
process technology that can economically access and convert the five and six membered ring
sugars present in the cellulose and hemicellulose fractions of the lignocellulosic feedstock.
Although engineering technology exists to effectively separate the sugar containing fractions
from the lignocellulose, the enzyme technology to economically convert the five ring sugars to

useful products requires further development.

As a result when the biorefinery concept realized the production of platform chemicals using bio
or catalytic processes would drastically reduce the over all production cost. It has been
speculated that to be viable, a biorefinery complex would need to process some 5 to 10 thousand
tones of biomass per day to achieve the appropriate economies of scale and could cost

somewhere in the region of $200-250 million.

Biorefinery concept is built on two different "platforms" to promote different product slates. The
"sugar platform" is based on biochemical conversion processes and focuses on the fermentation
of sugars extracted from biomass feedstocks. The "syngas platform" is based on thermochemical
conversion processes and focuses on the gasification of biomass feedstocks and by-products
from conversion processes. Schemes 3.6 explains the basic concept of biorefinery and Scheme
3.7 shows connections between different types feedstocks and different approaches if product

utilization.

Sugar Feedstocks
Sugar Platform -

“Biochemical”
Residues
Combined Fuels,

Biomass Heat & Chemicals,
Power: & Materials

Clean Gas

Syngas Platform

"Thermochemical”
! Conditioned Gas

Scheme 3.6. Biorefinery: a general concept (NREL, www.nrel.gov/biomass/biorefinery.html)
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Feedstock:
BIOMASS

A 4

Biomass components: — )
Starch, lignin, hemicellulose,

cellulose, protein, oils

\ 4 \ 4

Platform intermediates:
Glucose, xylose, Biobased

arabinose, fructose, syngas
lactose, sucrose, starch

\ 4 \ 4

Building blocks:

& C3: glycerol, lactic acid, 3-hydroxy Hydrogen, methanol,
propionate, propionic acid, malonic mixed higher alcohols,
acid, serine oxo-synthesis products,

iso- synthesis products,
C4: succinic acid, fumaric acid, malic Fischer-Tropsch liquids,
acid, aspartic acid, 3- hydroxy etc.
butyrolactone, acetoin, threonine
C5: itaconic acid, furfural, levulinic
acid, glutamic acid, xylonic acid,
xylitol/arabitol
Cé6: citric/ aconitic acid, 5-
hydroxymethyl-furfural, lysine, gluconic
acid, glucaric acid, sorbital
Aromatics: gallic acid, ferulic acid &
direct polymers & gums
\ 4 4
End products: - - —
Polymers, fuels, lubricants, water chemicals, fertilizers,
paints, resins, pesticides, pharmaceuticals, cosmetics, etc.

Scheme 3.7 Biorefinery: feedstocks and products

Advanced Biorefineries: Chemicals from Biomass feedstock

Although transportation fuels will be the single largest biobased product from a biorefinery,
commodity chemicals, natural fibres, and electricity are also products with significant economic
potential. Already commercially available biobased products include adhesives, cleaning
compounds, detergents, dielectric fluids, dyes, hydraulic fluids, inks, lubricants, packaging
materials, paints and coatings, paper and box board, plastic fillers, polymers, solvents, and

sorbents. Of course, the products from an advanced biorefinery will be strongly influenced by
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the feedstock processed by the facility. Much attention has been paid to the corn-based
biorefinery, which produces predominately starch and carbohydrate derivatives from it, but also
smaller amounts of oil, protein, and fibre. Commercially significant carbohydrate derivatives
from starch are currently limited to ethanol, nutritive sweetener, and lactic acid (used in the
production of polylactate). A number of carbohydrate derivatives are possible, list of “top
twelve” building block molecules from sugars, these include three diacids (succinic, fumaric, and
malic acids), seven carboxylic acids with additional functionality (2,5-furan dicarboxylic acid, 3-
hydroxy propionic acid, aspartic acid, glucaric acid, glutamic acid, itaconic acid, and levulinic
acid), one ketone (3-hydroxybutyrolactone), and three polyols (glycerol, sorbitol, and
xylitol/arabinitol). Other groups have suggested 1,3-propanediol as an attractive building block
molecule from carbohydrate. Biorefineries using fibrous (lignocellulosic) biomass as feedstock
will produce C6 sugar (glucose), C5 sugars (predominately xylose and arabinose), and lignin.
These sugars can be fermented to produce so-called “cellulosic” ethanol although the same
carbohydrate derivatives contemplated for corn-based biorefineries are also appropriate
secondary products for a fiberbased biorefinery. Lignin, a phenylpropane-based polymer, is not
fermentable but has potential as a urea-formaldehyde substitute or even the starting point for the
production of hydrocarbon fuels. First generation biorefineries, however, are expected to simply

use lignin as boiler fuel.

A fundamentally different approach to lignocellulosic biorefineries thermochemically breaks
down plant material into a mixture of carbon monoxide (CO) and hydrogen (H,) known as
syngas. This simple gas mixture can be catalytically upgraded to a wide variety of compounds,
including alcohols, carboxylic acids, and hydrocarbons. It is the process proposed for the
production of “green” diesel in Europe. Another kind of biorefinery is based on plant oils or
animal fats and is commonly known as an oleochemical plant. For such a plant based on oilseed
crops such as soybeans the primary products are oil (triglyceride) and meal, the later of which
contains significant quantities of protein and fibre and some residual oil. The oil can be either
hydrolyzed to fatty acids and glycerol or converted into methyl (or ethyl) esters and glycerol by
the process of transesterification the fatty acids and esters are potential platform chemicals for
the production of a vast array of derivative chemicals used in high value products. Much of the
focus on methyl esters today has been on their use as biodiesel but there has also been limited
diversification into ester-based solvents and lubricants. The industry has shown only limited
interest in upgrading the glycerol byproduct although technologies are rapidly emerging for its
conversion to 1,3-propanediol, a precursor in the production of plastics. Similarly, although the

protein in the meal as potential to replace urea-formaldehyde in adhesives, commercialization
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has been slow to emerge. Biobased transportation fuels, also known as biofuels, are currently
dominated by ethanol and biodiesel. However, there are other candidate liquid biofuels including
methanol, mixed alcohols, and Fisher-Tropsch liquids, as well as gaseous biofuels including

hydrogen (H,), methane (CH4), ammonia (NHs3), and dimethyl ether (CH3;OCH3).

Types of advanced biorefineries

Modern wet corn milling plants and pulp and paper mills can rightly claim to be biorefineries.
Advanced biorefineries, however, should be able to process all components of the biomass
feedstock into high-value biobased products. Corn fibre as cattle feed additive and lignin as
boiler fuel from corn milling plants and pulp and paper mills, respectively, would be of relatively
low economic value in a greatly expanded biofuels market. Kamm and Kamm have defined three
kinds of biorefineries that would meet this requirement: whole grain biorefineries that make
better use of such byproducts as distillers dried grains and solubles (DDGS) and protein meal
during the processing of conventional starch and oil crops; lignocellulosic biorefineries that
efficiently convert cellulose, hemicellulose, and lignin to products; and so-called “green”
biorefineries that convert high moisture biomass, such as silage corn or kelp, into products via
ensiling or anaerobic digestion. The whole grain biorefinery, which is an outgrowth of existing
grain ethanol manufacturing, is illustrated in Scheme 3.8 (a). The grain, assumed in the scheme
to be corn grain for illustrative purposes, is brought from the field and milled (or pressed, in the
case of oil seeds) to separate economically recoverable plant components, which might include
sugar, starch, oil, protein, and fibre. In Scheme 3.8 (a) an advanced dry grind operation is
assumed, which recovers oil from the germ while fibre and protein remain mixed with the starch
(in a wet milling operation, the oil, protein, and fibre are separately recovered, leaving nearly
pure starch for further processing). One or more of these components is subjected to
fermentation. In the case of corn grain, this component is either starch-rich mash from a dry
grind operation or pure starch from a wet milling operation, after it has been treated with
enzymes and the starch hydrolyzed to glucose. Since the fermentation products, such as ethanol
and lactic acid, are usually produced in the fermentation broth at concentrations typically less
than 150 g/L, distillation is required to recover these products. At this point the unfermented
constituents of the mash from the dry grind operation known as distillers dried grains and

solubles (DDGS) is also separated and dewatered.

Although some of the DDGS from a whole grain biorefinery may be sold as animal feed, the
large quantities that will be generated in a greatly expanded grain ethanol industry suggest its use

in higher value applications. In Scheme 3.8 (a) it is assumed that the DDGS is gasified to CO
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and H2 (syngas), which is cleaned and catalytically converted to alcohols or hydrocarbon-based

fuels (Fischer Tropsch liquids).

The lignocellulosic biorefinery is illustrated in Scheme 3.8 (b). The feedstock for such a facility
is fibrous biomass such as switchgrass, hybrid poplar, or cornstover. The plant material is first
pre-treated to increase the surface area of lignocellulose, making the polysaccharides more
susceptible to hydrolysis. A number of pre-treatments have been developed, including dilute
acid, hot water, steam explosion, and ammonia explosion. The product streams usually include
cellulose, hexose and pentose from hydrolyzed hemicellulose, and lignin. The cellulose is treated
with enzymes to hydrolyze it to glucose in a process known as saccharification after which the
C5 and C6 sugars are separately or together fermented to ethanol or other fermentation products.
Lignin, the non-carbohydrate constituent of fibre, cannot be fermented and is instead
thermochemically converted to syngas followed by catalytic conversion to alcohols or other
renewable transportation fuels. Clearly, the technology to convert lignocellulose into
monosaccharides could also be employed in the previously described whole grain biorefinery to
make a whole crop biorefinery. For example, a whole crop biorefinery for corn would bring both
corn grain and corn stover (stalks, leaves, husks, and cobs) to the facility. The starch recovered
from the grain would be subjected to hydrolysis with starch enzymes as illustrated in Scheme 3.8
(a) while the cornstover and the DDGS (or corn fibre) from fractionating the grain would be
subjected to pretreatment and enzymatic hydrolysis illustrated in Scheme 3.8 (b). The resulting
sugar streams would be fermented into ethanol or other products while the lignin would be
gasified as shown in Scheme 3.8 (b). The lignocellulosic biorefinery illustrated in Scheme 3.8 (b)

is based on hybrid biological-thermochemical processing of biomass.
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Scheme 3.8. Classification of Biorefineries based on feedstock:
a) Whole grain biorefinery, b) Lignocellulosic biorefinery with thermochemical processing of
lignin, c) ligocellulosic biorefinery with pure thermochemical processing;,

d) ligocellulosic biorefinery with syngas fermentation

Production of transportation fuels from lignocellulosic biomass since it builds upon the
fermentation technology used in the present fuel ethanol industry. In Europe

, on the other hand, the idea of a lignocellulosic biorefinery based on pure thermochemical
processing is gaining favour. This biorefinery, illustrated in Scheme 3.8 (c), is really nothing
more than the lignocellulosic biorefinery illustrated in Scheme 3.8 (b) with the pretreatment,
hydrolysis, and fermentation operations stripped out. Fibrous biomass is taken directly from the
fields to the gasifier where it is converted to syngas and then catalytically converted into a wide
selection of fuel products and commodity chemicals. This flexibility in product mix as well as
the tolerance of the gasification process to a wide variation in biomass composition is among the

chief attractions of the thermochemical biorefinery.

Gasification and syngas technologies were extensively developed and commercialized in
Germany during World War II to convert coal into motor fuels. Likewise South Africa, faced
with an oil embargo during their era of apartheid, produced Fischer-Tropsch liquids from coal to

sustain its national economy.
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Any solid carbonaceous fuel can be employed for the production of syngas as long as sulphur
and chloride contaminants are removed ahead of the catalytic reactors where they can poison the
metal catalysts used in the synthesis reactions. In this respect, biomass is a very suitable fuel for
a refinery based on thermochemical processing although cost has historically favoured coal over
biomass. The apparent simplicity of the flow chart in Scheme 3.8 (c) is somewhat deceptive
because economical operation of such a facility is thought to be strongly dependent upon
integrating the many energy flows in the plant and building extremely large facilities to capture
economies of scale, as subsequently described. Thus, it is uncertain whether future biorefineries
will be based on biological/thermochemical processing or pure thermochemical processing.
Interestingly, a third kind of lignocellulosic biorefinery, shown in Scheme 3.8 (d), has been
proposed. Like the biorefinery illustrated in Scheme 3.8 (b), this lignocellulosic biorefinery is
based on hybrid biological/thermochemical conversion. Instead of partitioning the plant
components between biological and thermochemical processes, all of the biomass is
thermochemically processed followed by biological conversion. Like the lignocellulosic
biorefinery based on pure thermochemical processing, all of the biomass is gasified to syngas.
However, instead of using inorganic (metallic) catalysts for the synthesis reactions, biocatalysts
are employed in a process known as syngas fermentation. Whereas traditional fermentations rely
on carbohydrates as the source of carbon and energy in the growth of microbial biomass and the
production of commercially valuable metabolites, syngas fermentation employs microorganisms
able to utilize less expensive substrates for growth and production. These include autotrophs,
which use C1 compounds as their sole source of carbon and hydrogen as their energy source, and
unicarbonotrophs, which use C1 compounds as their sole source of both carbon and energy.
Among suitable C1 compounds are CO, CO,, and methanol (CH3OH), all of which can be
produced from thermochemical processing of biomass. Products include carboxylic acids,
alcohols, and polyesters. One example is the anaerobic bacterium Clostridium ljungdahli, which

co-metabolizes syngas to form acetic acid (CH;COOH) and ethanol (C,HsOH).

Above all for the realization of biorefinery, it needs intensive research in different areas such as
agronomy, catalytic greener process, genetically modified crops and encouraging government

policies on promotion of biofuels and co-product valorisation.
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Part 4. Technology evaluation aspects

Biomass is of particular interest within the ongoing discussion on sustainable mobility due to its
advantages concerning e.g. climate relevance and security of supply. Within the framework of
sustainability main superior targets relating biofuels are e.g. (i) efficiency regarding system
technology and economics, (ii) environmental and climate protection regarding ecology (e.g.
greenhouse gas emissions) and (iii) energy supply security regarding biofuel potentials and
available resources. Further energy policy targets for biofuels are committed within the European
biofuels directive (2003/03/EG) up to the year 2010 and the roadmap for renewable energies
(COM (2006) 848) up to 2020. Accordingly, the share of biofuels within the transport sector has
to be increased to 5.75% (energy related) in 2010 and 10% in 2020. Besides, there is e.g. a
commitment of German gas suppliers to reach a share of biomethane as natural gas substitute for

transportation purposes of 10% in 2010 and 20% in 2020.

Moreover, technical targets on biofuels have to be achieved. Therefore, future biofuel production
systems should be integrated into existing technical biomass potentials. Only a reasonable mix of
promising biofuels should be implemented into the energy system under consideration of the
existing infrastructure of fuel distribution and use. These biofuels have to achieve current and
future exhaust emission standards (e.g. EURO 5/6) as well as have to be produced technical and
economic efficient (i.e. high conversion rates and competitive costs).

To meet these future targets, there are many several promising biofuel options of the so called
2nd generation under discussion (i.e. bioethanol based on lingocelluloses, synthetic liquid and
gaseous biofuels, biogas and biohydrogen). These options will be evaluated in the following. The
different technologies for future biofuels options have been assessed in terms of (i) technology
aspects, (ii) economic, and (iii) environmental aspects. For that not only the production of

biofuels is considered but also their distribution and use.

General aspects of future biofuel production options

Biofuels of the future generation are currently at R&D stage, but — different to the commercial
available 1% generation (i.e. vegetable oils, biodiesel as well as bioethanol based on sugar and
starch) — whole crops can be used for their production. Thus, they offer benefits regarding use of
area land for crop production and GHG mitigation. A simplified scheme of the whole fuel supply
chain from well to wheel (i.e. biomass production and provision, their conversion into biofuels

and the distribution and use) is shown in Scheme 4.1.
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Scheme 4.1. Overview on production pathways

The characteristic conversion paths of the future biofuel generation are (i) the bio-chemical
conversion (i.e. using micro organism) for the production of biogas and bioethanol (EtOH) and
(i1) the thermo-chemical conversion for the production of synthetic biofuels such as Fischer-
Tropsch fuels (FT), methanol (MeOH), dimethylether (DME) and synthetic natural gas (SNG) as
well as gaseous and liquid biohydrogen (CG/LHyd). Their status of technology as well as the

R&D demand is characterised in the next sections.

Lignocellulosic bioethanol

While the production of bioethanol via fermentation of sugar and starch plant fruits (e.g.
melasse, maize, cereals) is a matured and established technology all over the world, the use of
lignocellulosic biomass is more complex. This is due to the higher treatment expenditure for the
hydrolysis (e.g. via acids and enzymes) and saccharification of e.g. wood or straw for the
alcoholic fermentation. The thereby extracted lignin can be used e.g. for captive process energy
provision. The ethanol treating (i.e. distillation, rectification and absolution) is similar to the
conventional ethanol plants. Currently, there are some pilot plants e.g. in Canada (Iogen),
Sweden (ETEK/SEKAB) and Spain (Abengoa). The expected plant capacity in future is in the
range of 5 to 110 MWy, at a concept specific overall efficiency of approx. 45 to 50 %.
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The R&D demand primarily includes the develop—~ment of pulping technologies for
lignocelluloses (e.g. efficient and rentable enzymes) as well as further optimisation of process

integration with ethanol plants (e.g. regarding lignin and mash residues use for energy purposes).

Synthetic biofuels

The production of synthetic fuels (i.e. “design fuels” with clearly defined properties) is
characterised by three main steps: (i) gasification of lignocellulosic biomass to a raw gas,
(i) cleaning and conditioning of raw gas to bio-syngas, (iii) catalytic synthesis of this gas to

synthetic biofuels (i.e. FT, MeOH, DME and SNG) and (iv) final product treatment.

Regardless a long history of the development of a broad variety of system elements as well as
system layouts for the provision of liquid and/or gaseous fuels via biomass gasification, no
market break through has been realised so far. One reason is e.g. difficulties in combining
system elements. Additionally, some system elements are still under development. With regard
to “economy of scale” concepts in medium- to large-scale are required for an efficient production

of synthetic biofuels. Thus, the expected plant capacity will be in the range of 30 to 340 MWy

Despite the scale, for gasification system particularly chemical characteristics, physical and
mechanical properties of the utilised biomass are of importance. But, all reactors for biomass
gasification are still in an R&D stage up to now and only available in small-scale. Depending on
fuel synthesis — where reactors are available — specific qualities of bio-syngas at constant
compositions have to be achieved (gas purity and the H,-to-CO-ratio). Because so far no
gasification system meets these requirements, appropriate gas cleaning and conditioning system

have to be applied.

For raw gas cleaning either low temperature wet gas cleaning or, alternatively, hot gas cleaning
can be applied. The effectiveness of wet gas cleaning (e.g. cyclone and filter, scrubbing based on
chemical or physical absorption) has been proven for large-scale coal gasification systems.
Different to that, not all elements of hot gas cleaning (e.g. tar cracking, granular beds and filters,
physical adsorption or chemical absorption) are of mature technology yet. For gas conditioning
basically available and matured technologies (e.g. steam reforming, water gas shift) for
achieving bio-syngas requirements can be used; so far only limited experiences exist for the

required scale.
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Based on CtL- and GtL-production fuel synthesis and conditioning are technical and commercial
feasible. However, there are only limited experiences regarding “green” syngas and the expected
plant scale. Comparing the different synthetic biofuel options, the FT raw product treatment after

synthesis is more extensive since refinery-similar technologies (e.g. hydrocracker) are required.

In terms of overall efficiency, for biofuels such as SNG high thermal efficiencies up to 65% can
be expected. Different to that overall thermal efficiencies are lower (approx. 40 to 52%) for FT,

MeOH and DME based on MeOH.

Further R&D for synthetic fuel options is primarily required with regard to the development of
pyrolysis and gasification (e.g. upscale, operation under pressure) and the efficient and economic
gas treatment technologies. Moreover, the demonstration and commercial operation of the whole
chain (i.e. use of approved system components and their efficient interaction, plants availability
and reliability) is still needed. In terms of that, first results are expected from the operation of the
first demonstration plants for FT in Germany (Choren Industries), SNG in Austria and DME in

Sweden (Chemrec).

Biohydrogen

Even though biohydrogen is not a synthetic fuel, similar system components as for the
production of synthetic biofuels (i.e. gasification, gas cleaning and conditioning) can be applied.
After raw gas treatment the hydrogen rich gas is finally purified via pressure swing adsorption.
For distribution and use hydrogen need to be either compressed or liquefied. The expected plant
capacity will be in a similar range to synthetic fuels at an expected overall efficiency of about

50 to 55%. The further R&D demand is quite similar to that of synthetic biofuels.

Biogas

Biogas plants using wet and dry fermentation are a matured technology when the produced
biogas (methane-rich gas) is applied in power generation engines for CHP. To achieve natural
gas quality (e.g. for feed-in into the natural gas grid) system components for biogas treatment
(e.g. water or pressure swing adsorption) are basically available and successfully demonstrated
(e.g. in Sweden and Switzerland). A first demonstration plant in Germany is located in
Jameln/Wendland. Plant capacities, that can be expected, are in the range of up to 8 MWfuel at

concept and feedstock specific overall efficiencies of 43 to 86%.
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Objectives of further R&D are the optimisation of process automation to increase the methane
yield in the biogas during fermentation and the upscaling of typically small-scale biogas plants.
Furthermore, biogas cleaning technologies need to be optimised and the feed-in of upgraded

biogas into the natural gas grid has to be demonstrated under long-run conditions.

Technology aspects

Based on the technology characteristics, the biofuel options have been compared by means of
biofuel production (i.e. stage of development, technical effort in terms of system complexity,
expected plant capacity and overall efficiency) and the biofuels suitability concerning current
fuel distribution systems as well as current use in vehicle fleets. A summary is shown in Table

4.1.

Therefore, it can be revealed that the different concepts for biofuel options of the future
generation are associated with appropriate benefits and bottlenecks along the pathway. While
e.g. FT fuels are less promising concerning the technical effort, the range of capacities (with
regard to suitable plant locations) and the overall efficiency, it seems to be very promising

regarding the implementation into the current distribution and use infrastructure.
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Table 4.1. Comparison of technology aspects

Current stage of | Techn. Expected plant Overall efficiency® Distri- [ Use"
development | Effort® capacity” [%] bution®
MW

Biofuel option |Concept| Pilot/
2" generation | /Lab | Demo 10 1000 0 80
Liguid
Bioethanol B ++ E 3 S +++ +++
Methanol = ++ - ' Fy s
Gaseous
Biogas B || R = o .
Bio-SNG +++ ' ' +++ +++
Dimethylether ++ = = ++ ++
Hydrogen S +H(+) __ _— + +
# regarding system complexity (+ less promising....++++ very promising)
P related to biomass feedstock
“ according state of development (many different concepts) only theoretical values
d

Economic aspects

In addition to technical aspects, the decision on a preferable fuel is mainly driven by economic

reasons. Thus, the production costs of future generation biofuels have been analysed and

compared for exemplary overall concepts (Fig. 4.1).

As the results of the economic analysis reveal, biofuel production costs show significant

differences. Based on litre fuel equivalent (FE) biomethane options (SNG and biogas) are the

Biofuel production costs in €/l

suitability for current distribution and use (+ less promising....++++ very promising)

2.00
1.50
1.00 Ii
0501
7
o n
-0.50
-1.00
a0
® ¥ @ T O T © O 0o 0o o g @
5 ¥ @ & ¥ 5 & &€ & & & £ O
égg‘é@ﬁ@@ﬂ@@gg
~ —_ T T
- 23 3k 33 82 2 2¢ 3§
2 S 5 & 5 2 o o 5 L g =
8”.9%5 - = (&) 8
a @ 2 38 m 8
m m

Figure 4.1. Biofuel production costs

& Feedstock
= Operation

= Capital

& By-products

Total




102
most favourable. However, no cost reduction can be expected compared to biofuels of the 1

generation that are at a medium level of 62 €ct/lgE.

The sensitivity analyses — carried out for the determination and optimisation of influencing cost
components to the total biofuels production costs — show that besides the annual full load hours
of the plant, feedstock costs and capital requirements are strongly important. It is expected that
biofuel production costs will moderately increase in future due to increasing energy prices with

expected price effects for feedstocks during broad implementation of biofuel strategies.

However, for a market implementation not only biofuel production costs but also total driving
costs relating to the well to wheel chain (WTW) are of importance for end users. Therefore, with
regard to the WTW biofuel costs involving costs of fuel distribution (i.e. via pipeline or tank)
and vehicles costs of private cars (i.e. in combustion and hybrid engines, fuel cells) the following
results (Fig. 4.2) can be indicated per vehicle km. The differences in biofuel production costs
will be lowered in terms of total driving costs as — except for fuel cell application — there is a
similar cost range for all biofuels, primarily dominated by vehicle use costs. The costs for biofuel
distribution play only a minor role. For a number of reasons (e.g. immature large-scale
production) the biofuels of the future generation are significantly more expensive when
compared to conventional oil-derived fuels such as diesel at total driving costs of approx.

0.33 €/km.
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To identify very promising biofuel options, a relative comparison of technology and economic
aspects are shown in Fig. 4.3. Therefore, the technical feasibility has been determined including
flexibility and process requirements of the used feedstock, the technical effort, availability and
the input/output ratio biofuel production as well as the biofuel quality and the environmental
quality biofuel production (cf. Table 4.1). Based on that, very promising technologies are options
of a high technical feasibility and low biofuel production costs. This is true for bio-SNG as well

as partly for FT and biogas based on bio-waste and manure.
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Figure 4.3. Technology versus economic aspects

Environmental aspects

The environmental effects of a product are not limited to their use or the production process.
Substantial environmental effects may also occur within the pre-chains. The most important
method to assess selected environmental effects throughout the life cycle assessment (LCA),
which can be applied to consider environmental impact categories such as the “anthropogenic

green house effect” indicated by the greenhouse gas emissions in form of CO, equivalents.

Biofuels options of the current and future generation have been compared related to vehicle
kilometres according to this impact. The results (given compared to the WTW costs) show
significant differences between the biofuel options (Fig. 4.4). Biofuels of the future generation
such as EtOH, SNG, FT and biogas promise better effects regarding GHG mitigation. However,
WTW costs are slightly higher for most of future biofuels generation compared to 1% generation.
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Figure 4.4. Economic versus environmental aspects

Conclusions

To meet the future energy policy and technical targets for the implementation of biofuels into the
energy system basically many different biofuel options as well as several alternative concepts of
the future generation with different benefits and bottlenecks are under discussion. However, so

far no silver bullet could be identified.

Production concepts for biofuel option of the future generation are currently in laboratory (e.g.
biohydrogen) to pilot and demonstration stage (e.g. bioethanol, Fischer-Tropsch fuel,
dimethylether and Bio-SNG). Thus, further R&D is required with regard to (i) further
development and use of promising biofuel concepts in practice, (ii) upscaling to medium- and
large-scale plants, (iii) use of approved system components and demonstration of efficient
interaction, (iv) plant availability and reliability. For a successful market implementation existing

techno-economic barriers have to be overcome and capital risks need to be minimised.

From economic viewpoint no cost reduction can be expected from the 1* to the future biofuel
generation. The costs for biofuel production are dominated by feedstock costs as well as capital
related costs. Thus, concepts efficiency and plants availability are of high importance. Except for
fuel cells, costs per driven kilometre of private cars (WTW) are at a comparable level. They are
dominated by vehicle costs, while distribution costs are only less relevant. Comparing
technology and economic aspects relatively, biofuel options such SNG as well as partly FT and

biogas based on bio-waste and manure are the most promising. Despite of this, in context of the
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entire supply chain of transportation fuels synthetic biofuels can be seen as a bridge into the

future hydrogen including economy in the long term.
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Part 5. Decision support tools for biofuels and biofuels technology assessment

Conceptually, the Decision Support Tools (DSTs) refer to analysis, comparison, and selection of
possible options (technologies or products) according to their characteristics. Such characteristics
should be presented as the quantified data that can describe a variety of aspects of decision
maker’s interest. These aspects often refer to the process performance, environmental, social

economic, and risk aspects.

Technical assessment mainly refers to the process performance/efficiency, its scale, inventory of
consumables, specific physical chemical characteristics (in the case of products comparison), etc.
The environmental impact assessment accounts for process emissions, wastes, and resource
depletion which are expressed in terms of general environmental indicators, described by the
LCA procedure. Such environmental impacts relate not only to technology operation or
particular product production, but also to the production of all material and energy consumed by
the process. The cost benefit analysis estimates unit set up and operation costs, as well as other
specific costs associated with risk, environmental and social factors. Benefits are primarily

related to the valorization of products and energy.

It is understood that the decision making process usually requires an integrated approach which
involves all the abovementioned aspects, which are usually interdependent. For example, the

thorough cost-benefit analysis can reflect various aspects, also including social to environmental.

Usually, the decision maker faces a task of taking into account a big number of factors or criteria
(technical, environmental, and other indicators) for comparison of options. Such analysis and
evaluation can be performed with the help of the Multicriteria Analysis (MCA), which is often
employed in DSTs. The MCA procedure is useful for an integrated evaluation, i.e. when more
criteria for comparison/selection should be taken into consideration or when such criteria should
be given different importance (weights). Several DSTs developed in ICS-UNIDO (DARTS,
DAWTS, SPORE, etc.) are based on the MCA.

The combined approach for decision making, represented in the DST by introduction of a variety
of different indicators and provided a possibility to manage the related information in a
comprehensible and integrated way lays the base for the adequate assessment of
production/feedstock exploitation scenarios and, therefore, is the key towards the development

and adoption of more sustainable practices, technologies, and overall production processes.
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The concept of decision support tool for assessment of scenarios of biofuel production and
bio-feedstock exploitation
The decision support tools can offer a substantial assistance to the assessment of different biofuel
production pathways, and different bio-feedstock exploitation scenarios. The proper evaluation
of related production processes should be based on their sustainability analysis, which implies

the assessment of associated economic and environmental indicators.

The DST concept (currently under development in ICS-UNIDO) for assessment of different

scenarios of bio-feedstock exploitation is being presented. The principle scheme of it is

Inputs
(material, E)
1
Choice : -

Inflow
(feedstock) - Technology or
sequence of
processes

a

Outputs
(env. impact)

Scheme 5.1. Concept of the DST for economic and environmental assessment of resource

presented in Scheme 5.1.

Outflow 1
(material)

Outflow 2

(cost, E)

exploitation scenarios

The inflow data depend mainly by the choice to be made by the user and refer to the feedstock
amount, type/quality, treatment and scale choice. The technology (treatment) block is the core
component as it reflects the choice of technology or technology sequence and, therefore,
whereby the user defines the scenario. Depending on this choice the system, and cost outflows
(deliverables to be valorized) are expected to change as well as material and energy inputs and
the environmental impact outputs. The inflow data can be mainly referred to as user defined
(choice to be made), while some of the data related to feedstock properties and majority of data
related to technology operation can be considered as default or built in (except some cases when
user can define the process linked data, e.g. if such are missing), as described in more detail in

Table 5.1.
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Table 5.1. Input data for the DST concept for assessment of sustainability of bio feedstock

exploitation for biofuel production scenarios

Data areas User defined Built-in
Feedstock e type e properties
e amount (throughput) e moisture content
e (properties) e oil content
e lignocelluloses content
e other: FFA, P, S, I, C/H/O
Process e process type e emission coefficients (process and
e process scale consumables)
e feedstock type e efficiency
e (energy type) e by-products/residuals amount
e product/by-products properties
e cnergy/fuel requirements (amount and type)
e consumables
® costs
Energy/fuel o (energy type) e cnergy/fuel production, delivery, and
e clectricity grid consumption emissions
e transportation e fuel properties
e distance e heat content
o fuel type o fuel efficiency

Input data related to consumables (amounts and type of chemicals, fuel/energy) are mainly built
in type and are calculated based on the choice of the technology block and of the material inflow.
The same is valid for the output data or the environmental impacts produced, which are also
calculated based on the process inventory and scale. The environmental impact data refer to both
process operation/transportation and to production of all material and energy/fuel consumed by
the process/transportation. Such approach to evaluate the environmental impact is known as the

LCA. Adopting the basic principles and terminology of LCA, this impact can be broken down in

several categories, namely:

e Qutput data presented Environmental impact (indicators)

e Smog precursors (NOx, VOC, PM)

e Resource depletion (E, water, material)

e Acid rain (SOx, NOx, HNOj3, H,SO4, H,S, NHj)

e Climate change (CO,, CH4, NOx, CFC)

¢ Eutrophication (phosphates, nitrates, COD)

e Human and environmental toxicity and other effects (heavy metals, POP/PTS, particulates,

residual solid waste, ...)
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The outflow data are presented by the amount of the product to be valorized and its quality
(properties). Energy can be also considered a product of value and is therefore also taken into
consideration. The cost balance represents another important outflow which includes all
expenses related to process operation and can also include cost of feedstock and benefits derived
from the energy and products valorization. In particular the economic data refer to the
technology set-up costs (unit and installation costs), operation costs (consumables, fuel,
electricity, labour, rent, amortization, etc.), transportation costs, feedstock costs. Benefits are

based on valorisation of products, by-products, and recovered energy.

As the key point of decision support lies in allowing the user to choose options that he wishes to
compare, there is a possibility that the user selects the desired processes and therefore defines the
destination of the feedstock. In the case of bio-feedstock for bio-fuel production, and in
particular in the case of oil crops, the technological scenarios can be represented by a variety of
steps of the bio-feedstock processing train, which starts from the raw biomass (harvested food
crops) and ends with a product, such as edible oil, biodiesel, glycerol, heat, or chemicals. The
technology train therefore can include a number of processing options (processes), such as
various pre- and post-treatment steps (drying, extraction, separation, purification, etc.),
technological steps related to chemical modifications of the feedstock (oil esterification, biomass
pyrolysis and gasification, hydrolysis of cellulose, fermentation or sugars, incineration, various
glycerol processing options, etc.). The general flow diagram representing the possible pathways

of bio-feedstock exploitation in the case of oil-crop for biodiesel is presented in Scheme 5.2.

The overall framework of the DST is divided in four technology blocks, which are described in
more detail in Table 5.2. The first block refers to the crude crop biomass processing that yields
edible oil and bio-waste. These two can be considered as products or as intermediates in the case
if further use is made of them, e.g. biodiesel production or bio waste processing. The second
block includes the technological options for biodiesel production from oil, therefore it yields
biodiesel and glycerol as products. Another (the third) technology block refers to the processing
other types of primary bio-based materials, such as cellulosic materials or bio-waste left after oil
production, or sugar (e.g. in the case of sugarcane). These materials can be processed via
pyrolysis, gasification, fermentation, or incineration yielding syn-gas, biogas, cellulosic ethanol
or heat. The forth block is dedicated to glycerol valorisation, which can be converted towards a
variety of chemicals (products). In principle the framework of the DST can be started at another
starting material than crop biomass, like oil or bio-waste so only the technological blocks of

interest to the user are considered as the scenario framework.
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Table 5.2. Technological approaches for exploitation of different bio-feedstock/by-products

derived from oil crops

Technology module Technology options

1. Oil crop feedstock Oil extraction from seeds
processing - industrial pressing
- small scale (cold) pressing (depends on crop and scale)

e  Oil refining

- degumming

- deacidification options
- bleaching

- dehydration

chosen by user or suggested according to feedstock type and
composition/properties

2. Biodiesel production e Type of process: transesterification, amidation, incineration
* Transesterification catalyst choice
- Homo- or heterogeneous, acid or base catalysis can be used,
namely: alkali/alkaline metal alcoholates, metals/allows,
salts, oxides, acids, zeolites, lypases, metal complexes,
polymer bound, supported catalysts, etc.
also usually as combination of different catalysts
e Reactor design: continuous flow/batch, agitation type (US
assisted, mechanical)
Scale, mobility
e other systems design: alcohol and catalyst recovery,
separation and clean-up steps

3. Solid residual » Type: pyrolysis, gasification, incineration, fractionation -
biomass conversion cellulose hydrolysis = fermentation, ...
e Qas cleaning and pretreatment steps

4. Glycerol based e Microbiological and catalytic reduction
syntheses e Catalytic oxidation
» Selective esterification and desertification
e Carbonatation
e Thermal or catalytic transformation to fuel gas
e Other syntheses

As it was mentioned, the inflows of starting materials, products, by-products, or intermediates
(which eventually can be starting materials or products depending on the scenario) outflows
constitute the data streams which connect different technological blocks and are characterized by

amounts and are associated with the data on quality characteristics of related materials. The
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quality mainly refers to a set of chemical physical properties and composition of the substance
which can be either defined by the user, like in the case of the starting material (seeds,
unrefined/waste oil, fat) - moisture, sulphur, phosphorous, iodine, elementary content, FFA, etc.
or, in the case of products, result from the processes involved and of type/quality of the

feedstock.
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BioAs: A Decision Support Tool for Biofuel Assessment and Selection

Within the ICS-UNIDO work programme there was an international collaboration project on
the development of a specific DST aimed at helping decision-makers to make a desirable
choice among different liquid and gaseous biofuels using multiple criteria. This system
provides decision support in biofuel selection using the PROMETHEE II and ELECTRE III

algorithms as its basis (Stanojevic¢, 2006a).

The biofuels and criteria are hierarchically organized using tree structures. A user is free to
define the tree structures by adding/deleting/ modifying biofuel groups, biofuels, criterion
groups and criteria. The initial template used in Multi-Criteria Analysis contains 6 liquid and
gaseous biofuels for Combined Heat and Power (CHP) production and 44 technological,

financial, socio-economic and environmental criteria.

The template supports the comparison of the following liquid biofuels used in CHP
production:

e rape-seed vegetable oil

e rape-seed methyl ester (RME)

o flash pyrolysis oil and the following processes using gaseous biofuels:

e slow pyrolysis (EDITTh process)

e waste methanization

e gasification from wood

Criteria

The technological criteria include: energy content, non-renewable energy consumed,
availability, carbon residue, sulphur content, viscosity and density. The financial criteria are
grouped into static, dynamic and risk criteria. Static criteria include standard financial and
efficiency criteria: levelized cost of biofuel, net profit plus interest to investment, long-term
debt to net worth, net cash flow to total sales, etc. Dynamic criteria are: net present value
(NPV), internal rate of return (IRR), normal and dynamic payback period, etc. Some
statistical indicators are used as risk measure: mean values for NPV and IRR, standard
deviations, intervals of variation, zero risk equivalent, etc. The socio-economic criteria
include quality of life, avoided rural depopulation, rural diversification and land

management, economic gain, incomes, economic activity, related industry support, and
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employment generated. The environmental criteria are represented by emissions of: CO,,
CO, HC, NOsx, particulates and SO,. The abovementioned criteria for selection of biofuels
have been defined with the help of the FIDES software (Stanojevic, 2006b; Vranes, 2002a;
Vranes, 2002b).

Technical information

BioAS is implemented using Java programming language, Java 2 Platform, Enterprise
Edition (J2EE) and three-tier architecture. In its development and implementation, Open
Source database, Integrated Development Environment (IDE) and Application Server are

used (see Figs. 5.1, 5.2).
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Figure 5.1. Input screen of the BioAs software
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ANNEX

Biofuels around the world

This part is dedicated to a preliminary survey on the situation in the sector of biofuels
(technology development, production, use) in various counties/regions around the world.

First part (A) is a draft version focused on biodiesel situation.

Other parts (not included here) are under preparation within the present ICS programme and
will include surveys on status on other biofuels (including updates on biodiesel) around the
world with the focus on developing and emerging countries. Here, cooperation with several
institutions in these countries, active in the field is foreseen. It will be then published

separately in the second part of 2007.

A.1 Europe

In Europe, consumer interest in passenger cars with diesel engines strongly increased after
the oil shortages of 1973 and 1979. The industry in Germany, France and Italy developed
energy-saving, highly efficient engines. The first research activities regarding the
development of alternative and renewable fuels were started. Commercially motivated
Biodiesel-initiatives in Europe could be observed as early as 1988 predominantly in Austria
and also in France, where the first industrial scale Biodiesel production plants went into

operation in 1990/1991.

In 1992, reform of the Common Agricultural Policy addressed European agricultural
surpluses by idling some land used for food production through a set-aside policy. This
policy stimulated the use of set-aside land for non-food purposes. Low oil prices in the
second half of the 90s have resulted in reduced interest of industry and politics in liquid
biofuels. In 1998, the very disappointing contribution of 452.000 t coming from biofuels
reflects the situation that specific policies had been adopted in four member states only:

France contributed 58%, Germany 21%, Italy 18% and Austria 3%.

In June of the same year, as a consequence of the 1997 Kyoto Conference on Climate
Change, the EU-member states decided on a reduction of 8,1 % on the basis of 1990
emissions for 2012, a goal which can only be realised with an important share of by using a

considerable amount of renewable energy sources including liquid biofuels. This urgent need



for practical action to address increasing CO, emissions from the transport sector resulted in

a proposal for an EC Directive promoting the use of alternative transport fuels derived from
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biomass and reducing rates of excise duty on such fuels.

In recent years, the production of Biodiesel has made a substantial leap in the European

Union. From 1996 to 2002, the Biodiesel production capacity grew fourfold to a total of 2

million tons

Table A-1. Biodiesel industry stakeholders in the European Union

Name Web-address Logo Description
EBB http://www ebb-eu.org/ Association of European BD producers,
EBB representation and promotion of R&D,
studies, info dissemination
AEBIOM http://www ecop.ucl.ac.b European Biomass Association-
elaebiom/ group of national biomass associations
] with membership open to representatives
= | of the European Union, Central and
Eastern Europe
FEDIOL http://www _fediol.be/ Seed crushers” and oil processors’
FEDIOL federation
DG-TREN http://feuropa.eu.int/com The Directorate-General for Energy and
m/dgs/energy_transport Transport
DG-ENV http://feuropa.eu.int/com The Directorate-General for Environment
m/dgs/environment/inde
x_en.htm
ENR- http:/fwww_enr- oéa Association of European organisations
network network.org *. *’L having a responsibility for the planning,
» E - management or review of national
F_ * research, development, demonstration or
e P dissemination programmes in the fields of
energy efficiency and renewable energy.
BioMatNet | http://www.nf-2000.org Results of RTD projects supported by the
European Commission in the area of
Biological  Materials for  Non-Food
Products (Renewable Bioproducts)
EEA http://www eea_ eu.int/ European Environment Agency
AGORES http://www _agores.org/ The official EU website for renewable
energy
EUBIONET | http://feubionet.vtt.fi/ European Bioenergy Networks,
established 1995 by the European
Commission

At present, most Biodiesel in the EU is processed from rapeseed and sunflower oil with a
growing percentage of recycled frying oil. The industry relied to a significant extent on

obtaining the right quantity of feedstock at a competitive price by virtue of the non-food set-
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aside scheme, which resulted from the MacSharry Common Agricultural Policy (CAP)
Reforms introduced in 1992.

Although the CAP Reforms -agreed upon within the framework of Agenda 2000 at the Berlin
Summit of March 1999- provided for a reference rate for obligatory set-aside of 10% for the
period 2000/2006, the variable nature of set-aside rates actually applied from year to year did

not always offer a sustainable base for Biodiesel production.

It seems that the main possibilities for the production of conventional feedstock for liquid
biofuels production under the studied conditions will be in northern and central EU countries,
and will be reduced in Mediterranean countries because the yields are rather low in these
areas. Recycled vegetable oils and fats offer some possibilities as alternative low-cost

Biodiesel feedstock whose availability is not affected by EU land use policies.

Based on the estimate from eight countries, a total of about 0,4 million t were collected in the
EU in 1999, mainly from the catering industry. The amount that could be collected is
estimated as being considerably higher, possibly from 0,7 to 1 million t. Its price is variable,
but in general about half of that of virgin oil. The countries with most practical experience on
this subject are Austria and Germany (with two new Biodiesel plants of 100.000 t/a capacity
using recycling oil as the sole feedstock). Even with this alternative, the supply of feedstock
will be the limiting factor for further development of the Biodiesel economy. Given the
existing production facilities, it cannot be anticipated that over 10 % of diesel fuel
consumption can be replaced by Biodiesel.

The European Commission has acknowledged the importance of Biodiesel by including it in
its "Campaign for Take-Off" and has defined it as a "Key Sector Action". The trend set by
future projects makes it possible to situate European production in 2003 for all types of
biofuels (relatively in phase with European Union objectives) at about 4,8 million tons. A
simple projection of the present rate shows that the goal of reaching a 7% share of
consumption represented by renewable origin fuel by 2010 will not be met (11,7 million tons

vs. 17 million tons) without additional efforts.

A. 2 Belgium

Interest in liquid biofuels started at the beginning of the 90s with the set-aside regulation

allowing non-food crops. Since 1991, several trials on commercial buses have been made to
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promote the Biodiesel utilization. A transesterification pilot plant was installed in 1994. In
1994, 9.500 ha of oilseed rape were grown on set-aside land and Biodiesel was used in
several trials (busses in Mons (15 busses running with 20% Biodiesel, 740.000 km, technical
survey, favourable results), municipal vehicles in Charleroi and Philippeville, vehicles of
AVEVE and cars in Mol (5 cars, 100% Biodiesel, 300.000 km, technical survey, no major

technical problems).

In 1998 almost 5% of the Biodiesel in Europe was produced in Belgium by Pantochim
(19.000 out of 390.000 t produced).

Belgium had taken Biodiesel to the research, development and demonstration stage, but there
was no considerable progress to the deployment stage because of the reservations on the

overall economic and environmental performance of the fuel.
After these projects, the use of Biodiesel stopped and actually there is no usage of Biodiesel
as a transport fuel in Belgium.In Belgium, there are refineries in Ertvelde (belonging to the

company Oléon) and at Feluy.

Table A-2. Biodiesel industry stakeholders in Belgium

Name Web-address Logo Description

VITO http://iwww vito. be/ The Flemish institute for
technological research

Oleon http://www _oleon.com/ Biodiesel producer (non-dedicated

plant)
X :-:_--..l
BASF http://www basf.be/ Biodiesel producer (non-dedicated
BASF | ..
APP.O. asbl -Association pour la Promotion des | Representative of farmers, technical
Protéagineux et des Oléagineux assistance for rape production

A. 3 Czech Republic

Czech production of biodiesel was already above 60,000 m® per year by the early 1990s and
is now even larger. Many of the plants are very large, including one in Olomouc which
produces almost 40,000 m® per year. From the summer of 2004, Czech producers of biodiesel
for blend receive a subsidy of roughly CEK 9.50/kg. All Skoda diesels built since 1996 are

warranted for biodiesel use.
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Table A-3. Biodiesel industry stakeholders in Czech Republic

Name Web-address Logo Description
SETUZA http://www setuza.cz The biggest oil seed processing

SET UZA company and the dominant
producer of edible plant oils and
fats on the Czech market

VUZT http:/iwww vuzt cz VE?Z't Research Institute of
Agricultural Engineering

SDRUZENI Association for Biodiesel
PRO VYROBU Production

BIONAFTY

SZIF http:/iwww szif.cz/ State Agricultural Intervention

&

Fund

<
5

A. 4 Estonia

Biodiesel is available at Favora fuel stations.

After 10 years of research Tomson formed Biothompson OU. Biothompson factory produces

biodiesel using rapeseed and alternative oils with a capacity soon 100000 T/y.

A. 5 France

It was in the mid-80s that France’s oilproducing and —processing industry was looking for
new markets in order to promote oil of colza that was heavily underrepresented in the food-

market at the European level.

From 1991 to 1995, a test program with the participation of all stakeholders involved
(vehicle industry - Renault, Peugeot; oil-processing industry, petrol-industry - EIf, Total;
Ministries of Agriculture and Industry; energy agencies and public transport companies) tried
to figure out the most favourable way to produce, distribute and use Biodiesel. The result was

to incorporate a 5% blend with fossil diesel and commercial production started.

From the first unit pilot in the Compiegne area to the opening of the Rouen/Dico unit with
150.000 t/a of RME, the specificity of the French Biodiesel activity has been to move toward
big transesterification units.

* 1993 : demonstration plant initiation in Compiégne

* 1994 : Novaol adapting two sites for Biodiesel production
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* 1995 : start-up of the Grand Couronne- site
* 1997 : 250.000 t/a production

* 1998 : downturn of Biodiesel consumption due to the reduction of mandatory set- aside

land

*2000: 317.500 t/a authorized state quota230

Today, Biodiesel is known under the trademark and common name “Diester”, the contraction

of Diesel and Ester.
Table A-4. Biodiesel industry stakeholders in France
Name Web-address Logo Description
Diester "/ Biggest producer, connected to Prolea
Industries o~
PﬁIElSTER
"W
Bunge http://www _bunge.com = Bunge took over Cereol and its Biodiesel
BUNGE production sites in November 2002
ADECA (Association pour le développement des
carburants agricoles)
Associaton for the development of
agricultural fuels
PROLEA The major professional agriculture
association, gathers all professionals of a
http://www_prolea.com II'II structured oil yielding activity
FROLEA
FOP http://www _prolea.com Represents all producers of Oilseed and
lfop I I High-Protein Crops
CETIOM http://iwww _cetiom fr Interprofessional Technical Centre of Oil
I I &Technical centre for agricultural production
ONIDOL http://www_prolea.com Interprofessional oil Association; Biodiesel
/onidol I I tests in captive fleets, different studies
SOFIPROTEOL | http://www _prolea.com Prolea’s financial branch, owner of the
/sofi l I Diester trademark.
Institut Francais | http://www_ifp.fr French Petrol Institute, developed the first
du Pétrole (IFP) transesterification process of vegetable ocils
wstTur | @s transport fuel : the ESTERFIP-process
FRANGAIS
DU PETROLE
ADEME http://www _ademe fr ADEME French Agency for Environment and Energy
Management
34
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Partenaires http:/iwww villesdieste | JKelil} * Community of public and commercial fleets
. L des . S
Diester- former |r.asso.fr BT ocoree | USiNG Biodiesel
Club des Villes '
X s
Diester g
DIESTER
French car
manufacturing \ PSA
) CITROEN
RENAULT V.1
A. 6 Finland

Neste Oil will begin production of alkyl biodiesel using the NExBTL process in summer
2007 in Finland, with a capacity of 170000 tons/year. A contract has been signed with the

French Total, to begin production in some Total refineries in 2008.

NExBTL diesel, in contrast to rapeseed methyl ester, is a clear and colorless paraffin, and
contains no oxygen. It is used to improve the quality of petro-diesel; its' quality is higher
since it has a homogenous source, namely plant-synthesized fatty acids. It doesn't require any
special engine repairs and it doesn't foul systems like ester biodiesel. It is produced by direct
hydrogenation of the plant oil (chemically, triglyceride) into alkane, water and carbon oxides
on a nickel-molybdenum catalyst. The total CO, produced in the entire lifecycle is only 0.45
to 1.33 kg COy/kg oil, in contrast to transesterified fuel with 1.4-2.0 kg CO/kg oil, or

mineral diesel with 3.4 kg CO,/kg oil. Therefore, it's not only an "oil derivative" like ester.

A. 7 ltaly

Biodiesel production in Italy started in 1992 after a joint venture project co-financed by the

European Commission.

In 1995, the Italian government provided the detaxation of 125.000t in order to make the
selling cost of Biodiesel comparable to that of fossil diesel. Nevertheless, production in 1998
was still less than 90.000 t/a. However, an increasing trend has been recorded in the last four

years.

Overall activities in Italy have been limited so far to utilise Biodiesel mainly in the heating
oil segment and not in transportation as exercised in all other European countries. With the

new Directives of the European Commission in place the well established and experienced
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Italian Biodiesel producers will have to reconsider their marketing philosophy in order to

fully exploit the new market opportunities in the transport sector.

Table A-5. Biodiesel industry stakeholders in Italy

Name Web-address Logo Description

Cti http://www_cti2000.it/ Italian Thermotechnical
Committee Energy and
Environment

Assobiodiesel | hitp://www.assobiodiesel it ASSOB| h D|ESEL Producers association
-

ITABIA http://www . itabia it Italian Biomass
Association with a
ekl working Group on
M i i
— Biodiesel
Novaol http://www_novaol.it The biggest Biodiesel
producer

Brand:

Novaol

Acquired in December
2002 by Bunge

A. 8 Germany

According to the Union zur Férderung von Ol- und Proteinpflanzen UFOP (Union to
promote oil- and protein plants), in 2004 the sale of biodiesel through German gas stations
rose to 375,000 m?, although it was only available at a limited number of outlets. In 2004,

45% of all biodiesel sales went directly to large end users, such as trucking companies.

Production capacity for biodiesel, for the most part produced from rapeseed, is expected to
rise to over 2,000,000 m® per year in 2006. Sales in Germany have doubled to 376.6 million
litres (about 99 million US gallons) from 2002 to 2004. This amount is sufficient to meet the
average yearly consumption of well over 300,000 automobiles. Diesel engines have become
increasingly popular in Germany and almost half of all newly manufactured cars are diesel
powered. This is in part due to the greater efficiency of diesel engines, the desire by
consumers to use environmentally friendlier technologies and lower taxes on diesel fuel that
make it cheaper than gasoline. With 1,900 sales points, equal to one in every ten public gas
stations, biodiesel is the first alternative fuel to be available nationwide. The industry is

expecting a surge in demand since the authorisation at the beginning of 2004, through



European Union legislation, of a maximum 5% biodiesel addition to conventional diesel fuel.
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In Germany biodiesel is also sold at a lower price than fossil diesel fuel.

Table A-6. Biodiesel industry stakeholders in Germany

Name

Web-address

Oelmuehle Leer

GmbH

Connemann & Co.

http://www biodiesel.
de

Description

OhImiihle Hamburg

http://iwww oelag.de

BD producer

Currently the biggest BD
producer with 120.000 t/a

thywissen.de/new/ma
rl.htm

ADM
MUW-Mitteldeutsche | http://www. muw- BD producer
Umesterungs Werke biodiesel.de/
NEW http:/imwww c- BD producer

SARIA Bio Industries

http:/iwww saria.de

First producer of Biodiesel
(12.000 t/a) from recycling
oll

VDB

http://www _biodieselv
erband.de/

Association  of  German
Biodiesel producers,
founded end 2002

UFOP

http://mww.ufop.de/

Union for the Promotion of
Qilseed- and Protein plants

AGQM

http:/fiwww _aggm-
biodiesel.de/

Association Quality
Management Biodiesel reg.
Ass.

Main objective is the quality
control for Biodiesel

FAL

http:/iwww_tb fal.de/

Institute of Technology and
biosystems Engineering
conducting emission tests,
host of the annual int
Biodiesel conference

IFEU

http:/iwww ifeu_de

Biodiesel ecology; LCA

GHG balances

1

FNR-Fachagentur
Nachwachsende
Rohstoffe

http:/iwww _fnr.de

Renewable
founded in
1993 by the Federal
Ministry of Nourishment,
Agriculture and Forestry

Agency  of
Resources,

A. 9 Slovakia

In 1991, under the former federal system of the CSFR government, an oleoprogramme was

launched, supported by initiatives for process development and quality control at the




University of Bratislava. The first small-scale plant went into operation in 1992 followed by
additional facilities for the rapeseed oil methyl ester (ROME) production developed by small
and medium entrepreneurs. In 2001, total production capacity amounted to more than

120.000 t RME. Changes in subsidy legislation paralyzed Biodiesel production at the end of

2001.
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Table A-7. Biodiesel industry stakeholders in Slovakia

Name Web-address Logo Description
EKOIL http://Awww_ekoil sk Eﬁiﬁ Biggest producer with a capacity of more
——— M= | than 50.000 t/a of RME
EIgDIESEL
Slovnaft http://www vurup sk Research Institute of Petroleum and
VURUP @ Hydrocarbon Gases - applied research for
the requirements of refineries.
Slovnaft
VURUP
SK-Biom http://www_skbiom. R ; Slovak Biomass Association with a
sk/ hM subsection for RME-producers
Faculty of http://www_chtf stub Research institute of the Slovak Technical
chemical and | a.sk University focusing on Biodiesel research
food
production

A. 10 Switzerland

After initial research activities in the early 90s by various Swiss institutes (FAT,

EMPA), a small but steady production was realised.

Table A-8. Biodiesel industry stakeholders in Switzerland

Name Web-address Logo Description

Eco Energie http://www_ecoenergie.ch/ e CO IE Biodiesel producer since 1996

Etoy <= NERC

{-10Y
Flamol http://www_flamol.ch/raps/ "—I Mineral oil company offering
: m 5 Biodiesel

FAT Tanikon | http2//'www sar.admin.ch/fat/ Federal Research Station for
Agricultural Economics and
Engineering- responsible for
quality control.
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A. 11 Norway

Biodiesel is not in common use in Norway. The three biodiesel pumps in Norway at
Lillehammer, Hadeland and Oslo are managed by the Norwegian oil-company Hydro-

Texaco. Biodiesel is also available in Bergen and supplied by Milvenn AS.

A. 12 Spain

The raw materials to produce biodiesel in Spain include traditional vegetable seed oils
(sunflower and rapeseed), alternative vegetable oils (Brassica carinata), genetically modified
vegetable oils (high oleic sunflower), and used frying oils. The traditional raw materials are
the surplus production of seed oils (sunflower and rapeseed). The use of these vegetable oils

for biodiesel production has been extensively studied.

In Spain average sunflower oil production (834 k/ha) is less favorable than in other European

countries. Therefore, it is not very profitable to use this oil in the production of biofuels.

Likewise, the yield per hectare for rapeseed oil is only a little higher than that for sunflower

oil in Spain.

Conversely, the cultivation of B. carinata as an oilseed crop for biodiesel production in the
south of Spain has been of special interest, since it allows the use of set-aside lands, giving
higher yields per hectare than the traditional crops. The vegetable oil obtained from B.
carinata is characterized by the presence of a high concentration of erucic acid, which is
considered harmful for human consumption. Attempts to modify this crop have resulted in
the elimination of erucic acid from the 0il.8,9 In this sense, there are two sorts of B. carinata
oil, low erucic and high erucic, based on its erucic acid composition. Thus far, there have
been a few references that describe the use of this vegetable oil as a raw material for

biodiesel production.

Spain is a major consumer of vegetable oils, mainly olive and sunflower oil, and they are not
reused many times. Consequently, the quality of the oils is not significantly affected, making

them very suitable for the production of biofuels (Energy & Fuels, 2006, 20, p. 395).
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It is possible to buy biodiesel, mixed with diesel fuel, in more than 250 petrol stations around

the country. Besides, B100 is sold in two petrol stations around Pamplona, in Navarre.

A. 13 Austria

The shortage of mineral oil supply in the early 70s led to two major biofuel projects after
1979. The construction of an 80.000 t/year bioethanol plant (not realized) and the

development of the Biodiesel technology were planned.

In 1982, the first production of rapeseed oil methyl esters (RME) by transesterification of
rapeseed oil and engine tests in diesel engines were carried out in Austria. One year later first
trials with recycled frying oil were conducted. In 1985, the first pilot plant world-wide for the
production of Biodiesel for use in agriculture was installed in Silberberg, Styria. In 1990, the

construction of the first industrial scale Biodiesel-plant was started in Aschach.

In 1992, simultaneous to the first specifications for RME in Austria (standard ONC 1190),
the first first modern farmers’ cooperative production plant for Biodiesel was put into
operation in Mureck. A short time later, a second commercial and so far the biggest plant was

opened in Bruck.

The year 1995 saw the first international conference on standardisation and assessment of
Biodiesel in Vienna. In the same year 10 buses from the public fleet of Graz switched to

100% Biodiesel produced from recycled frying oil.

In June 1999, the drafts of two regulations were signed by the Austrian Minister of the
Environment. These regulated the quality of transportation fuels (maximum of 5% Biodiesel
in fossil diesel fuel) and including a regulation for a mandatory adding of 2% Biodiesel in
fossil diesel fuel. Consent could not be found on the latter point, so the mandatory adding
was rejected. The blending level was limited to 3%. An amendment of the fuel regulation
was published in December 1999 creating the possibility of using Biodiesel as a sole diesel

fuel and as a blending component to fossil diesel fuel.
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Table A-9. Biodiesel industry stakeholders in Austria

Name Web-address Logo Description
Olmihle ‘LQ)HLE'B/?(/ _Bigges_t prc_)duc_er, branch of a large
Bruck 0\, .Q'. er |ndu_str|al oil mill, recently acquired by
¥,e =
0 BUNGE: sihce 10/1992
BAG- http://www_bag- \ Farmers’ co-operative, producer
guessing.at
SEEG http:/iwww seeqg_at/ Producer, Farmers' co-operative with
6.000 t/a capacity Biodiesel from
Rapeseed-oil- and recycling oil
Energea http-//'www_energea Producer, developing a new and
at continuous process technology
RME Treib- http://e- Farmer’s co-operative
stoff, taten.municipia.at/a
Starrein lle/fo_Name/f00000
86 _html
Biodiesel http://www_biodiese In construction, start-up date March
Karnten I-kaernten.com/ 2003, initial capacity 25.000 t/a, to be
Bi@ increased to 50.000 t/a
DIESEL
RARNTEN
BIOENERGY | http://www bioener bioenergy In construction
gy.co.at/ SRPENIT Bmespengsin)
ABI- Austrian | http://www _biodiese International centre of competence for
Biofuels |.at liquid biofuels- R&D, demonstration,

Institute dissemination, lobbying, worldwide

studies

P

BLT http-//www _blt.bmIf. % Federal Institute of  Agricultural
gv.at . Engineering, R&D in the field of

WIESELBURG | agricultural engineering, testing

University of | httpz//'www _kfunigra The renewable resources group from

Graz z.ac.at the Institute of Bioorganic Chemistry
http://www-och.uni- EEN. have more than 20 years of extensive
graz.at/ experience in R&D

AWI, http://members.eun Main Biodiesel distributors

Lagerhaus, et at/awi-diskont/ h

AVIA N

http://www _lagerha
usat UNSER

http://www_avia.at/ AVI-A

A. 14 United Kingdom

Biodiesel is sold by a small but growing number of filling stations in B5 and B100 blend.
Some farmers have been using small plants to create their own biodiesel for farm machinery
since the 1990s. Several Co-ops and small scale production facilities have recently begun
production, typically selling fuel several pence per litre less than petrodiesel. The first large

scale plant, capable of producing 50 million litres (13 million US gallons) a year, opened in
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Scotland in 2005. Biodiesel is treated like any other vehicle fuel in the UK and the

paperwork required to register as a producer is a major limiting factor to growth in the

market.

Table A-10. Biodiesel industry stakeholders in the United Kingdom
Name Web-address Logo Description
BABFO- http://www biodiesel.co.uk/ Promotion of transport fuels
British and oils from renewable
Association for sources
Biofuels and Qils
ABI- Allied http://www . ukbiodiesel biz Association of SME
Biodiesel producing Biodiesel
Industries
Rix Biodiesel http://www _rixbiodiesel.co.uk/ ( RI X So far the biggest producer
Limited with a future production

BioDiesel Limite, | capacity of 30.000 t/a

Biofuels http://biofuelscorp.com/projec Plans to construct a

Corporation Ltd.

t.htm

BIOFUELS
CORPORATIO

modern Biodiesel
production plant with a
production capacity of
250.000 t/a in the North-

LIMITED East of England.
Argent Energy Not available F Capacity: 50.000 t/a
(Argent Group g Start: 1/2004
Europe) Feedstock: tallow
In construction
o
Greenergy http://www_greenergy.com/ Brand: GlobalDiesel, a
Gﬁ blend of 95% ULSD with
Greenergl/| 5% FAME
Global http://www _globeco.co.uk/ Small size Biodiesel
Commodities @ producer
driveEC@®
brand:
Ebony solutions http://www_ebony- ‘m
solutions.co.uk/ - BD
producer

A. 15 China

In 2004, several companies started making biodiesel, and has produced more than 5,000
kilotons in a year since then. In 2006, the Bureau of Energy launched the first biodiesel buses

on Earth Day.
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Table A-11. Biodiesel industry stakeholders in China

Name Web-address Logo Description

Gushan http://www gsfoc.com First commercial Biodiesel producer;

Vegetable Fat E&: 10.000 t/a since 6/2001, plans to

Chemistry Co. extend capacity to 100.00t/a by then

LTD end of 2003

Dunwellgroup | hitpz//www.dunwell Since 8/2001, 3.700 t/a capacity
group.com/

CNPC ZHZH 10/2002 with the process technology

Petroleum Co.. of Gushan, plans to extend capacity

Ltd. ' to 50.000 t/a by the end of 2004

State http://www . sdpc.gov.

development cn/

planning

commission

Main research, feasibility study
concerning the introduction of
Biodiesel in Hong Kong

The University http://hkumea.hku.hk/
of Hong Kong

A. 16 Singapore

Two biodiesel plants will be built on Jurong Island, Singapore's petrochemicals hub. The first
plant, by Peter Cremer (S) GMBH, will have a capacity of 200,000 tons/year and it is
expected to be ready by early 2007, while the second is a joint venture between Wilmar
Holdings and Archer Daniels Midland Company, to be operational by end 2006 with an
initial capacity of 150,000 tons/year.

Singapore was selected for both companies' first biodiesel plant in Asia because of its
excellent connectivity. There is easy access to abundant palm oil feedstock from the
neighbouring countries of Malaysia and Indonesia. Also, Singapore has terminalling facilities

which allow the biodiesel to be shipped to markets around the world.

A. 17 Thailand

Thailand was the first country to launch biodiesel as a national program on July 10th 2001. It
was reported that the work was initiated by the Royal Chitralada Project, a royal -sponsored
project to help rural farmers. International co-operation among ASEAN country was also
starting by the Renewable Energy Institute of Thailand and Asia-Pacific Roundtable for

Sustainable consumption and Production. The primary aims of the project in Thailand are:

e an alternative output for excess agricultural produce
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o  substituting diesel imports

In 2006, several biodiesel plants are operating in Thailand using the excess palm oil/palm
stearin and in some cases, waste vegetable oil as raw materials. About 15 petrol stations are
now distributing B5 (5% biodiesel with 95% diesel) in Chiangmai and Bangkok. The
national biodiesel standard has been developed based on the European standard. The target of
the Government is to mandate B5 by 2011 which will require almost 4 Million litres/day of

biodiesel.

The raw material will most likely come from palm oil, coconut oil, Jatropha Curcas Linn, and
tallow. Several pilot plants are now operating such as the Royal Chitralada Projects,
Rajabiodiesel in Surattani, Department of Alternative Energy Development and Efficiency,

Royal Naval Dockyard, and Tistr (www.tistr.or.th).

A. 18 Malaysia

Biodiesel called the Envo Diesel was launched by the Prime Minister Datuk Seri Abdullah
Ahmad Badawi on Tuesday 22 March 2006. Malaysia currently produces 500,000 tonnes of
biofuel annually and the government hopes to increase this number this year. Envo diesel
blends 5% processed palm oil (vegetable oil) with 95% petrodiesel. In contrast, EU's B5
blends 5% methyl ester with 95% petrodiesel. Diesel engine manufacturers prefer the use of
palm oil methyl ester blends as diesel engines are designed to handle 5% methyl esters

meeting the EN14214 biodiesel standard, which palm oil cannot meet.

Malaysian Palm Oil Board (MPOB) established in 2000 is the leading government agency
entrusted to serve the country’s oil palm industry, which promotes and develops national
objectives, policies and priorities for the development of the Malaysian oil palm industry. As
the major producer of palm oil, Malaysia has provided the lead in the development of
biofuels in Asia and MPOB is promoting various biodiesel/biofuel programmes in Malaysia
as well as internationally. MPOB has played an active role in developing new technologies
which have contributed to the advancement of the Malaysian oil palm industry. A remarkable
number of more than 340 technologies including new products and services have been

launched for commercialization and adoption by industry.
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A. 19 India

Biodiesel is now being produced locally in India for use in three-wheeler motor rickshaws.
These engines actually run on regular diesel fuel or CNG, but in the past kerosene was used
because it was far cheaper, and worked just as well. However, kerosene was dirty and wasn't
as clean-burning. Biodiesel is rapidly replacing both kerosene and diesel as a more efficient,
cheap, and clean alternative. Today plans are being chalked out to cultivate Jatropha plants
on barren land to use its oil for biodiesel production. Now it is used for Railway engines and
the plantations are recommended to plant these plants everywhere in unused areas through
government sectors. Biodiesel is being used experimentally to run state transport corporation
buses in Karnataka. University of Agriculture Sciences at Bangalore has identified many elite
lines of Jatropha Curcas and Pongamia pinnata. Large scale activities have been initiated
quite recently. For example, large-scale plantations have been initiated in North-East India
and Jharkhand through an Memorandum of Understanding signed between D1 Oils and
Williamson Magor. The hilly areas of the North-East are ideal for growing this hardy, low-

maintenance plant.

A. 20 Israel

Biodiesel is not yet sold on the market, things start to change and biodiesel is been produced
in two small-scale experiments. The amounts produced in these experiments are up to 10,000
liters a month. The lack of production of biodiesel in Israel is in contrary with the Research
and Development abilities of the country, for Israel is a center of development for agriculture
technologies. The Israel North Recycle Group (INRG) is forecasting much progress in the
next year, including consumption agreements with municipal bodies, as part of the wider

view of the municipalities on the subject.

A. 21 Australia

The Fuel Standard (Biodiesel) Determination 2003 was signed by the Minister for the
Environment and Heritage on 18 September. The determination sets out the physical and
chemical parameters of the Biodiesel standard. It also sets out the associated test methods
that the Government will use to determine compliance. Biodiesel subsidies are to be phased
out by 2011, after the passing of the Fuel Tax Bill 2006. Australian Farmers Fuel (SAFF) has
been retailing B100 to the public in South Australia since 2001 and now also sells B20
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(marketed as "Premium Diesel") at some 52 service stations across 4 states. All of the
metropolitan trains and most of the metropolitan buses in Adelaide (capital of South
Australia) operate on a B5 blend. The South Australian Government has stated that it will
soon move to B20 or possibly higher blends. Several councils (local Governments) across
Australia are using B20 (including Townsville City Council, Adelaide City Council, Sydney
City Council and Newcastle City Council). In February of 2005 the first retail outlet for
Biodiesel opened in the Sydney suburb of Marrickville. It offers B20 and B50 blends to the
general public, and caters to qualified fleets wishing to utilize B100. 2006 saw the first
rollout of Biodiesel by a service station network. Gull, a Western Australian based company,
introduced B20 Biodiesel to several Gull service stations on April 3 which has since
expanded to a total of 21 sites of purchase. In addition, pure Biodiesel (B100) along with
other blends can be purchased in bulk. Gull is also involved with the Western Australian
Government to provide B5 Biodiesel for use in Transperth buses. Eventually the fleet will be
provided with B10 or B20 blends. Currently seven percent of Transperth's bus fleet is
running Biodiesel. More recent news is the launch of reeFUEL biodiesel in Sustainable
Townsville, North Queensland. reeFUEL sells only B100 and at time of writing, September,
2006, was selling 50,000 litres per week into a community of about 160,000. This is believed

to be the highest penetration of biodiesel per capita in Australia (www.reefuel.com).
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Table A-12. Biodiesel industry stakeholders in Australia

Name Web-address Logo Description
Bioenergy http://www.users.bigpond.net.au/ Alliance of some 49
Australia bioenergyaustralia/ ;k organisations
B Y fostering biomass for
IOENERG energy and products |
established in 1997
Australian http://www australianbiofuelsasso | Promoting mainly
Biofuels ciation.org.au/ ;;g!us!raﬁan .. | ethanol
Association ' 3'.0 fuels
_,[ » .
Sz# Ssociation
EA- http://www ea gov.au/ Plans to develop
Environment standards for
Australia Biodiesel under
L the Fuel Quality
' a Standards Act 2000
Australian http://www ausrf.com.au AUSTRALIAN Biodiesel producer
Renewable
FU6‘|S PTY LTD FU ELS PTY LTD
Australian http://www biodiesel.net.au/ Producer
Biodiesel australian
Consultancy ‘:O':s‘::t'a’nz;
Biodiesel http://www biodiesel.org.au/ ;..ud.m...,,.u.m..‘.r.,..,;.,...,
Association
SAFF http://www farmersfuel.com.au First retailer offering
Biodiesel at its
headquarter
A. 22 Brazil

Brazil opened a commercial biodiesel refinery in March 2005. It is capable of producing
12,000 m? (3.2 million US gallons) per year of biodiesel fuel. Feedstocks can be a variety of
sunflower seeds, soybeans, or castor beans. The finished product will be currently a blend of
gas oil with 2% biodiesel and, after 2011, 5% biodiesel, both usable in unmodified diesel
engines. As of 2005, there were 3 refineries and 7 that are planned to open. These three
factories were capable of producing 45.6 million of litres per year. Petrobras (the Brazilian
national petroleum Company) launch an innovative system, making biodiesel (called H-Bio)

from the petroleum refinary. In Brazil, castor bean is the best option to make biodiesel,

because it's easier to plant and costs less than soybean, sunflower or other seeds.
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A. 23 United States

Biodiesel is commercially available in most oilseed-producing states in the United States. As
of 2005, it is somewhat more expensive than fossil diesel, though it is still commonly
produced in relatively small quantities (in comparison to petroleum products and ethanol).
Many farmers who raise oilseeds use a biodiesel blend in tractors and equipment as a matter
of policy, to foster production of biodiesel and raise public awareness. It is sometimes easier
to find biodiesel in rural areas than in cities. Similarly, some agribusinesses and others with
ties to oilseed farming use biodiesel for public relations reasons. As of 2003 some tax credits
are available in the U.S. for using biodiesel. In 2004 almost 30 million US gallons (110,000
m?) of commercially produced biodiesel were sold in the U.S., up from less than 0.1 million
US gallons (380 m?) in 1998. Projections for 2005 were 75 million gallons produced from 45
factories and 150 million gallons (570 million liters). Due to increasing pollution control
requirements and tax relief, the U.S. market is expected to grow to 1 or 2 billion US gallons
(4,000,000 to 8,000,000 m*) by 2010. The price of biodiesel in the United States has come
down from an average $3.50 per US gallon ($0.92/1) in 1997 to $1.85 per US gallon ($0.49/1)
in 2002. This appears economically viable with current petrodiesel prices, which as of

09/19/05 varied from $2.648 to $3.06.

Soybeans are not a very efficient crop solely for the production of biodiesel, but their
common use in the United States for food products has led to soybean biodiesel becoming
the primary source for biodiesel in that country. Soybean producers have lobbied to increase
awareness of soybean biodiesel, expanding the market for their product. A pilot project in
Unalaska/Dutch Harbor, Alaska is producing fish oil biodiesel from the local fish processing
industry in conjunction with the University of Alaska Fairbanks. It is rarely economic to ship
the fish oil elsewhere and Alaskan communities are heavily dependent on diesel power
generation. The local factories project 3.5 million tonnes of fish oil annually. In March 2002,
the Minnesota State Legislature passed a bill which mandated that all diesel sold in the state

must contain at least 2% biodiesel. The requirement took effect on June 30, 2005.

In March 2006, Washington State became the second state to pass a 2% biodiesel mandate,
with a start-date set for December 1, 2008. In 2005, U.S. entertainer Willie Nelson was
selling B20 Biodiesel in four states under the name BioWillie. By late 2005 it was available

at 13 gas stations and truck stops (mainly in Texas). Most purchasers were truck drivers. It



was also used to fuel the buses and trucks for Mr. Nelson's tours as well as his personal
automobiles. In February of 2006, a team of high school students showed a sports-economy
car, fueled by soybean bio-diesel. The car can go from zero to 60 in four seconds and gets
more than 50 miles to the gallon. The car, called the K-1 Attack, combines a Volkswagen-

built diesel engine for the rear wheels, and an AC Propulsion electric drive for the front

wheels for short bursts of speed.
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Table A-13. Biodiesel industry stakeholders in the United States

Environment
al Products

Name Web-address Logo Description
NBB- hitp://www biodiesel arg . National trade  association
National I representing the Biodiesel
Biodiesel industry as the coordinating
Board body for R&D in the US
West Central | http://www . westcentralsoy.co Capacity: 12 million gallons
Soy m/ (40.000 tfa)

Start: 12/2002;

NBB corporate member, brand

name:
Griffin http://www _griffinind_.com/html Biodiesel producer with own
Industries /biodiesel html ’;buflm brand:

L=\
o iy

Pacific http://'www biodiesel.com UFACIFIC]| Pioneer  company in BD
Biodiesel el Vodlesell| production
Imperial http://www.imperialwesternpr NBB corporate member,
Western oducts.com W Biodiesel brand name:
Products B I @TA N E
AG http://www_soygold.com !

Biodiesel marketer with own
brand: '

Superior
Process
Technologies

http://www superiorprocesste
ch.com/

Biodiesel process technology
provider with a demonstration
plant

Biodiesel http://pipeline.to/biodiesel NBB corporate member;
Industries technology provider for the first
large-scale production unit in
New South Wales, Australia
ADM- Archer | http://www admworld.com One of the largest international
Daniel food providers in the world and
Midlands largest Bioethanol producer in

the US. Engaged with two
Biodiesel production plants in
Germany; decided recently not
to enter the Biodiesel business
in Minnesota.
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Procter & http://www _proctergamble.co One of the largest producers of
Gamble m methyl esters in the US selling
to Biodiesel marketers on
contractual basis
Cargill http://www_cargill.com International marketer,
processor and distributor of
agricultural, food, financial and
. industrial products; engaged in
ca'g”' Biodiesel production in
Germany.
USB- United http://www_unitedsoybean.org Funder of NBB, marketing,
Soybean research and commercialization
Board = programs for soybean products
NREL- http://www nrel gov/ The US. Department of
National Energy's premier laboratory for
Renewabel renewable energy research &
Energy development
Laboratory
AFDC- http://www afdc.doe gov/ One-stop shop for all alternative
Alternative _ fuel and wvehicle information
Fuels Data needs
Centre
Clean Cities http://www _ccities.doe.gov/ Sponsored by the Department
Network . of Energy (DOE), supports
fi . public and private partnerships
2 that deploy alternative fuel
vehicles (AFVYs) and build
supporting infrastructure
oTT http://www_ott. doe.gov/ Office of Transportation
i.e. on EPACT: Technologies
http://www _ott. doe.gov/epact/
EREN http://www_eren.doe . gov e Energy Efficiency and
s L Renewable Energy Network
4
S
-
University of http:/fwww_uidaho edu/
Idaho
lowa State http://www.me.iastate.edubio | [OWA STATE | R&D, Biodiesel workshop
University diesel/ UNIVERSITY
A. 24 Canada

Rothsay of Ville Ste Catherine, Quebec produces 35,000 m? of biodiesel per year. The
Province of Nova Scotia uses biodiesel in some public buildings for heating as well as (in
more isolated cases) for public transportation. Halifax Regional Municipality has converted
its bus fleet to biodiesel, with a future demand of 7,500 m* of B20 (20% biodiesel fuel
mixture) to B50—reducing biodiesel content in low temperatures to avoid gelation issues—
and 3,000 m? split between B20 and B100 for building heat. The municipality forecasts a

greenhouse gas reduction of over 9,000 tonnes CO, equivalents (4,250 tonnes from fleet use
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and 5,000 tonnes from building heating) if fully implemented. Private sector uptake is slower
but not unheard of possibly due to a lack of price differential with petroleum fuel and a lack
of federal and provincial tax rebating. Ocean Nutrition Canada produces 6 million gallons
(23,000 m®) of fatty acid ethyl esters annually as a byproduct of its Omega-3 fatty acid
processing. This surplus is used by Wilson Fuels to produce blended biodiesel for use as
transportation and heating fuel. Wilson Fuels have also opened a biodiesel station in
Moncton, New Brunswick. In Ontario, Biox Corporation of Oakville is building a biodiesel
processing plant in the Hamilton harbour industrial lands, due for completion in the first half
of 2006. There are also a few retail filling stations selling biodiesel to motorists in Toronto
and Unionville. Manitoba has seen a rush of building in biodiesel plants in 2005 and 2006,
starting in June 2005 with Bifrost Bio-Diesel in Arborg, Manitoba. In addition, biodiesel is
made by individuals and farmers for personal use. BioFuel Canada Ltd has small scale
affordable plants for farmers and off-road users. Along Canada's western-most coast, in
British Columbia the cooperative association proves a successful structure for micro-
economy-of-scale biodiesel production reaching the end-user. Vancouver Biodiesel Co-op,

WISE Energy and Island Biodiesel Co-op are notable examples.

A. 25 Costa Rica

Costa Rica is a large producer of crude palm oil and this has spurred interest in biodiesel.
Currently several small biodiesel production projects are starting in the country. There are
also biodiesel reactor manufacturers in Costa Rica which provide equipment to the Central

American and Caribbean region.
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Web sites:

journeytoforever.org

wWww.veggieavenger.com

www.biodieselnow.com

Europe

www.ebb-eu.org

www.koal2.cop.fi/leonardo/

http://ec.europa.cu/energy/res/sectors/bioenergy en.htm

Austria

www.biodiesel.at

France

www.villediester.asso.fr

Germany

www.ufop.de

Italia

www.assobiodiesel.it

UK

www.biofuels.fsnet.co.uk/biobiz.htm

www.biodiesel.co.uk

Canada

www.greenfuels.org

USA

www.eere.energy.gov/cleancities/afdc/

www.biodiesel.org

www.nrel.gov

www.veggieoilcoop.org




www.buolderbiodiesel.com

www.grease-works.com

www.gobiodiesel.com

www.biodieselamerica.org

Australia

www.biodiesel.org.au

Malaysia

www.mpob.gov.my

142



