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Chapter 1
Transport Biofuels: Their Characteristics,
Production and Costs

1.1 Introduction

Production and use of transport biofuels have a history of considerable length. The
prototype of the Otto motor, which currently powers gasoline cars, was developed
for burning ethanol and sponsored by a sugar factory. The Ford Model T (Tin Lizzy)
did run on ethanol. In the early twentieth century, ethanol-fuelled cars were praised
because they experienced less wear and tear, were quieter and produced a less smoky
exhaust than gasoline-fuelled cars (Dimitri and Effland 2007). Also in the early
twentieth century, a significant part of train locomotives in Germany were powered
by ethanol (Antoni et al. 2007). In the same country, ethanol from potato starch
was used in gasoline as an anti-knocking additive between 1925 and 1945 (Antoni
et al. 2007). In the 1930s, ethanol produced from starch or sugar made something
of a comeback as road transport fuel in the Midwestern states of the USA, because
agricultural prices were very depressed (Solomon et al. 2007). Also in the 1930s,
the Brazilian government stimulated gasoline blends with 5% bioethanol.

Early demonstrations of the diesel motor around 1900 in Paris and St Peters-
burg were with a variety of plant- and animal-derived oils. These were thought
especially interesting for use in tropical and subtropical countries, where the rela-
tively high viscosity of such oils, if compared with fossil diesel, is less of a problem
than in colder countries (Knothe 2001). The first patent on making fatty acid esters
(biodiesel) was awarded in 1937 and applied in 1938 to powering buses in Belgium
(Knothe 2001). During the Second World War, vegetable oils re-emerged as fuels
for diesel motors in countries like Brazil, Argentina and China (Knothe 2001). In
Japan, soybean oil was used to power ships, pine root oil was used as a high-octane
motor fuel and biogenic butanol was used in airplanes (Tsutsui 2003). The Japanese
navy conducted extensive research on the production of diesel fuel from coconut oil,
birch bark, orange peel and pine needles (Tsutsui 2003). Also, during the Second
World War, substitutes for mineral-oil-based gasoline and kerosene were produced
in China by the catalytic cracking of vegetable oils (Knothe 2001). Furthermore,

L. Reijnders, M.A.J. Huibregts, Biofuls for Road Transport 1
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2 1 Transport Biofuels: Their Characteristics, Production and Costs

thermal destruction of wood was used for producing road transport fuel during the
World Wars in Europe (Reed and Lerner 1973).

The post-World War II re-emergence of transport biofuel use dates from the 1973
hike in petroleum prices, or the ‘first oil crisis’. Tax reductions, subsidies, support
for research and development, obligations to fuel providers and artificially high fuel
economy ratings for flex fuel cars, which are suitable for high percentages of biofuel
in transport fuel, were important government instruments used in this re-emergence
(Demirbaş 2007; Szklo et al. 2007; Tyner 2007; Wiesenthal et al. 2008). By now,
large sums of money are involved in such support. It has been estimated that in 2006,
about US $11 billion was spent on public support measures by the USA, Canada and
the European Union (OECD 2008).

Due to the first oil crisis of 1973, Brazil decided to reduce its dependence on
the import of mineral oil by establishing a National Alcohol Program to supply ve-
hicles. This program started in 1975, using sugar cane as a feedstock. A second
program stimulating the use of ethanol began in the USA in 1978, using mainly
corn and to a much lesser extent sorghum as feedstocks (Wheals et al. 1999; Wang
et al. 2008a). In the USA, arguments for subsidizing the production of bioethanol
since 1978 have included energy security, supporting farm prices and incomes and
improvement of air quality (Tyner 2007). Several Canadian provinces started out
using 5–10% ethanol–gasoline mixtures in the 1980s (Szklo et al. 2007). The ‘re-
discovery’ of biodiesel occurred in the 1980s. Biodiesel initiatives were announced
in 1981 in South Africa and in 1982 in Germany, New Zealand and Austria (Kör-
bitz 1999). In Europe, substantial production of biodiesel started from about 1987
and in the USA from the 1990s (Knothe 2001). The relatively large production of
biofuels in countries such as Germany, France, Italy, Austria and Spain had much
to do with an interest in the development of new agricultural markets (Di Lucia
and Nilsson 2007). Geopolitical worries about the supply of crude mineral oil and
price rises affecting this dominating feedstock for current transport fuels furthered
a rapid increase in biofuel production in the twenty-first century, especially after
2004 (Heiman and Solomon 2007).

The production of conventional mineral oil is likely to peak in the coming
decades (GAO 2007; Bentley et al. 2007; Kaufmann and Shiers 2008). An adequate
supply thereof may therefore become increasingly expensive and difficult. This has
led to calls to – in the words of former US president G. W. Bush – kick the oil ‘ad-
diction’ (Bush 2006). Timeliness of a transition to alternative fuels has been stressed
(Kaufmann and Shiers 2008). ‘Home-grown’ biofuels, especially, have been argued
to be suitable for energy security (Tyner 2007). There is also much concern about
the pollution originating in the burning of fossil fuels. Recently, the effects thereof
on climate have become important on the international political agenda. This, in
turn, has led to increasing calls to reduce the emission of greenhouse gases, such
as CO2. Such calls extend to transportation because worldwide transport accounts
for about 22% of the total use of primary energy and is overwhelmingly mineral oil
based (de la Rue du Can and Price 2008). For instance, regarding the USA, min-
eral oil accounted in 2006 for about 97.8% of total transport energy use (Heiman
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and Solomon 2007). Worldwide, the consumption of petroleum products represents
94% of energy use in the transportation sector (de la Rue du Can and Price 2008),
whereas in 2004, about 60% of all mineral oil was used for transportation (Quadrelli
and Peterson 2007). Proponents of biofuels have argued that replacement of mineral
oil by biofuels is a good way to reduce greenhouse gas emissions.

It has furthermore been stated that the potential for replacing fossil transport
fuels with biofuels is very substantial indeed. de Vries et al. (2007) have suggested
that by 2050, up to 300 EJ (= 300×1018 J) of liquid biofuels may be produced
worldwide. An even higher estimate for liquid biofuel production by 2050 (455 EJ)
has been proposed by Moreira (2006). Such amounts can in all probability cover
demand for transport fuels in 2050, as the 2007 primary energy consumption for
transport amounted to about 100 EJ (de la Rue du Can and Price 2008). Use of
transport fuels by means of transport (‘end use’) was probably in the 85–90 EJ range,
with the remaining amount used for winning, refining and distribution (Colella et al.
2005; EUCAR et al. 2007; Winebrake et al. 2007). The potential importance of
biofuels in replacing fossil transport fuels is by now much stressed by the Brazilian
government. In Brazil, ethanol from sugar cane is currently a substantial transport
biofuel. In 2004, its share in energy for road transport was near 14% and in 2007
about 20% (OECD 2008). In 2006, 70% of the new cars sold in Brazil were ‘flex
cars’, able to run on either 100% ethanol or a fossil fuel–ethanol blend (Quadrelli
and Peterson 2007). The claims about the benefits and potential of transport biofuels
have, however, been contested. And the resulting debate has been much fuelled by
the high food prices in 2008, which have been partially linked to increasing transport
biofuel production (OECD-FAO 2007).

This book will give a seed-to-wheel perspective on biofuels for road transport and
will deal with a number of environmental issues that have emerged in the current
biofuel debate. This first chapter is introductory and structured as follows: firstly,
Sects. 1.2–1.6 will deal with the physical basis and the variety of biofuels and the
ways to produce and apply them in transport. Secondly, in Sect. 1.7, developments
in production volume, costs and prices will be discussed. Thereafter, in Sect. 1.8, the
debate on the pros and cons of transport biofuels that has emerged will be briefly
surveyed, and the rest of the book will be outlined.

1.2 The Physical Basis for Biofuels

Biofuels are ultimately based on the ability of photosynthetic organisms to use solar
irradiation for the conversion of CO2 into glucose (C6H12O6) and subsequently into
biomass; the overall reaction for the conversion into glucose usually being:

6CO2 + 6H2O → C6H12O6 + 6O2

Some photosynthetic bacteria may not produce oxygen but give off elemental sul-
phur.
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In practice, only part of incident solar radiation is captured by plants. And of the
solar irradiation captured by plants, only a part (approximately 43–45% of radia-
tion in the visible part of the spectrum for land plants) is photosynthetically active
(Sinclair and Muchow 1999; Vasudevan and Briggs 2008).

The synthesis of glucose is powered by light reactions generating NADPH, ATP
and O2. Thereafter, the reactions can proceed in the dark. In these reactions, collec-
tively known as the Calvin cycle, ATP, NADPH and CO2 are converted into glucose,
NADP+, ADP and phosphate.

The first enzyme of the Calvin cycle is ribulose bisphosphate carboxylase. As
ribulose bisphosphate carboxylase is sensitive to oxygen, photorespiration is impor-
tant to protect the enzyme. When CO2 levels in the atmosphere increase, protec-
tion by photorespiration can be reduced. At the present atmospheric concentration
of CO2, in most plants, photorespiration leads to the release of up to about 50%
of the CO2 originally fixed by photosynthesis. These plants are called C3 plants.
This name is linked to the first product of photosynthesis that contains 3 C atoms,
3-phosphoglyceric acid. All large trees are C3 plants (Heaton et al. 2008). More re-
cently in the evolution of terrestrial plants, a retrofit to the Calvin cycle has emerged
that reduces the need for photorespiration. The plants having such a retrofit are
called C4 plants. This name is again linked to the first product(s) of photosynthesis
that are organic acids with 4 C atoms. Examples of C3 terrestrial plants relevant
to biofuels are wheat, rapeseed, soybean, sunflower, eucalyptus, sugar beet, potato,
poplar, coconut, cassava, cotton and Jatropha, while examples of C4 plants are sugar
cane, corn (maize), switchgrass, sorghum, millet, and Miscanthus.

Natural C4 species tend to be better adapted to relatively warm climates than C3

species. However, breeding and selection have changed the temperature response in
a number of C3 and C4 species. Thus, there are now C3 species that do optimally in
relatively warm climates (e.g. cotton) and C4 species, such as corn varieties which
have been well adapted to temperate climates (El Bassam 1998). The reduced need
for photorespiration in C4 species is reflected in a higher maximum theoretical effi-
ciency in the conversion of solar irradiation into biomass.

For C4 plants on land at the present concentration of CO2, the maximum theoret-
ical efficiency is estimated at 5.5–6.7% and for C3 plants on land at 3.3–4.6% (Hall
1982; El Bassam 1998; Kheshgi et al. 2000; Heaton et al. 2008). For algae, a theo-
retical efficiency varying between 5.5 and 11.6% has been suggested (Heaton et al.
2008; Vasudevan and Briggs 2008). Actual efficiencies in commercial cultivation
are much lower, as will be discussed in Chap. 2. Most transport biofuels are derived
from photosynthetic organisms, though there is also a limited supply of biofuels
derived from animals (based on, for example, yellow grease and animal meal).

1.3 Biofuel Varieties

There are a variety of ways to use biofuels for transport. The first category focuses
on electric traction, which currently accounts for about 1% of energy use in the
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transportation sector worldwide (de la Rue du Can and Price 2008). Electric trac-
tion is common in train transport, but there are also ships powered by electricity,
and a battery-powered small airplane has been demonstrated (Sanderson 2008). All-
electric cars currently have limited application, but more recently there has been
a rapid increase in the use of hybrid cars that use both internal combustion engines
and electromotors (Mom and Kirsch 2001; Würster and Zittel 2007; Høyer 2008).

Electricity can, for instance, be generated in power plants fired by biomass and
stored in batteries . Also, electricity can be generated by onboard fuel cells fed with,
for example, H2 derived from biomass or H2-producing organisms. Hydrogen used
in fuel cells is, from a life cycle perspective, more energy efficient than the applica-
tion of H2 in Otto or diesel motors (EUCAR et al. 2007; Hussain et al. 2007; Kleiner
2007). Fuel cells may also be used for the propulsion of ships and airplanes (Little-
field and Nickens 2005; Lapeña-Rey et al. 2008; Sanderson 2008). Introduction of
hydrogen as a major transport fuel requires concerted action of many stakehold-
ers (Würster and Zittel 2007) and includes large changes in fuelling infrastructure
and a major effort to reduce fire and explosion risks (MacLean and Lave 2003; Ag-
nolucci 2007; Astbury and Hawksworth 2007; Markert et al. 2007; Melaina 2007;
Ng and Lee 2008). Also, major advances in several key components of motorcars
are necessary for a successful large-scale introduction of all-electric or H2-powered
cars (Chalk and Miller 2006; Matheys et al. 2007; Høyer 2008; Lache et al. 2008;
Samaras and Meisterling 2008).

In practice, wood, animal wastes, harvest residues, municipal and industrial or-
ganic wastes, landfill gas, ‘energy’ grasses (such as reed canary grass) and veg-
etable oils have been used in power generation (e.g. Reijnders and Huijbregts 2005;
Berggren et al. 2008; Heinimö 2008; Junginger et al. 2008; Reijnders and Huijbregts
2008). Sewage sludges and wastewater treatment sludges are also applied, though
these tend to be net users instead of net producers of energy due to their high water
content (Wang et al. 2008c).

There is, furthermore, scope for the co-production of electricity and ethanol from
sugar cane (Macedo et al. 2008). In producing electricity, both direct burning of
biomass and burning after gasification or fermentation are practiced (Wheals et al.
1999). Problems in generating electricity from biomass have arisen due to slagging,
corrosion and fouling mainly linked to the presence of inorganic elements such as
Cl and K; in the case of gasification, fouling has also been linked to tar formation
(Monti et al. 2008). Ways to decrease such problems, such as lowering Cl and K
concentrations by judicious choice of feedstocks, have been researched (Monti et al.
2008), though there are types of biomass, such as macroalgae, that still appear un-
suitable for direct combustion or gasification (Ros et al. 2009).

The second possibility is to produce liquid or gaseous biofuels that can be burnt
in transport engines that currently burn fossil fuels. In 2006, such biofuels accounted
for about 1% of energy use in the transportation sector worldwide (de la Rue du Can
and Price 2008). Various engines operate under a variety of conditions, and not all
liquid and gaseous biofuels are suitable to all applications. Quantitatively speaking,
two engine types dominate road transport, and also transport in general: the diesel
engine and the Otto motor. A variety of gaseous and liquid biofuels produced have
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been proposed for these engine types. As to the way these biofuels are produced,
most of them can be allocated to three categories (Ahman and Nilsson 2008). The
first category relies on the biochemical conversion of biomass into transport bio-
fuels. Biochemical conversion is now used for the production of ethanol, butanol
and methane. The second category is based on lipids (oils and fats) derived from
organisms. Such oils may be applied directly or after processing (e.g. transesterifi-
cation or catalytic cracking). The third category uses thermochemical conversion of
biomass via pyrolysis or gasification into a variety of fuels.

A part of the transport biofuels which have been proposed are currently produced
on an industrial scale and widely applied in means of transport. Ethanol obtained
from starch or sugar by fermentation and biodiesel based on lipids from terrestrial
plants are currently the main transport biofuels. Other substances that have potential
as transport biofuels are produced on an industrial scale but hardly or not applied in
Otto and diesel motors. A third category of transport biofuels include those in the
laboratory and pilot plant stage. All these are shown in Table 1.1.

Table 1.1 Production and application of a variety of transport biofuels

Industrial-scale production
and applied in Otto and
diesel motors

Production Application

Ethanol By fermentation from starch
or sucrose

Mostly in Otto motors, pure
or as blend

ETBE (tert-butylether
of ethanol)

Ethanol produced by
fermentation from starch or
sucrose

In Otto engines, as blend

Biodiesel (ethyl- or more
often methylester from long
chain fatty acids)

Fatty acid ester from biogenic
lipids by transesterification

In diesel motors, pure or as
blend

Industrial-scale production,
but hardly applied in Otto or
diesel motors

Production Application

Methane By anaerobic conversion from
a wide variety of biomass
types

Combined use with gaso-
line or diesel in Otto or
diesel engines

Vegetable lipids (oils),
e.g. palm oil, coconut oil

Extraction from oil crops Currently limited applica-
tion in diesel motors

Turpentine Co-product from wood
processing (e.g. paper
production)

May be mixed into gasoline
and diesel
(Yumrutaş et al. 2008)

Ethanol By fermentation from wood
hydrolysate containing sugars

Mostly in Otto motors
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Table 1.1 (continued)

Production at the pilot plant
or laboratory stage

Production Application

Methanol, also as MTBE
(t-butylester of methanol)

Via synthesis gas from
glycerol or biomass;
microbially from sugar beet
pulp (Antoni et al. 2007)

In Otto motors; methanol
may also be used in fuel cell
cars, though relative activity
of methanol in fuel cells
is much lower than of H2
(Lewis 1966)

Dimethylether (DME) Via synthesis gas from
biomass by gasification with
pure oxygen
(Arcoumanis et al. 2008)

Proposed as alternative to
diesel in diesel engines; also
suitable for gas turbines

Butanol, also as BTBE
(t-butylester of butanol)

Butanol by fermentation
from sugar/starch or
(hemi)cellulose

In Otto motors,
turbofan engines

Biohydrogen By photosynthetic algae,
via fermentation by
H2-producing microbes,
by photo-induced reforming
or via synthesis gas

In fuel cells or engines

Hydrocarbons Via synthesis gas from
biomass or components/
conversion products thereof,
by cracking/deoxygenation
of lipids or cracking of
microalgal hydrocarbons

In Otto and diesel motors

The energy contents of the liquid and gaseous transport biofuels mentioned
in Table 1.1 may be different from the fossil petrol and diesel that they replace.
Table 1.2 gives a survey of the energy contents (lower and higher heating values) in
megajoules (MJ) of the liquid fossil and biofuels per kilogram (kg) and per litre (l).
The lower heating value (LHV) represents net energy content, and the higher heating
value (HHV) represents gross energy content (including the heat of condensation of
water vapour produced by combustion (Piringer and Steinberg 2006)).

The differences in heating values indicate that when the amount of transport kilo-
metres for a full tank is to be maintained, a substantial adaptation of tank size may be
necessary when transport fuels contain high percentages of biofuels with relatively
low heating values, such as dimethylether and ethanol (Semelsberger et al. 2006).
This is not the only adaptation that may be necessary when switching to biofuels.
Table 1.3 gives a brief summary of other adaptations for a number of biofuels.
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Table 1.2 Energy content (lower and higher heating values, with the latter including the latent heat
of vaporization) for liquid transport fossil and biofuels per kilogram and litre (Anonymous 2006;
Hammerschlag 2006; European Union 2008; Savage et al. 2008)

Transport fuel Lower heating value
by weight (MJkg−1)

Lower heating value
by volume (MJ l−1);
for liquid biofuels only

Higher heating value
by weight (MJkg−1)

Ethanol 26.4 21.2 29.8

ETBE 36.0 26.7 39.2

Biodiesel (average
for fatty acid
methylesters)

37.3 32.8 40.2

Methanol 19.8 15.6 22.9

MTBE 35.2 26.0 38.0

Dimethylether 28.4 20.3 31.7

Butanol 35.4 27.8

Palm oil 37.0 34.9

Fischer–Tropsch
diesel made from
natural gas

44.0 34.3 45.5

Methane 50.0 – 55.2

Diesel
(from mineral oil,
European)

41.2 35.7 45.6

Gasoline
(also called petrol)
(from mineral oil,
European)

42.7 31.0 46.5

Hydrogen 120 – 141.8

Table 1.3 Problems and adaptations necessary for the use of biofuels

Biofuel Problems and adaptations

Ethanol – Ethanol is relatively corrosive, and ethanol–gasoline blends may sep-
arate in pipelines; this limits the scope for pipeline transport. Also,
ethanol is hygroscopic, and high water concentrations may lead to phase
separation. So, in storage and distribution, exposure to water should be
severely limited (Antoni et al. 2007; Atsumi et al. 2008).

– Limited admixture of ethanol (whether or not as ETBE: the tertiary
butylether of ethanol) up to 5% is possible without adaptation of cars. If
ethanol–fossil hydrocarbon blends with percentages of ethanol over 5%
are used, however, changes in cars are needed (Antoni et al. 2007). Such
changes regard the fuel-sending unit, the fuel injector, the fuel filter, fuel
management and flame arrestors. When the percentage of bioethanol be-
comes 85 or 100%, changes necessary for the engine become substantial
(Antoni et al. 2007; Hammond et al. 2008). This has led to the develop-
ment of flex vehicles that are able to run on blends with high percentages
of ethanol, and also on conventional petrol.
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Table 1.3 (continued)

Biofuel Problems and adaptations

Vegetable oil – High viscosity may give rise to increased fuel consumption, to increased
emissions of CO and hydrocarbons and to engine durability problems
(Agarwal and Agarwal 2007; Scholz and da Silva 2008).

– Oils with unsaturated fatty acids may be subject to oxidative instability
(Vasudevan and Briggs 2007). Such instability may be corrected by hy-
drogenation (Mikkonen 2008). However, saturated fatty acids are more
prone to form crystals at relatively low temperatures, and thus their pres-
ence is also subject to limitation.

– To the extent that vegetable oils are suitable, use thereof is associated
with substantially increased maintenance (Cloin 2007).

– In aircraft, vegetable oils freeze at normal cruising temperatures and
have relatively poor high temperature thermal stability characteristics
in the engine (Daggett et al. 2007).

Fatty acid esters
(biodiesel)

– At low fuel temperature, viscosity of biodiesel and precipitate formation
may still become unacceptable (Kerschbaum et al. 2008). Unacceptable
viscosity may be associated with piston ring sticking and severe engine
deposits (Kegl 2008). Also, at low temperatures, there may be more cold-
starting problems (Hammond et al. 2008).

– Saturated fatty-acid-based biodiesel is relatively prone to crystal forma-
tion at low temperatures, more so when the carbon chains are longer.
Ozonization, lowering the content of saturated fatty acids and the use
of fatty acids with shorter carbon chains have been proposed as ways to
‘winterize’ biodiesel (Kerschbaum et al. 2008; Ramos et al. 2008).

– Precipitate formation at low temperatures may also be linked to the pres-
ence of (plant-derived) steryl glucosides (Tang et al. 2008).

– When a substantial percentage of biodiesel is present in the transport
fuel, especially in older cars, there may be a need to change fuel hoses
and seals, because these will otherwise corrode (Radich 2007; Ham-
mond 2008).

– The amount of free alcohol in biodiesel should be kept very low to
prevent accelerated deterioration of rubber seals and gaskets (Abdullah
et al. 2007).

– The solvent property of biodiesel may be conducive to loosening de-
posits in fuel systems, which may lead to clogging of fuel lines and
filters and, more in general, there may be a need for more frequent oil
and fuel filter changes when biodiesel is used (Radich 2007; Hammond
et al. 2008).

– In aircraft, only the admixture of low percentages of biodiesel in jet fuel
is acceptable to prevent freezing (Wardle 2003).

– Storage of biodiesel should be such that oxidative and hydrolytic dete-
rioration are prevented. Similarly, the presence of water should be pre-
vented, as this is conducive to the growth of micro-organisms (Abdullah
et al. 2007).

Methane – Supply system has to be adapted to store and handle methane.
– Cars have to be adapted to dual fuelling (Björesson and Mattiasson

2008).
– Optimum use of methane requires engine modifications (Björesson and

Mattiasson 2008; Hammond et al. 2008).
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Table 1.3 (continued)

Biofuel Problems and adaptations

Dimethylether – New storage and fuel delivery systems are needed (Semelsberger et al.
2006).

– Provisions have to be made to reduce leakage in pumps and fuel injectors
(Semelsberger et al. 2006).

– Adaptation of engines or the use of additives to solve problems with lu-
bricity is necessary (Semelsberger et al. 2006; Arcoumanis et al. 2008).

– Modifications of engines are needed to prevent corrosion (Arcoumanis
et al. 2008).

1.4 Virtual Biofuels

There is also an option which may be called virtual biofuels. The pyrolytic produc-
tion of ‘black carbon’ (also charcoal, biochar) from biomass has been advocated as
an alternative to biofuels (Fowles 2007). Such black carbon would be added to soils,
where it said to be ‘very stable’ and able to fulfil useful functions. This is argued to
offset CO2 emissions (Lehmann et al. 2006; Fowles 2007; Mathews 2008a). Saun-
ders (2008) has proposed to landfill purpose-grown biomass as a ‘virtual biofuel’,
which he considers ‘more practical, economic and immediate’ than the use of actual
biofuels from lignocellulosics. There are also ‘climate compensation schemes’ of-
fered to users of transport (especially car and air transport) to offset their emissions
of CO2. Planting trees tends to be major contributor to such schemes. The idea be-
hind this is that the C emitted as CO2 into the atmosphere due to the burning of fossil
fuels will be sequestered in biomass. For instance, it has been estimated that refor-
estation of abandoned tropical land may lead to an aboveground C sequestration
of approximately 1.4 Mgha−1 year−1 and a sequestration in soils of approximately
0.4 Mg C ha−1 year−1 over an 80–100-year period (Silver et al. 2000). Offsetting
by forest conservation or reforestation leads to much lower costs for the alleged
reduction of CO2 emissions from transport than the production of biofuels.

The obvious question about these proposals is: are virtual biofuels indeed a so-
lution to the impact of fossil transport fuels on climate? This depends on the dura-
tion of carbon sequestration in virtual biofuels. Before being used as transport fuel,
mineral oil was destined to remain for many millions of years outside the carbon
cycle in which biomass participates, and one may argue that to really offset the use
thereof, C in black carbon, purpose-grown landfilled biomass and forests should
also remain outside the biogeochemical carbon cycle for many millions of years
or ‘in perpetuity’. Also, one may focus on CO2 emitted due to the consumption of
fossil fuels. Full elimination of the effect of the CO2 emission from fossil transport
fuels on the climate is expected to take a very long time. One quarter of fossil-fuel-
derived CO2 remains airborne for several centuries, and complete removal may take
30,000–35,000 years (Archer 2005; Hansen et al. 2008). So it may be argued that the
sequestration in biochar, landfills or forests should at least be for many thousands of
years.
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Whether C sequestration for at least many thousands of years applies to biochar
has been studied in a limited way (Eckmeier et al. 2007; Wardle et al. 2008). There
have been reports about the decomposition of biochar and oxidation of the aromatic
backbone of biochar, partly depending on the production procedure (Lehmann et al.
2006; Steiner et al. 2007). However, there is also evidence that carbon black particles
may persist in soils over thousands of years (e.g. Carcaillet and Talon 2001; Long
et al. 2007), allowing for the possibility that part of buried biochar sequesters C
for a very long time indeed (Lehmann et al. 2006). Secondly, there is evidence that
biochar may have an effect on soil biological processes: experimental data suggest
that this effect may result in loss of native soil carbon (Wardle et al. 2008). As it
stands, it would seem likely that the net carbon sequestration by biochar is partial
and may show a decrease over time.

Landfilled purpose-grown biomass will not for thousands of years or in perpetu-
ity remain outside the biogeochemical carbon cycle. Landfilled biomass will largely
be converted into CH4 by anaerobic processes. This has the added disadvantage that
CH4 is, over a 100-year period, 21 times a more potent greenhouse gas than CO2, the
main carbonaceous product of biofuel combustion (Barlaz 2006). The rate of con-
version of biomass into methane is dependent on a variety of factors, including tem-
perature, lignin content, moisture and pH, and such conversion is often a matter of
decades (Barlaz 2006, Themelis and Ulloa 2007). Capture of CH4 emitted by land-
fills is an option but has in practice limited efficiency (Themelis and Ulloa 2007).

There is also a major snag with planting forests as virtual biofuels. Storage of
carbon in trees should be guaranteed for many thousands of years. At the level of
individual trees, this is impossible, as storage in perpetuity or for many thousands
of years is well beyond the maximum lifespan of tree species. And guarantees at
the level of forests are also a problem. Current ‘climate compensation schemes’
have guarantees for forests that do not exceed a hundred years. Even this guaranteed
timeframe is questionable in view of (increasing) risks that forests may be destroyed
by wildfires and extreme weather events such as storms and droughts (Kirilenko
and Sedjo 2007; Gough et al. 2008; Nepstad et al. 2008). The social arrangements
safeguarding forests are also unlikely to persist for many thousands of years or in
perpetuity. So it would seem that forests as virtual biofuels rather delay than fully
offset the emission of CO2 from fossil transport fuels. There is also another problem
with planting forests to limit the increase in atmospheric CO2. This has been called
‘leakage’ (Sathaye and Andrasko 2007; Ewers and Rodrigues 2008). When forestry
projects are established, people dependent on that area may move elsewhere, where
they may reduce C stocks. There has been a series of case studies regarding this
phenomenon. In some cases, high levels of leakage have been demonstrated. For
instance, Boer et al. (2007) studied forestation projects in the Jambi province of
Indonesia and found that reductions in C stock due to leakage exceeded gains in C
stock linked to forestation over a 10-year period. Other forestation projects showed
lower leakage, and worldwide, an average percentage of about 50% leakage seems
to be associated with forestation projects (Sathaye and Andrasko 2007). So forestry
as a virtual biofuel is subject to major problems when it comes to full compensation
of fossil fuel consumption.
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Apart from problems with C sequestration over at least thousands of years, a main
problem is that virtual biofuels clearly would not solve the problem of dependence
on mineral oil, as one cannot drive or fly on virtual fuels. For this reason, the ‘real’
biofuels that are used or have been proposed for use as transport biofuels will be the
main topic of this book.

1.5 Production and Application of Liquid
and Gaseous Transport Biofuels

In this book, the focus will be largely on liquid and gaseous transport biofuels that
can replace fossil transport fuels. In this section, a brief survey will be given of the
ways to produce liquid and gaseous transport biofuels from a variety of feedstocks.
These are summarized in Fig. 1.1.

Biolipids  

Transesterification, 
catalytic cracking, 

pyrolysis 

Biodiesel 

Lignocellulose  

Pyrolysis, 
gasification,  

enzyme-mediated 

Charcoal, synthesis 
gas, ethanol, methane 

Sucrose and starch 

Ethanol, ABE 

Hydrolysis, 
fermentation 

Gasification 

Hydrogen 

Water  

Micro-organisms, 
photosynthetic algae 

Hydrogen 

Fig. 1.1 Biofuel production steps

1.5.1 Biofuels from Terrestrial Plants and Animals

Sucrose- or Starch-Based Biofuels

Sucrose (from sugar cane, sugar beet and sweet sorghum) and starch (from starch
crops such as corn, grain sorghum, potato, Jerusalem artichoke, cassava, rye, barley,
sago palm and wheat) can be converted into ethanol by hydrolysis and fermentation.
There is also the possibility of converting sugar in whey and starch and sugar in
wastes (potato peel, spoiled fruit) into ethanol by fermentation (Acharya and Young
2008). The fermentation used to produce ethanol is usually yeast based. The reaction
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starts with a C6 sugar and is:

C6H12O6 → 2CO2 + 2C2H5OH (ethanol) .

Ethanol has its disadvantages vis-à-vis fossil-based gasoline. Its lower heating value
is considerably lower (see Table 1.2), and it is hygroscopic and more corrosive
(cf. Table 1.3). Against this background there have been proposals to convert ethanol
to hydrocarbons (‘biogasoline’) (Tsuchida et al. 2008) or H2 (Ni et al. 2007; Kon-
darides et al. 2008). However, in practice, ethanol may do well as transport fuel in
Otto motors, both as such and as a mixture with fossil hydrocarbons (Szklo et al.
2007). Ethanol may also be applied in a mixture with fossil diesel fuel in diesel
motors – with an additive to prevent phase separation (Fernando and Hanna 2004;
Antoni et al. 2007; Wang et al. 2007; Song et al. 2007). In Otto motors, ethanol
is used as a gasoline extender, octane booster and oxygenate suitable for driving
during winter in temperate climates (MacLean and Lave 2003). Claims have been
made that admixture of ethanol improves the fuel efficiency of Otto motors, but
available evidence (Roberts 2008; Kamimura and Sauer 2008) suggests that differ-
ences in average fuel efficiency are not statistically different from the differences in
heating value. Ethanol can also be used to produce ETBE (ethylester of t-butanol)
or ethylesters of fatty acids, which can be applied in Otto and diesel motors respec-
tively. Currently the production thereof is in chemical reactors. For the combined
production of ethanol from sugars and ethylesters of fatty acids, a synthesis em-
ploying genetically modified Escherichia coli has been demonstrated (Kalscheuer
et al. 2006).

Starch and sucrose may also serve as a basis for fermentation into butanol, or
to be more precise, a mixture of acetone, butanol and ethanol (ABE). After World
War II, bacterial fermentation generating ABE from starch and sucrose was applied
on an industrial scale in a wide variety of countries. This production process ul-
timately succumbed to the price competition of petrochemical butanol (Ng et al.
1983; Reinharz 1985; Jones and Woods 1986; Gutierrez et al. 1998; Zverlov et al.
2006; Chiao and Sun 2007; Ezeji et al. 2007; Qureshi et al. 2008a). There currently
is pilot-scale industrial production of butanol by bacterial fermentation processes
starting with starch or sucrose and a substantial amount of research and development
aimed at ‘engineering out’ the production of acetone and ethanol (Wackett 2008).
Up to about 18% ABE may be mixed with fossil diesel fuel, which is then suitable
for powering diesel motors (Willke and Vorlop 2004). Butanol can be mixed into
gasoline for use in Otto motors, as such or after esterification with t-butanol (Scott
and Bryner 2006; Antoni et al. 2007; Ezeji et al. 2007). Butanol is a biofuel that can
also be used in high thrust-to-weight applications such as aircraft engines. Butanol
has the added advantages that, unlike ethanol, it will not solidify at the low tem-
peratures of high altitudes at which airplanes operate and that it is not hygroscopic.
Disadvantages are that the concentration of butanol achievable by fermentation is
currently low and that the boiling point is high, which necessitates relatively high
energy inputs for butanol distillation (Fortman et al. 2008; Hayes 2008).

It has also been shown that the production of branched chain butanols (isobu-
tanol, 2-methyl-1-butanol, 3-methyl-1-butanol) from glucose is possible using meta-
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bolic engineering of micro-organisms (Atsumi et al. 2008). Such branched chain
butanols can also be mixed into gasoline.

Lipid-Based Biofuels from Terrestrial Plants or Animals

A wide variety of plants produce lipids that can be used as a basis for transport
fuels. Main suppliers of lipids are currently plants producing edible oils such as
rapeseed or canola, sunflower, oil palm, coconut and soybean. There is also limited
use of non-edible lipids such as Jatropha oil and of animal fats (‘yellow grease’)
and very limited use of algal lipids. A number of additional potential vegetable
sources of lipids have been suggested (Sims et al. 2006; Shao and Chu 2008), and
lipids have also been produced microbially from sugars (Zhou et al. 2008). The
use of edible oils often has the advantage that co-products may be used in ani-
mal feed production. This may be different for non-edible oils. For instance, the
oil cake of many of the current Jatropha varieties is not suitable for feeding live-
stock because of the presence of toxic compounds such as phorbolester and curcin
(Carvalho et al. 2008; Sujatha et al. 2008), but such toxic Jatropha oil cake can be
anaerobically converted to methane (Achten et al. 2009) or burned to supply en-
ergy.

The lipids used for biofuel production mainly consist of triacylglycerol, in which
the acyl groups are fatty acids (Agarwal and Agarwal 2007). In principle, a variety
of lipids can be burnt as such in diesel motors, more of them in warm climates.
Vegetable oils are used to a limited extent as transport fuel. For instance, there is
a significant use of coconut oil in motorcars on the Pacific islands (Cloin 2007), and
in Europe there is limited use of rapeseed oil in heavy-duty vehicles. However, for
most applications, viscosity is too high. This problem may be solved by dilution,
microemulsification and transesterification (Canakci and Sanli 2008). In practice,
the solution is mostly transesterification to produce biodiesel, which is compatible
with fossil diesel fuel and leads to a more limited increase in maintenance costs. In
transesterification, the glycerol OH groups are replaced by the OH groups of either
ethanol or, more commonly, methanol.

Transesterification to produce biodiesel from lipids can proceed with the help of
an inorganic base catalyst (e.g. NaOH, KOH or NaOCH3). This approach is widely
applied in commercial biodiesel production (Canakci and Sanli 2008). Potential al-
ternatives are the use of insoluble inorganic catalysts (Shu et al. 2007; Li et al. 2007;
Vasudevan and Briggs 2008) and the use of an enzyme: lipase (Harding et al. 2008).
These alternatives are under development (Abdullah et al. 2007; Ranganathan et al.
2008). Transesterification by superheated or supercritical alcohols (that are not sen-
sitive to free fatty acids and water) has also been studied (Marchetti et al. 2007;
Joelianingsih et al. 2008). In the case of lipids that are characterized by the presence
of greater than 0.5–1% free fatty acids (that react with base catalysts to soap) – of-
ten waste lipids – the use of both homogeneous and heterogeneous acid catalyzed
transesterification has been advocated (Abdullah et al. 2007; Vasudevan and Briggs
2008; You et al. 2008; Canakci and Sanli 2008; Park et al. 2008). Alternatively, free
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fatty acid levels can be reduced to less than 0.5% by the use of ion-exchange resins
(Özbay et al. 2008) or the admixture of virgin lipids.

An alternative option to transesterification is to catalytically remove oxygen
from the triacylglycerol, while adding hydrogen. This gives rise to the synthesis
of propane and mixtures of hydrocarbons (paraffins) that have diesel-like properties
and can also be used in kerosene blends (Holmgren et al. 2007). Such a deoxy-
genation process is currently commercially exploited (Rantanen et al. 2005). Still
another way of converting virgin or used vegetable oil in transport fuels uses cat-
alytic cracking or pyrolysis (heating in the absence of oxygen). In the latter case, this
has to be followed by upgrading of the bio-oil that is a product of pyrolysis. In this
way, one may produce fuels that are suitable for application in diesel or Otto motors
or as a substitute for kerosene that is applicable in air transport (Milne et al. 1990;
Knothe 2001; Demirbaş and Kara 2006; Dupain et al. 2007; Ooi and Bhatia 2007;
Tamunaidu and Bhatia 2007). It has been noted that in the case of cracking unsatu-
rated lipids, the product may contain relatively large amounts of aromatics (Dupain
et al. 2007). Also, alkane synthesis from lipids by the bacterium Vibrio furnissii has
been reported (Fortman et al. 2008). Finally, there are efforts to produce fatty acid
ethylesters and hydrocarbons by re-engineering metabolism in heterotrophic micro-
organisms (Wackett 2008). Ultimately, this way of producing biofuels is critically
dependent on cheap sources of carbohydrates (Rotman 2008).

In Germany, a major producer of biodiesel, glycerol that is generated by trans-
esterification of oils and fats is anaerobically converted into methane (see below).
Glycerol can also be gasified to synthesis gas (mainly CO and H2). Synthesis gas
(also called ‘syngas’) may be converted into methanol. Methanol, in turn, can be
mixed into gasoline up to 15% by volume and applied in Otto motors without major
adaptations. Methanol can also be used for the production of biodiesel, as an admix-
ture in diesel (Cheng et al. 2008) and to produce methyl tert-butylether (MTBE) to
be applied in petrol for use in Otto motors or to produce dimethylether (Arcoumanis
et al. 2008). Methanol can, moreover, be reformed on board means of transport in
a way that fits the use of H2 in fuel cells (Ferreira-Aparicio et al. 2005).

Converting glycerol into methanol via syngas is now commercially applied. Fur-
thermore, synthesis gas derived from glycerol may be turned – via the Fischer–
Tropsch reaction – into hydrocarbons that may serve as diesel, petrol or kerosene
(Scott et al. 2007; Simonetti et al. 2007; Valliyappan et al. 2008). Also, syngas may
be used as a source of H2 (Yazdani and Gonzalez 2007; Valliyappan et al. 2008).
There are other options for converting glycerol into transport biofuels, too. Anaer-
obic fermentation may convert glycerol into ethanol and/or butanol (Coombs 2007;
Yazdani and Gonzalez 2007). And glycerol may be converted into propanol, which
can be mixed with conventional gasoline (Coombs 2007; Fernando et al. 2007).

Biofuels from Complex Organic Feedstocks

Various processes generating transport biofuels start from complex organic feed-
stocks, including complete organisms or large chunks thereof, or from wastes such
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as sewage sludge, black liquor or household waste. The focus of such processes is
often on lignocellulose. This is not surprising as the share of lignocellulose in all
biomass has been estimated at about 50% (Claassen et al. 1999). Lignocellulose
is a structural material of plants and a composite of lignin (a polymer composed
of monolignols), cellulose (a glucose polymer) and hemicellulose (a polymer made
up of diverse hexose and pentose sugars). The US Energy Law of 2008 stipulates
that from 2016, transport bioethanol producers must switch to lignocellulosic feed-
stocks.

There are a wide variety of lignocellulosic feedstocks. Wood, wood waste, har-
vest residues, a variety of wastes and by-products originating in industries are rela-
tively rich in lignocellulose (Prasad et al. 2007). It also has been suggested that nat-
ural grasslands can be exploited as a source for lignocellulosic feedstock (Tilman
et al. 2006; Zhou et al. 2008). It is furthermore possible to grow lignocellulosic
crops on plantations. Examples of species that are considered for this purpose are
woody perennials, such as eucalyptus, poplar, willow and black locust, and grasses
and other non-woody perennials, such as switchgrass, elephant grass, reed canary
grass, Miscanthus, cardoon, reeds and Bermuda grass. Of these species, Bermuda
grass and reed canary grass are currently used as forage for livestock (Boateng et al.
2007; Pahkala et al. 2008).

The relative amount of lignin in lignocellulose is source dependent. In nutshells,
the percentage of lignin may be 30–40% and in rice straw about 5.5% (Prasad et al.
2007). Similarly, the composition of hemicellulose is source dependent. For in-
stance, hemicellulose from agricultural residues or hardwood tends to be rich in
pentose sugars, whereas such sugars are a minor component in hemicellulose from
softwood (Hahn-Hägerdal et al. 2007).

Apart from lignocellulose, the lignocellulosic feedstocks also contain a variety
of other compounds, both organic and inorganic in character. The latter, a for-
tiori, holds for complex wastes such as sludges from wastewater treatment plants or
household wastes, which have been proposed as sources of transport biofuel (Ptasin-
ski et al. 2002). There is also a relatively limited supply of cellulosic wastes that
may be used for biofuel production, such as sludges from (virgin) paper produc-
tion and paper recycling (Mabee and Roy 2003; Prasad et al. 2007; Marques et al.
2008).

There are several ways to generate substances that may serve as automotive bio-
fuels from complex organic feedstocks. A first possibility, which applies both to
biomass in general and to lignocellulose, is heating (‘thermochemical treatment’) to
produce liquid biofuels. An option which has been exploited for centuries is the dry
distillation or slow pyrolysis of wood. Apart from charcoal, methanol is an output
(approximately 1–2% by weight) of slow pyrolysis of wood, which can in principle
be used as a transport fuel (Reinharz 1985; Demirbaş 2001; Güllü and Demirbaş
2001; Huber et al. 2006). More recently, much attention has been given to fast and
flash pyrolysis of biomass (Goyal et al. 2008). Fast and flash pyrolysis of biomass
in principle produces charcoal or biochar, gas, organic fluids and water. The precise
nature of the products and the relative shares of the different components can be
varied, dependent on the character of the biomass, the presence of inorganic sub-
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stances (especially metals), reactor design, temperature, heating rate, catalysts and
reaction time (Bridgwater et al. 1999; Yang et al. 2004; Demiral and Şensöz 2006;
Huber et al. 2006; Boateng et al. 2007; Dobele et al. 2007; Lange 2007; Müller-
Hagedorn and Bockhorn 2007; Demirbaş 2008; Di Blasi 2008; Fahmi et al. 2008;
Ros et al. 2009). The fluid produced by fast and flash pyrolysis contains water and
a variety of organic compounds, the latter collectively called ‘pyrolysis oil’. The
pyrolysis oil tends to be unstable and to show polymerization reactions (Fahmi et al.
2008). It needs upgrading to serve as a basis for transportation fuel, for example, by
hydrodeoxygenation, hydrogenation or treatment with zeolites (Huber et al. 2006;
Esler 2007; Wang et al. 2008b). Such upgrading has proven difficult, and this has re-
stricted the application of biomass pyrolysis technology (Wang et al. 2008b). It has
also been proposed to view the pyrolysis oil as a basis for a biorefinery generating
a number of chemicals besides transport fuel (Hayes 2008). As an alternative to fast
and flash pyrolysis, a process has been proposed that combines pyrolysis with hy-
drogenation by a formic acid–alcohol mixture (Kleinert and Barth 2008). Also under
development is deoxy-liquefaction (Goyal et al. 2008; Wang et al. 2008), converting
lignocellulosic biomass into a liquid that tends to be richer in hydrocarbons than the
liquids commonly produced by fast pyrolysis.

A second possibility to deal with complex organic feedstocks is based on gasifi-
cation of biomass or lignocellulosic materials resulting in the formation of synthesis
gas (containing relatively high percentages of CO and H2). The formation of tar, and
to a lesser extent char, and ash-related problems have emerged as problems in such
gasification, necessitating major efforts in the field of optimizing gasification, tar
reforming and syngas quality control and clean-up (Wang et al. 2008b). Using the
water shift reaction, the amount of H2 in synthesis gas may be maximized, and H2

and the other main product of the water shift reaction (CO2) can be separated by
processes such as pressure swing adsorption, membrane separation and cryogenic
separation (Ferreira-Aparicio et al. 2005; Andersson and Harvey 2006; Haryanto
et al. 2007; Barelli et al. 2008; Florin and Harris 2008; Wang et al. 2008b). It is
also possible to subject syngas (after clean-up) to catalytic methanation, generating
synthetic natural gas (Felder and Dones 2007).

Alternatively, conversion is possible into liquids (biomass-to-liquids or BTL
biofuels). One option is the use of synthesis gas to produce oxygenates such
as methanol (Reed and Lerner 1973; Demirbaş 2001; Ptasinski et al. 2002) and
dimethylether (Joelsson and Gustavsson 2008). Producing ethanol from syngas is
also possible but is as yet not very efficient (Subramani and Gangwal 2008). Still
another option is to use the Fischer–Tropsch reaction, after enrichment of syngas
with hydrogen, to generate hydrocarbons (Dietenberger and Anderson 2007), or
the methanol-to-synfuel synthesis to produce hydrocarbons (Takeshita and Yamaji
2008). The latter can be conveniently applied in diesel or Otto motors (Reinhardt
et al. 2006) or in airplanes (Esler 2007). There are also bacteria that can convert
synthesis gas into ethanol, and these are currently researched for use in biofuel
production (Henstra et al. 2007; Tollefson 2008). Low conversion rates, product
inhibition and problems in maintaining optimum conditions have for a substantial
time prevented commercialization of this approach (Wang et al. 2008b), but such
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problems have now apparently been solved to the extent that a pilot plant has been
announced (Ashley 2008).

Thirdly, cellulose and hemicellulose present in lignocellulose may be enzymat-
ically converted into ethanol or butanol, to be applied in, for example, Otto mo-
tors (Sánchez and Cardona 2008; Qureshi et al. 2008a, b). This requires separating
hemicellulose from lignin, hydrolysis of cellulose and hemicellulose into sugars
and fermentation of the sugars generated by hydrolysis (Lynd 1996; Lachke 2002;
Palmarola-Adrados et al. 2005; Gray et al. 2006; Angenent 2007; Prasad et al. 2007;
Gomez et al. 2008; Sánchez and Cardona 2008; Qureshi et al. 2008a, b).

Hydrolysis of cellulose generates glucose, which can be converted into ethanol.
Important among the hydrolytic products of hemicellulose is often xylose, a 5-car-
bon sugar (Fortman et al. 2008). Xylose can be converted into ethanol by fermenta-
tion as follows:

3 D-xylose (C5H10O5) → 5ethanol+ 5CO2 .

Micro-organisms such as Pichia stipitis and genetically modified Escherichia coli
are able to perform the fermentation of xylose (Rubin 2008). Minor sugars originat-
ing in cellulose and hemicellulose are arabinose, rhamnose, glucose, galactose and
mannose, which can be converted into ethanol, too (Numan and Bhosle 2006; Fort-
man et al. 2008; Hayes 2008). It is also possible to ferment C6 and C5 sugars into
a mixture of acetone, butanol and ethanol (Jones and Woods 1986; Qureshi et al.
2008c). Process design tends to be focused on a limited number of lignocellulosic
feedstocks for which the process is optimized (Olofsson et al. 2008). In practice, the
separation of hemicellulose from lignin currently causes most problems, which are
in part linked to the heterogeneous structure of lignin polymers (Gomez et al. 2008;
Wackett 2008). Building cell walls involves many enzymes (McCann and Carpita
2008), and it may well be that a combination of enzymes may be necessary for their
deconstruction in a way that is optimal for the next step of biofuel production: sac-
charification. However, most processes currently studied for near-term application
rely on the use of rather brute physico-chemical force to separate the constituents
of lignocellulose (which negatively impacts overall energy efficiency and the envi-
ronmental burden). Examples are: the use of acid (whether or not combined with
ionic liquid), steam explosion (sometimes combined with oxidation), high-pressure
hot water treatment, treatment with alkaline peroxides and ammonia fibre explosion
(Huber et al. 2006; Gomez et al. 2008; Li et al. 2008; Sørensen et al. 2008; Qureshi
et al. 2008c). The difficulty of separation varies for different plant species (Bura-
nov and Mazza 2008). Coniferyl lignin appears, for instance, more recalcitrant so
far against physico-chemical methods of separation than syringyl lignin (Anderson
and Akin 2008). And the presence of oxidatively coupled esterified or etherified fer-
ulic acid residues has also been reported to inhibit separation (McCann and Carpita
2008).

Proposals to overcome the hurdles to separation of lignin and cellulose and
hemicellulose include: application of lignin-degrading white rot fungi of micro-
organisms derived from termite guts, of Clostridium phytofermentans, and pre-
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treatment with phenolic esterases (Warnick et al. 2002; Anderson and Akin 2008;
Rotman 2008; Weng et al. 2008). Also, it has been suggested to use lignases and
to convert degraded lignin into transport biofuels (Blanch et al. 2008). Furthermore,
there have been proposals to downregulate lignin biosynthesis in plants by genetic
modification to ease the release of cellulose and hemicellulose and ultimately sug-
ars from plants (Chapple et al. 2007; Wackett 2008). Such downregulation has led to
plant characteristics that are unsuitable for biofuel crops, such as increased suscep-
tibility to fungi, dwarfing and the collapse of vessels in xylem (Weng et al. 2008).
Dwarfing has been linked to the simultaneous inhibition of flavonoid production
(McCann and Carpita 2008). There have been new proposals for genetic modifica-
tion, focusing on changes in lignin polymer structure and monolignol polymeriza-
tion (Weng et al. 2008), but it is as yet not clear whether this approach will lead to
suitable biofuel feedstocks.

Degradation of hemicellulose may also be difficult. Hemicelluloses appear so
far refractory against saccharification when esterified by ferulic or coumaric acids
(Anderson and Akin 2008). And enzymatic hydrolysis of cellulose to fermentable
sugars currently requires, per kg ethanol produced, 40–100 times more enzyme than
the hydrolysis of starch (Eijsink et al. 2008). This has led to the proposal to include
glycosyl hydrolases into plants by genetic modification (Taylor et al. 2008). Hy-
drolysis and fermentation of cellulose and hemicellulose can be done in a two-step
process (e.g. Zanichelli et al. 2007; Hayes 2008), with one hydrolytic and one fer-
mentative step. When dilute acid is used for the pre-treatment of lignocellulosic
biomass, there is often much hydrolysis of cellulose and hemicellulose. At higher
temperatures, dilute acid treatment may also lead to much hydrolysis of cellulose
(Hayes 2008). A variant of treatment with dilute acid may be used to generate sub-
stantial amounts of the platform chemicals furfural and levulinic acid, in line with
biorefinery concepts (Hayes 2008). Alternatively, hydrolytic enzymes produced by
micro-organisms may be used (Lynd et al. 2002; Demain et al. 2005; Desvaux 2005).

The two steps in the conversion of cellulose and hemicellulose to ethanol may
also be combined in a one-step process: simultaneous saccharification and fermen-
tation (SSF). Simultaneous saccharification (hydrolysis of cellulose and hemicellu-
lose giving rise to sugars) and fermentation by micro-organisms is often preferred as
it is associated with shorter residence times and potentially higher yields and lower
costs (Ballesteros et al. 2004; Demain et al. 2005; Huber et al. 2006; Angenent 2007;
Marques et al. 2008). In simultaneous saccharification and fermentation, sacchari-
fication is the rate-limiting step. Inhibition of fermentation by substances formed
during pre-treatment and hydrolysis is a problem. Inhibitory compounds formed
during pre-treatment and hydrolysis include salts, phenols, furfural, cinnamalde-
hyde, p-hydroxybenzaldehyde, lignin monomers and syringaldehyde (Zanichelli
et al. 2007; Qureshi et al. 2008c; Sánchez and Cardona 2008; Royal Society 2008).
The presence of inhibitors often necessitates the ‘detoxification’ by physical, chem-
ical or biological methods. Another option is the use of fermenting organisms that
are more tolerant to inhibitors (Hayes 2008; Olofsson et al. 2008).

Processes converting cellulose and hemicellulose into ethanol have as yet rel-
atively low sugar-to-ethanol efficiencies, if compared with the well-established
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starch- or sucrose-to-ethanol conversion processes (Chang 2007; Hahn-Hägerdal
et al. 2007; Olofsson et al. 2008). In view of the problems in converting ligno-
cellulosic feedstocks into alcohol, there is a lively search for improvements, if not
a ‘technological breakthrough’ or a ‘superbug’ that is able to perform the task of
converting lignocellulose into ethanol with sufficient efficiency (Eijsink et al. 2008;
Gomez et al. 2008; Rotman 2008).

In North America and Scandinavia, ethanol from woody lignocellulose has been,
and still is, produced as a by-product of sulphite pulping for the paper industry
(McElroy 2007). Wood hydrolysate is in this case converted into ethanol by yeast-
based fermentation. Low nutrient concentrations, a large proportion of xylose and
the presence of fermentation inhibitors have limited the efficiency thereof, and there
are proposals for the optimization of sulphite liquor fermentation (Helle et al. 2008).

In Russia, there is a long-standing, large-scale, yeast-based production of ethanol
from sugars obtained from wood chips hydrolyzed at elevated temperature by treat-
ment with concentrated sulphuric acid (Bungay 2004; Zverlov et al. 2006). In Brazil,
Europe and the USA, there are pilot plants producing ethanol from lignocellulose or
components thereof such as cellulose and hemicellulose (Wheals et al. 1999; Bryner
2007a). Large-scale plants are under construction and consideration. In part, ethanol
production from lignocellulose in such plants is combined with ethanol production
based on sugar or starch.

Alternatively, a bacterial fermentation process for the production of the biofuel
butanol from lignocellulose may be considered (Zverlov et al. 2006; Ezeji et al.
2007; Qureshi et al. 2008a, b). This process was used during the twentieth cen-
tury in the Soviet Union for the fermentation of hydrolyzed lignocellulosic wastes
(Zverlov et al. 2006). In this case, lignocellulose was hydrolyzed by treatment with
high concentrations of sulphuric acid, and the hydrolysate was fermented in combi-
nation with the fermentation of starch. H2 originated as a by-product (Zverlov et al.
2006). Also, processes producing butanol from lignocellulose based on treatment
with dilute acid followed by enzymatic treatment and fermentation (simultaneous
saccharification and fermentation) of harvest residues have been proposed (Ezeji
et al. 2007; Qureshi et al. 2008a, b), as have been processes to convert complex or-
ganic feedstocks into mixtures of alcohols using mixtures of fermentative bacteria
(Bagajewicz et al. 2007). Finally, there is research into the possibility of enzymati-
cally converting lignocellulose into fatty acid ethyl esters (Royal Society 2008).

Fourthly, methane may be produced from complex organic materials. Methane is
also the molecule that makes natural gas a fuel, and natural gas supplies currently
about 3% of primary energy for transport (de la Rue du Can and Price 2008). In
2004, there were about 3 million motorcars powered by natural gas, usually biva-
lent vehicles able to drive on compressed natural gas and gasoline (Dondero and
Goldemberg 2005; Janssen et al. 2006). Substantial use of vehicles powered by nat-
ural gas is found in Argentina (world leader with about 800,000 of such vehicles by
2005), India, Pakistan, Brazil, the USA and some countries in the European Union,
such as Italy (Janssen et al. 2006). Large-scale application of methane in cars is
dependent on a good refuelling infrastructure (Janssen et al. 2006). Natural gas is
also used in ship and on-farm transport (Royal Society 2008; Börjesson and Mat-
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tiasson 2008). Alternatively, methane may be converted into liquid fuels using the
Fischer–Tropsch reaction or via a process with ethylene as an intermediary (Hall
2005). Currently, use of methane from natural gas in the Fischer–Tropsch synthesis
of hydrocarbons is applied in diesel production, and this application is expected to
increase in the future (Bagajewicz et al. 2007; Bryner 2007b; Takeshita and Yamaji
2008). Methane can furthermore be converted into methanol (Huber et al. 2006;
Cantrell et al. 2008).

The use of methane in transport and the production of other transport fuels may
be extended to biogenic methane (Murphy and McCarthy 2005; Börjesson and
Mattiasson 2008; Lehtomäki et al. 2008). Above, the production of synthetic nat-
ural gas from syngas has already been referred to. Methane can also be produced
from a wide variety of biomass and biomass-derived materials, including complex
wastes, using mixed cultures of micro-organisms in anaerobic reactors (Murphy
and McCarthy 2005; Kleerebezem and van Loosdrecht 2007; Bocher et al. 2008;
Ros et al. 2009). It has been proposed to use marginal lands for the large-scale
growth of feedstocks and convert those into methane in decentralized biogas reac-
tors (Schröder et al. 2008). A variant of this approach has been suggested that also
allows for the bioconversion of CO2 to CH4 (Alimahmoodi and Mulligan 2008).
Landfills can also be exploited for methane production. Before application in trans-
port, CH4 production from biomass should be followed by upgrading. The extent
of upgrading necessary varies, depending on the methane source. More upgrading
is usually needed for methane from refuse in landfills and sewage sludge than for
methane from manure (Rasi et al. 2007). Upgrading partly serves to remove com-
pounds that may negatively affect engine performance or emissions, such as halo-
genated compounds, siloxanes, H2S and NH3 (Ferreira-Aparicio et al. 2005; Rasi
et al. 2007). Upgrading may also aim to increase methane content.

Hydrocarbons (‘Biocrude’) from Terrestrial Plants

In the 1930s, there were some efforts to cultivate Euphorbia, producing hydrocar-
bons for biofuel production (Kalita 2008). Subsequently, there has been substantial
research regarding plants producing latex which may be cracked to yield transport
biofuels. The Euphorbia lathyris did relatively well in this respect and has been
calculated to yield about 48 MJ ha−1 year−1 in biofuel: 26 MJ as hydrocarbons and
22 MJ as ethanol (Kalita 2008). As will be shown in Chap. 2, such energetic yields
are relatively low compared with biofuels from current terrestrial crops, and there is
no current commercial application of ‘biocrude’ from terrestrial plants.

1.5.2 Biofuels from Aquatic Biomass

A variety of algae are currently cultivated commercially, especially for applications
in food and feed production, but also for other applications such as fertilizer and
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the production of materials. Also, there is limited harvesting of uncultivated algae
(Critchley et al. 2006). There have been proposals to exploit aquatic biomass for the
production of biofuels.

Marine Phytobiomass

Most of the surface of the Earth consists of seas, mainly oceans. A variety of pro-
posals exist to exploit the seas for the production of biofuels. Macroalgae, macro-
phytes and microalgae have been considered in this context. Microalgae include
both prokaryote and eukaryote photosynthetic micro-organisms. In the context of
exploiting macrophytes, floating man-made structures to cultivate the Macrocystis
pyrifera (giant kelp) have been proposed (Wilcox 1982; Bungay 2004). Varieties
of the brown seaweed Laminaria, which is currently harvested for food (Chopin
et al. 2001), have been suggested as a convenient source of carbohydrates to be con-
verted into ethanol (Horn et al. 2000). The highly salt-tolerant microalga Dunaliella,
which, for instance, occurs in the Dead Sea, has also been proposed as a source of
transport biofuel (Ben-Amotz et al. 1982).

However, there is a major snag regarding the proposal to use the sea for the
production of algae, which may serve the supply of transport biofuels. Actual phy-
tobiomass in the seas is in the order of 1–2% of total global plant carbon. Photosyn-
thesis in the seas is much higher (in the order of 40–50% of total photosynthesis;
Rosing et al. 2006), but most of the photosynthetic yield (approximately 80–88%) is
quickly consumed. In the case of microalgae, consumption is mainly by zooplankton
(‘grazers’), while 2–10% is subject to viral lysis (Wilhelm and Suttle 1999). Thus,
substantial direct appropriation of the products of photosynthesis by humans in the
seas in general would necessitate a major overhaul of the marine food web. For the
successful growth of desired microalgae, probably dramatic changes in ocean com-
position, such as a switch to much higher salinity, may be required (Sawayama et al.
1999; Joint et al. 2002; Ugwu et al. 2008). Large-scale exploitation of macroalgae
is cumbersome. Proposals to exploit the giant kelp Macrocystis require pumping of
deep seawater to the ocean surface, massive man-made structures to support kelp
growth and regular replanting (Bungay 2004).

Near-Shore Marine Phytobiomass

Near-shore perspectives for exploiting macroalgae may be different. Firstly, there
are cases where macroalgae have developed into a pest because of eutrophication
(Morand and Merceron 2005). In some of these cases, significant amounts of these
macroalgae are currently collected and landfilled. For instance, in Europe, this hap-
pens in parts of the Venice Lagoon, the Ortbetello Lagoon, the Bay of Brittany and
the Peel Inlet, with collected amounts in the order of 103–104 Mg per year (Morand
and Merceron 2005; Bastianoni et al. 2008). Such macroalgae may be used for bio-
fuel production. However, when nutrient emissions are reduced, macroalgal primary
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production will also be diminished. Secondly, there is already major near-shore cul-
tivation of macroalgae mainly for food and feed (Wikfors and Ohno 2001; Critch-
ley et al. 2006). Eutrophication of coastal waters is conducive to yields, and there
is also intentional addition of nutrients to further production (Neushul and Wang
2000). Also, it has been suggested to combine cultivation of macroalgae with nu-
trient emissions from marine animal aquaculture (Wikfors and Ohno 2001; Chopin
et al. 2001; Troell et al. 2006).

Microalgae from Open Ponds and Bioreactors

While aiming at transport biofuels, the growth of microalgae with high levels of
oil (triacylglycerol) followed by lipid extraction has drawn most attention (Scragg
et al. 2002; Wijffels 2008; www.oilgae.com; Dismukes et al. 2008; Liu et al. 2008).
Such lipids can then subsequently be converted into replacements for fossil fuels,
in ways similar to vegetable oils from terrestrial plants. There is currently some
use of biodiesel based on algal oils, as pointed out above. There have also been
proposals to convert algal biomass into methanol via synthesis gas or into bio-oil
via pyrolysis (Hirano et al. 1998; Sawayama et al. 1999). Strains of the photosyn-
thetic microalga Botryococcus braunii may contain and secrete substantial amounts
of isoprenoid hydrocarbons: n-alkadienes and trienes, methylated squalenes and
terpenoids (Guschina and Harwood 2006). When subjected to catalytic cracking,
these hydrocarbons can be converted into transport biofuels (Banerjee et al. 2002).
It has also been suggested that an intermediate in the synthesis of isoprenoids by
Botryococcus braunii (isoprenylpyrophosphate) may be converted into isopentanol,
which may be used as a gasoline additive (Fortman et al. 2008). The slow growth of
Botryococcus braunii has not been conducive to its application.

Microalgae may be produced in open ponds converting solar irradiation into
biomass which may be harvested and converted into biofuels. Open ponds used
for growing microalgae are man-made structures (made from, for example, plas-
tic or concrete) with 10–20 cm of water that are subjected to circulation and mix-
ing (Chisti 2007). Closed systems (‘bioreactors’) have also been proposed for the
purpose of growing photosynthetic micro-organisms to produce transport biofuels
(Chisti 2007, Wijffels 2008). In closed systems, heterotrophs, organisms that graze
on algae (zooplankton) and viruses can be excluded, and monocultures of desirable
species can be maintained. In open ponds, sustained generation of a specific pho-
tosynthetic micro-organism with relatively little contamination of other species and
subject to low heterotrophic conversion would seem only possible under extreme
circumstances, such as very high salinity and/or a high pH (Joint et al. 2002; Ugwu
et al. 2008). Sustained open pond production has been successful for a limited num-
ber of algae such as Spirulina, Chlorella and Dunaliella (grown at high pH and/or
NaCl concentrations). For other organisms, most growth can take place in a closed
bioreactor, which then may be eventually followed by a short period in an open pond
(Huntley and Redalje 2007).
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Freshwater Macrophytes

In fresh waters, there has been an emergence of invasive macrophytes with high pri-
mary production per hectare. Increased levels of nutrients (‘eutrophication’) and the
import of macrophytes from other continents have been conducive to this emergence
(Gassmann et al. 2006; Gunnarsson and Petersen 2007). Among these macrophytes,
the water hyacinth (Eichhornia crassipes) has been studied in the context of bio-
fuel production (Gunnarsson and Petersen 2007; Malik 2007). The water hyacinth
has emerged as a major invasive organism (‘pest’) in tropical freshwater systems
especially outside its natural range (South America). Water hyacinth biomass forms
floating mats which interfere with shipping, power generation, drinking water pro-
duction and irrigation, are detrimental to fish stocks and may be conducive to a num-
ber of infectious diseases (Odada and Olago 2006; Gunnarsson and Petersen 2007;
Malik 2007). Due to these negative impacts, there are efforts to reduce the pres-
ence of Eichhornia crassipes in tropical surface waters, which have met with at
least some success (Odada and Olago 2006). The need to control the water hyacinth
is evidently at variance with high yields, but when the water hyacinth generates
substantial amounts of floating biomass, energetic use thereof may be considered
(Gunnarsson and Petersen 2007; Malik 2007).

1.5.3 Hydrogen Production Mediated by Micro-Organisms

The use of a variety of photosynthetic organisms has been proposed that directly or
indirectly biocatalyse the splitting of water into H2 and O2 (Melis and Happe 2001;
Hallenbeck and Benemann 2002; Nath and Das 2004; Hahn et al. 2007; Hankamer
et al. 2007). The production of hydrogen from wastewaters or carbohydrates by H2-
producing bacteria has also been proposed (Van Ginkel et al. 2005; Rupprecht et al.
2006; Wongtanet et al. 2007; Jones 2008). The latter approach to generating H2 so
far has a poor conversion efficiency (Jones 2008).

Melis and Melnicki (2006) have suggested the combined production of hydrogen
by H2-producing bacteria and photosynthetic algae, and Westermann et al. (2007)
have proposed biorefineries producing ethanol and hydrogen. Furthermore, there
have been proposals to electrolytically generate hydrogen from wastes in the pres-
ence of microbes (Stams et al. 2006; Dumas et al. 2008).

The methods to produce H2 with the help of micro-organisms would often re-
quire closed systems (Rupprecht et al. 2006). This is necessary for the capture and
removal of H2, which may inhibit H2 production, maintain anaerobic conditions
and be highly conducive to limiting infection by unwanted organisms, but limits the
scope for large-scale production.
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1.6 Biofuel-Based Electricity for Transport

As pointed out before, about 1% of primary energy use for transport worldwide con-
cerns electricity (de la Rue du Can and Price 2008). Moreover, especially because
the electromotor is more efficient than internal combustion engines, electric traction
with electricity derived from power stations is relatively fuel efficient (e.g. Reijnders
and Huijbregts 2007).

In Sect. 1.3, the types of organic materials that are currently used in electricity
production have been outlined. It has also been suggested to use herbaceous crops
that generate dried down biomass, such as horseweed and sunflower (Kamm 2004) for
electricity production. Substantial expansion of biofuel-based electricity production
for transport is dependent on the social acceptability of electric traction in cars. Inter-
estingly, there have been periods in which the social acceptability of electric traction
has been high for types of car transport now dominated by internal combustion en-
gines. In 1899/1900, electric motorcars outsold other types of cars in the USA (Høyer
2008), electric taxis were then highly popular and between 1900 and 1920, electric
vans were important in intra-urban and suburban transport of a variety of goods in
the USA (Mom 1997; Mom and Kirsch 2001). All in all, the 1880–1925 period was
a golden age for electric cars in the USA and parts of Western Europe (Mom 1997;
Høyer 2008). In the 1940s, vans used for the German postal services and for milk
and bread delivery in Britain were usually electric (Høyer 2008). Still, electric cars
meet a substantial demand of large fleet owners in urban settings (e.g. as post office
and street cleaning vans). Cars powered by electricity from power stations have, how-
ever, only had very limited success among individual users (Gjoen and Hard 2002).
Opinions diverge about their future potential. Some view the re-emerging interest in
electric cars as an episode in a series of unsuccessful attempts to substantially increase
the use of electric cars. Others predict that there will be a rapid and fast increase in
the use of electric cars. Lache et al. (2008) suggest a rapidly increasing market share
for plug-in electric vehicles in Europe, with lithium batteries as key enabling technol-
ogy. Others suggest that large socio-cultural changes, major technical changes and
substantial financial incentives are necessary to make plug-in, battery-powered, all-
electric traction for cars much more popular in the future (Delucchi and Lipman 2001;
Gjoen and Hard 2002; Chalk and Miller 2006; Høyer 2008).

When electric traction gets a much larger share in road transport, it is likely
that two technologies will contribute significantly to its success. The first is better
batteries. Prime candidates are currently lithium ion batteries, which for a specified
electrical performance are, over their life cycle, less of an environmental burden
than competing batteries, such as the lead–acid and nickel-based batteries (Matheys
et al. 2007). The second is plug-in hybrid cars, which in their life cycle energy use
may have an advantage over current hybrid cars (Samaras and Meisterling 2008).
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1.7 Recent Development of Transport Biofuel Production:
Volume, Costs and Prices

1.7.1 Volume of Biofuel Production

Some companies operating means of public transport which use electric traction
have opted for ‘green electricity’, which may include biomass-based electricity pro-
duction. No data have been found that allow a worldwide estimate of biomass-based
electricity in electric traction. Still, the production of bioethanol apparently ac-
counts for most of the current volume of transport biofuel production. The focus
in the USA is largely on ethanol made from cornstarch, and in Brazil, it is mostly
on ethanol made from sugar cane. China has also emerged as a major producer of
bioethanol, preferentially from sugar cane, cassava and yams (Cascone 2007), and
so has the European Union, producing bioethanol from wheat and sugar beet (Bern-
des and Hansson 2007). India, Russia, Southern Africa, Thailand and the Caribbean
are emerging as important producers of ethanol as a transport fuel (Cascone 2007;
Szklo et al. 2007; Barrett 2007; Amigun et al. 2008; Nguyen et al. 2008). Estimated
bioethanol production volumes for 2006 in the main production areas are given in
Fig. 1.2 and sum up to a world estimate of 51×106 m3. The estimated world pro-
duction of bioethanol in 2007 was 54×106 Mg (Monfort 2008).

The worldwide production of biodiesel in 2006 was probably in the order of
6.4×106 Mg, with the share of the European Union being approximately 77% and of
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Fig. 1.2 Estimated production volumes of ethanol as a transport fuel in 2006 (Licht 2006; Antoni
et al. 2007; Szklo 2007; Sanchez and Cardona 2008)
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the USA approximately 12% (Canakci and Sanli 2008). In 2007, estimated biodiesel
production was approximately 7.6–8×106 Mg (Von Braun 2008; Monfort 2008).
Recently, there has been rapid growth especially in Argentine biodiesel production
capacity. Argentine biodiesel production is expected to grow to about 3.5×106 Mg
per year by 2008/2009 (Lamers et al. 2008). Biodiesel production on the basis of
castor oil is expanding in Brazil, though it has been argued that in view of properties
and price, castor oil is unlikely to be competitive with palm oil and rapeseed oil
(Mathews 2008b; Scholz and da Silva 2008). India, Malaysia, Nicaragua, and several
Pacific island states are also involved in substantial biodiesel production (Grimm
1999; China Chemical Reporter 2007; Cascone 2007; Cloin 2007; Fairless 2007;
da Costa et al. 2007; Runge and Senauer 2007). Much of the biofuels produced are
for domestic use, but increasingly, biofuels are traded internationally. Brazil and
Argentina are, for instance, emerging as major transport biofuel exporters.

Most of the biofuels which were produced for transport applications in 2006
were based on substances that are also applied as foodstuffs. Such biofuels have
been called ‘first generation biofuels’. Biofuels can also be produced on the basis of
other substances, such as lignocellulosic feedstocks and oils that are not foodstuffs.
This category of biofuels has been called ‘second generation biofuels’. However,
ethanol production as a by-product of the sulphite pulping process, Russian ligno-
cellulose-based ethanol production and the application of Jatropha oil for biodiesel
production have evolved contemporaneous to or even before first generation biofuels
such as cornstarch-based bioethanol and rapeseed biodiesel (Grimm 1999; Zverlov
et al. 2006; McElroy 2007). Also, algal biofuels are often called second generation
biofuels, but several of the algae considered for this purpose have current applica-
tions as food.

Moreover, as it is apparently felt that second generation is somehow better than
first generation, the former designation is used in strange ways, for instance for de-
oxygenated and hydrogenated edible vegetable oils (Rantanen et al. 2005; Mikko-
nen 2008). For these reasons, the designations first and second generation will not
be further used. It seems likely that biofuels made from substances that may also
serve as food or feed will dominate the supply in the near future. Plans for other
types of biofuel, when implemented, will by 2010 probably not be able to supply
more than 1% of overall biofuel production, and such biofuels are unlikely to allow
for large-scale replacement of biofuels from substances such as sugar, starch and
edible vegetable oil before 2020 (Gibbs et al. 2008; OECD 2008).

Growth of biofuel production and/or consumption is foreseen in a number of
countries. In Brazil, sugar cane production, as feedstock for ethanol, is expected
to grow from 425×103 Mt in 2006 to 728×103 Mt in 2012 (Macedo et al. 2008),
while the mandate for Brazilian biodiesel is set at 5% for 2013. In 2007, the USA
mandated a growth of bioethanol production from 4.7 billion gallons in 2007 to
36 billion gallons by 2022. In 2008, there were, however, calls for revision of this
target in the US Congress (Doering 2008). In 2008, Canada mandated a 5% ethanol
blend in gasoline by 2010 and a 2% biodiesel blend in on-road diesel by 2012. The
European Union in 2007 suggested a 10% share of biofuels in transport fuels by
2020, which in 2008 was hotly debated.
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1.7.2 Costs of Biofuel Production and Biofuel Prices

The cost of biofuels is a longstanding topic of discussion, especially in relation
to the costs of competing fossil fuels. Two types of costs are involved: the costs
of producing biofuels and costs that users have in adapting to biofuels. The latter
costs are highly variable. Co-firing wood pellets in power plants to power electric
trains has low adaptation costs, and the same holds for adding low percentages of
biofuel to conventional gasoline and diesel. However, for instance, switching from
diesel and gasoline to (biofuelled) electric traction is a major operation. Here we
will further focus on the costs of transport biofuel production.

For producers, there again are two types of costs. Firstly, there are costs borne
by the producer. Secondly, there are external costs or externalities (Pigou 1920).
External costs are (fuel-linked) costs that are not reflected in actual prices. Such
costs are associated with negative environmental impacts, including negative im-
pacts of air pollution on health (Johansson 1999) and on ecosystems, and the future
availability of natural resources. But there are also other external costs associated
with fuels, such as the costs of strategic stockpiling and in the case of mineral oil,
military costs involved in safeguarding the supply (Zaldivar et al. 2001; Delucchi
and Murphy 2008). Such costs are substantial and may vary strongly between fuels
(Johansson 1999). However, as long as governments do not succeed in fully ‘inter-
nalizing’ such external costs, they will have very little impact on economic decision
making. So here, only costs borne by the producer will be considered. Figure 1.3
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Fig. 1.3 Fuel costs in US dollars per litre of fossil-fuel-based transport fuel and energetically
equivalent amounts for bioethanol varieties in 2006, recalculated from data in Licht 2006; Szklo
et al. 2007 and Royal Society 2008
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shows cost estimates for per-litre, fossil-fuel-based transport fuels and the energetic
equivalent thereof for varieties of bioethanol in 2006.

What have also emerged are major regional differences in biofuel production
costs, probably linked to differences in costs of land and labour and yields of
feedstocks. This is shown by Fig. 1.4, which gives biodiesel production costs for
2006 while not taking account of external costs. All prices in Fig. 1.4 refer to bio-
fuels from terrestrial plants. Estimates about the costs of large-scale production of
biodiesel from algal oil are in the order of US $2.90 per litre (Chisti 2007), whereas
transport biofuels from cultivated macroalgae would even be more expensive as the
price range of the latter is more in line with their use as a delicacy (Neushul and
Badash 1998; Buschmann et al. 2001). The cost of biodiesel made from used cook-
ing oil and animal fats has been estimated at about US $0.22–0.74 per litre (Johnston
and Holloway 2007; Canakci and Sanli 2008; Royal Society 2008).
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Fig. 1.4 Production costs in US dollars per litre of biodiesel in early 2006 (Demirbaş 2007; John-
ston and Holloway 2007)

In Brazil, as indicated by Fig. 1.3, during 2006, ethanol from sugar cane could
compete with fossil-fuel-based transport fuels, but in the USA and the European
Union, ethanol prices in 2006 were such that they were not competitive with gaso-
line when external costs of fuels and fuel production were not included. By mid-
May 2008, the situation was changed. Then, when costs were compared, corn-based
ethanol in the United States was competitive with fossil gasoline (Westhoff 2008).

Figure 1.4 shows that in 2006, biodiesel from vegetable oil produced in Europe
or the USA was not competitive with fossil-fuel-based transport fuels, but that in
Malaysia and Indonesia, it was competitive when external costs were not included.
Costs for different types of biofuel partly reflect differences in maturity of the pro-
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duction process. The relatively low price for sugar-cane-based ethanol partly reflects
a long learning curve (Goldemberg et al. 2004), though there is still scope for ad-
ditional cost reduction (Hayes 2008; Macedo et al. 2008). Ethanol from lignocellu-
lose is in an early stage of development, and there is much scope for cost reduction
(Hayes 2008). It has been claimed that lignocellulosic ethanol can ultimately be-
come competitive with ethanol from corn (Frederick et al. 2008; Lynd et al. 2008).

Both mineral oil and biomass prices are subject to change, and this may strongly
affect the relative attractiveness of biofuels. For instance, Brazilian ethanol produc-
tion did well when oil prices were relatively high, but demand slumped when such
prices were low. It is often argued that mineral oil prices will in the future probably
remain relatively high, which seems to bode well for the competitive position of bio-
fuels. However, experience shows that predictions as to when biofuels become com-
petitive with fossil fuels are subject to a major uncertainty – the prices of feedstocks.
This is exemplified by the situation in 2008. Crude oil prices temporarily achieved
price levels in the order of greater than US $100 per barrel, but biofuel feedstock
prices also rose sharply. So, for instance, in 2008 and dependent on feedstock, the
biodiesel unit price was 1.5–3 times higher than that of mineral-oil-derived diesel
(Canakci and Sanli 2008).

For feedstocks that may also serve as a basis for food, major changes in prices
are well known from the past. For instance, coconut oil prices varied by more than
a factor of seven over the last 40 years (Cloin 2007). The nominal (US $) price of
vegetable oil changed by about a factor of two in the 1997–2000 period, and the
nominal (US $) price of wheat increased by about a factor of two between 1999 and
2006 (OECD-FAO 2007). And over the February 2007 to February 2008 period, the
price of palm oil roughly doubled (www.palmoil.com). From early 2006 to early
2008, the price of US corn went from US $87 per metric ton to US $217 per metric
ton (Tyner 2008). Price volatility may increase due to climate change (Eaves and
Eaves 2007; Lobell et al. 2008).

High feedstock prices have a strong impact on biofuel prices. In the mid-1990s,
the cost of biodiesel feedstock was 60–75% of the total cost of biofuel, and by 2008,
this was 85%, with a $0.20 per litre biodiesel price increase when the feedstock price
increased by US $0.22 per kilogram (Canakci and Sanli 2008). Similar changes
occurred for starch- and sugar-based alcohols (Claassen et al. 1999; Qureshi and
Blaschek 2001; Huber et al. 2006; Demirbaş 2007; Koizumi and Ohga 2007; You
et al. 2008). Furthermore, changes in prices of by-products do not necessarily favour
the profitability of biofuel projects. Mainly due to expanding biodiesel production,
a glycerol glut has emerged, which has negatively affected glycerol prices (Willke
and Vorlop 2004; Yazdani and Gonzalez 2007). In 2007, glycerol prices were low-
ered to a level well below that previously used in the calculation of biofuel prices
(e.g. Francis et al. 2005; Huber et al. 2006). That co-products of biofuel production
may be subject to change may have consequences for prospective biofuel prices. For
instance, the relatively low price for microalgal biodiesel suggested by Huntley and
Redalje (2007) is dependent on the current high value for the co-product astaxan-
thin, but the price of astaxanthin may plummet if the production of algal biodiesel
were to expand greatly (Vasudevan and Briggs 2008).
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Further rapid expansion of biofuel production has also been argued to contribute
to relatively high prices for the major commodities from which biofuels are made:
crops for vegetable oil, starch and sugar (Runge and Senauer 2007; Daschle et al.
2007; Naylor et al. 2007). Actual predictions about future prices for vegetable oil,
starch and sugar crops are extremely variable (Naylor et al. 2007). So firm predic-
tions as to the relative future costs of fossil and biofuels, if based on the crops from
which they are currently largely made, are hard to make. However, when biofuel
production from food crops becomes large scale, prices of crops that serve as major
biofuel feedstocks are expected to follow the price of crude oil, when corrected for
the energy content of the biofuel (Naylor et al. 2007; Westhoff 2008).

It has been argued that the situation will be different when lignocellulose is used
as a basis for transport biofuel production. Here, estimates of feedstock costs are
often in the order of 20–33% of total operational costs when feedstocks are currently
‘wastes’, while processing costs usually are usually in the 70–80% range (Dien et al.
2003; Huber et al. 2006; Lin and Tanaka 2006; Solomon et al. 2007; Dale 2008). In
the case of specific wastes, the share of feedstock costs in operational costs may even
be lower. Joelsson and Gustavsson (2008) have, for instance, argued that a synthesis
of transport biofuels based on the gasification of black liquor in the paper industry
is competitive with mineral oil when the price of crude oil is at least US $40 per
barrel. Black liquor is a co-product of paper that is relatively rich in lignin. The gas
can be used for powering the paper plant and the production of transport biofuels
such as methanol and dimethylether. In the case of crops grown as lignocellulosic
feedstocks, the share of feedstock costs in operational costs may be higher than
in the case of feedstocks that are currently wastes. Borgwardt (1999) considered
lignocellulosic ethanol production with switchgrass or hybrid poplar as a feedstock
and found that the feedstock cost was nearly 60% of operational costs.

Also, whether the current low (zero or even negative) costs of wastes and the
relatively low costs of other lignocellulosic feedstocks can be maintained when they
turn out to be good feedstocks for transport biofuel production is very doubtful.
Indeed, in the long term, it seems likely that in this case, biofuels will follow the
cost of competing fossil fuels, when corrected for differences in energy content
(Naylor et al. 2007). When lignocellulosic biofuels turn out to be competitive, this
may offer scope for substantial prices to be paid for what is currently considered
a waste.

Still, it has been argued that as there are many sources of lignocellulose, it may
well be that the price of feedstocks will be more stable than in case of starch or
oil crops. This, however, is not necessarily relevant for production units turning out
lignocellulosic biofuels. These may well restrict themselves to a limited range of
feedstocks. Both in the case of enzymatic production and in the case of gasification,
one would expect that production units, as they will be built in the near future,
would be fit for a limited part of the broad range of lignocellulosic materials (e.g.
Nathan 2007; Hayes 2008; Olofsson et al. 2008). On the other hand, it may well be
that further technological development may allow for the use of broader ranges of
lignocellulosic feedstocks.
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Capital costs for converting lignocellulosic biomass into biofuel will be much
higher than the capital costs for, for example, starch-based ethanol (Nathan 2007;
Rotman 2008). Also, the operational costs of current enzymatic ways to produce
lignocellulosic transport fuels are relatively high, even when currently available op-
tions for cost cutting and increasing the expected credit for co-products are imple-
mented. For instance, in the case of enzymatic conversion, such costs are estimated
to be greater than US $0.60 per litre (Sassner et al. 2008), whereas the 2006 costs for
ethanol from Brazilian sugar cane were US $0.28–0.31 per litre (see Fig. 1.3). So,
much reduced operating costs and increased yields would seem essential to the long-
time financial viability of biochemical conversion of lignocellulose into ethanol.
Overcoming the recalcitrance of cellulosic biomass, lower pre-treatment costs and
lower costs of enzymatic conversions are priorities in this respect (Wyman 2007).
Whether further research will indeed lead to much lower costs is an open question.

As to the prospects for future cost reduction of non-hydrolytic/fermentative ways
to convert lignocellulosic biomass into transport fuels, the following may be noted.
Some of the processes proposed for converting lignocellulose into transport fuels,
such as the processes to convert synthesis gas into transport fuels, have been well
researched and developed (Huber et al. 2006; Haryanto et al. 2007). However, gas-
ification of biomass has only been subject to limited research, and it would seem that
much can be done to optimize gasification of the wide range of feedstocks available
(Nathan 2007; Wang et al. 2008b). In the field of gasification, there also would seem
to be scope for cost reduction linked to technological developments such as mem-
brane separation, supercritical water gasification and better control technology for
tar, char and ashes (Han and Kim 2008; Haryanto et al. 2007; Wang et al. 2008b).
The production of methane by anaerobic conversion of biomass is a well-developed
technology, but scope for cost reduction and improvement of efficiency in the case
of the conversion of lignocellulosic biomass to CH4 may still be substantial (Bagi
et al. 2007; Börjesson and Mattiasson 2008; Rodriguez et al. 2008).

If crop prices remain high, it may well be that, while excluding external costs,
prices for many road transport biofuels may remain higher than fossil fuels in the
near future. The higher cost of biofuels in the past has led to government policies
favouring the application of biofuels. For the long-term viability of transport bio-
fuels, however, it would seem unlikely that they can be more expensive than com-
petitive fossil fuels. This may have a strong selective effect on production processes
and producer countries.

1.8 Key Issues and the Rest of This Book

The growth of biofuel production and consumption for automotive transport is now
the subject of a lively debate. This debate has led to revisions of transport biofuel
policy in a number of countries, and it is likely that this debate will have further
impacts on the development of biofuel production. Major items in this debate are
the following.
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Energy Security

To the extent that transport biofuels are advocated to provide for energy security,
it has been stated that their potential may be very limited. Eaves and Eaves (2007)
have argued that devoting 100% of US corn to ethanol, while correcting for fossil
fuel inputs, would displace 3.5% of gasoline consumption, ‘only slightly more than
the displacement that would follow from properly inflated tires’. Moreover, they
have pointed out that historical US corn yields have shown considerable volatility,
with corn yields about once every 20 years more than 30% lower than on average,
which is not conducive to national energy security (Eaves and Eaves 2007). On the
other hand, it has been argued that worldwide biofuels may end the dependence of
transport on mineral oil, or even all fossil fuels. As pointed out above, de Vries et al.
(2007) suggest that by 2050, up to about 300 EJ (= 300×1018 J) of liquid biofuels
may be produced worldwide, mainly on abandoned agricultural soils, which would,
as pointed out in Sect. 1.1, in all probability be sufficient to power transport.

Food Prices and Food Security

The consequences of the increased use of transport biofuels for food prices and food
security (access to affordable, adequate food supplies) have been other major topics
in the debate on biofuels. In 2007, the rapid expansion of biofuels production con-
tributed to increased prices for cereals and oilseeds (OECD-FAO 2007; Renewable
Fuels Agency 2008). This effect of the growth in transport biofuel production on
food prices has not gone unnoticed in society. Late in 2006, the Chinese govern-
ment halted the expansion of corn-based ethanol production (Koizumi and Ohga
2007). At the beginning of 2007, Mexico was confronted by a tortilla crisis, includ-
ing protests of poor people against rising prices for tortillas, which are made from
corn. The Mexican government was forced to change its fiscal policy. Argentina,
which has substantial soybean-based biodiesel production, raised its export taxes
on soybeans by 4% to provide subsidies to lower the cost of soybean flour to live-
stock producers (OECD-FAO 2007), which in turn sparked angry farmer protests.
In December 2007, the government of South Africa banned growing corn for bio-
fuel to counteract price rises. 2008 saw widespread food rioting in Asia, Africa and
South America. Several predictions suggest that a further rapid expansion of trans-
port biofuel production will lead to (further) rises in food prices (Naylor et al. 2007;
Eickhout et al. 2008) and that these rises may lead to an increased insufficiency
of food for the world’s poorest people that currently spend 50–80% of their total
household income on food (Naylor et al. 2007; Runge and Senauer 2007; Daschle
et al. 2007; Renewable Fuels Agency 2008). This has led to a coining of the slogan
‘transport biofuels for the rich and hunger for the poor’.

Environmental Concerns

In the debate on the future of transport biofuels, environmental matters have also
become important. Slowing down climate change is often mentioned as an impor-
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tant reason for expanding the use of biofuels, as CO2 that is released on burning this
biomass is supposed to be rapidly sequestered again by re-growth of biomass. How-
ever, this is not the whole story. Because fossil fuels are used for powering biofuel
production, biofuel production may be associated with the emission of greenhouse
gases other than CO2, such as N2O and CH4, and biofuel production can be associ-
ated with changes in the carbon content of ecosystems. Thus, a lively discussion has
originated on whether promoting transport biofuels does indeed slow down climate
change. And there is a longstanding discussion as to whether the overall environ-
mental impacts of biofuels are positive (e.g. Healy 1994), which has focused on the
impacts of agricultural chemicals used in biomass production and water use. Also,
the impact of transport biofuel production on nature has emerged as an issue. In
particular, the importation by industrialized countries of palm oil from Southeast
Asia, of biofuels from South America and the cutting of tropical forests for the es-
tablishment of biofuel plantations in Africa have sparked a debate on the impact
of transport biofuels on living nature. In turn, environmental concerns contribute
to the emergence of regulations and certification schemes that aim to address such
concerns (Mathews 2008b; van Dam et al. 2008).

Social Concerns

Social concerns have been raised, too, in the context of expanding transport bio-
fuel production. These relate to land tenure, especially by native and small farmers
confronted with expanding large-scale cropping of biofuel feedstocks, to the fate
of such farmers at the hands of oppressive governments favouring large-scale bio-
fuel projects, to labour relations, to working conditions and to the exploitation of
child and migrant labour (Cooke 2002; Nicholls and Campos 2007; Smeets et al.
2008). Such social concerns have, for example, been raised about Burma, Malaysia,
Indonesia, Brazil, Colombia and parts of Africa, in the context of ethanol produc-
tion from sugar cane and palm oil and Jatropha oil production (Oxfam 2007; Eth-
nic Community Development Forum 2008; Gross 2008; Mayer 2008; Smeets et al.
2008). Social concerns contribute to the emergence of regulations and certification
schemes that aim to address such concerns (Mathews 2008b; van Dam et al. 2008).

This Book

The next chapters of this book will deal with matters that have a bearing on the
debate about the future of biofuels with a main focus on environmental issues.
Chapter 2 deals with cumulative fossil energy demand and solar energy conver-
sion efficiencies of transport biofuels and of other ways to convert solar radiation
into usable energy. These are important for the potential to displace fossil fuels and
the area required for biofuel supply. Chapter 3 takes a look at the use of non-energy
resources for transport biofuel production, such as water, plant nutrients and fertile
soils. Chapter 4 considers the emissions linked to the life cycle of biofuels. Chap-
ter 5 discusses the impact of transport biofuel production on living nature. Chapter 6
looks at the future of transport biofuels in view of the previous chapters and tries to
answer questions that are frequently asked about biofuels.
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Chapter 2
Energy Balance: Cumulative Fossil Fuel
Demand and Solar Energy Conversion
Efficiency of Transport Biofuels

2.1 Introduction

The adjective ‘sustainable’ is frequently used regarding biofuels (e.g. Abrahamson
et al. 1998; Krotscheck et al. 2000; Buckley and Schwarz 2003; Bhattacharya et al.
2003; Goldemberg and Teixeira Coelho 2004; Butterworth 2006; Demirbaş 2007;
Robèrt et al. 2007; Goldemberg et al. 2008; Karp and Shield 2008; Royal Society
2008). Also, biofuels are a regular subject in scientific journals dealing with re-
newable or sustainable energy. The apparent rationale of using ‘sustainable’ and
‘renewable’ in the context of biofuels is the following: biomass may be argued
to temporarily store solar energy, based on photosynthesis (see Chap. 1). In doing
so, carbon is sequestered, and on burning transport biofuel, it is de-sequestered. In
the meantime, photosynthesis proceeds, generating new feedstocks for biofuels. As
solar irradiation and photosynthesis are expected to last for many millions of year,
doing so would seem sustainable and transport biofuels renewable. However, this is
not the ‘whole story’. Energy inputs in the world economy are currently, as pointed
out in Chap. 1, overwhelmingly fossil fuels, and the use of fossil fuels extends to
the production and distribution of transport biofuels. This is at variance with renew-
ability and sustainability, as fossil fuels are non-renewables, and their use cannot
be sustained indefinitely at the present level. The cumulative life cycle fossil fuel
demand of biofuels will be discussed in Sect. 2.3.

For converting solar irradiation into transport kilometres, there are a variety of
technologies available with widely varying efficiencies. Such efficiencies matter:
they are major determinants of spatial requirements of energy supply. These spatial
requirements, in turn, are important determinants of competition of energy supply
with food production and habitats for living nature. Because this competition is
an important matter in the current transport biofuel debate and will return later in
this book, this chapter will deal with the solar conversion efficiency of transport
biofuels (Sects. 2.4 and 2.5). Other methods for solar energy conversion do not
involve organisms but rely on physical conversion technologies. Photovoltaic cells
generating electricity are examples thereof, for which the solar conversion efficiency
will be discussed in Sect. 2.6.
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Biofuels and the output from photovoltaic cells can be used to perform work or
to deliver energy services. Work (a thermodynamic concept) or energy services (an
economic concept) include, for instance, car kilometres. The performance of work
often includes the use of intermediaries (e.g. power plants, batteries or motors). The
energy efficiencies of such intermediaries will be discussed in Sect. 2.6. In Sect. 2.6,
we will also consider the overall efficiency of a variety of methods to convert solar
energy to car kilometres, giving a ‘seed-to-wheel’ perspective.

As pointed out in Chap. 1, the production of biofuels is often accompanied by
by-products or co-products. For instance, in making biodiesel from rapeseed, both
glycerol and an ingredient of animal feed (rapeseed cake) are produced. Before we
go into the calculations of cumulative (fossil) energy demand, it should be decided
how much of that demand is allotted to biodiesel and how much to glycerol and
rapeseed cake. This is called ‘allocation’ and will be discussed in Sect. 2.2.

2.2 Allocation

There are three major ways to allocate. The first is based on prices, the second on
physical categories, such as weight or energy, and the third on subtracting avoided
processes (also called substitution). We will look at these in turn. The first way
to allocate is on the basis of price (market values). The idea behind this type of
allocation is that prices drive production (Weidema 1993). This method is, however,
not without problems. Firstly, market prices are not constants. So, if, for example,
ethanol prices go up, whereas the prices of other outputs do not, the emissions and
cumulative fossil energy demand allocated to this transport fuel increase. The same
happens when by-products go down in price, but the transport biofuel price remains
constant (or increases). A good example of the latter is the tenfold price decrease of
glycerol between 2004 and 2006 (Yazdani and Gonzalez 2007).

A second problem is that currently, much transport biofuel production is not
driven by market value but by market value plus subsidy. This leads to the question
of whether, for instance, in the case of ethanol production from cornstarch, alloca-
tion should be on the basis of the market value of cornstarch or on the basis of the
subsidized value. Another problem arises when wastes are considered. These may
well have negative prices (being a cost to the producer). For instance, the producer
of the waste may have to pay a price for the incineration or treatment of his waste. If
so, allocation on the basis of price may mean that the waste, because of its negative
price, is apparently associated with a negative cumulative energy demand (Reijnders
and Huijbregts 2005). Usually, this has been felt unsatisfactory by proponents of al-
location based on prices, and this often leads to the decision the give a zero price to
wastes. However, this seems inconsistent. An implication of a zero price is that the
life cycle leading to the generation of wastes has no impact on the environmental
evaluation of such biofuels. The problem may also arise as to whether something is
a waste or a by-product. An example thereof is sawdust. This may be used for firing
industrial installations or power plants, and then may be categorized as by-product
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(with a positive monetary value), but sawdust may also be left in the woods and
may then be categorized as a waste (with zero monetary value). Decisions regarding
such categorizations may be far from easy and may have a substantial impact on the
greenhouse gas emissions calculated.

Alternatively, one may allocate on the basis of physical categories such as ‘en-
ergy content’ (heating value) or weight. For instance, the European Union in its
2008 draft Renewables Directive has proposed to allocate on the basis of energy
(Eickhout et al. 2008). This type of allocation has the advantage of stable outcomes,
unaffected by movements of prices. However, there are curious consequences, too.
For instance, in this allocation system, there is an obvious way to improve the en-
vironmental performance of a transport biofuel, and that is to produce more waste.
To evade this problem, there is a tendency to restrict allocation to product outputs.
Matters related to quality may also emerge. If one, for instance, allocates to the out-
puts of electricity and low temperature heat on the basis of ‘energy content’, one
may be criticized for neglecting the quality of these outputs and be advised to use
exergy instead of energy. Thus, allocation on the basis of physical categories may
encounter criticism if the physical property chosen is at variance with the perceived
value of the co-products.

Another way to deal with a multi-output process is to ‘correct the system’. In
the case of biofuels, one may consider biofuel to be the only output and correct
for the other outputs by subtracting ‘avoided processes’ which such outputs can
substitute (Ekvall and Finnveden 2001). This approach has also been called substi-
tution. For instance, in the case of ethanol production from corn or wheat, it has
been argued that by-products such as dried distillers grains (DDG) or dried distillers
grains with solubles (DDGS) may be a substitute of soybean meal in cattle feed
(Kim and Dale 2005). Thus, producing DDG(S) may be valued on the basis of the
avoided process of producing soybean meal. However, soybean meal and DDG(S)
are not identical. This then raises the question of the basis for conversion: should
it be on the basis of price, or protein content, or metabolizable joules (energy)?
Moreover, DDG(S) is not a straightforward substitute of soybean meal, as its com-
position is relatively variable, and its consumption by animals may be linked to
increased mycotoxicosis risk and increased intakes of mycotoxins (Taylor-Pickard
2008). This has led to a more limited recommended use of DDG(S) in animal feed
than in the case of soybean meal (Taylor-Pickard 2008). Then there is the mat-
ter of applications other than animal feed. For instance, soybean meal may also
be used to generate vegetarian alternatives to meat, and DDG(S) may be used to
produce protease and peptones (Romero et al. 2007), methane (Murphy and Power
2008) or ethanol. Such alternative applications may have environmental impacts
that are very different from the use as an ingredient of animal feed. Suppose, fi-
nally, that DDG(S) is indeed valued on the basis of avoiding soybean meal; the
problem is that soybean meal is a co-product, just as DDG(S) is. This may be
argued to imply that substitution in this case means plugging one hole with an-
other.

So, each way to allocate has its weak points, and there is no agreement on the
best way to allocate. In this book, we will not make a choice in favour of a specific
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way to allocate but rather will explicitly indicate what type of allocation has been
used in arriving at specific results.

2.3 Cumulative Fossil Fuel Demand

2.3.1 Transport Biofuels from Terrestrial Plants

Most studies regarding cumulative fossil energy demand have been done for trans-
port biofuels from terrestrial plants, and most agree that the seed-to-wheel cumula-
tive demand for fossil fuels associated with transport biofuels from terrestrial plants
is lower than the well-to-wheel demand of fossil transport fuels. However, Patzek
and Pimentel (Pimentel 2003; Patzek 2004; Patzek and Pimentel 2005; Patzek 2006)
have presented calculations for cornstarch-derived ethanol, soybean- and sunflower-
derived biodiesel and lignocellulosic ethanol that suggest a higher cumulative de-
mand for fossil fuels. The difference between these studies of Patzek and Pimentel
and other studies is partly caused by difference in allocation, partly by higher es-
timates of fossil fuel input in agriculture and industrial processing, and partly by
factoring in the energy demand of the infrastructure needed for transport biofuel pro-
duction (factories, vehicles, etc.) into the calculations. However, along with assump-
tions that are more favourable to transport biofuels, there seems no denying that in
western industrialized countries, the cumulative fossil energy demand for transport
biofuels made from starch, sugar and edible oils may be quite high when alloca-
tion is on the basis of price. For ethanol from US corn or European wheat or rye, it
would seem unlikely that, when allocated on this basis, the ‘seed-to-wheel’ cumu-
lative fossil energy demand would be much lower than 80% of the corresponding
demand for petrol (Hammerschlag 2006; Hill et al. 2006; von Blottnitz and Curran
2007; Reijnders and Huijbregts 2007; Zah et al. 2007). In the case of biodiesel from
rapeseed and soybean, qualitatively good estimates usually suggest that, when allo-
cated on the basis of price, the cumulative energy demand may well be in the order
of 60–80% of the corresponding demand for diesel (Hill et al. 2006; Zah et al. 2007).

Cumulative fossil energy demand for transport biofuels may be considerably
lower when biofuels based on high-yielding crops from developing counties, such
as oil palm and sugar cane, are considered, especially when lignocellulosic biomass
is used for powering processing facilities (von Blottnitz and Curran 2007; Reijnders
and Huijbregts 2008a). When the latter applies, for instance, cumulative fossil fuel
inputs in ethanol from sugar cane may become energetically less than 10% of the
ethanol output (Macedo et al. 2008). Also, much lower cumulative fossil fuel de-
mands have been estimated for transport biofuels from lignocellulosic biomass such
as wood or switchgrass when processing is also powered by lignocellulosic biomass
(von Blottnitz and Curran 2007). When allocation is based on the energy content or
weight of outputs, cumulative fossil energy demand allocated to transport biofuels
will tend to be lower than in the case of allocation based on price. Note that cumula-
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tive mineral oil demand is often lower than cumulative fossil fuel demand, because
natural gas and coal can be significant contributors of energy to the transport biofuel
life cycle (Hammerschlag 2006; Kim and Dale 2008). For instance, coal is often an
important contributor to electricity supply, which is sometimes used by mills pro-
ducing ethanol (Kim and Dale 2008). Natural gas is important in production of fixed
nitrogen to be used in agriculture (Hammerschlag 2006).

2.3.2 Transport Biofuels from Wastes

Zah et al. (2007) have studied cumulative energy demand associated with methane
production from a variety of wastes using allocation on the basis of price and a zero
value for the waste itself. Thus, the calculation of energy demand and emissions
linked to methane production from wastes was restricted to the waste-to-wheel
stages of the life cycle. Comparison was with natural gas. The wastes considered
were: sewage sludge, ‘biowaste’, manure and manure plus co-substrates. Cumula-
tive fossil energy demand for methane from these wastes was typically in the order
of approximately 45% of the fossil reference. The outcomes of the study of Zah
et al. (2007) are more favourable to transport biofuels made from wastes than to
transport biofuels made from food crops. Zwart et al. (2006) made a more detailed
study of the conversion of manure from cattle and swine into biogas (methane) in the
Netherlands and concluded that the fossil fuel input energetically roughly equalled
the biogas output. One should keep in mind that these outcomes are based on the
assumption that life cycle impacts up to the waste can be neglected. When wastes
change into secondary resources, fetching a price, or when the seed-to-wheel allo-
cation is based on mass or energy, this would raise cumulative fossil energy demand
of transport biofuels made from residues (cf. Reijnders and Huijbregts 2005).

2.3.3 Transport Biofuels from Aquatic Biomass

Fossil fuel inputs in producing microalgae tend to be high. When microalgae are
grown in bioreactors, outputs are unlikely to energetically outperform inputs (Wijf-
fels 2008; Reijnders 2008). A claim has been made for ultrahigh bioproductivity
from algae in thin channel ultradense culture bioreactors indirectly irradiated by the
sun (Gordon and Polle 2007). The cultures are irradiated with pulsed light emitting
diodes, powered by photovoltaic cells. The efficiency of converting solar radiation
into biomass is probably below 0.2%, and the corresponding energetic yield is likely
to be exceeded by fossil fuel inputs (Wijffels 2008).

As to producing microalgal biofuels in open ponds, it is a remarkable aspect of
several recent publications strongly advocating algal transport biofuels (e.g. Chisti
2007; Huntley and Redalje 2007; Chisti 2008a; Dismukes et al. 2008) that inputs
of fossil fuels are not addressed. Two less recent studies are available that looked at
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energy inputs and outputs in open pond cultures of microalgae. They did not take
account of all inputs, though. For instance, fossil fuel input into the handling and
clean-up of discharges from ponds (which will probably be necessary in view of the
extreme pH and/or salt concentrations and high nutrient levels in algal ponds) was
considered by neither of the studies. Sawayama et al. (1999) studied operational
life cycle energy inputs in growing and processing Dunaliella tertiolecta to sup-
ply bio-oil. Processing was by thermal liquefaction (also Yang et al. 2004). Oper-
ational energy inputs (fossil fuels) exceeded energetic output by 56% when microal-
gal yield was 15 Mg ha−1 year−1. Hirano et al. (1998) studied Spirulina production
and processing to supply methanol (via synthesis gas). Here the assumed yield was
approximately 110 Mg ha−1 year−1. Both fossil fuel inputs in infrastructure and op-
eration were considered. The energetic output exceeded the life cycle fossil fuel
input by 10%. At more realistic estimates of Spirulina yield, which are in the order
of 10–30 Mgha−1 year−1 (Vonshak and Richmond 1988; Jiménez et al. 2003), fossil
fuel inputs would have exceeded energetic outputs. Chisti (2008b) has argued that
the energetic inputs used in the studies of Hirano et al. (1998) and Sawayama et al.
(1999) are ‘grossly overestimated’. However, even at Chisti’s (2008b) estimate, the
fossil fuel input energetically would equal an output of approximately 30 Mg dry
weight algal biomass ha−1 year−1, which is at the upper end of the range for the
commercial production of Spirulina (Jiménez et al. 2003).

Though experimentally, yields have been demonstrated that may energetically
exceed fossil fuel inputs (Hirano et al. 1998; Chisti 2008b), it is far from certain
that such yields can be achieved in actual commercial practice. Large differences
between experimental yields and average commercial yields are also common in
the production of terrestrial crops, as will be explained in Sect. 2.4.1.

A ‘high yield’ has furthermore been claimed for oil from Haematococcus plu-
vialis produced by a combination of a closed bioreactor and 1.3 days in a pond
(Huntley and Redalje 2007). This yield probably corresponds with a photosynthetic
efficiency in producing biomass of just over 1% and a photosynthetic efficiency in
producing algal oil of roughly 0.6% (Vasudevan and Briggs 2008). No data have
been published about the cumulative energetic inputs in this type of culture, but
from the above, it would seem unlikely that the energetic value of algal oil would
much exceed the cumulative energy input into the infrastructural and operational
inputs.

Studies regarding algal production of H2 suggest that the cumulative energy de-
mand for algal H2 production is probably of the same order of magnitude as the
energetic output, when the solar energy conversion efficiency does not exceed 1%
(Burgess and Fernández-Velasco 2007).

On the other hand, it may be that the yield of microalgae grown in water satu-
rated by CO2 from power stations may exceed fossil fuel inputs when there is no
allocation of the fossil fuel input into electricity production to these algae. However,
whether this application will actually become operational is unclear, as algal perfor-
mance has so far been disappointing, and sequestration of CO2 in abandoned gas
and oil fields and aquifers has a higher efficiency (Benemann et al. 2003; Vunjak-
Novakovic et al. 2005; Odeh and Cockerill 2008).
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The emergence of some saltwater and freshwater macroalgae and macrophytes
as pests offers scope for their conversion into transport biofuels. Only for one of the
macrophytes (water hyacinth) are data available about the overall energy efficiency
of conversion into ethanol. These data suggest a negative energy balance (Gunnars-
son and Petersen 2007).

2.4 Conversion of Solar Energy into Biomass

The intercept by the Earth of solar energy exceeds the present input of fossil and
uranium fuels into the world economy by a factor of about 10,000 (Lewis and No-
cera 2006). The average daily solar irradiation varies, dependent on latitude, climate
and season. When on the equator, maximum irradiation is on a horizontal plane, but
away from the equator, for the maximum intercept of solar radiation by a fixed
plane, the plane should have an angle corresponding to latitude (e.g. Çelik 2006).
Average daily solar irradiation (measured on a horizontal surface) that may support
feedstock for biofuel production varies roughly between 7 and 25 MJm−2. The daily
worldwide average irradiation is about 15.5 MJm−2, or 180 Wm−2. Differences be-
tween days can be large. For instance, in Amsterdam (52◦21′ N), the average daily
irradiation is approximately 3 MJm−2 in January and 17 MJm−2 in July (Akkerman
et al. 2002). The greatest annual input of solar radiation tends to occur in subtrop-
ical regions at latitudes between 20 and 30◦ and little cloud cover. Humid tropical
regions have somewhat lower irradiation (Sinclair and Muchow 1999). When go-
ing poleward from a latitude of about 30◦, solar irradiation tends to decrease. As
for major areas for current biofuel production, in Brazil, where sugar cane ethanol
is produced, daily solar irradiation is on average about 220 Wm−2 (approximately
19 MJday−1 m−2 or 694×102 GJyear−1 ha−1). In the US, average daily irradiation
varies between 12 and 22 MJm−2, whereas in the US Midwest, where there is large-
scale corn ethanol production, solar irradiation is about 170 Wm−2 (approximately
14.7 MJday−1 m−2 or 536×102 GJyear−1 ha−1) (Kheshgi et al. 2000; Vasudevan
and Briggs 2008).

In establishing the overall conversion efficiency of technologies for the conver-
sion of solar energy, there should be a correction for the cumulative energy demand
associated with the biofuel life cycle and the life cycle of physical conversion tech-
nologies (Reijnders and Huijbregts 2007). For instance, if the lower heating value of
fossil fuel inputs amounts to 20% of the lower heating value of a biofuel, the solar
energy conversion efficiency will be corrected by this percentage. The result thereof
is the overall energy efficiency of the biofuel. This is summarized in the following
equation:

SCEx =
Yx ·Ex ·FEx

Esolar
·100

where SCEx is the solar energy conversion efficiency of biomass or biofuel type x
(%), Yx is the yield of biomass type x (kg/ha/year), Ex the energy content of biomass
or biofuel type x (MJ/kg), FEx the correction factor for fossil fuel input in the life
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cycle of biomass or biofuel type x (MJ/MJ), and Esolar is the yearly solar irradiation
(MJ/ha/year). SCEx is a measure that can help in estimating the ability of biofuels
to displace fossil fuels.

As pointed out in Chap. 1, conversion of solar energy into biomass occurs by
photosynthesis. Harvestable biomass that can be used for energy generation (yield)
depends on a number of factors. At the present atmospheric CO2 concentration for
C4 terrestrial plants, the maximum conversion efficiency is estimated at 5.5–6.7%
and for C3 plants at 3.3–4.6% (Hall 1982; El Bassam 1998; Heaton et al. 2008b).
A 6.7% solar energy conversion efficiency would correspond with a dry biomass
yield of approximately 250 Mgha−1 year−1 at 40◦ latitude (El Bassam 1998). Ac-
tual yields are much lower than theoretical yields, because there are factors – such
as in the case of terrestrial plants, the absence of a full canopy, shading, photosatu-
ration and limited availability of nutrients and water – which in practice reduce the
efficiency. Due to such factors, the theoretical differences in conversion efficiency
between, for instance, C3 and C4 plants may not materialize in real life differences
in conversion efficiency. For instance, sorghum is a C4 plant that tends to be roughly
as efficient as the C3 cereals. And C3 plants such as sugar beet and oil palm are in
practice often more efficient in converting solar radiation into biomass than the C4

plant Miscanthus.

2.4.1 Terrestrial Plants

Terrestrial plants vary widely in their yearly yields per hectare. Yields are depen-
dent on insolation, temperature, the presence of nutrients and water and the nature
of plants (Coombs et al. 1987). In natural ecosystems on average, the efficiency of
photosynthesis in converting solar energy into plant material is usually in the or-
der of 0.1–0.3% (Mezhunts and Givens 2004; Rosing et al. 2006). In the case of
cultivated plants, higher conversion efficiencies are achievable. The highest yields
are usually achieved in experiments under ‘excellent’ conditions that are highly con-
ducive to plant growth. In large-scale commercial cultivation, yields are much lower.
In the following, we will use data from large-scale cultivation, as this should be the
basis for substantial feedstock production. As there is a tendency of gradual yield
increases over time, such data may be biased in favour of crops that have a long
tradition of large-scale cultivation. After a similar history of cultivation, the yields
of relatively new crops that may serve as biofuel feedstocks such as Miscanthus and
switchgrass may well be substantially higher than those that will be presented here.

In practice, the C4 plant sugar cane is relatively efficient in converting solar en-
ergy into biomass (Sinclair and Muchow 1999). In subtropical areas, sugar cane may
annually yield about 80 Mg per hectare of harvestable biomass (dry weight) when
the conditions are excellent (Bastiaanssen and Ali 2003; Braunack et al. 2006). Av-
erage sugar cane yields during the mid 1990s in Brazil were about 36.8 tons of
biomass (dry weight) ha−1 year−1 (Kheshgi et al. 2000). Under excellent condi-
tions, another C4 plant, Miscanthus, may yield annually up to about 30–60 Mg of
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dry weight harvestable biomass per hectare (Long et al. 2006; Heaton et al. 2008a),
but more commonly, yields are in the range of 10–13 Mg aboveground dry weight
biomass ha−1 year−1 (Lemus and Lal 2005; Christian et al. 2008).

Oil palms in Southeast Asia yield about 20 Mgyear−1 ha−1 as fresh fruit bunches
(dry weight) (Reijnders and Huijbregts 2008a). For sugar beets, good yearly dry
weight yields of biomass from large-scale commercial cultivation are also in the or-
der of 20 Mgha−1 (Şahin et al. 2004; Tzilivakis et al. 2005). For eucalyptus, yearly
biomass yields per hectare tend to be in the order of 10–20 tons (Sims et al; 1999;
van den Broek et al. 2001). Yearly dry biomass yields of large-scale cultivation un-
der good conditions for switchgrass are in the order of 10–15 Mgha−1, for willow
9 Mgha−1, and for poplar 11 Mgha−1 (Lemus and Lal 2005; Heaton et al. 2008a).
Total yearly (dry weight) aboveground biomass accumulation per hectare in the
USA is in the order of 17–18 Mg for corn (Heaton et al. 2008a), and under good
conditions, 10–11 Mg for wheat (world average is 5.5 Mg; Wright et al. 2001), in
the order of 9 Mg for peas and 4–5 Mg for canola (Lemus and Lal 2005; Malhi et al.
2006). High yields of photosynthesis in practice usually depend on substantial in-
puts of synthetic nutrients derived from non-renewable natural resources (Samson
et al. 2005). Sustainable yields that can be achieved when only recycling nutrients
that are present in biomass tend to be much lower as will be discussed in Chap. 3
(also Pimentel et al. 2002; Reijnders 2006). Table 2.1 shows the overall energy con-
version efficiency (taking account of inputs of fossil fuels) for a variety of crops
with relatively good yields.

The overall solar energy conversion efficiencies in Table 2.1 are below 1% and
range roughly between 0.15% (for rapeseed/canola) and 0.9% (for sugar cane).
For comparison, a percentage is added for sustainably grown wood in Western
Russia (Nabuurs and Lioubimov 2000). In this case, the conversion efficiency is
about 0.05%.

There have been efforts to improve the solar-energy-to-biomass conversion by
transgenic approaches. These have focused on increasing the net carboxylation ef-
ficiency of 1,5-biphosphate carboxylase and the introduction of enzymes charac-
teristic for C4 plants in C3 plants (Heaton et al. 2008; Raines 2006). So far, such
efforts have not led to a substantial improvement in the conversion of solar energy
to biomass (Raines 2006).

2.4.2 Terrestrial Biofuels

For some applications, biomass as it is produced in solar energy conversion may
be used as such. This applies, for instance, to the generation of electricity, which in
turn may be used for electrical traction. However, diesel or Otto motors or fuel cells
need the use of specific biochemicals (transport biofuels) such as specific alcohols
and acylesters, as discussed in Chap. 1. This has an impact on the efficiency of solar
conversion. Only a part of the biomass originating in solar energy conversion can be
turned into such chemicals. It may be that part of the biomass that cannot be con-
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Table 2.1 Solar energy to biomass conversion efficiencies, with correction for fossil fuel inputs

Inso-
lation
(MJ/
daym2)

Crop under
good condi-
tions (unless
otherwise
indicated)

Yield of
biomass ha−1

(Mg dry weight/
year); above-
ground except
for sugar beet

Energy con-
tent biomass
(lower heat-
ing value in
MJ/kg dry
weight)

Correction
factor for fos-
sil fuel input
(MJ in crop –
MJ fossil fuel
input/MJ in crop)

Solar energy
conversion
efficiency
(%)

19 Sugar cane
(average)

36.8
(Kheshgi et al.
2000)

17.5 0.97
(Dias de Oliveira
et al. 2005)

0.9

19 Oil palm 20
(fruit bunches)

31.7 0.95
(Reijnders and
Huijbregts 2003)

0.87

19 Eucalyptus 10–20 19 0.9 (estimate) 0.25–0.50

14 Wheat 10–11 17.5 0.8
(von Blottnitz
and Curran
2007)

0.27–0.30

14 Switchgrass 10–15 17.5 0.95 (estimate) 0.32–0.48

14 Sugar beet 20 17 0.9
(von Blottnitz
and Curran
2007)

0.62

14 Corn 17–18 17.5 0.8
(von Blottnitz
and Curran
2007)

0.46–0.49

14 Rapeseed/
Canola

4–5 21.8 0.9
(Zah et al. 2007)

0.15

14 Miscanthus 10–13 17.5 0.98
(Lewandowski
and Schmidt
2006)

0.34–0.44

14 Poplar 9.5
(Kheshgi et al.
2000)

19.8 0.98 0.36

14 Wood grown
sustainably in
Western Russia
(Nabuurs and
Lioubimov 2000)

1.4 19.8 0.95
(Reijnders and
Huijbregts 2003)

0.05
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Fig. 2.1 Estimated biomass to transport biofuel conversion efficiencies via synthesis gas (Chum
and Overend 2001; Ptasinki et al. 2002; Iwasaki 2003; Faaij 2006)

verted into the biochemicals needed is used to power the production from biomass
of specific biochemicals. It may also be that a part of the original biomass emerges
from processing as waste. Furthermore, in many processes generating biochemicals
from biomass, there is an input of fossil fuels that is to be taken into account when
determining overall conversion efficiencies. Figure 2.1 gives estimated efficiencies
for some conversions of biomass into transport biofuels.

Table 2.2 shows solar conversion efficiencies for a number of biofuels from ter-
restrial plants. In this case, the allocation has been done on the basis of energy
content of marketable products.

The efficiencies in the last column of Table 2.2 are typically lower than the effi-
ciencies shown in Table 2.1. Most of them are below 0.2%. For ethanol from Euro-
pean wheat starch, the efficiency is 0.024–0.03%, and for biodiesel from European
rapeseed, it is approximately 0.034%. Apart from Jatropha, which has quite an un-
certain conversion efficiency, the best efficiency in Table 2.2 is for ethanol from
switchgrass, with ethanol from sugar cane coming second. However, it was assumed
in this table that in the case of sugar cane, only sugar is to be converted into ethanol.
If also a substantial part of the lignocellulosic aboveground biomass of sugar cane
is converted into ethanol, sugar cane may as efficient as or better than switchgrass.
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2.4.3 Biofuels from Algae and Aquatic Macrophytes

As also pointed out in Chap. 1, estimates have been made of the maximum efficiency
for the conversion of incident sunlight into biomass by algae. These vary between
5.5 and 11.6% (Heaton et al. 2008b; Vasudevan and Briggs 2008). Several authors
have suggested that algal transport biofuels can beat terrestrial transport biofuels in
the conversion of solar energy to transport biofuel by at least one order of magnitude
(e.g. Chisti 2007; Chisti 2008a; Groom et al. 2008; Nowak 2008; Li et al. 2008).
Here we will survey the suggestions that have been made for producing transport
biofuels from algae and aquatic macrophytes and what is known about the solar
energy conversion efficiency of such biofuels.

Transport Biofuels from Marine Aquatic Biomass

As pointed out in Chap. 1, a variety of options for producing biofuels from marine
biomass have been suggested, such as biofuels from Macrocystis pyrifera or giant
kelp (Wilcox 1982; Bungay 2004), Laminaria (Horn et al. 2000; Chopin et al. 2001)
and Dunaliella (Ben-Amotz et al. 1982). Dunaliella has been found more suitable
to cultivation in open ponds (Joint et al. 2002; Ugwu et al. 2008). As to Macrocystis
pyrifera, it seems doubtful whether the energy balance for biofuel can be positive
(Bungay 2004).

Near-shore cultivation of macroalgae is substantial (Neushul and Wang 2000;
Wikfors and Ohno 2001; Chopin et al. 2001; Critchley et al. 2006; Troell et al.
2006). For Gracilaria in Taiwanese coastal waters, average yields of 4 Mgha−1

year−1 (dry weight) have been reported (van der Meer 1983). Yields of commer-
cial Eucheuma cultivation in the Philippines, Indonesia and Kiribati are about 6 Mg
(dry weight) ha−1 year−1 (Ask and Azanza 2002). Such yields suggest relatively low
solar energy conversion efficiencies if compared with cultivated terrestrial plants
(see Table 2.1). Cultivation is vulnerable to invasions of competing algae and her-
bivores, and major interventions may be necessary to limit losses in such cases
(Buschmann et al. 2001; Ask and Azanza 2002; Neill et al. 2006). As pointed
out in Chap. 1, prices for cultivated macroalgae are high, and thus it is hard to
see the emergence of a practical large-scale biomass-from-the-sea-for-transport-fuel
scheme based on macroalgae cultivation (Neushul and Badash 1998; Buschmann
et al. 2001).

Microalgal Biomass in Ponds and Bioreactors

Most proposals for microalgal biofuels from open ponds or bioreactors focus on
biodiesel made from algal oil (Scragg et al. 2002; Chisti 2007; Huntley and Redalje
2007; Wijffels 2008; www.oilgae.com; Liu et al. 2008). However, there have, for
instance, also been proposals to convert algal biomass into methanol via synthesis
gas or into bio-oil via pyrolysis (Hirano et al. 1998; Sawayama et al. 1999). The
alga Botryococcus braunii has been looked into, in view of its ability to produce
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substantial amounts of hydrocarbons, which may be turned into transport biofuels by
catalytic cracking (Bachofen 1982; Banerjee et al. 2002). As pointed out in Chap. 1,
current strains of this microalga are slow growing, which has not been conducive to
its application (Banerjee et al. 2002).

Of the microalgae commercially grown in open ponds, Spirulina apparently has
the best yields per hectare per year in commercial cultivation (Belasco 1997). Max-
imum productivities in open ponds are achieved under tropical or subtropical con-
ditions (Jiménez et al. 2003). Yields currently obtained in industrial facilities for
the cultivation of Spirulina located in these regions range from 10 to 30 Mg dry
biomass per hectare per year (Vonshak and Richmond 1988; Jiménez et al. 2003).
Low yields of, for example, Spirulina may however occur due to, for example, phage
infections and rainfall conducive to the growth of unfavourable organisms (Shima-
matsu 2004). For instance, Li and Qi (1997) reported that the 80 Chinese Spirulina
production plants had production on average of 3.5 Mgha−1 year−1.

It may be that in the future, microalgal yields from raceway ponds may be in-
creased over current levels, for instance through improving photosynthetic activ-
ity by minimizing light harvesting chlorophyll antenna size (Neidhardt et al. 1998;
Mussgnug et al. 2007). On the other hand, a focus on algal lipids for transport bio-
fuel production may well lead to biomass yield limitations, because nutrient lim-
itations are conducive to high lipid contents but not to maximizing biomass yield
(Wijffels 2008; Liu et al. 2008).

Hirano et al. (1998) studied Spirulina production and processing to supply
methanol (via synthesis gas) and assumed a yield of approximately 110 Mgha−1

year−1. When both fossil fuel inputs in infrastructure and operation are considered,
this would correspond with an overall solar energy to biofuel conversion efficiency
of about 0.12%.

Actual yearly yields much exceeding 30 Mgha−1 year−1 have been claimed for
microalgae growing in water that has been saturated in CO2 (Kheshgi et al. 2000;
Wang et al. 2008). Algal ponds that are to be saturated in CO2 have been proposed to
capture the CO2 of power plants (Kheshgi et al. 2000). Also, closed bioreactors have
been proposed for algal capture of CO2 from power plants (Skjånes et al. 2007). The
efficiency of algal CO2 capture in open ponds has been estimated to be in the order
of 30% (Benemann 1993; Kadam 2002), whereas an efficiency of 40% has been
suggested for algae in photobioreactors (Ono and Cuello 2006). Whether such per-
centages can be achieved is not certain. Yields from open ponds saturated with CO2

have proved disappointing, and maintaining desired algal cultures in such ponds has
turned out to be difficult (Benemann et al. 2003). There is also the matter of the
efficiency of CO2 sequestration by algae. The suggested efficiency for photobiore-
actors of 40% is, for instance, higher than efficiencies so far reported by Hsueh et al.
(2007) and Jacob-Lopes et al. (2008) for flue gases with high concentrations of CO2

handled by photobioreactors. Moreover, the latter efficiencies were achieved under
good irradiation, whereas the CO2 emission of power plants may also occur at night
and when solar irradiation is poor. CO2 capture and sequestration (CCS) in aquifers
or abandoned natural gas or oil fields would be able to reduce the emission of power
plants with an efficiency of about 90% (Odeh and Cockerill 2008). Thus, whether
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the application of CO2 capture by algae will be important in the future depends to
a large extent on the emission requirements for such plants.

Microalgal yields from closed bioreactors subject to solar irradiation may be
much higher than from current commercial open ponds (Eriksen 2008). For the
production of algal oil, a value of about 16 Mgha−1 year−1, has been suggested
as ‘possible with state of the art technology’ in closed systems (Wijffels 2008).
However, growing algae aiming at high outputs in bioreactors requires large inputs
of energy for building the reactors and for nutrients and intensive mixing. It has been
estimated that this could lead to a negative energy balance for flat panel bioreactors
and an even more negative energy balance for tubular bioreactors (Wijffels 2008).

H2 Produced by Microalgae

The use of a variety of algae has been considered because of their direct and indirect
biocatalytic effect on the splitting of water in H2 and O2 (Melis and Happe 2001;
Hallenbeck and Benemann 2002; Nath and Das 2004; Savage et al. 2008). In spite
of a nearly 70-year history of research, actual production of H2 by algal systems is
still very low, about 2 g of H2 per square metre of culture area per day (Melis and
Happe 2001), and H2 has to be withdrawn continually as the overall conversion of
glucose into H2 is energetically only slightly favourable to H2 (Savage et al. 2008).
At realistic solar irradiation, solar conversion efficiencies in optimized systems for
direct and indirect biophotolysis seem to be in the order of 1% or lower, when pure
cultures can be maintained (Hallenbeck and Benemann 2002; Yoon et al. 2006;
Rupprecht et al. 2006; Burgess and Fernández-Velasco 2007). And as pointed out
before, the cumulative energy demand for algal H2 production is probably of the
same order of magnitude as the energetic output, when the solar energy conversion
efficiency does not exceed 1% (Burgess and Fernándo-Velasco 2007).

Freshwater Macrophytes

The best-studied macrophyte is the water hyacinth (Eichhornia crassipes) (Gass-
mann et al. 2006; Gunnarsson and Petersen 2007). It has been found to produce up to
140 Mgha−1 year−1 of biomass (dry weight) (Gunnarsson and Petersen 2007). Two
energetic applications of Eichhornia crassipes which may produce transport bio-
fuels have been studied. The first is ethanol production from hemicellulose present
in water hyacinths. A yield of 0.14–0.17 (g ethanol) (g dry weight)−1 has been re-
ported (Mishima et al. 2008). However, studies of the overall energy efficiency of
the production of ethanol from the water hyacinth have so far suggested that the en-
ergy balance is negative (Gunnarsson and Petersen 2007). An alternative option is
the anaerobic conversion of water hyacinth biomass into CH4. Though the feasibility
thereof has been demonstrated, the process is complicated, among other things by
the floating behaviour of water-hyacinth-derived material (Malik 2007). Moreover,
the water hyacinth is very effective in adsorbing pollutants (Gunnarsson and Pe-
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tersen 2007; Malik 2007), and these may interfere with, for example, the sustainable
use of residuals (‘digestate’) remaining after anaerobic conversion. More limited re-
search has been done regarding another invasive macrophyte: water lettuce (Pistia
stratiotes L.), which has growth characteristics similar to water hyacinth (Mishima
et al. 2008). The yield of ethanol from hemicellulose conversion is 0.15–0.16 g per
gram of dry weight (Mishima et al. 2008); no study has been found regarding the
overall energy efficiency of this conversion.

2.5 Solar Conversion Efficiencies of Physical Methods

Besides biological processes, there are also physical conversion processes for solar
energy. Efficiencies for a number of physical methods of converting solar radiation
into heat, H2 or electricity are in Table 2.3. It can be seen that solar conversion
efficiencies of photovoltaic cells are much higher than the conversion efficiencies
for the transport biofuels in Table 2.2.

Table 2.3 Efficiencies for the conversion of solar radiation to electricity or heat

Type of
conversion

Output Conversion
efficiency

Correction factor for
fossil fuel input into
conversion apparatus
(MJ output – fossil
fuel input/MJ output)

Overall
energy
efficiency
(%)

Photovoltaic
silicon
(Mohr et al. 2007;
Fthenakis et al. 2008)

Electricity ∼14 0.75–0.8 ∼10.5–12

Hybrid
photovoltaic
silicon/
collector

Electricity/
heat

15%
(electricity)
+40% heat
(He et al. 2006;
Tripanagnostopoulos
et al. 2006)

0.9–0.95 49.5–52

Photovoltaic
III–V

Electricity 15–30
(Green et al.
2003)

0.8–0.9
(dependent on
insolation)
(Meijer et al. 2003;
Mohr et al. 2007)

12–27

Solar thermal
electricity
turbine

Electricity 10–28%
(Mancini et al.
1994)

0.93
(Norton et al.
1998)

9.5–26.5
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2.6 Overall Energy Efficiencies in Performing Work

Table 2.4, finally, shows overall estimated conversion efficiencies for solar irradia-
tion to car kilometres, corrected for the input of fossil fuels, which are calculated by

TSCEx,i = SCEx ·CEx,i

where TSCEx,i is the transport solar energy conversion efficiency (%) and CEx,i the
efficiency drive train of transport option i derived from biofuel type x (%).

According to the estimates in Table 2.4 regarding seed-to-wheel solar energy
conversion efficiency, ethanol from sugar cane outperforms ethanol from European
wheat by about a factor of five to ten, and biodiesel from European rapeseed by
about a factor of two to three. Electrical traction from lignocellulosic biomass, how-

Table 2.4 Overall efficiencies for the conversion of solar energy to car kilometres

Type of energy
supply

Conversion effi-
ciency solar radia-
tion to automotive
power source, cor-
rected for fossil
fuel inputs (%);
see Tables 2.2
and 2.3

Efficiency drive
train (%)

Overall
efficiency
energy
storage (%)

Overall efficiency
conversion solar
radiation to auto-
motive kilometres
(%)

Ethanol from
sugar cane
(Brazil) for
Otto motor

0.16 16–22
(Colella et al.
2005;
Crabtree et al.
2004)

0.026–0.035

Ethanol from
wheat (Europe)
for Otto motor

0.024–0.03 16–22
(Colella et al.
2005;
Crabtree et al.
2004)

0.0038–0.0066

Biodiesel from
rapeseed (Europe)
for diesel motor

0.034 29 (www.eere.
energy.gov/
vehiclesandfuels)

0.010

Electricity from
lignocellulosic
biomass
(switchgrass)
for electromotor

0.48 90–97
(Ahluwalia et al.
2005;
Colella et al.
2005)

41–90
(Rydh and
Sandén
2005)

0.18–0.42

Electricity
from solar cells
for electromotor

10.5–12 90–97
(Ahluwalia et al.
2005;
Colella et al.
2005)

41–90
(Rydh and
Sandén
2005)

3.9–10.5
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ever, in turn outperforms ethanol from sugar cane by roughly a factor of two to
four. The relatively high efficiency of using biomass for electricity production has
also been noted by other authors, such as Zhang et al. (2007). All biomass-based
automotive power is, however, far less efficient than electricity from solar cells that
is stored for use in electrical traction. This way of powering motor cars is roughly
at least two orders of magnitude better than ethanol from Brazilian sugar cane and
three orders of magnitude better than ethanol from European wheat. In calculating
the values for Table 2.4, it has been assumed that solar cells and the plug-in facil-
ity for cars are in the same region. When distances are large or conversion to H2

is necessary for long distance transport, the efficiency will be lower than indicated
in Table 2.4 because of transport-linked losses. For instance, an estimate has been
made regarding the life cycle emission of greenhouse gases linked to electrolysis
powered by concentrated solar power (CSP) in the Sahara, liquefaction of H2 and
transport to, and distribution of, hydrogen in Western Europe. In such a case, a re-
duction of the life cycle efficiency by somewhat less than 10% has been found (Ros
et al. 2009). Such a reduction applied to electricity from solar cells (last row of
Table 2.4) would reduce the overall efficiency in the last column to approximately
3.5–9.4%.

A lesson from this chapter is that conversions lead to substantial reductions in
solar conversion efficiency. In Chap. 1, quite a number of proposals have been sum-
marized that rely on such conversions. Examples are: the conversion of methane
(from the anaerobic conversion of biomass) to methanol, the conversion of lipids
and ethanol to hydrocarbons or H2 and the conversion of methanol to hydrocarbons.
As the starting products may in principle be used directly as transport biofuels, there
is good reason to be sceptical about such sequential conversions in view of the neg-
ative impact that they have on the overall solar energy conversion efficiency.

The data presented in this chapter allow for estimates of the ability of biofuels to
energetically displace fossil fuels. It appears that in this respect, palm oil and ethanol
from sugar cane do much better, especially when processing is powered by harvest
residues, than rapeseed oil or ethanol from corn or wheat, as produced in industrial-
ized countries. It should be noted, though, that the ability to energetically displace
fossil fuels may be at variance with their ability to do so in the economy. The lat-
ter is strongly impacted by prices and government policy. An interesting illustration
thereof concerns the use of corn-derived ethanol in US gasoline, which has mainly
been by E10 fuels, containing 10% ethanol and 90% conventional gasoline. The use
of E10 fuels has been stimulated by a federal excise tax which in recent years led
to E10 gasoline being cheaper than conventional gasoline (Tyner 2008; Vedenov
and Wetzstein 2008), which in turn had an upward effect on the overall consump-
tion of gasoline, thereby partly negating the downward effect of ethanol use on the
consumption of conventional gasoline (Vedenov and Wetzstein 2008).

The data in this chapter also allow for estimates of land requirements linked to
a large-scale displacement of fossil transport fuels by biofuels. This may be illus-
trated by the following back-of-the-envelope calculation. As explained in Chap. 1,
mineral oil is the dominating fossil fuel for powering transport, and about 60% of
all crude oil is used for this transport. Let us suppose that all mineral oil that is
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currently used as an input in worldwide transport were to be replaced by vegetable
oil. Corrected for the difference in lower heating value between crude oil and veg-
etable oil (see Table 1.2) and the cumulative fossil fuel input into vegetable oil
(estimated here at 40% of the energetic value of vegetable oil), this would require
an increase of vegetable oil production by about a factor of 37.5. Part of this in-
crease may be met with the increase of yields per hectare. Estimates made for the
23 most important food crops suggest that such an increase may range from 0.63–
1.76% year−1 for developing countries and from 0.59–0.79%year−1 for developed
countries up to 2050 (Balmford et al. 2005), to a large extent by intensification of
cropping (Tilman et al. 2001). Using intermediate values, this would allow for an
increase in yield by a factor of approximately 1.75 for developing countries and
by a factor of approximately 1.42 for developed countries between 2000 and 2050
(Balmford et al. 2005), far below the factor of 37.5 needed to displace all mineral
oil by vegetable oil. Moreover, it may well be that the average productivity of addi-
tional land is lower than that of land currently in use. Thus, even if yield increases
in the future would be much larger than currently estimated, there would seem no
way around large additional land requirements linked to large-scale displacement of
fossil fuels by biofuels. Current policy targets are estimated to require between 55
and 166 million ha (Mha) (Renewable Fuels Agency 2008).

Moreover, expanding transport may well lead to even larger land claims in the
future. Gurgel et al. (2007) studied an expansion of the production of cellulosic
biofuel to supply up to 368 EJ in 2100. This, according to their scenario, would
require about 2.5×103 Mha, an amount greater than any other land cover category.
For comparison: worldwide, current cropland is about 1.6×103 Mha, and the land
area that is currently considered fit for additional cropland is estimated at between
400 and approximately 1.2×103 Mha (Renewable Fuels Agency 2008).
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Chapter 3
Non-energy Natural Resource Demand

3.1 Introduction

Several stocks of natural resources are highly important to biomass-for-energy, in-
cluding transport biofuel, production. These are: soil and soil organic matter, nutri-
ents and water. In this chapter, these will be discussed in turn as to their current sta-
tus. We will also discuss the sustainable use of such resources. Sustainable is a term
that has by now many meanings. Here, the term will be used in its original meaning
in the modern environmental debate, linked to a steady state economy (Daly 1973;
Gliessman 1989; Hueting and Reijnders 1998; Reijnders 2006). Thus, sustainable
use of biomass is defined in this chapter as a type of use that can be continued
indefinitely while maintaining the supply or availability of natural resources. Sus-
tainability leads to limitations regarding the use of renewable resources which are
characterized by large additions to the stock of these resources and concerning the
use of resources that are geochemically scarce and formed in slow geological pro-
cesses (‘virtually non-renewable resources’). To allow for indefinite use, the usage
of renewables should not exceed addition to stock, and resource quality should be
maintained (Reijnders 2000). As to geochemically scarce virtually non-renewable
resources, such as phosphate ore for which no substitution seems possible, the way
to define sustainability is that wastes irretrievably lost should not substantially ex-
ceed the small addition to the stock by geological processes (Goodland and Daly
1996; Reijnders 2006). This requirement corresponds with a large reduction in cur-
rent wastage.

3.2 Soil and Soil Organic Matter

Studies regarding annual crop production may provide clues about the factors nec-
essary for a type of land-based biomass production that has high productivity and
may be maintained indefinitely. Syers et al. (1997),Vance (2000) and Lal (2001a, b)
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have surveyed such studies and did show that one important factor in maintain-
ing high productivity is soil conservation and the maintenance of high levels of
organic matter in the upper layer of the soil. Loss of soil due to erosion ultimately
leads to a strong decline in crop productivity (Lal 2001). Soil erosion is a major
problem in annual crops, including the production of major current biofuel feed-
stocks such as corn, sugar cane and soybeans (Mahadevan 2008; Smeets et al. 2008),
but also may be a problem in plantations and forests (Worrell and Hampson 1997;
Perry 1998).

Soil organic matter is an important reserve for plant nutrients such as nitrogen (N)
and phosphate (P). It improves soil structure and water-holding capacity (Kahle et al.
2002) and limits erosion (Troeh et al. 1999). Soil organic matter is also involved in
weathering that extends the availability of nutrients (McBride 1994). Depletion of
organic matter in soils ultimately results in a decrease in yields (Syers et al. 1997;
Perry 1998). In many areas of the world, arable land currently shows a net loss of
soil organic matter, if compared with its virgin or natural status (Cole et al. 1997;
Ogle et al. 2005). Levels of soil organic carbon that are under long-term cultivation
with annual crops tend to be lower than under native vegetation. On average, soil
carbon levels under arable soils with a long history of cultivation tend to be approxi-
mately 18% lower under temperate dry conditions, approximately 30% lower under
temperate moist or tropical dry conditions, and approximately 42% lower in tropi-
cal moist climates if compared with soils under native vegetation (Ogle et al. 2005).
These reductions of carbon levels in soils have contributed to increased levels of
greenhouse gases in the atmosphere. In many soils in tropical and subtropical ar-
eas, especially in Asia and sub-Saharan Africa, due to systematic excessive residue
removal, soil organic carbon pools have decreased to levels that are conducive to
soil degradation. Such soils also show substantially reduced production levels (Lal
2008).

Current agricultural practice often leads to further losses of soil carbon from
arable soils. Net losses of soil carbon have been documented for the European Union
(Vleeshouwers and Verhagen 2002), Eastern Canada (Gregorich et al. 2005), China
(Li et al. 2003; Tang et al. 2006; Wright 2006), Nepal (Matthews and Pilbeam 2005;
Shrestha et al. 2006), Brazil (Zinn et al. 2005; Jantalia et al. 2007), Sudan (Ardo and
Olsson 2003), the southern Ethiopian highlands (Lemenih and Itanna 2004) and in
West Africa (Ayanlaja et al. 1991; Ouattara et al. 2006; Bationo et al. 2007; Lufafa
et al. 2008). From peaty arable soils losses may be especially high when there is
deep drainage and intensive mechanical soil disturbance (Freibauer et al. 2004). Net
carbon losses varying from 6 Mg in northern Norway up to 15 Mg C ha−1 year−1

in the tropics have been reported (Grønlund et al. 2006; Reijnders and Huijbregts
2007, 2008).

It has emerged that low crop yields, the absence of cover crops, low additions of
crop residues, low additions of manure, mechanical tillage and high temperatures
enhance the loss of carbon from arable soils (Vleeshouwers and Verhagen 2002;
Pretty et al. 2002; Freibauer et al. 2004; Lal and Pimentel 2007; Valentin et al.
2008). There is evidence that excessive reliance of synthetic nitrogen fertilizers may
be conducive to carbon loss (Kahn et al. 2007; Triberti et al. 2008). It has also been
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found that depending on the nature of the soil, climate, crops and crop rotation,
crop residues management and tillage system, a partial (20–50%) removal of crop
residues from the field reduces the pool of soil organic carbon, can exacerbate soil
erosion hazard and negatively impact future yields of crops (Wilhelm et al. 2004;
Lal 2005; Blanco-Canqui and Lal 2007; Lal 2008; Varvel et al. 2008). Models with
parameters based on empirical data have been developed to estimate the impact of
residue removal on soil organic carbon (e.g. Saffih-Hdadi and Mary 2008).

Sustainable use of soil and soil organic matter should be such that levels of soil
organic matter do not decrease and that soil loss (erosion) should not exceed addition
to topsoil stocks by natural processes. The latter may add between 0.004–0.5 mm
of topsoil per year (Cannell and Hawes 1994). A variety of measures has been pro-
posed to reduce erosion in annual cropping. These come under the umbrella of the
term conservation tillage (Cannell and Hawes 1994; Lal 1997, 2001, 2008). They
include the reduction of tillage (preferably to no-till or zero tillage), the use of cover
crops and nitrogen-fixing legumes, intercropping, contour farming, increased return
of harvest residues or residue mulches to the soil, use of manure, direct seeding, cor-
recting effects of soil compaction due to vehicles and catching soil subject to water
erosion on sloping soils by terracing or barriers (Gumbs 1993; Cannell and Hawes
1994; Lal 1997, 2001, 2008; Lal et al. 2007; Mills and Fey 2003). High inputs of
carbon (residues, manure, compost) in soils that are subject to tillage are conducive
to maintaining soil organic carbon levels (Jenkinson et al. 1990; Grace et al. 2006;
Reijneveld et al. 2009).

In forests, limitations to harvesting and the use of heavy machinery on erodible
soils and judicious planting may be necessary to prevent soil losses from exceeding
additions to topsoil stocks (Pimentel et al. 1997b; Worrell and Hampson 1997). To
maintain soil organic matter levels, in intensively managed forests and on planta-
tions, intensive site preparation involving burning should be avoided, as this leads
to volatilisation of soil carbon and prospective soil carbon (Perry 1998; Bauhus et al.
2002). Also, limitations to removal of harvest residues from forests may be neces-
sary to maintain levels of soil organic matter (Worrell and Hampson 1997).

Soils to which crop residues are returned tend to store more soil organic carbon
(and nitrogen) than plots where residues are taken away (Vance 2000; Mendham
et al. 2002; Dolan et al. 2006; Epron et al. 2006). In this respect, there are two phe-
nomena with opposite effects for C4 and C3 plants. Residues from plants that have
C4 photosynthesis seem less effective in contributing to soil carbon than the same
amounts of residues from plants with C3 photosynthesis (Wynn and Bird 2007). On
the other hand, C4 crops rather often generate relatively large amounts of below-
and aboveground biomass, if compared with C3 crops (Wright et al. 2001; Wilhelm
et al. 2004). Vleeshouwers and Verhagen (2002) estimate that adding to arable soils
the cereal straw that is currently taken away may, on average, increase European
soil carbon levels by 0.15 Mgha−1 year−1. Other studies have shown that full return
of crop residues to arable soils in temperate climates may increase soil carbon lev-
els by up to 0.7 Mg C ha−1 year−1 (Webb et al. 2003; Smith 2004; Freibauer et al.
2004; Rees et al. 2005). For maintaining soil carbon stocks in tropical soils, return-
ing residues, application of other organic matter such as manure, shrub prunings and
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household composts, cover crops and fallows have been advocated (Lal and Bruce
1999; Bationo and Buerkert 2001; Nandwa 2001; Lufafa et al. 2008).

A changing climate will impact soil carbon stocks. In part, this impact is de-
pendent on crop productivity. There is only limited empirical evidence about likely
future crop productivity. Kim et al. (2007) have studied the C4 crop corn and con-
cluded that under elevated CO2 concentration, productivity may remain unchanged.
It has also been suggested that under elevated CO2 concentrations in the atmosphere,
productivity of C3 plants may increase and that this may enhance soil carbon se-
questration (Marhan et al. 2008), but increased temperature also leads to increased
respiration in soils, and soil carbon dynamics may be impacted by changes in precip-
itation (Marhan et al. 2008). Overall effects may vary for different climate regions.
In the European context, Vleeshouwers and Verhagen (2002) estimate that an in-
crease in average temperature of 1 ◦C caused by an increase of CO2 concentration
may, ceteris paribus, lead to an average net loss of soil organic carbon of about
0.04 Mgha−1 year−1.

In view of carbon losses, increased use of agricultural residues has been advo-
cated in order to maintain (or restore) proper levels of soil organic carbon and ensure
agroecosystem sustainability (Lal 1997; Duiker and Lal 1999; Lal 2001, 2008; Oué-
draogo et al. 2006; Chivenge et al. 2007; Lal and Pimentel 2007). Adding lignocellu-
lose to arable soil is more useful in this respect than more easily degradable carbon
compounds such as sugars or starches (Sartori et al. 2006). Available evidence is
limited but suggests that approximately 4–24% of carbon contained in residues of
crops may be converted to refractory soil organic carbon in agricultural soils (Lal
1997; Follett et al. 2005; Razafimbelo et al. 2006; Triberti et al. 2008).

Crop residues contain cellulose in a matrix of lignin and hemicellulose. Lignin
is, together with compounds such as cutins, suberins and tannins, largely respon-
sible for humus formation in arable soils (Kirk 1971; Rasse et al. 2005) and in such
soils is a major contributor to refractory soil organic carbon (Loveland and Webb
2003; Chapman and McCartney 2005). There is evidence that among the compo-
nents of lignocellulose (lignin, hemicellulose and cellulose) in arable soils, lignin
is by far the most refractory component (Melillo et al. 1989; Spaccini et al. 2000;
Quénéa et al. 2006). Thus, lignin is more suitable for carbon sequestration in arable
soils than hemicellulose. For this reason, removal of residues with high concentra-
tion of lignin (such as nut shells) may be expected to be more negative to arable soil
carbon stocks than residues with a lower lignin level, such as wheat or rice straw.

Still, the presence of carbon compounds, which are more easily degraded than
lignin (with a half life less than 1 year), in arable soil is also important for soil fertil-
ity and stability (Spaccini et al. 2000; Loveland and Webb 2003). The carbohydrates
hemicellulose and cellulose in harvest residue belong to this category (Spaccini et al.
2000).

Against this background, systematic removal of all crop residues for biofuel pro-
duction is not a good idea (Lal 2008; Reijnders 2008; Saffih-Hdadi and Mary 2008).
Limitations on crop residue removal will have an upward effect on energy input
into, and costs of residue collection for, biofuel production (Higgins et al. 2007). To
the extent that crop residues are removed, there is furthermore a case for selecting
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crop residues for the production of the transport biofuel ethanol that have relatively
high concentrations of hemicellulose and cellulose susceptible to conversion into
ethanol. In the case of corn stover, this fraction consists of cobs, leaves and husks
(Crofcheck and Montross 2004). The crop residue fraction that is relatively rich in
lignin may be expected to be a relatively efficient contributor to refractory carbon in
arable soils, but also contains a substantial amount of carbohydrates that are more
easily degradable and contribute to soil fertility and stability. Thus, it may be that,
for example, the scope of residue removal for ethanol production may be widened
by selecting residues on the basis of their relative suitability for ethanol production
and for the formation of refractory soil carbon, respectively.

Another option is to consider a return of processing ‘wastes’ of crop residues that
are relatively rich in lignin. In generating ethanol from crop residues by enzymatic
conversion (see Chap. 1), a residue emerges that is rich in lignin and also contains
unreacted cellulose and hemicellulose (Mosier et al. 2005). It would seem worth-
while to consider applying this residue to arable soils. Such an application would
serve the presence of refractory carbon in arable soil, while it may also contribute
to the presence of more rapidly degradable carbohydrates. In doing so, one should
limit or prevent undesirable side effects of adding this processing residue. A matter
to consider in this respect is the accumulation potential of the residue for phenolic
carbon compounds. Such accumulation may occur under anaerobic conditions, and
this may have a negative effect on soil fertility (Olk et al. 2006). Ionic composition
and pH of the processing residue are subject to limitation when use of the residue
is to be sustainable (Mahmoudkhani et al. 2007). Also, one should be aware that
lignin binds heavy metals such as cadmium much better than cellulose does (Basso
et al. 2005). Thus, provisions should be in place to limit the flow of heavy metals
to soils when the fraction that is rich in lignin is applied. If the processing residue
has acceptable quality, it may well be that the amount of crop residue that can be
removed from the field without a negative impact on soil characteristics can be in-
creased. The quantitative and qualitative aspects of applying processing residues to
arable soils would seem to merit further research. Finally, it should be noted that the
refractory character of lignin in the arable soils studies cannot be generalized to all
soils. There is, for instance, evidence that in lowland tree plantations in Costa Rica,
litter decay increases with increasing lignin content (Raich et al. 2007).

3.3 Nutrients

Another factor important in productivity is the availability of sufficient mineral
nutrients, such as fixed nitrogen (N), phosphorus (P), sulphur (S), potassium (K),
calcium (Ca) and magnesium (Mg). As to the indefinite availability of sufficient
nutrients, difficulties may well emerge (Manley and Richardson 1995; Sims and
Riddell-Black 1998; Perry 1998; Ranger and Turpault 1999; Paré et al. 2002). These
partly follow from the limitations of natural processes involved in making minerals
available to the generation of biomass. These are deposition on soil and weather-
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ing (Hedin et al. 2003). On a time scale valid for forestry and cropping, there is
only a very small addition to total reserves of minerals that can be made avail-
able to biomass due to geologic processes such as weathering (Ranger and Turpault
1999). Thus, the availability of nutrients from reserves generated by processes such
as weathering may well go down over time on a time scale relevant to cropping and
forestry due to losses linked to harvesting and erosion. External inputs of N and P in
cropping and forestry are, moreover, dependent on the large-scale use of geochem-
ically scarce natural resources (phosphate ore and fossil fuels) that are formed in
slow geological processes, which does not allow for sustainable us. Fossil fuels are
used to produce N-based synthetic fertilizers (Galloway et al. 2008). We will now
first consider nutrients in forests and plantations and thereafter nutrients in arable
soils.

3.3.1 Forests and Plantations

Obtaining biofuels derived from plantations and forests heavily relies on including
parts of trees, such as crowns, that have relatively high concentrations of nutrients
(Manley and Richardson 1995; Perry 1998; Sims and Riddell-Black 1998; Paré et al.
2002; Rytter 2002). In the relatively young trees that characterize plantations, nutri-
ent concentrations are, moreover, higher than in older trees (Rytter 2002). The use
of feedstocks with high nutrient levels adds to losses of nutrients associated with
common consequences of tree-harvesting practices such as erosion, increased leach-
ing of nutrients and lowered rates of N-fixation by leguminous understory plants
(Hamilton 1997; Heilman and Norby 1998; Richardson et al. 1999; Bernhardt et al.
2003).

Overall losses of nutrients may well have an impact on future productivity. For
instance, studies of whole tree harvesting, with branches, tops and needles used as
biofuels, as it is currently practiced in Sweden, show deficits in base cations (K, Mg
and Ca) (Akselsson et al. 2007). Akselsson et al. (2007) suggest that compensatory
fertilization with K, Mg and Ca is necessary to keep forestry sustainable. Studies
in French forests show that the budget for Ca and probably Mg is negative, as-
suming a 60-year rotation time and a conservative scenario of biomass harvesting
(Ranger and Turpault 1999). In the southern USA, P deficits have been noted (Pit-
man 2006). In Scandinavian forests, thinning involving whole tree removal has been
found to cause significant reduction in stand volume increment linked with nutrient
loss (Nord-Larsen 2002). And in tropical dry forests, repeated harvesting may well
lead to reduced primary production due to a reduced capture of P from air (Lawrence
et al. 2007). Keeping forest soil concentrations of nutrients in a steady state while
removing feedstocks for biofuel production with relatively high concentrations of
nutrients may, in the absence of nutrient amendments, force the application of long
rotations or even an end to harvesting. In Sweden, harvesting trees from nutrient-
poor soil is in fact discouraged (Manley and Richardson 1995).
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There is also the option of the recycling of nutrients to soils. The extent to which
this can be done depends on the use of biomass. For instance, fixed N is almost
totally lost during combustion (Sander and Andrén 1997). On the other hand, it
may be expected that fixed N can, to a large extent, be conserved in the production
of methane and ethanol from biomass. In the context of ethanol production from
switchgrass, Anex et al. (2007) have proposed a process that may recover about
78% of the fixed N input, which then may be recycled.

Nutrient elements other than N tend to be largely conserved in (fly and bottom)
ash during burning and can be retrieved when proper controls are in place. In power
plants, biomass is often co-fired with coal, and this will lead to ashes that are often
considered unacceptable for nutrient application in forests or on arable soils (Reijn-
ders 2005). When only biomass is burned, this may be different. It has been pro-
posed to return ashes, especially for their base cations, to forest soils after burning
forest-derived biomass (Hånell and Magnusson 2005; Pitman 2006; Ozolinèius et al.
2007). Pettersson et al. (2008) have suggested extracting phosphate from ashes for
reuse as a nutrient. Also, digestate remaining after anaerobic conversion of biomass
to methane, and fermentation residue remaining after converting lignocellulosic
biomass into ethanol, may be returned to soils (e.g. Zwart et al. 2007; Reijnders
2006).

As yet, however, nutrient recycling is very limited. Ashes from burning biofuels
are not usually returned to soils used for biofuel production, but largely diverted
to other destinations, such as landfills (Reijnders 2005; Saikku et al. 2007). There
may also be complications in returning nutrients. Most studies have focussed on the
recycling of ash, and especially the recycling of base cations such as Ca2+, Mg2+

and K+. Additions of such ashes to forests on mineral soils have shown disappoint-
ing effects, which have been linked to N deficiency (Augusto et al. 2008). It has
been found that the chemistry of base cations in ashes tends to be different from the
original chemistry in soils, and so are local concentrations of base cations in the soil
after applications of ash. It has been argued that such differences may be limited by
keeping temperatures between 600 and 900 ◦C during burning and using granulated
ashes (Pitman 2006). Furthermore, it has been advised to apply ash to adult stands
and not to seedlings (Augusto et al. 2008).

Experience with return of wood ash for its base cations to forest soil shows sub-
stantial side effects, for instance, on the levels of aluminium in soil solution and
an increased soil emission of CO2 (Maljanen et al. 2006; Ring et al. 2006), sup-
pression of denitrification (Odlare and Pell 2009) and especially in the case of high
fixed N presence in soils, increased leaching of nitrate (Pitman 2006). Reductions of
Mn levels in biomass have been associated with wood ash recycling (Augusto et al.
2008). Moreover, hazardous elements, such as lead and cadmium, and hazardous
organics, such as polycyclic aromatic hydrocarbons, may be present in ashes in sub-
stantial amounts. It has been found that even in the apparent absence of substantial
anthropogenic contamination, levels of heavy metals in combustion ashes may be
remarkably high (Reimann et al. 2008). For example, combustion ashes from South
Norwegian birch and spruce wood ashes contained up to 1.3% lead and 203 mgkg−1

cadmium (Reimann et al. 2008). Johansson and van Bavel (2003) and Enell et al.
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(2008) looked at the presence of polycyclic aromatic hydrocarbons (PAHs) in wood
ash and found that the concentration thereof in a substantial number of cases ex-
ceeded the standard applicable in Swedish forests of 2 mgkg−1 of 16 PAHs.

Thus, high concentrations of inorganic and/or organic contaminants may repre-
sent a barrier to the sustainable recycling of nutrients. This may require input con-
trols for burners (e.g. excluding wood with unacceptable levels of heavy metals),
facilities for burning that minimize the formation of hazardous compounds such
as polycyclic aromatic hydrocarbons and chlorinated dioxins and/or treatment of
ashes to eliminate hazardous compounds. As pointed out in Sect. 3.2, in the case of
wastes from lignocellulosic ethanol production, phenolic compounds, ionic compo-
sition and pH should be controlled, and the flow of heavy metals should be limited.
All in all, it is unlikely that recycling of nutrients after biofuel processing and use
can or will be as efficient as nutrient recycling in natural systems.

Regarding plantations, processes such as natural weathering and symbiotic N-fix-
ation that are important in providing undisturbed forests with nutrients may well be
less productive (Perry 1998). Intensive site preparation, common in plantations, in-
volving burning biomass may negatively affect productivity as it leads to the volatil-
isation of nutrient N (Perry 1998). Because root systems in short rotation plantations
may be less extensive than in undisturbed forests, the leakage of nutrients may well
increase (Ong and Leakey 1999). Harvesting practices on plantations tend to in-
crease denitrification and leaching, which may lead to increased nutrient deficits
(Hamilton 1997; Heilman and Norby 1998). It is likely that erosion on plantations
will exceed the value range 0.004–0.05 Mgha−1 year−1 that is found in undisturbed
forests. Still, by judiciously planting and harvesting trees, it may be possible to keep
erosion rates below the level of 1 Mgha−1 year−1 (Pimentel et al. 1997b).

Overall, as rates of biomass harvesting also tend to be much higher on plantations
than in forests, large deficits in nutrients are to be expected. For instance, regarding
aspen-for-fuel plantations, Rytter (2002) estimated the yearly deficit per hectare of
N at 30 kg, for P at 4 kg, for Ca at 30 kg, for Mg at 4 kg and for S at 2.5 kg. Indeed,
the productivity of growing short rotation trees strongly depends on external nutrient
inputs (Adegbidi et al. 2001). Remarkably, current human activity, especially in in-
dustrialized countries, has led to increased environmental fluxes of wasted nutrients
such as S, N and P, which reach soils via air and/or water (Smil 1991; Kvarnström
and Nilsson 1999). For instance, in North America, unintended N depositions on
soils may be up to 53 hgha−1 year−1, and in Europe up to 115 kg N ha−1 year−1

(Heilman and Norby 1998). It is probable that the unintentional addition of nutri-
ents to soils has been important to maintaining productivity in the absence of inten-
tional nutrient amendments. For aspen plantations in Southern Sweden, it has, for
instance, been calculated that deposition exceeds the yearly S deficit (2.5 kgha−1)
and may cover a substantial part of the N deficit. In forests in Southern Sweden,
there may still be accumulation of N with current biofuel harvesting practices (Ak-
selsson et al. 2007). However, such unintended additions of nutrients to soils are not
designed to fit all actual deficits in nutrients. For instance, though S deficits are com-
pensated for in Nordic spruce forests, nutrient deficiencies for P, K and B still occur
(Rytter 2002). Unintended additions of nutrients to soils may also cause new prob-
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lems, especially when unintended nutrient additions are relatively high. They may
well contribute to long-lasting eutrophication and acidification and deterioration of
ground water quality (Galloway et al. 2008).

3.3.2 Agricultural Soils

Much agricultural production in Africa, Asia and South America is currently as-
sociated with a depletion of nutrients or ‘nutrient mining’ (de Koning et al. 1997;
Syers et al. 1997; Sanchez 1999; Tilman et al. 2002). Increasing the use of crop
residues for biofuel production may in practice exacerbate the latter problem (Troeh
et al. 1999; Sauerbeck 2001). On the other hand, including woody perennials in
agricultural strategies may well benefit both biomass-for-energy production and the
long-term sustainability of food production, because there is evidence that woody
perennials may recycle leached nutrients to near surface layers (Mele et al. 2003)
and because several woody perennials are conducive to N-fixation (Sanchez 1999).

Long-term studies on the sustainability of crop production in industrialized coun-
tries (Vance 2000) are not easy to interpret as far as nutrients are concerned, because,
as pointed out above, there are large unintended inputs of nutrients. However, such
unintended inputs are usually well below those necessary for high-productivity crop-
ping. Against this background, when harvest residues such as cereal and rape straw
are used as biofuel, reuse of ash on arable land has been advocated (Sander and
Andrén 1997).

Sustainable enhancement of biomass production can be achieved if there are
ways to increase nutrient availability indefinitely (Vance 2000; Bhattacharya et al.
2003). For several nutrients, this is, technically speaking, not a major problem be-
cause the elements concerned are relatively abundant. Mg, K and Ca are in this
category. However, P especially is geochemically scarce, and N nutrients are often
generated by using geochemically scarce fossil fuels. This becomes even more of
an issue, because increased biofuel production is expected to be partly based on in-
creased yields of crops per hectare, which is linked to intensification of agriculture,
including increased N and P inputs (Tilman et al. 2001; Searchinger et al. 2008).

Net natural inputs to farms of P, associated with weathering and deposition
(Hedin et al. 2003), allow for very low primary productivity on farms (Newman
1997). Raising the availability of P if compared with pre-industrial times has mainly
been achieved by relying on phosphate ore deposits, and there is no known al-
ternative to that natural resource for doing so. So, sustainable use necessitates an
extremely slow depletion of this stock. Ore deposits deplete rapidly when P used
is not retrieved with high efficiency and fed back into biomass production. Non-
retrieval associated with agriculture originates in harvesting, erosion (see Sect. 3.2)
and leaching. Leaching is increased in agricultural land, if compared with soils un-
der native forest (Williams and Melack 1997), and can be very high when soils are
saturated with P (Liu et al. 2008). Preventing saturation leads to the need to restrict
P additions to agricultural land.
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Losses of P may also be linked with activities following harvesting. Much of
the phosphate wastes associated with consumption and industrial processing of har-
vested biomass currently end up in wastewater. The recycling of such phosphate
back into the economy is currently poorly developed (Sims and Riddell-Black 1998;
Kvarnström and Nilsson 1999). One may also fail to retrieve P when there is burn-
ing of biomass. When biomass is burned, P ends up largely in ashes. When there is
co-firing with, for instance, coal, such ashes are often considered unfit for agricul-
tural use (Woodbury et al. 1999; Nugteren et al. 2001; Adriano et al. 2002; Reijnders
2005), whereas forced extraction of nutrients such as P from such ashes is not prac-
ticed. Even in the case of burning pure chicken manure, the composition of ashes
may be such that nutrients are not fed back to agriculture (Reijnders and Huijbregts,
2005). Feed additives with high concentrations of trace elements such as Cu and Zn
are responsible for this problem. On the other hand, in the case of biomass present
in sewage sludge, a process has been developed for the fractionation and recovery
of phosphate (Lundin et al. 2004), and this type of approach can, in principle, be
applied to all wastes that contain substantial amounts of phosphate.

It has been estimated that the resulting net loss of P from the world’s cropland is
about 10.5×106 Mg per year, nearly one half of the amount of P that is extracted
yearly as phosphate ore (Liu et al. 2008). Such large losses of P associated with pro-
duction and use of biomass cannot be maintained indefinitely without jeopardizing
adequate P levels in soils. If one will no longer be able to add substantial amounts of
P to soils, primary productivity will ultimately plummet, negatively affecting both
food and biofuel production (Newman 1997). So, indefinitely increased availabil-
ity of P in soils is critically dependent on high-efficiency recycling of P involved
in biomass production, while keeping soil concentrations of hazardous compounds
below critical levels (Kvarnström and Nilsson 1999). A major effort is needed to
apply this principle to biomass-for-energy.

The increased availability of nitrogen compounds to be used as fertilizer, if
compared with the situation before the industrial revolution, is mainly based on
the Haber synthesis, which converts fossil methane into ammonia (Galloway et al.
2008). As it stands, there is a large-scale leakage of added nitrogen compounds from
biomass production systems such as plantations and annual crops. In well-managed
intensive agriculture, the recovery of nitrogen in products is around 50% or less
(Tinker 1997; Tilman et al. 2002). Moreover, N compounds present in biomass will
largely get lost on burning. Basing the Haber synthesis on fossil fuels cannot be
maintained indefinitely, as fossil carbon is virtually non-renewable. In this case, one
may circumvent inputs of virtual non-renewables. For instance, hydrogen necessary
for converting nitrogen present in air into N fertilizers can also be generated by
hydrolysis powered by solar energy, a way of production that may be maintained in-
definitely. There may also be scope for improved biogenic nitrogen fixation, which
converts N2 into plant nutrients and may partially replace fertilizer amendments.
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3.4 Water

A last important non-energy natural resource for biomass production is water. The
potential for biomass production on suitable soils is strongly influenced by fresh-
water availability (Tuskan 1998; Rabbinge and van Diepen 2000; Ryan et al. 2002;
Kahle et al. 2002; Deckmyn et al. 2004), and in semi-arid areas, it may well be the
main limiting factor (Ong and Leakey 1999). Of the yearly renewable stock of fresh-
water, approximately 30–50% is currently used in the economy (Postel et al. 1996;
Raskin et al. 1997; Rockström 2003). Worldwide, growing crops is the main con-
sumer of freshwater (Pimentel et al. 1997a). Even if growing of rain-fed crops is not
considered to be use of water, growing crops accounts for at least 66% of current wa-
ter use (Gleick 2000; Wallace 2002; van Dijk and Keenan 2007; Gordon et al. 2008;
Zimmerman et al. 2008). Water consumption is projected to go up considerably,
grossly paralleling growth of the world population and economic growth, much of
the increase being associated with the expected increase in food and feed production
(Gleick 2000; Berndes 2002; Swedish Environmental Advisory Council 2007).

Geographically speaking, water stocks are unevenly distributed. Currently, struc-
tural water shortages affect about 300–400 million people mainly in Africa and Asia
in a band from China to North Africa (Gleick 2000; Wallace 2002). As much growth
of the world population is expected in the same area, this does not bode well (Gleick
2000). But elsewhere there are problems, too. For instance, in the USA, roughly
20% of the irrigated area is supplied by groundwater pumped in excess of recharge
(Tilman et al. 2002). Also, there are areas where climate change may lead to a struc-
tural decrease in rainfall, such as the south and east of Africa (Funk et al. 2008).

Large additional water requirements follow from expected population growth
and changes in dietary habits, especially the increased consumption of animal pro-
duce (Rockström 2003; Falkenmark and Lannerstad 2005; Liu and Savenije 2008).
The estimated size of the additional water requirement depends on the assumptions
made. Assuming an intake of 3,000 kcal person−1 day−1 and using available pre-
dictions about world population growth, Rockström (2003) estimated an additional
water requirement of 3,800 km3 year−1 in 2025 and of 5,800 km3 year−1 in 2050.
Assuming business as usual, which does not include a substantial production of
modern biomass-for-energy, it has been suggested that shortages of freshwater may
well become a fact of life for up to 2.5–6.5 billion people by 2050 (World Water
Council 2000; Wallace 2002). Expanding modern biomass-for-energy production
may substantially exacerbate this trend.

The National Research Council of the USA has warned about more local water
shortages due to the expanded production of corn for supplying ethanol (NRC 2007).
This problem is especially pressing in the Western USA, where climate change
threatens to exacerbate water shortages anyway (Barnett et al. 2008) and where there
is already a substantial groundwater overdraft (Falkenmark and Lannerstad 2005).
Excess water withdrawals may also be a problem in Brazilian sugar cane expansions
(Dias de Oliveira et al. 2005), where hydrological flows are already much impacted
by sugar cane cultivation (Gordon et al. 2008). India and China are expected to
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have increasing shortfalls in meeting national food demand due to water scarcity,
necessitating increasing food imports (Falkenmark and Lannerstad 2005; Liu and
Savenije 2008), and this leaves little scope for cropping feedstocks for transport
biofuels.

In Hungary, there has been evidence that the use of cornstalks as biofuel wors-
ened a drought by removing cover and reducing soil organic matter (Engelhaupt
2007). Berndes (2002) has pointed out that in the case of large-scale bioenergy pro-
duction, a European country such as Poland may face absolute water scarcity. Com-
petition between fast-growing Eucalyptus and food for water resources in Ethiopia
has led to government restrictions on the former (Jagger and Pender 2003). Else-
where, competition between short rotation trees and food crops for scarce water re-
sources has also been noted (Ong and Leakey 1999; Sanchez 1999; Berndes 2002;
Ong et al. 2002; van Dijk and Keenan 2007). On the other hand, when growing feed-
stocks are rain fed, there are some places subject to waterlogging and/or secondary
salinization, where large uptakes of water by energy crops may be considered a ben-
efit (Morris and Collopy 1999; Mahmood et al. 2001; Ryan et al. 2002; Palm et al.
2007), though it should be noted that the use of Eucalyptus globulus for this pur-
pose in Western Australia has turned out to be disappointing (Sudmeyer and Simons
2008).

Data about seed-to-wheel water use are very patchy (Royal Society 2008). Data
about water inputs into feedstock processing, especially, are largely lacking. Never-
theless, it is clear that biomass processing can lead to substantial water consumption.
A case in point is the factories that produce ethanol from sugar cane in the relatively
dry winter period in Brazil (Smeets et al. 2008). Also, in generating electricity from
biomass in power plants, there is often water cooling that consumes large amounts
of water (King and Webber 2008). However, it would seem likely that most of the
seed-to-wheel water inputs concern the growing of feedstocks, in line with agricul-
ture being the dominant consumer of water in the economy.

In view of increasing water scarcity, the water efficiency of transport biofuels
requires considerable attention. As to water use in biomass processing, there is, for
instance, scope for improving the water efficiency of Brazilian factories for the con-
version of sugar cane into ethanol by increasing the water recycling rate and by
replacing cane washing with dry cleaning of cane (Smeets et al. 2008). Similarly,
consumption of cooling water by power plants processing biomass can be much
reduced by, for example, switching to closed loop and air cooling systems (King
and Webber 2008). The water efficiency in the growth of feedstocks is especially
important (Hanegraaf et al. 1998; Rytter 2005; Almeida et al. 2007; Rockström
et al. 2007). On average, the water efficiency of C4 crop plants appears to be bet-
ter than the water efficiency of C3 crop plants (Cernusak et al. 2007; Heaton et al.
2008). Growing 1 kg of aboveground (dry) biomass of the C3 crop wheat on aver-
age requires about 0.55 m3 of water (calculated from data in Zwart and Bastiaanssen
2004), whereas 1 kg of dry biomass for the C4 crops sugar cane or Miscanthus prob-
ably needs less than 0.2 m3 (Rockström et al. 1999; Beale et al. 1999).

The water efficiency of soybeans and other annual oil crops is much poorer than
the water efficiency of wheat (Liu and Savenije 2008). The microalga Tetraselmis
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suecica, which is considered for biofuel production, has been estimated to require
0.31–0.57 m3 water kg−1 dry weight biomass (Dismukes et al. 2008). As transport
biofuels are the product of biomass processing, such biofuels will need a larger
amount of water per kilogram of biofuel than per kilogram of biomass. In the case
of ethanol based on cornstarch, while assuming an average water productivity of
corn (Zwart and Bastiaanssen 2004) and a 0.294 kg ethanol yield from 1 kg of corn
kernels (Kheshgi et al. 2000), for each kilogram of bioethanol, 1.9 m3 of water is
needed in cultivation, when all water use is allocated to ethanol production. In the
case of wheat, the estimated water input in cultivation is about 3.1 m3 water per
kilogram of wheat-starch-based ethanol, when all water use is allocated to ethanol
production. Water efficiency may change due to climate change linked to increas-
ing greenhouse gas concentrations in the atmosphere. There is only very limited
study thereof. A study on water use efficiency by a plantation producing willow as
a feedstock for biofuels suggests that climate change may lead to a decrease in water
efficiency (Tricker et al. 2009).

The difference in water efficiency between C3 and C4 crop plants is not the only
noteworthy difference relevant to feedstock production. When the aim is to produce
ethanol from carbohydrates, sugar crops tend, on average, to do so more efficiently
than starch crops, whereas starchy root crops tend to be more water efficient than
cereals (Rockström et al. 2007). In dry areas, the water efficiency of producing sugar
by sugar beet may be better than that of sugar cane (Rytter 2005). Also, there may be
‘drought-resistant’ varieties of crops that would do better under such circumstances
than other varieties (Rytter 2005). There is large variability in water efficiency be-
tween woody plants that may be used for biofuel production (Cernusak et al. 2007).
Growing 1 kg of aboveground dry oil palm biomass requires approximately 1.5 m3

of water (Rockström et al. 1999), and growing 1 kg of willow biomass (dry weight)
requires 0.2–0.3 m3 of water (Linderson et al. 2007). The olive tree is well adapted
to drought stress (Sofo et al. 2008), whereas current varieties of Eucalyptus are less
so (Dale and Dieters 2007). Eucalyptus biomass on rain-fed soil would require about
0.46 m3 of water kg−1 dry biomass (calculated from data in Stape et al. 2008 and
Kheshgi et al. 2000). So, choice of feedstock may have a large impact on water
consumption.

Soil water conservation is also dependent on tillage (and soil organic carbon lev-
els) with conservation tillage conducive to water conservation (Wallace 2002; Rock-
ström 2003). Mulching and intercropping to maximize canopy cover also help in in-
creasing water productivity or crop yield for a specified input of water (Rockström
2003). So, for instance, on the Loess Plateau in China, no tillage with mulching does
better in soil water conservation than conventional tillage, leading to substantially
improved water use efficiency of winter wheat (Su et al. 2007). It has furthermore
been shown that there are irrigation techniques that lead to higher water efficiencies
than traditional furrow irrigation. These include variable application (Al-Kufaishi
et al. 2006), subsoil irrigation and drip irrigation. Improvements in water efficiency
may be considerable. Subsoil irrigation, with controlled diffusion of irrigation wa-
ter from a clay pipe, has been shown to increase grain yield of Iranian winter wheat
per kilogram of water by at least a factor of 2.5 (Banedjschafie et al. 2008). And
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in Uzbek cotton growing, which might supply cotton oil for biodiesel production,
the improvement in yield by switching from furrow irrigation to drip irrigation was
35% to somewhat more than 100% (Ibragimov et al. 2007).

Apart from the quantitative impact on the availability of water, water quality
may also be influenced by growing biofuels (NRC 2007). The expansion of corn
production for the supply of ethanol is a case in point, as it leads to an increased
nutrient and pesticide load of water resources (NRC 2007). And water discharges
for algal biofuel production in open ponds may also be problematic in view of high
pH, nutrient and/or salt levels present in pond water (Dismukes et al. 2008).

3.5 Sustainable Use of Natural Resources and Biomass Yields

Studies regarding the prospects for future modern biomass production tend to rely
fully or overwhelmingly on land as the place where biomass is grown for this pur-
pose. Studies with high estimates regarding the technical potential of biomass sup-
ply often have most of that potential met by energy crops that have high yearly
yields per hectare (Hall and Rosillo-Calle 1998; Berndes et al. 2003; Hoogwijk
et al. 2003; de Vries et al. 2007). Hoogwijk et al. (2003), for example, assumed
a dry weight productivity of biomass-for-energy plantations on surplus agricultural
land of up to 20 Mgyear−1 ha−1. Such yields may be achieved. Actual experience
shows that breeding efforts may increase biomass yields (dry weight) in the range of
6.7–11.3 Mgha−1 year−1 to yields greater than 16 Mg (Volk et al. 2003). And there
is much research aiming at further yield increases, for example, by lengthening the
growing season without risking frost damage, limiting remobilisation of nutrients
following senescence and improving drought resistance (Karp and Shield 2008).
However, in general, highly productive species and varieties tend to be relatively
inefficient in their resource use (Wood 1998), which is not in line with sustainable
resource use (Pimentel et al. 2002; Reijnders 2006). Indeed, sustainable productiv-
ity is limited due to restrictions on water and nutrient use and the need to maintain
adequate soil carbon levels.

In a first approximation to the levels of biomass production that may be produced
in a sustainable way on land, it would seem useful to focus on natural net primary
production (NNPP), which varies geographically (Havstad et al. 2007; Campbell
et al. 2008). Kheshgi et al. (2000) estimated average natural NNPP on land at 4 Mg
(= 106 g) of dry biomass per year. Campbell et al. (2008), who studied abandoned
agricultural soils, estimate that potential production rates on such soils average
4.3 Mg dry biomass ha−1 year−1. As pointed out earlier in this chapter, it may well
be that recycling nutrients in the case of biofuel use is less efficient than in natural
systems and that a part of carbon fixed in NNPP may be necessary to maintain soil
organic carbon in a steady state. Thus, it is likely than on average, a lower amount
of biomass can be harvested sustainably than 4–4.3 Mgha−1 year−1. Pimentel et al.
(2002) have suggested that in tropical and temperate areas, on average, approxi-
mately 3 Mgha−1 of woody biomass can be harvested in a sustainable way per year.
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Again, there are geographical differences in sustainably harvestable biomass due
to climate and water and nutrient availability (e.g. Nabuurs and Lioubimov 2000;
Gough et al. 2008).

To get an idea of what a sustainable yield of feedstock may mean for energy sup-
ply, it would seem interesting to focus on agricultural land that has been abandoned
(including currently fallow land). Field et al. (2008) and Campbell et al. (2008) es-
timate that the total area of such land is about 385–472×106 ha. We further assume
that, after restoration of nutrients and soil organic matter, on these lands, a yearly
sustainable yield of about 3 Mg (Pimentel et al. 2002) biomass with a lower heating
value of 20 MJkg−1 (Field et al. 2008) may be achieved. This would correspond
with about 23–28 EJ (= 1018 J) year−1. As pointed out in Chap. 1, use of primary
energy for the transport sector is currently about 100 EJ.

Another option that may be considered in the context of sustainable supply re-
gards biofuels produced from what are currently ‘wastes’, such as organic urban
wastes, biomass from forest remediation and residues from forestry and agricul-
ture which are not used as animal feed. The worldwide amount of such wastes is
currently estimated at between 50 and 100 EJ (Swedish Environmental Advisory
Council 2007; Lysen and van Egmond 2008). Unfortunately, it is not clear how
much thereof is necessary for maintaining the future productivity of arable lands
and forests in line with the sustainability requirements for soil organic matter dis-
cussed in Sect. 3.2. However, even when only 10–20% thereof could be diverted to
transport biofuel production, this would represent a substantial contribution to the
transport fuel supply.
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Chapter 4
Climate Effects and Non-greenhouse Gas
Emissions Associated with Transport Biofuel
Life Cycles

4.1 Introduction

Here we will consider climate effects and non-greenhouse gas emissions associated
with the life cycles of transport biofuels. Considering the whole seed-to-wheel life
cycle of transport biofuels is important because at each stage, there may be signifi-
cant environmental impacts. In cropping plants, there are usually inputs of fossil fu-
els (needed to power tractors and generate N fertilizer) and emissions of substances
such as N2O and nitrate (both derived from nitrogen fertilizers) and pesticides. The
effects thereof may be substantial. For instance, Donner and Kucharik (2008) have
shown that a US bioethanol production of 15 billion gallons would increase the an-
nual average flux of dissolved inorganic fixed nitrogen (N) in the Mississippi and
Atchafalaya rivers by 10–34%. And it has been argued that in Brazil, ethanol pro-
duction from sugar cane will contribute to a rapidly changing tropical biogeochem-
ical N cycle, because the N fertilizer use efficiency of production is low: about 30%
of N fertilizer ends up in sugar cane tissue (Galloway et al. 2008).

Also the choice of plants grown as biofuel feedstocks may matter, as plants,
for instance, differ in their production of isoprene, which may contribute oxidizing
smog (Royal Society 2008). The stage of processing biomass to transport biofuels is
associated with energy use and process-related emissions. For instance, dry mill fuel
ethanol production leads to significant emissions of ethanol, acetaldehyde, acetic
acid and ethylacetate (Brady and Pratt 2007). Leakage from storage facilities for
bioethyl-tertiary-butylether (ETBE) may have a significant impact on groundwater
quality (Rosell et al. 2007). And the stage of driving is important, because driving
a car on biofuels generates emissions which may be different from those of fossil
fuels.

This chapter starts with an overview of the different types of uncertainty related
to life cycle studies (Sect. 4.2). After that, most attention will be given to life cycle
emissions of biofuels based on terrestrial plants and wastes. These are considered
in Sects. 4.3 to 4.5. Section 4.6 will deal with possibilities to reduce the life cycle
emissions associated with the biofuels considered here.
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4.2 Uncertainty in the Life Cycle Environmental Impact
Assessments of Biofuels

Estimates of life cycle impacts are subject to uncertainty. In life cycle assessments,
there is uncertainty in input data (parameter uncertainty), in normative choices (sce-
nario uncertainty) and mathematical relationships (model uncertainty) (Huijbregts
et al. 2003; Lloyd and Ries 2007). As the focus in this chapter is largely on com-
paring fuels, model uncertainty tends to be rather similar for all fuels, which is
favourable to the comparative value of life cycle assessments.

Parameter uncertainty may be limited by using relatively good quality inven-
tories of emission and resource use data, such as the JLCA-LCA inventory from
Japan (Suguiyama et al. 2005) and the Ecoinvent database (cf. Zah et al. 2007), as
well as recent peer-reviewed research into emissions and resource use. In this way,
uncertainties in contributions of industrial and transport activities to impacts of bio-
fuels, especially in industrialized countries, can be limited. However, uncertainties
about industrial activities in some developing countries may remain relatively large
because of major uncertainty about fuels, energy efficiency and environmental tech-
nology (e.g. Reijnders and Huijbregts 2008a; de Vries 2008). Uncertainties linked
to the fate of C and N in cropping and harvesting feedstocks are relatively large.
In the case of N2O emissions associated with intensive cropping, uncertainty in net
greenhouse gas emissions may well be ±20% (Reijnders and Huijbregts 2008b), and
uncertainties about changes in C stocks of ecosystems may also be quite substantial.

Normative choices are an important source of uncertainty. One of these choices
relates to the time that land will be used to produce biofuel. Choices regarding
this time are important in calculating net greenhouse gas emissions due to land use
change (e.g. Reijnders and Huijbregts 2008a; Wicke et al. 2009). Allocation in the
case of multi-output production is another normative choice that is important. As
explained in Chap. 2, there are three major ways to allocate. The first is based on
prices, the second on physical categories, such as energy or weight, and the third
on subtracting avoided processes (also called substitution). Apart from choosing the
basis for allocation, there may also be other matters to consider. Take, for example,
the conversion of lignocellulose in dried distillers grains with or without solubles
[DDG(S)] to ethanol. Lignocellulosic outputs of ethanol production such as dried
distillers grains are currently an ingredient of animal feed (Taylor-Pickard 2008). If
one goes back in history, there have been advocates for replacing ingredients that
had high starch contents by lignocellulosic ingredients, such as DDG(S), in ani-
mal feed (e.g. Sarkanen 1976). Now, when these lignocellulosic components are
diverted to the production of transport fuel, will this give rise to an increase in the
starch content of animal feed? And should the effects thereof on the net emission
of greenhouse gases be allocated to lignocellulosic ethanol, and if so to what ex-
tent? Also, an objection has been raised against considering dried distillers grains
as a product output of ethanol production, to which non-product outputs should be
allocated (Patzek 2004). According to Patzek (2006) dried distillers grains should
become an input in cropping and spread on the fields to diminish the need for nitro-
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gen fertilizer, decrease soil erosion and improve the energy efficiency of cropping.
Patzek (2006) has also argued that if there is any crediting at all of dried distillers
grains, the energy credit should be somewhat negative.

The complications of dealing with co-products such as DDG(S) and alloca-
tion may well seem so problematic that no ‘iron-clad’ estimate of net greenhouse
gas emissions associated with biofuels from multi-output processes seems feasible.
Only limited study has been made as to the differences in estimated environmental
impacts of transport biofuels following from the different approaches to allocation.
Eickhout et al. (2008) found that the substitution approach and allocation on the
basis of energy-generated outcomes for ethanol and biodiesel were in the range of
±15%. Curran (2007) looked at the impact of different ways of allocation (based
on price, weight, volume and energy) on the relative environmental ranking of con-
ventional gasoline and bioethanol and found that this ranking was the same in all
instances. On the other hand, Reijnders and Huijbregts (2005) found that alloca-
tion based on either price or energy may lead to a difference in the environmental
ranking of fossil-fuel- and manure-based electricity. And Malça and Freire (2006)
did show that in the case of wheat ethanol, different ways to allocate have a major
influence on results.

In the following, we will indicate what type of time frame and allocation has
been used in arriving at specific results.

4.3 Transport Biofuels and Climate

4.3.1 Introduction

Transport biofuels made from plants are often called ‘climate neutral’ or ‘carbon
neutral’. These terms can be traced back to the participation of plants in the bio-
geochemical C cycle. Plants take up CO2 from the atmosphere and convert this
into biomass, and when biomass is burned, the CO2 is ‘given back’ to the atmo-
sphere. There is said to be C neutrality: over a short time span, sequestration equals
emission of CO2, which is a greenhouse gas. Greenhouse gases are transparent for
relatively high energy solar radiation, such as visible light, but absorb infrared radi-
ation and thereby influence atmospheric temperature. And thus, carbon neutrality is
in this case said to equal climate neutrality. However, there is more to the relation
between biofuels and climate. In part, this is linked to the direct effect of plants on
local climate and in part to the emission of non-CO2 greenhouse gases, such as N2O
and CH4. Also, biofuel production can be accompanied by changes in C sequestra-
tion by ecosystems.

If compared with the original ‘natural’ vegetation, cropping biofuels may differ
in determinants of local climate, such as surface roughness (Notaro et al. 2006),
evapo(tanspi)ration (Gustafsson et al. 2004; McPherson 2007), precipitation (Liu
et al. 2006) and albedo (Gustafsson et al. 2004; Schneider et al. 2004; McPher-
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son 2007). Albedo is a measure of the reflection of solar radiation by the earth’s
surface (including vegetation), which in turn is a determinant of net radiation. Net
effects of vegetation change may be different dependent on region. In cold regions,
replacement of forest by annual biofuel crops tends to have a cooling effect, due to
the importance of change in albedo, and in tropical regions, this replacement may
cause warming, mainly due to a decrease in evaporation and cloud cover (Betts et al.
2007). When changes in vegetation are widespread, there may be knock-on effects
on climate on a wider scale (Delire et al. 2001; Liu et al. 2006; Betts 2007; Betts
et al. 2007; McPherson 2007). These will be further discussed in Chap. 5.

Here, of the factors that may impact climate, we will only further consider net
greenhouse gas emissions. These may be positive or negative. The latter case corre-
sponds with net C sequestration. First, we will consider the major determinants of
these net emissions. Thereafter, the actual net greenhouse gas emissions of a number
of transport biofuels will be considered.

Potentially important determinants of the net greenhouse gas emissions linked to
the transport biofuel life cycle are:

• Carbonaceous greenhouse gas emissions linked to the cumulative demand for
fossil fuels.

• N2O emissions linked to N inputs in, and non-product outputs (e.g. NOx emis-
sions) of, biofuel production.

• Changes in atmospheric CO2 concentrations following from changes in carbon
sequestration. The latter may relate to changes in soil carbon level and/or changes
in aboveground biomass.

• Emissions of biogenic, non-CO2 carbonaceous greenhouse gases linked to the
biofuel life cycle. These include CH4 emissions linked to anaerobic conversion
of biomass and non-CO2 carbonaceous greenhouse gas emissions due to biomass
burning.

These determinants will be considered in turn.

4.3.2 Fossil-Fuel-Based Carbonaceous Greenhouse Gas Emissions

Transport biofuels replace fossil fuels. But because, as pointed out in Chap. 2, much
production in current societies is dependent on fossil fuels, it will come as no sur-
prise that burning fossil fuels is often an important contributor to the greenhouse gas
emissions associated with biofuels. N fertilizers are often made on the basis of natu-
ral gas; tractors and transport are often powered by fossil fuels based on mineral oil.
Factories, involved in converting biomass into fuels fit for powering vehicles, are
more mixed in their fuel use. There are production facilities doing without burning
fossil fuels. In Brazil, factories converting sugar into ethanol are often powered by
harvest residues of sugar cane (Macedo et al. 2008). In Sweden, biofuel production
in factories tends to use wood chips from forest logging residues (Börjesson and
Mattiasson 2008). But, for example, in France and Germany, factories producing
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bioethanol or biodiesel are usually powered with fossil fuels (Reijnders and Huij-
bregts 2007, 2008b). Life cycle assessments of biofuels are characterized by a long-
standing interest in the CO2 emissions linked to cumulative fossil energy demand
(e.g. Pimentel et al. 1973; Weisz and Marshall 1979), and by now the standard is
that they include the CO2 emission linked to burning fossil fuels to power the bio-
fuel life cycle, though there are still exceptions to this rule (e.g. Chisti 2007, 2008;
Dismukes et al. 2008).

There may also be non-CO2 carbonaceous emissions linked to fossil fuel use.
For instance, there may be leakage of CH4 (methane) during transport and use of
natural gas, and, if burning is not optimized, there may be emission of hydrocarbons
and carbon monoxide (CO). The non-CO2 carbonaceous gases on a molecule-for-
molecule basis tend to have a greater greenhouse effect than CO2. The non-CO2

carbonaceous greenhouse gases are often neglected in life cycle assessments, which
will lead to an underestimate of the greenhouse effect of actual emissions. However,
in advanced industrial economies, the error linked to this underestimation will be
small, in the order of a few percent maximally.

4.3.3 N2O Emissions

N2O emissions may originate on several occasions along the biofuel life cycle
(Reijnders and Huijbregts 2005). The production of N fertilizers is often accom-
panied by the emission of N2O. NOx emissions linked to burning fossil fuels may
be deposited as N compounds in soils, and there, they may be partly converted by
microorganisms into N2O. N inputs in cropping are also partly converted into N2O.
It is usually assumed that the latter process is, directly and indirectly, responsible
for most of the N2O emission linked to the transport biofuel life cycle. The actual
quantity of the N2O emission, given a specified input of N and soil, is, however, the
subject of a lively debate (Mosier et al. 1998; Crutzen et al. 2007). According to the
estimates of Crutzen et al. (2007), 3–5% of the N input into growing biofuel crops
will be converted into N2O. Mosier et al. (1998) have presented data suggesting that
direct N2O emissions from agricultural fields associated with biofuel cropping may
be about 1.25% of added fixed nitrogen. In addition, they argue that fixed nitrogen
lost from agricultural fields may also be subject to microbial conversion to N2O
(estimated at 2.5% of fixed N lost).

Local conditions may have a significant impact on actual N2O emissions. The
presence of soil moisture matters (Rebelo de Mira and Kroeze 2006; Guo and Zhou
2007; Scheer et al. 2008). Higher temperatures tend to be conducive to higher emis-
sions of N2O (Ding et al. 2007; Scheer et al. 2008). So are higher levels of soil
organic carbon (Guo and Zhou 2007; Liu et al. 2007). In some soils, nitrate is rel-
atively favourable to N2O production, but in other soils, it is rather ammonia (Guo
and Zhou 2007; Liu et al. 2007; Scheer et al. 2008). Moreover, it may be noted that
N2O emissions may change when the climate changes. Temperature and precipi-
tation are significant determinants of N2O emissions, and as temperature and pre-
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cipitation are expected to change when the climate changes, N2O emissions from
biofuel cropping may be different in the future from what they are now (Novoa and
Tejeda 2006). In view of variability, there is a case for a rather wide range for the
conversion of fixed N into N2O: 1.5–5%.

4.3.4 Biogenic CO2 Emissions

The production of transport biofuels can be accompanied by changes in carbon se-
questration. Firstly, there can be changes in the carbon content of ecosystems. There
may be both losses from, and increases of, C in the ecosystem, which in turn will
change atmospheric CO2 concentrations. In early life cycle assessments, quantifica-
tion of such changes was largely neglected (with some exceptions, such as Reijnders
and Huijbregts 2003, Delucchi 2005; Kim and Dale 2005 and Cowie et al. 2006).
However, by now, changes in C sequestration by ecosystems are increasingly rec-
ognized as a major determinant of net seed-to-wheel greenhouse gas emissions (e.g.
Fritsche 2007; Danielsen et al. 2008; Fargione et al. 2008; Gibbs et al. 2008; Ne-
chodom et al. 2008; Searchinger et al. 2008; Wicke et al. 2009). In a number of
cases, the link between change in C sequestration and expansion of biofuel produc-
tion is direct. For instance, because forest is cleared or degraded land is planted for
oil palm plantations serving the biodiesel market. In these cases, there is a large ef-
fect on C sequestration (Danielsen et al. 2008; Fargione et al. 2008). There are also
cases in which land use change has more limited direct effects on C stocks – for
instance, cases where oil palms have replaced other plantation crops, such as rubber
or coconut, that gave lower revenues (Tan et al. 2009).

There may also be indirect effects of expanding biofuel production on land use.
These follow from the relative inelasticity of demand for food. When land used
for food or feed (fodder) production is diverted to use for biofuel production, one
may expect that food or feed production to a very large extent moves elsewhere
(Searchinger et al. 2008). Some examples may illustrate this. Currently, in Brazil,
there is substantial conversion of pasture to arable land to grow soybeans. Conver-
sion of pasture to arable land tends to lower carbon in the ecosystem. But this is not
the ‘whole story’. Farmers that used the pasture may move to new pastures or may
import fodder from elsewhere, for which deforestation may be necessary (Nepstad
et al. 2008). Also, the expansion of soybean cropping in Brazil is partly linked to
the expansion of corn-for-biofuel production in the United States, which has dis-
placed US soybean production (Nepstad et al. 2008; Scharlemann and Laurance
2008). Tilman et al. (2006) have proposed the use of native prairie species as a ba-
sis for transport biofuel production from the US prairies, but to the extent that such
production replaces current grazing by livestock, the latter has to be accommodated
somewhere else. A last example refers to European wheat. In 2007, the price thereof
was much elevated, in part due to the use of wheat starch for ethanol biofuel pro-
duction. This led to a massive rise of corn imports with Brazil as a major supplier,
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which in turn was conducive to change of Brazilian land with natural vegetation into
cropland.

There may also be other changes in carbon sequestration linked to biofuel life
cycles. For instance, both in the case of electricity production of biomass and the
production of synthesis gas from biomass, CO2 may be captured and stored in soils
(e.g. aquifers or abandoned gas fields). In the case of electricity production, de-
pending on the technology used, life cycle emissions of greenhouse gases linked to
electricity production may be reduced by 75–84%, though other emissions such as
those of eutrophying and acidifying substances may be increased (Odeh and Cock-
erill 2008). There is currently only limited application of such capture and storage
(abbreviated CCS), but this may change in the future (Odeh and Cockerill 2008;
Gibbins and Chalmers 2008). Also, in generating transport biofuels from biomass
by pyrolysis, significant amounts of charcoal, also called ‘biochar’, may be gener-
ated (Demirbaş 2001), which in turn may be added to soils. This approach is cur-
rently not practiced, but again, this may change in the future (Marris 2006; Renner
2007).

Changes in carbon sequestration in ecosystems are currently common in trans-
port biofuel production. Clearing forests to allow directly or indirectly for culti-
vation of transport biofuel crops corresponds with substantial emissions of green-
house gases (Fearnside and Laurance 2004; Righelato and Spracklen 2007; Far-
gione et al. 2008; Reijnders and Huijbregts 2008a; Searchinger et al. 2008). This
follows to a large extent from the large changes in aboveground and soil carbon
stocks. For instance, estimates of aboveground C stocks in rainforests range from
approximately 130–270 Mg C ha−1 (Danielsen et al. 2008; Fargione et al. 2008;
Reijnders and Huijbregts 2008a), and similar estimates for aboveground C stocks
in temperate forests range from approximately 100–160 Mgha−1 (Searchinger et al.
2008). Clearing other types of natural vegetation for transport biofuel production
may lead to a lower but still substantial desequestration of C. For instance, clearing
Cerrado savannah for soybean biodiesel production leads to an average deseques-
tration of about 23 Mg C ha−1 (Reijnders and Huijbregts 2008b), whereas losses of
C stocks in soil due to conversion of US grasslands into cropland for biofuels have
been estimated at approximately 17–40 Mg C ha−1 (Fargione et al. 2008). On the
other hand, Germer and Sauerborn (2007) have suggested that planting oil palms
on degraded grassland may lead to a substantial accumulation of aboveground and
soil organic carbon, estimated at 135 Mg C ha−1 over a period of 25 years. Ne-
chodom et al. (2008) have suggested very favourable life cycle assessments regard-
ing biomass from forest remediation in California, as it is assumed that without
using such biomass, forest fire risk would be much higher.

If one takes account of changes in carbon sequestration due to ecosystem changes
in life cycle environmental impact assessments, the distribution of changes in the
carbon content linked to land use change over the subsequent period should be
established, as pointed out in Sect. 4.2. The Intergovernmental Panel on Climate
Change (IPCC 2006) has suggested the use of a 20-year period for this purpose,
but calculations also have been made for periods of up to 100 years (Reijnders and
Huijbregts 2008a; Wicke et al. 2009).
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Fig. 4.1 Time needed (in years) to pay off the carbon debt due to ecosystem C losses in palm oil
production according to Fargione et al. (2008) and Danielsen et al. (2008)

Another way to approach this matter is to balance the net reduction of C emis-
sions from the use of biofuels against the ‘biofuel carbon debt’ due to C losses from
ecosystems. This gives rise to a number of years to pay off the carbon debt. An ex-
ample thereof for palm oil, reflecting a large effect on C stocks, is given in Fig. 4.1.

Direct changes in land use linked to expanded transport biofuel production are
relatively easy to include in life cycle assessments. Including indirect changes is
more difficult. A first possibility to take account of changes in C sequestration due
to indirect changes in land use has been suggested by Fritsche (2007). Fritsche pro-
posed that for such indirect effects, there should be a ‘risk adder’ or ‘iLUC’, re-
flecting the risk that there may be clearance of natural vegetation or other forms of
land use change that affect C sequestration and the net emission of CO2 (usually
distributed over a 20-year period in line with recommendations of the Intergovern-
mental Panel on Climate Change). The impact of emissions associated with differ-
ent assumptions as to indirect effects on land use change (different risk adders or
iLUCs) may be considerable. Illustrations are given by Table 4.1.

A more sophisticated approach uses modelling to estimate land use and land
use change induced by expanding transport biofuel production. A proposal for such
modelling has been published by Kløverpris et al. (2008). Searchinger et al. (2008)
have applied this type of modelling using a representation of outcomes in terms of
carbon debt. Searchinger et al. (2008) evaluated expanding corn cropping to achieve
the US government goals set for the transport biofuel supply in 2016. They used
a model to estimate worldwide land use changes following from this development,
which, they estimate, will divert 12.8 million ha of US cropland to transport bio-
fuel production. Searchinger et al. (2008) estimate that this will bring 10.8 million
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Table 4.1 Impact of variable ‘risk adders’ or ‘iLUCs’ (assumptions as to land use change) on net
greenhouse gas emissions if compared with fossil fuels (based on data from Bergsma 2007 and
Fritsche 2007; allocation on the basis of prices)

Biofuel Plant Fossil
reference
(100%)

CO2 equivalent
emission if compared
with fossil fuel,
while including 25%
induced deforestation
(%)

CO2 equivalent
emission if compared
with fossil fuel,
while including 75%
induced deforestation
(%)

Biodiesel Rapeseed
(Europe)

Diesel 113 241

Biodiesel Palm oil
(Indonesia)

Diesel 121 210

Bioethanol Wheat (Europe) Petrol 100 208

Fischer–
Tropsch
diesel

Lignocellulosic
biomass
(Europe)

Diesel 36 86

ha of additional land into cultivation. Searchinger et al. (2008) have calculated that
over a 30-year period, including land use change linked to expanding US corn-
based ethanol production will add about 93% to greenhouse gas emissions, if com-
pared with fossil gasoline. The payback time for the carbon debt caused by land use
change by corn ethanol is estimated by Searchinger et al. (2008) at 163 years. Mod-
elling such as performed by Searchinger et al. (2008) is dependent on assumptions.
Important among these are assumptions regarding the future productivity of land.
Searchinger et al. (2008) assumed per hectare an average worldwide corn yield in-
crease of 11.5% between 2007 and 2016. A lower increase would lead to a larger
indirect effect on land use, a higher increase to a lower indirect effect. For instance,
an additional 20% increase in yield per hectare would decrease the carbon debt from
163 to 133 years, whereas a yield increase of 1.5% between 2007 and 2016 would
increase the carbon debt to 183 years (Searchinger et al. 2008).

Thus, land use change may have a very large impact on seed-to-wheel green-
house gas emissions. Biofuel crops may, furthermore, differ in their consequences
for carbon stocks in the soil on which they are grown after land use change. An-
nual cropping of European arable land has been associated with losses of, on aver-
age, 0.84 Mgha−1 year−1 soil carbon from the upper soil layer (Vleeshouwers and
Verhagen 2002), and this has implications for the net greenhouse gas emissions as-
sociated with biofuel crops such as rapeseed and wheat (Reijnders and Huijbregts
2007, 2008b). Net losses of soil carbon from arable soils under annual crops are
not restricted to Europe. In Eastern Canada, arable land on average loses 0.07 Mg
C ha−1 year−1 to the atmosphere (Gregorich et al. 2005). In China, the estimated
loss on average is 0.81 Mg C ha−1 year−1 (Tang et al. 2006). The loss of soil or-
ganic carbon in China parallels the removal of approximately 300 million tons of
straw (Wright 2006). From Nepal, losses of soil carbon have been noted in a va-
riety of cropping systems, with, for instance, losses in maize/millet cropping sys-
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tems ranging between 0.11 and 0.23 Mg C ha−1 year−1 (Matthews and Pilbeam
2005; Shrestha et al. 2006). In a set of 14 cropped Brazilian soils sampled annu-
ally, losses of soil organic carbon were on average 0.15 Mgha−1 year−1 (Zinn et al.
2005), whereas for soybean-based crop rotation in the Brazilian Cerrado region,
losses were reported to be between 0.5 and 1.5 Mg C year−1 ha−1 (Jantalia et al.
2007). In Africa, losses of carbon from soil are expected as little or no agricul-
tural residues are returned to soils in many cropping systems (Syers et al. 1997).
In the case of semi-arid Sudan, an annual loss from cropland during the twentieth
century of, on average, 0.29 Mg C ha−1 year−1 has been found (Ardo and Olsson
2003). Long-term experiments in East Africa have suggested that losses of 0.69 Mg
C ha−1 year−1 are common (Nandwa 2001). Over relatively short and recent time
spans, measured C losses in the southern Ethiopian highlands amounted to approx-
imately 0.85–1.75 Mg C ha−1 year−1 (Lemenih and Itanna 2004), and in Western
Burkina Faso to approximately 0.31 Mg C ha−1 year−1 (Ouattara et al. 2006).

From peaty arable soils, losses may be much higher. They are especially high
when there is deep drainage and intensive mechanical soil disturbance (Freibauer
et al. 2004). Net carbon losses varying from 6 Mg in northern Norway up to 15 Mg
C ha−1 year−1 in the tropics have been reported (Grønlund et al. 2006; Reijnders
and Huijbregts 2007, 2008a).

Mechanical tillage and deep ploughing tend to favour net losses of soil carbon
stocks (Fontaine et al. 2007). No-till practices, ceteris paribus, lead to higher lev-
els of soil carbon than tillage (Fontaine et al. 2007), so does the use of cover crops
(Pretty et al. 2002). Also, returning harvest residues to soil is conducive to carbon
sequestration in soils (Reijnders and Huijbregts 2007; Lal 2008). In temperate cli-
mates, soil tillage can be combined with a stable level of soil carbon, when fresh
inputs of C (e.g. manure, crop residues) are large enough (Reijneveld et al. 2009).

Whereas losses of soil carbon are not uncommon under annual crops, net carbon
sequestration can occur when perennials or multiannual crops are grown.

Growing switchgrass that may serve as a cellulosic feedstock for transport bio-
fuel production is associated with the accumulation of soil carbon in the upper
soil layer (Ma et al. 2000; Lal 2008). Carbon accumulation rates depend on cli-
mate and soil and time period chosen. McLaughlin and Adams Kszos (2005) found
in the mid-Atlantic region of the USA over a 6-year period an accumulation of
1.2–1.6 Mg C ha−1 year−1. A simulation study considering a 30-year period of
switchgrass cropping in the Eastern USA suggests a carbon accumulation rate
of 0.53 Mgha−1 year−1 (McLaughlin et al. 2002). Long-term trials with ley grass
in Sweden suggested an annual accumulation of 1.0–1.3 Mg C ha−1 year−1 over
a 30-year period (Börjesson 1999). Björesson (1999) has suggested that a switch
from annual crops to perennial biofuel crops may be associated with a gain of about
0.5 Mg C ha−1 year−1 in Swedish mineral soils. However, net sequestration does
not always occur under perennial crops. In a grassland with Miscanthus sinensis
in Japan, harvested yearly, reductions of carbon stocks were observed in the order
of 0.56–1 Mgha−1 year−1 (Yazaki et al. 2004). Finally, soil organic carbon levels
may change when the climate changes. The effects of climatic change are complex
and may be different dependent on geography and the (agro)ecosystem (Luo 2007)
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For Europe, Vleeshouwers and Verhagen (2002) estimated that an increase in aver-
age temperature of 1 ◦C may be associated with an average net loss of soil organic
carbon in arable soils of about 0.04 Mgha−1 year−1.

4.3.5 Other Carbonaceous Biogenic Emissions

When vegetation is cleared to make way for biofuel cropping, there may be sig-
nificant emissions of non-CO2 carbonaceous greenhouse gases, including CO and
hydrocarbons. In practice, these gases may add, in CO2 equivalents, 10–20% to the
emission of CO2 only (Reijnders and Huijbregts 2008a). Also, if compared with
forested land, arable land with annual biofuel crops becomes a reduced sink for
CH4 (Powlson et al. 1997). Long-term cultivation has been shown to reduce CH4

uptake and oxidation by soils by 85% in a temperate setting. This may correspond
to a reduction of the soil sink for CH4 in the order of 100–200 kg CO2 equivalent
ha−1 year−1. And the nature of cultivation also matters, with synthetic NH4 fertil-
izer completely inhibiting CH4 oxidation, whereas manure has no inhibitory effect
(Powlson et al. 1997). When organic wastes of biofuel production are anaerobically
converted in open ponds or in dumps, there may be very large emissions of methane
(Reijnders and Huijbregts 2008a).

4.4 Net Greenhouse Gas Emissions for Specific Biofuels
and Categories of Biofuels

The data presented in Sect. 4.3 for the four major determinants of net greenhouse gas
emissions will be used in this section to calculate life cycle emissions for specific
biofuels and categories of transport biofuels.

4.4.1 Net Greenhouse Gas Emissions for Specific Biofuels

Example 1: Electricity from Woody Biomass Instead of from Fossil Fuels

Substituting fossil fuels with woody biomass from sustainably managed forests in
electricity production will strongly reduce the life cycle greenhouse gas emissions
per kWhe, as indicated by Fig. 4.2.

However, when there are changes in C sequestration due to forestry, emissions
may deviate in a major way from the values in the last column of Fig. 4.2. Nechodom
et al. (2008) have given a far more favourable assessment of electricity generated by
burning woody biomass from forest remediation in California, as such remediation
is supposed to reduce C losses due to fires, whereas use of woody biomass associ-
ated with clear cutting forests will lead to greenhouse gas emissions that are much
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Fig. 4.2 Life cycle emission of greenhouse gases for different types of electricity production
(Reijnders and Huijbregts 2003; Weisser 2007)

larger than those associated with the fossil fuels given in Table 4.1 (Reijnders and
Huijbregts 2003). There may also be temporal deviations from the woody biomass
value given in Fig. 4.2 when the requirement is that cutting trees should be bal-
anced by planting new trees. In this case, there may be a period of up to 20–40
years after harvesting in which forests are net sources of atmospheric carbon, and
even longer periods before initial C losses are fully compensated (Reijnders and
Huijbregts 2003).

Example 2: Ethanol from European Wheat

When it is assumed that straw should be returned to a large extent to soils, the in-
put of fossil fuels in the life cycle of bioethanol from European wheat is such that,
whatever the allocation between ethanol and co-products [DDG(S) and glycerol],
there is a rather small margin between the fossil-fuel-based energetic input and en-
ergetic output of the life cycle (von Blottnitz and Curran 2007; Reijnders and Huij-
bregts 2007). This limited advantage regarding the emission of greenhouse gases for
bioethanol is, however, well exceeded by the average emissions N2O and CO2 from
conventionally tilled soils on which wheat is grown, whatever the allocation cho-
sen (Crutzen et al. 20007; Reijnders and Huijbregts 2007). When indirect effects on
land use are also factored in, ethanol from European wheat does worse than fossil
gasoline, whatever the choices regarding allocation (Fritsche 2007; Reijnders and
Huijbregts 2007).
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Example 3: Palm Oil

Palm oil has been proposed for use as a heavy-duty transport fuel in warm climates
(Prateepchaikul and Apichato 2003). It may also be used in electricity production
and after transesterification as biodiesel in cars (Reijnders and Huijbregts 2008a). In
the case of palm oil, there is, both in monetary and physical terms, one major mar-
ketable output of production (palm oil) and one minor one: palm kernel cake (which
may be used as animal feed). For the establishment of oil palm plantations, a variety
of land use changes is possible, and the effects thereof can be distributed over time in
different ways (Reijnders and Huijbregts 2008a; Wicke et al. 2009). It turns out that
when the plantation is on mineral soil and native forest is cleared, palm oil will do
worse than diesel based on mineral oil unless the changes in C content of the ecosys-
tem are distributed over a long time span (Reijnders and Huijbregts 2008a; Wicke
et al. 2009). When the plantation is on peaty soil, palm oil does much worse regard-
ing the emission of carbonaceous greenhouse gases and N2O than diesel based on
mineral oil (Danielsen et al. 2008; Fargione et al. 2008; Reijnders and Huijbregts
2008a; Wicke et al. 2009). On the other hand, when a palm oil plantation is estab-
lished on abandoned mineral soils, palm oil will do much better than fossil diesel
(Germer and Sauerborn 2007; Wicke et al. 2009).

4.4.2 Net Greenhouse Gas Emissions for Categories
of Transport Biofuels

On the basis of available data, it is also possible to draw general conclusions as to
the question of whether categories of transport biofuels are better or worse regarding
life cycle greenhouse gas emissions than conventional fossil transport fuels, such as
diesel and petrol. The latter have a life cycle greenhouse gas emission of about
3.6 kg CO2 equivalent kg−1 fuel (EUCAR et al. 2007; Reijnders and Huijbregts
2008b). In the following, comparison between fuels will be made on the basis of
equal energy generation.

Transport Biofuels from Crops on Peat

Transport biofuels from crops grown on peat land do badly as to greenhouse gas
emissions. This is linked to the large carbon losses from peat land when used for
cultivation. This has been shown for bioethanol in Europe (Reijnders and Huijbregts
2007) and for palm oil from Southeast Asia (Danielsen et al. 2008; Fargione et al.
2008; Reijnders and Huijbregts 2008a). This will also hold for produce of the sago
palm, which often grows on peat land (Melling et al. 2005a, b; Singhal et al. 2008).
Sago has been called the ‘starch crop of the twenty-first century’ and suitable for the
production of the transport biofuel ethanol (Singhal et al. 2008). The yield of sago
plantations is 2–3 Mg starch year−1 ha−1 (approximately 0.6–0.9 Mg C) (Singhal
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et al. 2008), but the annual loss of C from peaty soil is approximately 11 Mg C
year−1 ha−1, partly as methane (Melling et al. 2005a, b). When mineral soils have
a high carbon content, as in the case of peaty clay, net greenhouse gas emissions will
also be relatively high (Reijneveld et al. 2009), making transport biofuel production
on such soils relatively unattractive for mitigating climate change.

Transport Biofuels Derived from Annual Crops on Mineral Soils

Biodiesel made from vegetable oil which may also serve as food or feed is usu-
ally inferior to conventional diesel, when the arable soil is subject to tillage without
addition of large amount of fresh C (e.g. residues, manure) and land use changes
are factored in. Ethanol from starch and sugar crops is usually inferior to conven-
tional gasoline when arable land is subject to tillage, ethanol production is powered
by fossil fuels, land use change is factored in and Intergovernmental Panel on Cli-
mate Change (IPCC) guidelines are applied. It has been argued that no foreseeable
changes in agricultural or energy technology will be able to achieve meaningful
benefits as to the emission of greenhouse gases if annual crop-based biofuels are
produced at the expense of tropical forests (Gibbs et al. 2008).

Among the transport biofuels from sugar and starch crops, ethanol from sugar
cane does relatively well. For Brazilian sugar-cane-derived ethanol produced in
2005/2006, a greenhouse gas emission has been published of somewhat more than
0.4 kg CO equivalent per litre ethanol (Macedo et al. 2008). The latter energetically
equals about 0.75 l gasoline, which has a life cycle CO2 emission of about 2.5 kg
CO2 equivalent. The estimate of Macedo et al. (2008) includes an N2O emission
from soils, though linked to a lower input of N fertilizer than used by Machado
et al. (2008), and a greenhouse gas emission linked to burning ‘trash’. Changes in
aboveground and belowground C were not accounted for by Macedo et al. (2008),
and the value for the emission of N2O used by them was well below the 3–5% of N
input suggested by Crutzen et al. (2007).

There is no clarity regarding the impact of sugar cane cultivation on soil C stocks.
It has been suggested that a conversion of rainforest to pasture and then to sugar cane
plantation reduced the soil C stock by about 40% (Groom et al. 2008). But there
are also reports that current practices are not associated with reductions in soil C
of current arable soils with limited tillage (La Scala et al. 2006; de Resende et al.
2006). However, a major loss of carbon is associated with converting the wooded
Cerrado to arable land for growing sugar cane. Fargione et al. (2008) estimate that
it will take 17 years to pay back the carbon debt for this by producing sugar cane
ethanol. If the IPCC guidelines are followed, ethanol from sugar cane for which the
Cerrado savannah has been cleared would probably do somewhat better than fossil
gasoline. If arable land remains in use for many decades, sugar cane ethanol will do
substantially better than conventional gasoline.
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Transport Biofuels Derived from Perennials

Lignocellulosic biomass produced in a way that does not significantly change C
sequestration in ecosystems will do better than fossil fuels in electricity produc-
tion (see Fig. 4.2). Biodiesel made from palm oil may well be inferior to biodiesel
when forests are cleared to grow oil palms (Danielsen et al. 2008; Fargione et al.
2008; Reijnders and Huijbregts 2008a). The same will hold for coconut biodiesel
(contrasting the conclusion of Tan et al. 2004). But the opposite will hold when
palms are established on abandoned agricultural land where there is currently little
sequestration of C, provided that cultivation does not lead to lowering of soil carbon
stocks (e.g. Germer and Sauerborn 2007). When, under market conditions, perennial
grasses, short rotation woody perennials and herbaceous species such as Miscanthus
are used in industrialized countries as lignocellulosic biomass for the production of
Fischer–Tropsch diesel or ethanol, it would seem likely that there will be a large
indirect effect on land use involving clearance of natural vegetation (Searchinger
et al. 2008). In this case, it is doubtful whether lignocellulosic biofuels will much
outperform fossil fuels regarding life cycle greenhouse gas emissions (see also the
last row of Table 4.2).

Electricity from Biowaste

There is substantial combustion of biowastes for the generation of electric power,
which in principle may be used for traction. There is also substantial anaerobic con-
version of biomass wastes into methane, which in turn can be used for automotive
purposes. Biodiesel made from waste fats and oils (yellow grease) is currently the
main biowaste-derived road transport biofuel. As pointed out in Chap. 1, there are
a wide variety of processes that have been proposed to convert wastes into liquid
biofuels, such as ethanol, methanol and Fischer–Tropsch liquid transport fuels, and
there is also the possibility for conversion into H2.

How does one evaluate the environmental impact of using biowastes to power
transport? This is a tricky question. We will illustrate this with two examples, drawn
from major applications of such wastes: burning to generate electricity and conver-
sion into methane. Firstly, the allocation of emissions has a large impact on those
evaluations. In this context, one may consider the example of electricity production
from chicken manure in the European Union (Reijnders and Huijbregts 2005). At
the time of this study, such manure had a negative price. Reijnders and Huijbregts
(2005) calculated the emissions of greenhouse gases associated with electricity pro-
duction using allocation on the basis of actual prices, allocation on the basis of prices
but with an assumed zero price for manure and allocation on the basis of energetic
outputs of chicken production. The results thereof are shown in Table 4.2.

As also pointed out in Chap. 2, so far it has been usual in life cycle assessments
of biofuels from wastes to allocate on the basis of a zero price, implying that the life
cycle leading to the generation of wastes has no impact on the environmental eval-
uation of such biofuels. A first problem with this approach is that when the current
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Table 4.2 Emission of greenhouse gases associated with 1 kWh electricity from chicken manure,
using different assumptions regarding allocation (Reijnders and Huijbregts 2005)

Assumption Emission of greenhouse gases in g CO2 equivalent per kWh;
+ emission − (apparent) sequestration

Allocation based on prices:
negative price manure

−250 to −390

Allocation based on prices:
price of manure
assumed to be 0

0

Allocation based on
energetic outputs poultry
farming

+630 to +1,040

waste indeed turns out to be viable as a source of biofuel production, it will turn into
a ‘secondary resource’ which may well have a positive price. A second complication
centres around the reference to be used and the ‘normal fate’ of the waste used. This
again may have a very large impact. For instance, a study about Dutch projects to
convert manure into methane (Zwart et al. 2006) concluded that the energetic out-
put (methane) was roughly the same as the energetic input (fossil fuels). However,
Zwart et al. (2007) calculated a very low net greenhouse gas emissions for fermen-
tation of manure, because they did not compare greenhouse gas emissions linked to
methane from manure with the life cycle emissions of natural gas, but rather they
compared fermentation with other ways of handling manure. Also, for the energetic
application of manure, they assumed a major reduction in the emission of methane
and N2O due to a much-reduced storage time for manure. So estimates about the
environmental impacts of biowastes used for fuelling transport are dependent on
subjective assumptions.

Zah et al. (2007) have studied emissions associated with methane production
from a variety of wastes, using allocation on the basis of prices and a zero value
of the waste itself. Thus, the calculation of emissions linked to methane production
from wastes was restricted to the waste-to-wheel stages of the life cycle. Compar-
ison was with natural gas. The wastes considered were: sewage sludge, biowaste,
manure and manure plus co-substrates. The emission of greenhouse gases for the
production of methane from these wastes was in the order of 50–80% of the fossil
reference. When allocation would have been seed-to-wheel on the basis of energy or
mass, the emission of greenhouse gases linked to waste-based methane production
would have been much higher (cf. Table 4.2).

4.5 Non-greenhouse Gas Emissions

Using transport biofuels may change the emissions of non-greenhouse gases, if com-
pared with the original (fossil) fuel. For instance, the substitution of fossil diesel by
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biodiesel (fatty acid ester) reduces sulphur dioxide emissions but tends to increase
the emissions of nitrogen oxides (NOx) from diesel, whereas the acute effects on res-
piratory organs do not change significantly (Ban-Weiss et al. 2007; Lin et al. 2007;
Swanson et al. 2007; Szybist et al. 2007). The increase of NOx emissions caused
by switching to biodiesel can be reduced by adjusting timing of the injection pump
(Kegl 2008). The impact of substituting fossil diesel by biodiesel on particulate
matter emissions by motorcars is apparently complex, with evidence that biodiesel
substitution impacts the nanostructure of diesel soot, enhances oxidative reactivity
and cytotoxicity but reduces mutagenicity (Bünger et al. 2000; Szybist et al. 2007).
It appears that the overall amount of particulate matter and the number of particles
that is emitted is reduced when fossil diesel is progressively replaced by biodiesel,
which seems indicative of reduced risk. But the average particle size is also reduced
(Kegl 2008; Keskin et al. 2008; Lapuerta et al. 2008), and smaller particle size is
correlated with increased risk of a specified mass of particulate matter (Lapuerta
et al. 2008). The overall effects of all these changes on human health impacts await
further research (Swanson et al. 2007).

It would seem likely that, if compared with fossil gasoline, the admixture of
ethanol to gasoline may be able to reduce emissions of CO and reduce ambient O3

concentrations (Ahmed 2001). On the other hand, the emission of acetaldehyde is in-
creased by such a substitution, and there may also be an increase in the atmospheric
concentration of peroxylacetate nitrate (PAN) (Ahmed 2001). What the overall im-
pact thereof on health will be awaits further research. Moreover, in practice, ethanol
(or ETBE) may not substitute fossil hydrocarbons but other oxygenates of MTBE.
It would seem doubtful that, as far as its impact on inhaled air is concerned, such
a substitution would benefit health (Ahmed 2001).

Changes in non-greenhouse gas emissions are not confined to cars; they concern
the complete life cycles. And indeed, a substantial part of the seed-to-wheel non-
greenhouse gas emissions is, for instance, associated with the cropping stage. This
stage is associated with the input of fertilizers (‘nutrients’) and pesticides. Nutrients
(including conversion products thereof) may be emitted into the wider environment.
Well known is the leaching of P and N nutrients into water. Leaching of these nu-
trients from arable soils in the US Midwest, where corn is grown to supply ethanol,
is a primary contributor to the hypoxic zone in the Gulf of Mexico (Powers 2007).
Hypoxic zones due to elevated levels of nutrients also occur in the East China Sea
and several continental European seas, whereas continental shelves of Africa, South
America and India are relatively vulnerable to increases in nutrient emissions (Diaz
and Rosenberg 2008). More in general elevated concentrations of nutrients may lead
to eutrophication. Eutrophication is linked with harmful algal blooms and reduced
biodiversity (Granéli and Turner 2006; Ptacnik et al. 2008).

Even the cropping of Jatropha, which produces nuts with well-known insectici-
dal properties, may require substantial pesticide inputs to reduce the impact of pests
(Grimm 1999; Grimm and Somarriba 1999; Carvalho et al. 2008). More generally,
cropping is also associated with the use of pesticides, which may lead to ecotoxicity
and toxic effects on humans. In some cases, handling of harvested materials may
have a large impact on non-greenhouse gas emissions. A case in point is the burning
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of harvest residues of sugar cane, which serves as feedstock for the production of
bioethanol. This has an adverse impact on populations living in areas where sugar
cane is harvested, especially on the respiratory systems of children and the elderly
(Cançado et al. 2006).

The most comprehensive study regarding transport biofuel life cycles is the
work of Zah et al. (2007), who compared traditional fossil fuels with a variety of
plant-based biofuels, such as rapeseed methylester, palm oil methylester, soybean
methylester, methanol and ethanol from various biomass sources and countries of
origin, regarding seed-to-wheel non-greenhouse gas emissions. Allocation was on
the basis of prices. Zah et al. (2007) considered the life cycle emissions that may
lead to oxidizing smog, eutrophication and ecotoxicity. In many cases, the emis-
sion of ecotoxic substances was found by Zah et al. (2007) to be lower for crop-
based transport biofuels than for fossil fuels. However, there were also exceptions.
Biodiesel from Malaysian palm oil and Brazilian soybean oil gave rise to seed-to-
wheel emissions that were at least five times more ecotoxic than the fossil petrol or
diesel life cycle emissions. As to eutrophication, plant-based biofuels tended to do
worse than fossil transport fuels over their respective life cycles, with the exception
of some wood- and grass-based products that scored rather similar to fossil trans-
port fuels. Regarding the emission of hydrocarbons which may lead to oxidizing
or photochemical smog, biofuels did often somewhat better than fossil fuels. How-
ever, soybean-based biodiesel, Malaysian oil-palm-based biodiesel and bioethanol
from sugar cane in Brazil did much worse regarding their seed-to-wheel emissions
of compounds that may cause oxidizing smog.

Zah et al. (2007) did not consider acidifying substances (NOx, SO2, NH3, HCl),
but other studies suggest that in this respect, biofuels often do worse than fossil fu-
els (Kaltschmitt et al. 1997; Sheehan et al. 2003; Reinhardt et al. 2006; Kim and
Dale 2008a), when allocation is on the basis of prices. Reinhardt et al. (2006) con-
sidered a variety of processes that convert lignocellulosic biomass into transport
fuels via synthesis gas. Apart from the life cycle emissions of acidifying substances,
they looked at plant nutrients and compounds that may be toxic to humans, while
allocating on the basis of prices, and concluded that such transport lignocellulosic
biofuels did in these respects mostly worse than fossil fuels. When allocation would
have been on the basis of energy content or weight of output, the emissions allo-
cated to transport biofuels would have been lower than in the case of allocation
on the basis of prices. Kim and Dale (2008a) looked at ethanol derived from US
corn grain by dry milling and found that this did worse than conventional gaso-
line as to eutrophication and photochemical smog. In this case, allocation was done
by substitution. Graebig (2006) has considered the relative environmental impacts
of electricity from photovoltaics and from biogas generated by the conversion of
maize. It was concluded that photovoltaics were better in all life cycle assessment
categories, except eutrophication.

Zah et al. (2007) also studied waste-to-wheel emissions associated with methane
production from a variety of wastes and compared these with natural gas. They
found that the emission of hydrocarbons, which contribute to oxidizing smog asso-
ciated with methane from wastes, was somewhat larger, and the emission of eutro-
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phying substances much larger than in the case of natural gas. Emissions of ecotoxic
substances were roughly similar or somewhat larger. The outcomes of the study of
Zah et al. (2007) seem more favourable to transport biofuels made from wastes than
to transport biofuels made from food crops. However, one should keep in mind that
this verdict is based on the assumption that life cycle impacts up to the waste can
be neglected. When wastes change into secondary resources, fetching a price, or
when the allocation in life cycle assessment is based on mass or energy, differences
between transport biofuels made from, for example, starch and from residues would
become smaller.

4.6 Potential for Emission Reduction

The seed-to-wheel emissions of the transport biofuels considered here are substan-
tial. The most important current transport biofuels (bioethanol from starch and sugar
crops and biodiesel from edible vegetable oil crops) are often not a substantial im-
provement over current fossil transport fuels or do even worse. Thus, the question
arises as to what the possibilities are for reducing this impact. Much of the impact
tends to come from the production of feedstock for transport biofuel production. So
the possibilities for the reduction of environmental impact associated with this stage
of the transport biofuel life cycles will be considered here.

Increasing soil carbon stocks while growing feedstocks may reduce the emission
of biogenic carbonaceous greenhouse gases. Reduced tillage, the use of cover crops
and/or fallows, including nitrogen fixers, and the return of residues and application
of other organic matter, such as manure and household composts, may contribute
to such an increase in C stocks (Nandwa 2001; Bationo and Buerkert 2001; Díaz-
Zorita et al. 2002; Cowie et al. 2006; Reijnders and Huijbregts 2007, 2008b). The net
emissions of greenhouse gases due to changes in ecosystem carbon stocks linked to
land use change following from expansion of feedstock cropping may be lowered or
even reversed by growing feedstocks on soils with low aboveground carbon stocks
(Germer and Sauerborn 2007). Also, increases in yield achieved at relatively low
inputs of fossil fuels and improved efficiencies in converting feedstock to biofuel
may reduce net greenhouse gas emissions (Gibbs et al. 2008).

In the case of CH4 emission due to anaerobic conversion linked to the process-
ing of biomass, capture of CH4 and application thereof in energy generation will
help (Reijnders and Huijbregts 2008a). When biofuels are burned in power plants,
there is the option of CO2 sequestration in abandoned gas and oil fields or aquifers,
which may lead to net biogenic C sequestration (Mathews 2008). The emission of
N2O may be reduced by a better N efficiency of agriculture. Precision agriculture
and subsoil irrigation techniques may be conducive to a better N efficiency (Reijn-
ders and Huijbregts 2008b). Kim and Dale (2008b) have shown that in conventional
corn cropping, there is an environmentally optimal N application rate which en-
hances profitability to farmers. Reduction of greenhouse gas emissions linked to the
production of synthetic N fertilizer may be possible by including N-fixing crops.
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Thomsen and Haugaard-Nielsen (2008) have, for instance, proposed wheat under-
sown with clover grass for the production of biomass to be subjected to simultaneous
saccharification and fermentation.

As to the emissions linked to fossil fuels, over time there have been significant re-
ductions in the fossil fuel inputs into the production of the currently most important
transport biofuel – ethanol due to efficiency gains (Hill et al. 2006; Macedo et al.
2008) – and a further significant reduction linked to efficiency gains is expected
(Macedo et al. 2008).

Also, in feedstock processing, there is scope for the replacement of fossil fuels
by agricultural residues, especially in the case of high-yielding crops (Reijnders and
Huijbregts 2008a; Reijnders 2008). For instance, in Thailand, coal is an important
fuel in the conversion of sugar cane molasses into ethanol (Nguyen et al. 2008),
and coal can be replaced by residues of sugar cane or oil palm fruit processing.
In the case of ethanol from sugar cane and within limitations linked to the need for
maintenance of soil C stocks, the possibility exists to additionally produce electricity
from bagasse (a sugar cane residue) for use elsewhere (Macedo et al. 2008).

In the case of sugar cane production, emissions of a variety of pollutants can
be reduced when cane burning is replaced by mechanical harvesting (Macedo et al.
2008; Machado et al. 2008). Improving the nutrient efficiency of biofuel cropping
(for instance by precision agriculture) may reduce nutrient emissions from arable
land, and there is also scope for reduced pesticide emissions (e.g. Muilerman 2008).

References

Ahmed, I (2001) Oxygenated diesel: emissions and performance characteristics of ethanol-diesel
blends in CI engines. Society of Automotive Engineers 2001-01-2475.
http://www.oxydiesel.com/sae2001-01-2475.pdf

Al-Kufaishi SA, Blackmore BS, Sourell H (2006) The feasibility of using variable rate water ap-
plication under a central pivot irrigation system. Irrig Drain Syst 20:317–327

Almeida AC, Soares JV, Landsberg JJ, Rezende GD (2007) Growth and water balance of Euca-
lyptus grandis hybrid plantations in Brazil during a rotation for pulp production. Forest Ecol
Manag 251:10–21

Ardo J, Olsson L (2003) Assessment of soil organic carbon in semi-arid Sudan using GIS and the
CENTURY model. J Arid Environ 54:633–651

Banedjschafie S, Bastani S, Widmoser P, Mengel K (2008) Improvement in water use and N fertil-
izer efficiency by subsoil irrigation of winter wheat. Eur J Agron 28:1–7

Ban-Weiss GA, Chen JY, Buchholz BA, Dibble RW (2007) A numerical investigation into the
anomalous slight NOx increase when burning biodiesel; a new (old) theory. Fuel Process Tech-
nol 88:659–667

Barnett TP, Pierce DW, Hidalgo HG, Bonfils C, Santer BD, Das T et al. (2008) Human-induced
changes in the hydrology of the western United States. Science 319:1080–1083

Bationo A, Buerkert A (2001) Soil organic carbon management for sustainable land use in Sudano-
Sahelian West Africa. Nutr Cycl Agroecosys 61:131–142

Bergsma G (2007) Heldergroene biomassa. [Transparently green biomass]. Stichting Natuur en
Milieu, Utrecht

Berndes G (2002) Bioenergy and water – the implications of large-scale bioenergy production for
water use and supply. Global Environ Chang 12:253–271



References 121

Betts R (2007) Implications of land-ecosystem-atmosphere interactions for strategies for climate
change adaptation and mitigation. Tellus B 59:602–615

Betts RA, Falloon PD, Klein Goldewijk K, Ramankutty N (2007) Biophysical effects of land use
change on climate: model simulations of radiative forcing and large-scale temperature change.
Agr Forest Meteor 142:216–233

Börjesson P (1999) Environmental effects of energy crop cultivation in Sweden – I: identification
and quantification. Biomass Bioenerg 16:137–154

Börjesson P, Mattiasson B (2008) Biogas as a resource-efficient vehicle fuel. Trends Biotechnol
26:7–13

Brady D, Pratt GC (2007) Volatile organic compound emissions from dry mill fuel ethanol pro-
duction. J Air Waste Manag Assoc 57:1091–1102

Brown ME, Funk CC (2008) Food security under climate change. Science 319:580–581
Bünger J, Krahl J, Baum K, Schröder O, Müller M, Westphal G, Ruhnau P, Schulz TG, Hallier E

(2000) Cytotoxic and mutagenic effects, particle size and concentration analysis of diesel en-
gine emissions using biodiesel and petrol diesel as fuel. Arch Toxicol 74:490–498

Cançado JED, Saldiva PHN, Pereira LAA, Lara LBLS, Artaxo P, Martinelli LA, Arbex MA,
Zanobetti A, Braga ALF (2006) The impact of sugar cane-burning emissions on the respira-
tory system of children and the elderly. Environ Health Persp 114:725–729

Carvalho CR, Clarindo WR, Praça MM, Araújo FS, Carels N (2008) Genome size, base composi-
tion and karyotype of Jatropha curcas L., an important biofuel plant. Plant Sci 174:613–617

Chisti Y (2007) Biodiesel from microalgae. Biotechnol Adv 25:294–306
Chisti Y (2008) Biodiesel from microalgae beats bioethanol. Trends Biotechnol 26:126–131
Cowie AL, Smith P, Johnson D (2006) Does soil carbon loss in biomass production systems negate

the greenhouse benefits of bioenergy? Mitigation Adaptation Strategies Global Change 11:
979–1002

Crutzen PJ, Mosier AR, Smith KA, Winiwarter W (2007) N2O release from agro-biofuel produc-
tion negates global warming reduction by replacing fossil fuels. Atmos Chem Phys 7:11191–
11205

Curran MA (2007) Studying the effect of system preference by varying coproduct allocation in
creating life-cycle inventory. Environ Sci Technol 41:7145–7151

Danielsen F, Beukema H, Burgess ND, Parish F, Brühl C, Donald PF, Murdiyarsno D, Phalan B,
Reijnders L, Struebig M, Fitzherbert EM (2008) Biofuel plantation on forested land: double
jeopardy for biodiversity and climate. Conserv Biol in press

Delire C, Behling P, Coe MT, Foley JA, Jacob R, Kutzbach J, Liu Z, Vavrus S (2001) Simulated
response of the atmosphere-ocean system to deforestation in the Indonesian Archipelago. Geo-
phys Res Lett 28:2081–2084

Delucchi MA (2005) A multi-country analysis of lifecycle emissions from transportation fuels and
motor vehicles. UCD-ITS-RR-05-10. University of California at Davis, Davis
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Chapter 5
The Impact of Expanded Biofuel Production
on Living Nature

5.1 Introduction

In 2007, there was a lively discussion about a plan to replace the Mabira Forest
Reserve in Uganda with a sugar cane plantation for the production of the trans-
port biofuel ethanol. This forest reserve is home to almost 300 bird species (among
which is the very rare Nahan’s Francolin) and supports 75 endemic species. In Oc-
tober 2007, the Ugandan government announced that the plan had been scrapped,
because the income from conserving the Mabira Forest would dwarf the profits from
bioethanol production (Williams 2007). In the case of the Mabira Forest, much of
this income is derived from ecotourism (Williams 2007), with additional revenues
coming from harvesting timber, making charcoal and the collection of fuelwood
(Naidoo and Adamowicz 2005). There may also be other sources of income from
such forests, such as the collection of food, ornamental plants and organisms that
have medicinal value (Brown and Rosendo 2000; Shanley and Luz 2003; Brennan
et al. 2005; Mutimukuru et al. 2006). In being a target for ecotourism and providing
natural resources, living nature may be said to provide ecosystem services that have
monetary value.

Decisions about clearing nature to make way for biofuel production may also turn
out differently. For instance, in 2007, the replacement of the high ecological value
Tanoé Swamp Forest (Ivory Coast) by an oil palm plantation for biofuel production
was also started (Sielhorst et al. 2008).

Direct replacement of nature by growing biofuels is only a part of the conse-
quences of the expansion of biofuel production. There are also indirect effects of
this expansion. These follow from the relative inelasticity of the demand for food
(von Braun 2007; Searchinger et al. 2008). When cropping for biofuels replaces
cropping for food or feed, food or feed crops largely have to be grown somewhere
else. When the expansion of cropping for biofuel production is small, it may be pos-
sible that the extra production of food and feed can be accommodated on existing
agricultural soils, due to increasing productivity of agriculture. But when there is
a fast and major expansion, this is not possible, and food and feed production may
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have to expand in areas that were so far left to nature (Searchinger et al. 2008).
When the expansion of biomass for biofuel production is on highly productive soils,
the effect can be relatively large, as it may well be that part of the expansion of food
or feed production has to take place on soils with lower productivity, which will lead
to relatively large land claims.

Replacement of living nature by agriculture directly or indirectly related to the
expansion of biofuel production is a significant matter in the current debate about
transport biofuels. And financial considerations are important to the outcome of the
conflicts between nature and (agri)culture. However, financial interests are not the
only matters that are at stake. It has been argued that natural species have an in-
trinsic value, which requires protection against extinction. This type of argument
has led to laws such as the (US) Endangered Species Act, which aims at protec-
tion of endangered species. Secondly, ecosystems provide non-monetary ecosystem
services to humankind conducive to a benign biological, chemical and physical en-
vironment and to socio-cultural fulfilment (Daily 1997; Moberg and Folke 1999;
Daily 2000; Batabyal et al. 2003; Díaz et al. 2006; Brauman et al. 2007; Marrs et al.
2007; Wallace 2007). The non-monetary ecosystem services include beneficial im-
pacts on water quality and quantity, climate, soil retention, pest and disease control
and pollination. A more extended list is in Table 5.1.

Table 5.1 Non-monetary ecosystem services to mankind (Daily 1997; Díaz et al. 2006; Lelieveld
et al. 2008)

Non-monetary ecosystem service to mankind

– Cleansing of air and water
– Contribution to preservation of soil fertility and stability
– Regulation of water quantity and quality available to humans, crops, animal husbandry

and domestic animals
– Pollination of plants important to humans
– Pest and disease control in agriculture
– Resistance to invasive organisms that have negative impacts
– Climate regulation
– Protection against natural hazards (floods, fires, storms)
– Contribution to productivity and stability of plant production important to humans
– Prevention of leakage of nutrients and metals from soil to surface and ground water

Ecosystem services have been linked to biodiversity (Daily 1997, 2000), under-
stood here as the diversity of species present in an ecosystem. There are a large num-
ber of empirical studies that underpin this link (Salonius 1981; Naeem et al. 1995;
Walker 1995; van der Heijden et al. 1999; Schläpfer and Schmid 1999; Duarte 2000;
Emmerson et al. 2001; Engelhardt and Ritchie 2001; Hector et al. 2001; Lyons and
Schwarz 2001; Loreau et al. 2001; Tilman et al. 2001b; Duffy 2002; Emmerling
et al. 2002; Symstad et al. 2003; Tilman et al. 1996; Armsworth et al. 2004; Heems-
bergen et al. 2004; Reusch et al. 2005; Balvanera et al. 2006; Cardinale et al. 2006;
Worm et al. 2006; Brussaard et al. 2007; Díaz et al. 2007; Fargione et al. 2007;
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Turner et al. 2007; Flombaum and Sala 2008; Fornara and Tilman 2008; Ptacnik
et al. 2008; Weigelt et al. 2008). From the studies done so far, it appears that there
may be considerable differences between species in terms of what they contribute
to ecosystem services (Cardinale et al. 2006; Jordan et al. 2006). On one hand, there
are ‘keystone’ species that appear to have a large impact on such services. Keystone
species have key functions in ecosystems. For instance, in sea grass communities,
there are engineering species which, by changing the environment, facilitate the
presence of species that would otherwise be absent (Duarte 2000). In arid envi-
ronments, nurse plants such as Cercidium microphyllum and Carnegiea gigantea
(saguaro cactus) have been identified that promote the establishment and survival of
other species, including a variety of trees and shrubs (Withgott 2000; Drezner 2006,
2007). And in the US Great Basin, sagebrush serves as a nurse plant for pinyon pine
(Withgott 2000).

When keystone species disappear, the loss of ecosystem services may be dispro-
portional. On the other hand, there are species which are in one or more respects
rather similar to others in what they do in ecosystems. The loss of such a species
may give rise to a less-than-proportionate loss of ecosystem services. The latter is
reflected in studies that suggest that halving the number of plant species, on average,
leads to a reduction in primary production of about 10–20% (Tilman et al. 1996).
Still, there is also the possibility that cumulative biotic changes which at first ap-
pear to have little effect may give rise to a sudden collapse of ecosystem services
(Scheffer et al. 2001; Folke et al. 2004; Balmford and Bond 2005).

Such a collapse and the disproportionate effect of the loss of keystone species ex-
emplify the possibility that the relationship between biodiversity and ecosystem ser-
vices may show non-linearities (Lovelock 1988; Scheffer et al. 2001; Strange 2007).
There may also be other causes for non-linearity. For instance, it has been found that
there may be synergistic relations between invasive species (Grosholz 2005). And
there may be interactions between losses of biodiversity and other human interven-
tions that may give rise to non-linear effects. Malhi et al. (2008) discussed such
a possibility in the context of deforestation and fire use in Amazonia. Here, there
is a synergism between forest fragmentation and fire. Once burnt, a forest becomes
more vulnerable to further burns and loses many primary forest species. Malhi et al.
(2008) suggest that a tipping point may be reached when gasses establish in the
forest understory, providing a source of fuel for repeated burns.

Monetary valuation of non-monetary ecosystem services is inherently problem-
atic. One cannot buy them on markets. Provided that nature is there, they are freely
provided. Without the ecosystem services of living nature, we would not even exist.
The latter may be argued to suggest an infinite value, the former a zero value. And
there have also been estimates in between (Costanza et al. 1997, 2007; Sukhdev
2008). Given the problematical character of monetary valuation of non-monetary
services, the following overview considers non-monetary ecosystem services with-
out attributing monetary values.

In Chap. 2, it was pointed out that increased yields per hectare, partly linked
to intensification of agriculture, are expected to contribute to the displacement of
fossil fuels by biofuels, but that large-scale displacement of fossil fuels by biofuels
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requires large areas of land. Current policy targets for 2020 would require the use
of between 55–166 million hectares (Mha) for biofuel cropping (Renewable Fuels
Agency 2008). One option is to use surplus and degraded or abandoned and fallow
agricultural land for this purpose (e.g. Hoogwijk et al. 2003). An estimate suggest-
ing that by 2050, up to 300 EJyear−1 of liquid biofuels can be produced worldwide
indeed assumes that 80% of the land area needed for that purpose will be aban-
doned land (de Vries et al. 2007). In this case, there will probably be a large effect
on biodiversity (Huston and Marland 2003; Marland and Obersteiner 2008), and
biodiversity on abandoned and fallow land is linked to ecosystem services (Börner
et al. 2007; Williams et al. 2008). It is likely that abandoned and fallow land will
have a lower productivity than good-quality land. As a result, when fixed amounts
of transport biofuels have to be produced, as mandated under current regulations in
the USA, Canada, Brazil, India and the European Union, larger areas of land will be
needed for biofuel production.

It is likely that abandoned and fallow land rather often harbours substantial biodi-
versity (van Noordwijk 2002; Zechmeister et al. 2003; Karlowski 2006; Bowen et al.
2007; Royal Society 2008). Especially after long periods of abandonment, biodiver-
sity may be much increased (Fournier and Planchon 1998; van Noordwijk 2002;
Williams et al. 2008) and may approach biodiversity in undisturbed ecosystems.
However, there are also abandoned and fallow lands with relatively low biodiversity.
Examples are the Imperata cylindrica and Saccharum spontaneum dominated grass-
lands in formerly forested areas (Hooper et al. 2005; Germer and Sauerborn 2007).
Though there are parts of such grasslands of great ecological importance (Peet et al.
1999), often they are not (MacDonald 2004). There are hundreds of mega-hectares
of Imperata cylindrica grasslands, mainly in Africa and Asia (MacDonald 2004).
In Southeastern Asia, these grasslands cover an estimated 25–35 Mha (Garrity et al.
1996; Otsamo 2000). Such grasslands are currently used for feeding livestock and
thatching material (MacDonald 2004) but can also be used for biofuel production by
harvesting the grasses as lignocellulosic feedstock for biofuel production or by the
cultivation of, for example, short rotation woody crops that may serve as feedstock.
In practice so far, the use of abandoned agricultural land for biofuel production has
been very limited. For instance, expansion of Brazilian sugar cane production for
the biofuel ethanol has largely been in the Cerrado region, a hotspot for biodiversity
(Klink and Machado 2005; Koh 2007), and it has been suggested that further expan-
sion may mainly take place on current pastureland (Goldemberg 2008; Goldemberg
et al. 2008). Similarly, in Malaysia and Indonesia, there has been large-scale con-
version of tropical forest into plantations that produce palm oil, notwithstanding the
presence of large areas of degraded land in these countries (Germer and Sauerborn
2007).

There have been earlier proposals and attempts to exploit Imperata cylindrica
grasslands for the production of wood and lignocellulosic feedstocks for the pulp
and paper industry (Potter 1996; Lamb 1998; Otsamo 2000). These have met with
some success (Marjokorpi and Otsamo 2006). In Southeast Asia, an estimated 2
Mha of former Imperata cylindrica grassland is now converted into Acacia mangium
plantations, serving the supply of wood and lignocellulosic feedstock for the pulp
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and paper industry (Yamashita et al. 2008). However, attempts to convert Imperata
cylindrica grasslands has had limited success because of limited support by local
people who made use of those grasslands, e.g. for keeping livestock, and/or felt
such plantations at variance with their pressing needs (Potter 1996; Otsamo 2000;
Marjokorpi and Otsamo 2006), which is illustrated with a quote by one of those
affected: ‘The trees are healthy, but the people are sick at heart’ (Potter 1996). And
the production of lignocellulosic feedstock is not the only option for the conversion
of Imperata cylindrica grasslands. It has, for instance, been suggested that, where
possible, replacement of Imperata cylindrica grasslands by agroforests may be more
in line with the needs of local populations (De Foresta and Michon 1996).

Assuming ‘business as usual’, a strong future expansion of transport biofuel pro-
duction is expected to cause large-scale replacement of nature (Germer and Sauer-
born 2007; Gurgel et al. 2007; Johansson and Azar 2007; Sivaram 2007; Christers-
son 2008). At a regional scale, this seems to be confirmed by studies about a future
expansion of biofuel production. For instance, in studies regarding the perspectives
for ‘sustainable’ modern biomass production in Asian countries such as China, In-
dia, Sri Lanka, Malaysia and Thailand, production of biofuels means to a consid-
erable extent conversion of forests into plantations (Bhattacharya et al. 2003). And
use of marginal lands for biofuel production in Southwestern China is doubted as
much of this land is on sloping land that is prone to serious erosion (Naylor et al.
2007). In Africa, wetlands of high ecological value are increasingly considered for
biofuel crops such as sugar cane and oil palm (Sielhorst et al. 2008). Moreover, the
land claims associated with the expansion of transport biofuel production should be
considered against the background of increasing food production.

Currently on land, about one fifth of net primary production, or somewhat more,
is appropriated by humankind (Imhoff et al. 2004; Haberl et al. 2007), and about
38% of land is in agricultural use (FAO 2007). Tilman et al. (2001a) have esti-
mated that the area needed for expansion of agriculture for food production until
2050 may be about twice as large as the area of surplus and degraded agricul-
tural land identified by Hoogwijk et al. (2003). And the total amount of arable land
where wheat, maize, oilseeds and sugar is grown for food and feed purposes is pro-
jected to grow between 2000 and 2020, while assuming substantial improvements
in yield per hectare (Eickhout et al. 2008). Growing additional crops for ethanol or
biodiesel production or establishing plantations of trees will, assuming business as
usual, only add to the conversion of nature into ‘culture’, and thus to loss of habitats
for living nature (Koh 2007; del Carmen Vera-Diaz et al. 2008; Searchinger et al.
2008).

Replacement is not the only impact that an expanded production of transport
biofuels may have on living nature. It is likely (e.g. Goldemberg 2008) that expan-
sion of biofuel production will partly result in intensification of agriculture, which
is often associated with the increased use of inputs such as nutrients, pesticides and
(irrigation) water and increased drainage (Tilman et al. 2001a; Tscharntke et al.
2005; Liira et al. 2008). This will have side effects that affect biodiversity. It is also
possible to harvest nature for biomass that may serve as the basis for biofuel pro-
duction. For a specified amount of biofuel, this may well affect a larger area than
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for a similar amount of biofuels from crops. The removal of biofuels from forests
and other natural ecosystems may impact biodiversity. A case in point is the use of
forestry residues, which may negatively affect a variety of species (Nordén et al.
2004; Rudolphi and Gustafsson 2005). Natural habitats may also be invaded by
species planted for biofuel production (Zedler and Kercher 2004; Lavi et al. 2005;
Raghu et al. 2006; Nash 2007).

Effects of replacement of nature by agriculture on biodiversity and ecosystem
services will be discussed in Sect. 5.3. The effects on biodiversity and ecosystem
services of cropping and harvesting practices and of invasive species used in biofuel
cropping will be considered in Sects. 5.4 and 5.5, respectively. But first, in Sect. 5.2,
we will go briefly into the impact of biodiversity loss on natural resources which
have monetary value.

5.2 Loss of Biodiversity and Its Impact on Natural Resources
Which Have Monetary Value

Living nature is an important supplier of natural resources which have monetary
value, such as fuel, materials (e.g. rubber, aloe gel, wax, tannins, wood, thatch
and broom grass), food, medicines and ornamental plants (Carr et al. 1993; Brown
and Rosendo 2000; Brennan et al. 2005; Mutimukuru et al. 2006; Shackleton et al.
2007). Poor people, especially, often depend directly on the natural resources pro-
vided by living nature (Shackleton et al. 2007; Vedeld et al. 2007). An estimated
more than 1.6 billion people depend for their livelihood to varying degrees on
forests, and about 60 million people are fully dependent on forests (World Bank
2004). Vedeld et al. (2007) analyzed 51 case studies regarding rural dwellers from
17 developing countries in Africa, East Asia and Latin America and found that in-
come from forests represented, on average, 22% of total income. Main contribu-
tors to income were the collection of food, fodder, fuelwood, thatch and medicine.
When food prices are high, collection of wild foods has added importance for the
poor (e.g. Delang 2006). In the studies reviewed by Vedeld et al. (2007), medicines
from forests contributed about 7% to the income of rural dwellers. Also, natural
ecosystems other than forests, such as savannahs, are important providers of natural
medicines (Shackleton et al. 2007).

Currently, three-quarters of the world population depend at least partly on natu-
ral remedies (Sukhdev 2008). In China alone, 5,000 of the 30,000 recorded higher
plant species are used for therapeutic purposes (Sukhdev 2008). Natural medicines
have been found especially important to urban poor, for instance in countries such as
South Africa and Brazil (Shanley and Luz 2003; Shackleton et al. 2007). An exam-
ple of people currently affected by biodiversity loss are the city dwellers in Eastern
Amazonia (Shanley and Luz 2003). Medicinal plants in this region are negatively
affected by repeated cycles of forest burning and cutting and even more by the re-
placement of forests by biofuel crops. This, in turn, affects the availability and price
of such medicinal plants, which for plants with pharmacologically demonstrated
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effectiveness tended to be cheaper than their counterparts from the pharmaceuti-
cal industry (Shanley and Luz 2003). There may also be a long-term effect on the
availability of medicines produced by the worldwide pharmaceutical industry (Grifo
et al. 1997). More than half of the medicines prescribed in the USA in 1993 con-
tained at least one active compound ‘derived from or patterned after compounds
derived from biodiversity’ (Grifo et al. 1997). With many species not investigated
as yet as to their potential medicinal value, it may well be that the decrease of bio-
diversity negatively affects the future availability of new medicines.

Finally, the case of the Mabira Forest, mentioned at the beginning of this chap-
ter, illustrated the monetary importance of tourism. Nature-oriented tourism now
accounts worldwide for about 10% of international tourism expenditures and ap-
proximately 1% of total employment. It is increasingly important as a source of
revenue for a wide variety of countries, accounting in some for 40–60% of all inter-
national tourists (Carr et al. 1993; Watkins 2002; Nyaupane et al. 2004; Mowforth
and Munt 2005; Cochrane 2006; Shackleton et al. 2007).

5.3 Biodiversity and Ecosystem Function Loss
Due to Replacement of Nature

Biodiversity of areas under annual crops, perennial grass crops or plantations may
be different from that of the nature that they replace(d). To the extent that transport
biofuel production leads to losses of natural habitats, there is apparently a consistent
negative effect on species diversity (Fahrig 2003). The effect appears to be stronger
at higher trophic levels (Dobson et al. 2006).

In practice, expansion of biofuel production is often associated with cutting
forests, and this will probably also hold for future expansion (Gurgel et al. 2007). In
such cases, land with annual biofuel crops functions in a number of other ways dif-
ferently from a forest. Vegetation influences surface roughness, which in turn may
alter wind, turbulence and moisture convergence, and forest and cropland may be
significantly different in this respect (Notaro et al. 2006). Change of forest into crop-
land in semi-arid climates may increase dust emissions, which in turn may change
radiative forcing (Betts 2007). The albedo of arable land, on which biofuel crops
are grown, is often different from the albedo of land under natural vegetation, and
actual differences may also be crop dependent (Gustafsson et al. 2004; Schneider
et al. 2004; McPherson 2007). The albedo is a measure of the reflection of solar ra-
diation by the earth’s surface (including vegetation), which in turn is a determinant
of net radiation. Biofuel crops tend to be shorter and have less foliage than forests,
and so the surface albedo of arable land with biofuel crops tends to be higher than
the albedo of a forest. The release of water to the atmosphere by evapotranspira-
tion linked to biofuel crops may also be different from natural vegetation or other
crops (Gustafsson et al. 2004; McPherson 2007). The difference in evapotranspira-
tion may have impacts on soils and the atmosphere. An example of the former is
the large-scale salinization of soils in Australia, following the replacement of native
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woody vegetation by crops. The change in evapotranspiration caused groundwater
tables to rise, and the rising water mobilized salt (Folke et al. 2004).

As to the atmospheric effect of changed albedo, it may be noted that, besides
net radiation, evapotranspiration influences local climate, including temperature
(Schneider et al. 2004; Notaro et al. 2006; McPherson 2007), and there may also
be an impact on precipitation (Liu et al. 2006). Moderate and local deforestation
may lead locally to enhanced rainfall (Malhi et al. 2008). Also, in tropical regions,
replacement of forest by annual biofuel crops may cause warming, mainly due to
a decrease in evaporation and cloud cover (Betts et al. 2007). In temperate regions,
the overall effect of turning forest into cropland may lead to regional cooling that
may be partly offset by increased aerosol concentrations (Betts 2007).

When changes in vegetation are widespread, there may be an impact on mesoscale
climate (McPherson 2007; Liu et al. 2006). For instance, a simulation study assum-
ing a major reduction in forested area and a major increase in annual cropping in
Amazonia found a substantial reduction in precipitation over Amazonia and a posi-
tive radiation forcing at the top of the atmosphere linked to increased airborne dust
(Betts 2007). Another model study suggests that removal of 30–40% of the Ama-
zonian rainforest may push much of Amazonia into a permanently drier climate
(Malhi et al. 2008). Such a climate change may lead to additional damage to the
current Amazonian rainforest (Nepstad et al. 2008).

Mesoscale changes in climate may have knock-on effects. For instance, mesoscale
changes in Amazonia may in turn have effects on precipitation in the Northern
Hemisphere and across the rest of South America (Malhi et al. 2008). A simula-
tion regarding deforestation in Indonesia has suggested that the surrounding ocean
surfaces may be warmed and that this may have a widespread impact on atmospheric
circulation (Delire et al. 2001).

It has furthermore been found that cultivation of land for arable crops reduces
the uptake rate of CH4. In an experiment in Rothamsted, it appeared that extended
(150-year) cultivation of arable land decreased CH4 uptake and oxidation by 85%,
if compared to that in the soil under woodland (Powlson et al. 1997). Also, the
‘leakiness’ of nutrients and, more in general, soluble minerals is much increased
in agricultural land, if compared with soils under native forest cover (Williams and
Melack 1997). Moreover, forests are better in the capture of nutrients (such as P
and N) from air than annual crops (Lawrence et al. 2007). So the function of annual
crops on arable land is much different from that of forests.

But how about the functioning of tree plantations, which would seem rather sim-
ilar to forests? Differences in biodiversity between oil palm plantations and the
forests which these plantations replaced have been analyzed by Danielsen et al.
(2008). They found that total species richness of vertebrates, invertebrates and
flora on oil palm plantations was impoverished. Similarly, Lindenmayer and Hobbs
(2004) found reduced faunal diversity in Australian eucalypt plantations if com-
pared with native forests. Barlow et al. (2007) studied differences between native
forest and eucalypt plantations in Brazil for 15 taxonomic groups and found overall
diversity reduced in plantations, with major differences in biodiversity change be-
tween the taxa. They pointed out, however, that faunal diversity can be improved by
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integrating elements of original biota into plantations, by modifications to plantation
management (e.g. regarding harvesting and thinning) and by having extensive areas
of remnant native vegetation adjacent to plantations.

The functioning of tree plantations has been found to be different from the func-
tioning of primary forests. This has consequences for ecosystem services. Com-
parison of tropical tree plantations with secondary tropical forests showed, for in-
stance, that in secondary forests, root densities and nutrient concentration in roots
were higher and root penetration was deeper in forests than in plantations (Lugo
1992). This allows secondary forests to better recapture nutrients which become
available by mineralization and could otherwise be lost to water and the atmosphere.
In the highly productive plantations, which are important for achieving a large fu-
ture biofuel supply (e.g. Hoogwijk et al. 2003), there is furthermore an intensive
use of herbicides and other pesticides (Tuskan 1998; Robison and Raffa 1998)
which will cause increased leakiness regarding nutrients and will limit nitrogen fix-
ation.

Primary forests are more efficient than plantations in protecting watersheds, in
reducing peak flows, soil erosion and nutrient emissions, in maintaining good water
quality, in stabilizing local climate and in generating OH radicals that are impor-
tant cleansing agents in the atmosphere (Hartshorn 1995; Perry 1998; Daily 2000;
Monson and Holland 2001; Brauman et al. 2007; Wallace 2007). The risk of pests
tends to be increased in plantations if compared with native biota, but such risk
may be reduced by integrating patches of native vegetation into plantations (Lin-
denmayer and Hobbs 2004). Li et al. (2005) found that secondary forests may stock
more long-term soil organic carbon than plantations in the wet tropics. This is rel-
evant to the sustainability of plantations (cf. Chap. 3) and to the net emission of
greenhouse gases from plantation-derived biofuels (cf. Chap. 4). Still, differences in
non-monetary ecosystem services between primary forests and arable land tend to
be larger than those between forests and plantations (Brauman et al. 2007).

The effect of habitat loss on non-monetary ecosystem services also has world-
wide aspects. These are closely linked to the biogeochemical cycles of relatively
mobile elements, of which the carbon cycle is a good example. There are sev-
eral links between natural biomass and worldwide atmospheric concentrations of
CO2. Reduced C sequestration in ecosystems, which is often associated with ex-
panded biofuel production (see Chap. 4), increases the atmospheric CO2 concentra-
tion (Houghton 2007). It is furthermore likely that natural terrestrial biomass may
give rise to a better negative feedback by fixing increasing amounts of CO2 when
the atmospheric concentration thereof increases than most agro-ecosystems (Cao
and Woodward 1998; Luo 2007). And, overall, natural systems are better at seques-
trating carbon than agricultural systems (Vitousek et al. 1997). Moreover, when land
use is changed back from agriculture to nature, the functioning of secondary forests
in biogeochemical cycles such as the carbon cycle may for a long time be substan-
tially different from primary forests (Grau et al. 2003).

Losses of natural terrestrial biomass are contributing significantly to the increase
in the atmospheric CO2 concentration (IPCC 2001; Houghton 2007). This may also
have monetary effects. An increase in atmospheric CO2 concentration will (ceteris
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paribus) on average increase costs of production and consumption in the world econ-
omy (IPCC 2001; Stern 2007).

All in all, to the extent that transport biofuel production leads to habitat loss
for living nature, this affects functions of nature that can be considered beneficial
to mankind such as its contribution to a benign biological, chemical and physical
environment and socio-cultural fulfilment (Vitousek et al. 1997; Wallace 2007).

5.4 Cropping and Harvesting Feedstocks for Biofuels

5.4.1 Cropping and Crop Harvesting Practices

There are a variety of aspects of cropping and crop harvesting practices regarding
terrestrial biofuels that may impact biodiversity. The use of cropping systems which
include a relatively wide crop genetic diversity may allow for more services in the
fields of pest control and pollination than cropping systems that have a narrow ge-
netic base (Tilman et al. 2006; Hajjar et al. 2008). And annual cropping systems
that use cover crops may well be better in soil conservation than cropping systems
that do not use such crops (Jarecki and Lal 2003). There may also be differences in
the non-crop biodiversity of production systems. For instance, extensively managed
perennial grass crops (e.g. Miscanthus, switchgrass, mixtures of prairie grasses) may
allow for more invertebrate diversity than intensively managed annual crops, and
willow coppice plantations may benefit some bird species (Anderson and Fergus-
son 2006). Replacement of extensively used grasslands by arable land for biofuel
cropping may negatively affect bird species that rely on such grassland habitats
(e.g. Schleupner and Link 2008). Sage et al. (2006) compared bird populations in
a short rotation willow coppice, used for biofuel production, and other arable crops
in England and concluded that it was unlikely that the planting of willow coppice on
unimproved farmland would lead to a conservation gain. However, planting willows
in small blocks of different age classes and no harvest in summer would, in their
view, benefit bird populations in short rotation willow coppice fields.

One likely future development to which increased transport biofuel production
will contribute is intensification of agriculture (Goldemberg 2008; Searchinger et al.
2008; Sukhdev 2008). Intensified agriculture has a variety of effects on living nature.
Higher production may provide more resources for a number of mammals, birds and
insects. For instance, populations of bumblebees may increase in landscapes with
intensive rapeseed cropping (Tscharntke et al. 2005). On the other hand, high inten-
sities of nutrient and pesticide use tend to reduce biodiversity (Tilman et al. 2001a;
Ptacnik et al. 2008). Intensification of agriculture may also decrease edge habitats
such as hedges (Tscharntke et al. 2005). Intensified agriculture is furthermore often
associated with lowering water tables (Tscharntke et al. 2005), and this may lead to
changes in biodiversity. Also, increased irrigation, which is expected to contribute
to intensified agriculture, is likely to have an impact on biodiversity by lowering the
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availability of water to natural species. This is exemplified by the negative impact of
increased irrigation on biodiversity and ecosystem services of wetlands and rivers in
the European Union, the United States, China and Australia (Gerakis and Kalburtji
1998; Gleick 2003; Castañeda and Herrero 2008; Postel 2008). On average, the net
effect of intensified agriculture is a decline in biodiversity among many different
taxa (Liira et al. 2008). Such a decline may have a rebound effect on crop produc-
tivity. For instance, it has been found that crop pollination from native bees may be
at risk from agricultural intensification (Kremen et al. 2002).

Handling harvest residues may also matter to biodiversity. There are bird species
which depend to at least some extent on harvest residues. Well known is the depen-
dence of waterfowl on residues from harvesting in flooded rice fields (van Diepen
et al. 2004), the consumption of harvest residues in the Mississippi delta by water-
fowl (Gallagher et al. 2003) and the dependence of cranes on residues from corn
harvesting in Northern Germany. Residue removal for biofuel production would in
such cases reduce bird populations. In some cases, this may have knock-on effects.
For instance, in rice-growing areas, waterfowl dependent on residues may be im-
portant in maintaining productivity as they reduce weed pressure and pests and in-
crease N cycling (Bird et al. 2000; van Diepen et al. 2004), and they may also serve
as a food source. There is little information about the impact on living nature of the
cultivation of algae. Open water seaweed farming near the coast of Zanzibar has,
however, been found to be associated with less sea grass and reduced abundance
and biomass of macrofauna (Eklöf et al. 2005).

5.4.2 Harvesting Nature

Harvesting biomass has an impact on living nature present in the location where
harvesting takes place. If all net primary production were harvested, the extinction
of most heterotrophic organisms would be expected. At lower levels of harvesting,
food chains may still be significantly impacted (Haberl and Geissler 2000). In the
case of more limited harvesting of forests, the amount of dead wood in forests is
reduced, and this in turn has an impact on the many species that are dependent
on dead wood (Nordén et al. 2004; Rudolphi and Gustafsson 2005). Also, long-
term effects of harvesting trees have been noted on soil arthropods and the quantity
of ectomycorrhizal roots in the organic horizon of forests (Mahmood et al. 1999).
On the other hand, limitation of harvesting may allow for species conservation. In
Swedish temperate-oak-dominated hardwood stands, a 25% harvest of understory
was compatible with conservation of vascular plants, fungi, saprophytic and herbiv-
orous beetles and mycetophilid insects (Økland et al. 2008). Management of stands
on much longer than current rotations to maintain understory species, which require
long periods to recover from disturbance, has been suggested as a way to limit the
negative impact of harvesting on biodiversity (Halpern and Spies 1995; Kerr 1999;
Ramovs and Roberts 2003). Other suggestions for forests (including ‘production
forests’ or plantations) which are (to be) harvested have been: increasing the extent
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of mixed stands and improvement in vertical structure of forests through variations
in stand treatments (Kerr 1999; Eriksson and Berg 2007).

All in all, harvesting of forests has been found to affect vegetation cover, animal
biomass and biodiversity (Milton and Moll 1988; Halpern and Spies 1995; Carey
and Johnson 1995; Chen et al. 1998). This, in turn, can entail loss of non-monetary
ecosystem services that are useful to mankind (Symstad et al. 2003). For instance,
in Oregon, harvesting forests increased peak flow into surface water by, on aver-
age, 30% due to the combined effect of changes in flow routing and water balance
(Brauman et al. 2007). Damage to vegetation due to harvesting trees may also im-
pact water quality. After harvesting in temperate forests, there is a transient peak in
nitrate losses to surface water that may last up to 5 years (Gundersen et al. 2006).
More in general, harvesting is associated with increased loss of minerals and nutri-
ents to ground and surface water (Paré et al. 2002; Lawrence et al. 2007). Repeated
harvesting in dry tropical forests may lead to depletion of nutrients to the extent
that primary productivity may be negatively affected (Lawrence et al. 2007). Low-
ered primary productivity associated with repeated harvesting has also been noted
elsewhere (Nord-Larsen 2002). Soil erosion due to harvesting trees may also be
substantial (Pimentel et al. 1981). In arid environments dominated by shrubs, over-
harvesting may lead to loss of vegetation cover and biodiversity that may lead to
desertification, including an increase in Aeolian processes such as erosion and the
transportation and deposition of sand (Brown 2003; McNeely 2003).

5.5 Invasive Species

The possibility exists that crops that are to serve as lignocellulosic feedstocks for
transport biofuel production may turn out to be invasive species. The selection for
‘weedy characters’ in such species, which allow for cultivation on marginal lands with
relatively low inputs of nutrients, is conducive to such risk (Barney and DiTomaso
2008). The impacts on ecosystem services of invasions by species involved in biofuel
production are strongly dependent on the nature of the invader and the extent of the
invasion. However, effects may be considerable. One of the species considered for
lignocellulosic biomass production is reed canary grass (Phalaris arundinacea L.).
This grass species is able to invade wetlands and impact their hydrology. For the
most part, the outcomes of such invasions are considered detrimental (Zedler and
Kercher 2004). Stream banks may also be invaded by reed canary grass (Lavergne
and Molofsky 2004). There is, furthermore, some evidence that sweet sorghum and
giant reed (Arundo donax) are invasive in specific ecosystems in the USA (Barney
and DiTomaso 2008; Royal Society 2008). Jatropha curcas, a source of biodiesel, is
considered as invasive in South Africa and as weedy in Australia (Achten et al. 2009).

Also, the production of seaweeds for biofuel production may give rise to invasive
species. A case in point is the macroalga Kappaphycus alvarezii. This native to the
Philippines has given rise to invasions of coral reefs in Hawaiian and Indian waters
as an unintended effect of cultivation (Bagla 2008).
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Chapter 6
Frequently Asked Questions
in the Transport Biofuel Debate

6.1 Introduction

As pointed out in Chap. 1, there is a lively debate about the future of transport
biofuels. In this debate, many matters have been raised. Some of these refer to the
question of whether biofuels do what they have been promised to do, e.g. increase
energy security and tackle climate change. Others refer to the side effects of trans-
port biofuel production, for instance on biodiversity, natural resources such as water
and food prices. And there are questions that relate to what governments should do
about transport biofuels and how to proceed with specific feedstocks: should they
be processed in biorefineries, or rather be converted into one biofuel?

In this chapter, we try to answer several of the questions that have frequently
been raised in the transport biofuel debate. In doing so, we will draw on the previous
chapters.

The frequently asked questions that we try to answer in this chapter are:

• Should the focus be on one-fuel output or on multi-output biorefineries?
• Can transport biofuels significantly contribute to energy security?
• What is the effect of transport biofuel production on food security and food

prices?
• Is expanding biofuel production a good way to tackle climate change?
• What is the effect of biofuel production on nature conservation?
• How to use natural resources in biofuel production in a sustainable way?
• What government policy should one aim at for biofuels?

6.2 A Focus on One Transport Biofuel Output
or on Biorefineries?

A trend in the production of ethanol is increased interest in the combined conversion
of starch, cellulose and hemicellulose into ethanol. In this way, the traditional pro-
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duction of two outputs (ethanol and dried distillers grains with or without solubles –
to be used in, for example, animal feed) is replaced by one output: ethanol (Linde
et al. 2008). Additionally, efforts are under way to eliminate a second co-product
from ethanol production: glycerol (Bideaux et al. 2006). Similarly, in butanol pro-
duction, there is currently much effort focused on getting rid of the by-products
acetone and ethanol (Antoni et al. 2007; Dürre 2008). Also, anaerobic conversion
by mixtures of micro-organisms converts a wide variety of organic substances to
one fuel: methane.

On the other hand, there is also a trend to widening the variety of outputs of
production processes generating transport biofuels. At the factory level, the anal-
ogy to petrochemical refineries has given rise to the concept of a ‘biorefinery’ that
produces a variety of products from biomass feedstocks (Kamm and Kamm 2004;
Arifeen 2007; Hayes 2008). In producing more than one product in the context of
fermentative ethanol production, a variety of technologies may be used, including
several biotechnologies and chemical synthesis technologies, the latter starting from
‘platform chemicals’ such as levulinic acid (Hayes 2008; Huang et al. 2008). When
synthesis gas or hydrocarbons are produced from biomass, one might envisage the
development of refineries with synthetic technologies which are now commonly ap-
plied in the petrochemical industry (e.g. Chew and Bhatia 2008; Rowlands et al.
2008). Biorefinery concepts including the production of monomers for current bulk
chemicals such as eth(yl)ene and caprolactam have been proposed, too (Kamm and
Kamm 2004). Also, biorefineries based on hydrocarbons containing oxygen have
been suggested starting from pyrolysis oil (Hayes 2008).

In line with the biorefinery concepts focusing on the use of biotechnology and
separation technologies, there is, for instance, an operational factory that con-
verts corn into the biofuel ethanol and also produces citric acid, lactic acid, amino
acids and enzymes. And a wheat biorefinery has been proposed generating, besides
ethanol, ferulic acid, arabinoxylan, amino acids and gluten (Arifeen et al. 2007).

There is probably a place for both the biorefinery and single output approaches.
And both may have significant implications elsewhere in the economy. Eliminating
current by-products of biofuel production which are used as animal feed, such as
dried distillers grains, will probably have an upward effect on other types of animal
feed production (Searchinger et al. 2008).

As pointed out in Sect. 1.7, if transport biofuels are going to replace current fossil
fuels on a large scale by multi-output types of production, markets for by-products
may be easily flooded, leading, among other things, to major price reductions for
such by-products. This has already happened in the case of glycerol, a by-product
of biodiesel production (Yazdani and Gonzalez 2007). In the summer of 2007, a glut
of dried distillers grains with solubles, a co-product of bioethanol production, in the
USA led to relatively low prices paid for its use as an ingredient in animal feed
(Tyner 2008). And flooding markets by biorefineries may also happen in marketing
co-products such as xylitol, xylo-oligosaccharides and lignin (Kadam et al. 2008).



6.3 Can Transport Biofuels Significantly Contribute to Energy Security? 151

6.3 Can Transport Biofuels Significantly Contribute
to Energy Security?

As pointed out in Chap. 2, current transport biofuels often have a cumulative seed-
to-wheel fossil energy demand that tends to be smaller than the fossil fuels that
they replace. The difference with fossil transport fuels is variable. The difference is
probably about zero for CH4 from manure in NW Europe; is as yet unlikely to be
positive for current algal biofuels; is smaller than 40% for ethanol from European
wheat, biodiesel from European rapeseed or ethanol from US corn and is relatively
large for palm oil biodiesel and ethanol from sugar cane, especially when processing
is powered by agricultural residues. When the latter applies, the difference may,
for example, become greater than 90% for ethanol from sugar cane (Macedo et al.
2008). The overall solar energy conversion efficiency of biofuels suitable for use in
internal combustion engines is probably around 0.2% or lower, and expected yield
increases per hectare are in the order of roughly 1% per year (cf. Chap. 2). This
means that to displace substantial amounts of fossil fuels, land requirements for
such transport biofuels are large, as also noted by Dukes (2003).

The contribution that biofuels can make to the national energy security of a coun-
try depends on the magnitude of fuel demand and the land area available for sup-
plying biofuel feedstocks. For a country such as Brazil, ethanol from sugar cane can
make a significant contribution to national energy security. In the USA, the con-
tribution of biofuels to national energy security is likely to be much smaller. The
reasons for this are that, if compared with Brazil, per capita demand for transport
fuels is larger, per capita land availability is lower and feedstocks such as corn and
canola are less efficient converters of solar energy into biofuel than sugar cane.
Eaves and Eaves (2007) have a point when they argue that devoting 100% of US
corn to ethanol, while correcting for fossil fuel inputs, would displace 3.5% of
gasoline consumption, ‘only slightly more than the displacement that would fol-
low from properly inflated tires’. In fact, they may even have been too optimistic,
because the actual US policy has been using a federal excise tax, making mixtures
of conventional gasoline and ethanol cheaper than conventional gasoline, which has
an upward effect on overall transport fuel use (Vedenov and Wetzstein 2008). Di-
verting all 2007 US soybean cultivation to biodiesel production would cover ap-
proximately 2% of US diesel demand, when corrected for fossil fuel inputs and
assuming no effect on fuel prices (Bagajewicz et al. 2007; Reijnders and Huijbregts
2008b).

Larger displacements of fossil fuels while using the same area of land can be
achieved when biomass is burned in power stations and used for electric traction,
as the seed-to-wheel overall solar conversion efficiency thereof is higher than in the
case of transport biofuels such as biodiesel and bioethanol, as indicated in Chap. 2.
However, as explained in Sect. 1.6, such a strategy is dependent on a major change
in social acceptance of plug-in vehicles. The potential for energy security through
national transport biofuel supply is low for industrialized countries with high pop-
ulation densities, such as Japan and the Low Countries in Europe. For instance, in
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the Netherlands, a 20% target for the share of transport biofuels in current transport
fuel consumption would require an area of arable land that is roughly four to five
times the size of current agricultural land in that country when ethanol from starch
and sugar and biodiesel from vegetable oil are used and when a correction is made
for the cumulative fossil fuel inputs in the biofuel lifecycles.

Not only the land area available, but also other factors may limit the extent to
which countries may rely on domestically produced biofuel feedstocks for energy
security. Climatic change may well have a negative impact on agricultural yields in
the developing world (Jepma 2008). As pointed out in Chap. 3, water requirements
for producing substantial amounts of biofuel feedstocks are large, and currently,
structural water shortages affect about 300–400 million people mainly in Africa and
Asia in a band from China to North Africa. Large additional water requirements fol-
low from expected population growth and changes in dietary habits, especially the
increased consumption of animal produce (Falkenmark and Lannerstad 2005; Liu
and Savenije 2008). Assuming business as usual, which does not include a substan-
tial production of modern biomass-for-energy, it has been suggested that shortages
of fresh water may well become a fact of life for up to 2.5–6.5 billion people by 2050
(World Water Council 2000; Wallace 2002). For instance, water requirements for
food consumption are expected to increase greatly in rapidly industrializing coun-
tries such as China and India (Falkenmark and Lannerstad 2005; Liu and Savenije
2008). The latter countries are expected to rely increasingly on food export because
of limited water availability (Falkenmark and Lannerstad 2005; Liu and Savenije
2008), and this makes it unlikely that they are suitable for large-scale biofuel pro-
duction.

Still, in case of major net importers of mineral oil, it may be argued that the
availability of biofuels on the world market decreases their reliance on the limited
number of countries that are suppliers of mineral oil, and that this diversification
may contribute to increased overall energy security. Moreover, one would expect
that a substantial production of transport biofuel may have a downward effect on
mineral oil prices (Eickhout et al. 2008).

On the other hand, there is the matter of the long-term strategy regarding energy
security in transport. Transport biofuels are interesting because they may be used
as ‘drop ins’ without a major change in transport technology. But from a long-term
perspective, one may argue that major advances should come out of the twin de-
velopment of higher energy efficiency in transport (Eaves and Eaves 2007; Royal
Society 2008) and supply technologies that are much more efficient than photosyn-
thetic organisms in converting solar radiation into usable energy. Using solar cells
or concentrated solar power (CSP) to produce H2 for fuel cells or electricity for bat-
teries is an interesting example of the latter (Armor 2005; Ros et al. 2009). Though
physical conversion technologies such as solar cells presently have higher costs (ex-
cluding external costs) than biofuels, it has been argued that in the long run, it may
be better to focus on such physical conversion technologies than taking the ‘detour’
of biofuels (cf. Lee and Lee 2008).

The alternative of the twin development of higher energy efficiency and more
efficient solar energy conversion technologies will also come up in the context of
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the next three sections (6.4–6.6) which deal with problems linked to the large areas
needed for the production of large amounts of biofuels.

6.4 Transport Biofuels, Food Prices and Food Security

As to the effect of biofuels on food security, it has already been noted in Chap. 1 that
substantial production of transport biofuels will, under market conditions, have an
upward effect on food prices. Prices of food crops which also serve as major feed-
stocks for biofuels are likely to show linkage with fuel prices. The price of sugar
in Brazil is now linked to the price of ethanol, and large-scale use of carbohydrates
and vegetable oils as transport biofuel feedstocks may be expected to link the prices
thereof to fossil fuel prices, corrected for differences in ‘energy content’ (Naylor
et al. 2007; von Braun 2007; Eickhout et al. 2008; Westhoff 2008). The effect of
an expanding transport biofuel production on food prices may lead to an increased
insufficiency of food for the world’s poorest people that are not net food producers
and currently spend 50–80% of their total household income on food (Naylor et al.
2007; Runge and Senauer 2007, Daschle et al. 2007; von Braun 2007). Fast expan-
sion of transport biofuel feedstock production might be expected to have a relatively
strong upward effect on food prices (von Braun 2007).

The upward effect of transport biofuel production on food prices partially follows
from competition between food crops and biofuel crops for good-quality land. This
competition occurs both when transport biofuels are based on feedstocks that can
be used for food or feed and in the case that feedstocks for lignocellulosic biofuels
are grown (Christersson 2008). Thus, the competition extends to part of the lig-
nocellulosic transport biofuels, including biofuels made from lignocellulosic crops,
such as Miscanthus (e.g. Sørensen et al. 2008), and biofuels from lignocellulosic by-
products which are currently used as animal feed (e.g. Linde et al. 2008; Murphy
and Power 2008).

However, it may be expected that when lignocellulosic biofuels contribute sub-
stantially to transport biofuel production, the upward effect on food prices will be
reduced. This is even more so when lignocellulosic crops are converted into electric-
ity for electric traction, because the seed-to-wheel solar energy conversion efficiency
is relatively high (see Chap. 2). There will also be an effect when lignocellulosic
biomass is converted into biofuel for internal combustion engines, because in this
case, more cropped biomass can be turned into transport biofuel. The magnitude of
this effect is uncertain, however, as it is not clear how much lignocellulosic biomass
can be diverted to transport biofuel production without having a negative impact on
soil organic matter levels and animal feed supplies.

The competition between food crops and biofuel crops also appears to apply to
biofuel crops which are well adapted to growth on poor-quality land. One example
thereof is Eucalyptus. Around 1900, Eucalyptus was promoted for growth on ‘waste
lands, where few other trees would grow’ (Doughty 2000). However, now it is often
grown on good-quality land in competition with food crops, which has led to restric-
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tions on Eucalyptus cultivation in some countries (see Chap. 3). More recently, the
oil crop Jatropha has been promoted because of its ability to grow on marginal land
(Kaushik et al. 2007; Achten et al. 2009). However, as evidenced by the eviction of
small-scale farmers in Tanzania for large-scale Jatropha cropping (Gross 2008) and
the replacement of rice production by Jatropha in Burma (Ethnic Community De-
velopment Forum 2008), in practice, Jatropha cultivation may well compete with
food production. It has also been found on the basis of experience with Jatropha
cultivation in Belize, Nicaragua and India that to be competitive, cultivation has to
be intensified beyond that of a rain-fed, low-input and drought-resistant crop (Euler
and Gorriz 2004). This should be no surprise as on the biodiesel market, Jatropha
oil also has to compete with vegetable oils, which have been grown under good
conditions which are conducive to high yields.

To the extent that the competition between food and transport biofuel crops for
good-quality land has been studied for the United States, a rather general upward
effect on food prices has been found (Walsh et al. 2003; Johansson and Azar 2007;
Schneider et al. 2007). However, there may also be differential effects of biofuel
crops on the prices of specific foods. These depend on actual crops that are used
for the production of transport biofuels. Elobeid and Hart (2007) have modelled
the effect of expanding bioethanol from corn production in the USA and found
the biggest impact on food-basket costs in sub-Saharan Africa and Latin Amer-
ica, where corn is a major food grain. A lower impact was expected in Southeast
Asia where rice is a major food grain, with countries where wheat and/or sorghum
are major staples falling in between. To lessen the effects of biofuel feedstocks on
Chinese food prices, in 2008, China began to import cassava as feedstock from
Malaysia, the Philippines, Indonesia and Nigeria (Tenenbaum 2008). When China
is to heavily rely on cassava as a feedstock for bioethanol production, it would seem
likely that prices of this ‘poor man’s food’ may be much increased (Naylor et al.
2007).

Is there a strategy for developing transport biofuels that will not have an upward
impact on food prices? The answer to this question should take account of a down-
ward pressure on crop production associated with climate change and increasing
land claims associated with agricultural production for an increasing world popu-
lation with consumption patterns that increasingly favour animal produce (Tilman
et al. 2001; Reijnders and Soret 2003; Swedish Environmental Advisory Council
2007; Koneswaran and Nierenberg 2008; von Braun 2007). The latter development
will in all probability intensify competition for good-quality land.

To the extent that one relies on crops for the supply of transport biofuel feed-
stock, while relying on market forces, direct competition with food and feed pro-
duction therefore seems inevitable, as does an upward effect on food prices. In this
respect, there are likely to be quantitative differences linked to the relative yield
of transport biofuels per hectare. These differences can be substantial, as shown in
Chap. 2. From the data presented in Chap. 2, it would seem that crops proposed for
the generation of lignocellulosic feedstock are not necessarily superior to current
food crops such as sugar beet and sugar cane as to their net efficiency in converting
solar radiation into biomass. How they will perform in net yield of biofuels is rather
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uncertain because technologies for the conversion of lignocellulosic biomass into
transport biofuels are under development, and there is uncertainty about yields that
may be possible in the future and the extent to which aboveground biomass should
be returned to soils to maintain soil organic matter levels.

Still, it is to be expected that some biofuels would not lead to an upward move-
ment of food prices. Firstly, biofuels produced from what are currently ‘wastes’,
such as organic urban wastes, biomass from forest remediation and residues from
forestry and agriculture, which are not used as animal feed, may partly qualify as
such. The worldwide amount of these wastes is currently estimated at between
50 and 100 EJ (Swedish Environmental Advisory Council 2007; Lysen and van
Egmond 2008). Unfortunately, it is not clear how much thereof is necessary for
maintaining soil organic carbon stocks in a steady state to safeguard the future
productivity of arable lands and forests (see Chap. 3). However, even when only
10–20% thereof could be diverted to transport biofuel production, this would still
represent a substantial contribution to the transport fuel supply.

Another option that has been suggested in this context is growing microalgae
(Chisti 2007, 2008; Dismukes et al. 2008; Groom et al. 2008). However, as pointed
out in Chap. 2, an overall positive energy conversion efficiency of microalgal bio-
fuels currently seems uncertain. There is also the water demand associated with
growing algae, which may, per kilogram of dry weight biomass, be larger than, for
example, sugar cane (see Chap. 3). This may lead to claims which may easily com-
pete with agricultural land use.

Still another option is the use of abandoned cropland and lands that sequester
little carbon today (Searchinger et al. 2008). The use of terrestrial plants to reclaim
deserts may make it possible to harvest lignocellulosic biomass or oil (from, e.g. Ja-
tropha). Of course, sustainable productivity of reclaimed drylands is relatively low.
Apart from human intervention, actual productivity depends on rainfall (Webb et al.
1978). In tropical and subtropical areas with precipitation below 500 mmyear−1,
aboveground C sequestration may be roughly between 0.15 and 1.5 Mgha−1 year−1

(Hadley and Szarek 1981). Increased sustainable yields may be possible by effi-
cient water management and conservation practices (Thomas 2008). In semi-arid
(500–750 mm rainfall year−1) and sub-humid (750–1,000mm rainfall year−1) envi-
ronments with relatively high insolation, aboveground C sequestration may amount
to 2–3 Mg C ha−1 year−1 (Lal 2001). In humid Icelandic deserts, restoration activ-
ities have led to the sequestration of 0.6–1.1 Mg C ha−1 year−1 (Ágústdóttir 2004).
After reclaiming lands with little C sequestration, there are often competing uses.
For example, biomass may be exploited for grazing (Brown 2003; Darkoh 2003;
McNeely 2003; Lal 2008; Ludwig et al. 2008), and this may lead to limitations on
use for biofuel production.

If compared with reclaimed deserts, biomass production may be higher on cur-
rently abandoned and fallow agricultural lands, with proper use of organic amend-
ments and fertilizers and appropriately adopted plant species (Lal and Bruce 1999).
Field et al. (2008) and Campbell et al. (2008) have estimated that such lands com-
prise about 385–472×106 ha. In Chap. 3, it has been estimated that, after restoration
of soil organic matter and nutrient levels, the worldwide sustainable feedstock pro-
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duction on such lands may be in the order of 23–28 EJ. When one assumes that the
conversion efficiency thereof to transport biofuels is 40–50%, this would allow for
the production of 8.6–14 EJ of transport fuels, which would be a substantial contri-
bution to the 85–90 EJ of transport fuels that is currently used in means of transport.

Higher yields may be possible by intensifying cultivation of lands which cur-
rently sequester little C and agricultural lands that have been abandoned or fallow,
but it is highly doubtful that the biofuels generated in this way could be considered
sustainable. As pointed out in Chap. 5, to be successful, this way to exploit fallow
and abandoned agricultural land should be viewed by the local population as being
in line with their pressing needs. Moreover, for the large-scale cultivation on aban-
doned and fallow croplands and lands that currently sequester little C, one has to go
beyond the market mechanism. For instance, in the case of palm oil, in Malaysia,
planting oil palms on abandoned land is currently rare, because degraded land does
not provide revenue from initial timber extraction and entails relatively high estab-
lishment costs and possibly reduced yields (Wicke et al. 2009). More in general,
the profitability of abandoned cropland and land that currently sequesters little C
tends to be less than for good-quality agricultural land (Huston and Marland 2003;
Johansson and Azar 2007). Therefore, large-scale cultivation of crops for transport
biofuels on degraded cropland and in the context of desert reclamation will probably
depend on government interventions (see Sect. 6.7).

6.5 Is Expanding Biofuel Production a Good Way
to Tackle Climate Change?

Searchinger et al. (2008) have shown by careful modelling of land use change that
a large and fast expansion of bioethanol production from corn in the USA is coun-
terproductive in tackling climate change. This is largely related to the land use
change necessary for displaced food and feed production, which leads to a large
desequestration of C. It is likely that a similar conclusion applies to biofuel produc-
tion in Europe. Regarding Brazil, it has been shown that soybean-based biodiesel
is counterproductive in tackling climate change (Reijnders and Huijbregts 2008a),
and the same holds for palm-oil-based transport biofuels for which tropical forests
are cleared (Danielsen et al. 2008; Fargione et al. 2008; Reijnders and Huijbregts
2008a).

As explained in Chap. 3 and as also pointed out by Fargione et al. (2008),
any strategy aiming at expanding transport biofuel production by converting native
wooded ecosystems to cropland is likely to be counterproductive in tackling climate
change in the coming decades. When abandoned or fallow land over a number of
decades has developed into a secondary forest (e.g. Grau et al. 2003), the same will
probably apply. In the case that abandoned or fallow agricultural land is peat land,
further C losses from soil will be greater than C gains to be made by reductions
in fossil fuel use associated with biofuel use, possibly for many centuries (Reijn-
ders and Huijbregts 2007; Danielsen et al. 2008; Fargione et al. 2008; Reijnders and
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Huijbregts 2008a). Moreover, restoration of peat bogs may lead to the additional
sequestration of C (Tuittila et al. 1999; Dukes 2003).

This leaves a limited number of terrestrial transport biofuel options conducive to
tackling climate change. It would seem that from the point of view of effectiveness
in limiting climate change, the burning of biofuels in power plants for use in electric
traction is to be preferred, as the solar energy conversion efficiency is relatively high
and net greenhouse gas emissions relatively low, as indicated in Chaps. 2 and 4.

The biofuel options that can help in tackling climate change are the following:

1. Linking biofuel use to the man-made sequestration of C in soils. This may be
done as soil organic matter (Blaine Metting et al. 2001; Read 2008), as ‘biochar’
(Lehman et al. 2006) or as CO2. Examples of the latter option are: burning
biofuels in power plants for electrical traction and sequestration of CO2 in de-
pleted oil and gas fields or aquifers (Haszeldine 2006; Mathews 2008). Simi-
larly, CO2 generated during fermentation or anaerobic conversion of biomass
(into compounds such as ethanol, methane and hydrogen) might be captured or
sequestered.

2. Limited use of residues of forestry and agriculture as feedstocks for biofuel
production. Limitations in part stem from sustainability requirements. The scope
of residue removal is, as pointed out in Chap. 3, limited by the need to maintain
soil carbon and nutrient stocks, because otherwise future productivity will be
impaired. Moreover, some conversions of agricultural residues do not appear to
make energetic sense, such as, for instance, the conversion of swine and bovine
manure into methane in NW Europe (cf. Chap. 2).

3. Producing biofuels in areas with currently relatively little aboveground biomass,
as also discussed in Sect. 6.3, for instance within the framework of reclaiming
deserts and reclamation of saline soils and on abandoned lands (Lal and Bruce
1999; Banerjee et al. 2006; Germer and Sauerborn 2007; Danielsen et al. 2008;
Lal 2008).

However, from the point of view of mitigating climate change, alternative uses
of land with currently little aboveground biomass merit consideration. In the case
of abandoned and fallow agricultural mineral soils which may support secondary
forests, transport biofuel production – as, for instance, proposed by Cunha da Costa
(2004) for deforested areas in the Brazilian Amazon – may be compared to C se-
questration linked to re-growth of forest. For instance, in the case of Saccharum
spontaneum grasslands in Panama that preclude forest regeneration, it has been
found that low-cost management options exist for restoring forest cover (Hooper
et al. 2005). And also in other contexts, feasible ways have been developed to
convert degraded agricultural land into secondary forests (Vieira and Scariot 2006;
Cummings et al. 2007). In doing so, high levels of C sequestration may be achieved.
Steininger (2000) found in the Brazilian Amazon a biomass accumulation of, on
average, 9.1 Mgha−1 year−1 over a 12-year period, whereas Zarin et al. (2001),
studying re-growth of Amazonian forests, found for a 20-year period an average
sequestration of about 6 Mg biomass ha−1 year−1. These values are well above the
amount of C that can be displaced by, for example, growing soybeans for biodiesel
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production (Reijnders and Huijbregts 2008b). Righelato and Spracklen (2007) esti-
mated that as to tackling climate change during the coming decades, the gains per
hectare of reforestation would be higher than those from most biofuels. Expansion
of secondary forests is now a substantial development in Latin America, Africa and
Southeast Asia (Lambin et al. 2003) and is known to have been successful in coun-
tries like Puerto Rico, Bhutan, Vietnam, Gambia and Cuba (Chazdon 2008). All
in all, an estimated 96×106 ha of abandoned agricultural land has been reforested
(Field et al. 2008).

Another alternative that merits consideration in cases where forests may be re-
established is agroforestry, which has been advocated as more in line with the press-
ing needs of local populations than plantations (De Foresta and Michon 1996),
and has now been successfully applied in a number of countries, including the
Philippines, Peru, Indonesia, China and Vietnam (Chazdon 2008). Agroforestry
allows for substantial sequestration of C. For instance, the cacao agroforests of
humid Africa sequester up to about 62% of the C of primary forests (Duguma
et al. 2001), and rates of C sequestration in agroforests varying from 2–9 Mg C
ha−1 year−1 have been found (Pandey 2002). Of course, comparisons with alterna-
tives such as secondary forests and agroforestry are only meaningful when there
is not a fixed mandate for biofuel production. When there is such a fixed man-
date, growth of crops for transport biofuel production will move elsewhere, and
may, for instance, be associated with cutting down virgin forests (a phenomenon
called leakage, discussed in Sect. 1.4). Also, as stated in Sect. 1.4, one should re-
alize that expansion of secondary forests and agroforestry as such do not provide
fuels.

6.6 Transport Biofuel Production and Nature Conservation

By the beginning of 2008, the share of transport biofuels in the worldwide consump-
tion of transport fuels was below 1%, and land use for transport biofuels was esti-
mated at 13.8 Mha in the USA, Brazil, China and the EU (Renewable Fuels Agency
2008), but significant upward impacts on the conversion of nature into cropland
could be noted (OECD-FAO 2007; Nepstad et al. 2008; Chap. 5). Current policy
targets for the expansion of transport biofuel production have been estimated to re-
quire between 55 and 166 Mha land (Renewable Fuels Agency 2008). Such a major
further expansion of transport biofuel production will (ceteris paribus) stimulate the
conversion of nature into cropland (Searchinger et al. 2008; Sukhdev 2008).

Moreover, as indicated in Chaps. 2 and 5, it is to be expected that part of a further
expansion of transport biofuel production will come from intensification of agricul-
ture. Intensification of agriculture is expected to be associated with higher inputs of
nutrients and pesticides and increased irrigation and drainage (Tilman et al. 2001;
Datta et al. 2004; Tscharntke et al. 2005; Liira et al. 2008). This, in turn, is expected
to lead to a decline in biodiversity among many taxa and a loss of ecosystem services
(Tscharntke et al. 2005; Liira et al. 2008).
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When, unlike current practice, low-quality land is used for the expansion of bio-
fuel production (as suggested in Sects. 6.3 and 6.5) and there is a fixed amount of
transport biofuel to be produced, such as mandated under several current regula-
tions, then – in view of the probably relatively low productivity of the land – larger
areas will be needed than in the case of the use of good-quality land. Moreover, as
pointed out in Chap. 5, abandoned and fallow lands by themselves rather often har-
bour substantial biodiversity. When such relatively biodiverse abandoned and fallow
agricultural lands are exploited, the negative impact on biodiversity may be large
(Huston and Marland 2003; Marland and Obersteiner 2008). On the other hand, as
pointed out in Chap. 5, there are also fallow and abandoned agricultural lands with
relatively low biodiversity, such as parts of the Imperata cylindrica and Saccharum
spontaneum grasslands, which may be exploited for transport biofuel production
with a relatively low impact on biodiversity.

The size of the impact of expanding transport biofuel production is also depen-
dent on other factors. Effects on biodiversity would, for example, be relatively large
when current hotspots of biodiversity, such as tropical rainforests, the Cerrado sa-
vannah or nature in the Cape region of South Africa (Darkoh 2003; Koh 2007;
Danielsen et al. 2008), are converted into land for the production of transport biofuel
feedstocks. Also, if precision agriculture and water-efficient irrigation techniques
are used for the expansion of feedstock production (cf. Sects. 3.4 and 4.6), the im-
pact thereof on biodiversity may well be lower than in the case of conventional
practices, because water consumption and the emissions of nutrients and pesticides
may be lower.

Though the impact of a major expansion of transport biofuel production on living
nature may be variable, there would seem to be no scope for a major expansion of
biofuel production in such a way that biodiversity loss will be zero. It is likely that
a major expansion of transport biofuel production will have a major negative effect
on biodiversity and ecosystem services.

6.7 How to Use Natural Resources for Biofuel Production
in a Sustainable Way?

In this book, ‘sustainable’ is taken to mean that a practice can be continued in-
definitely. As explained in Chaps. 2 and 3, this severely limits the extent to which
geochemically scarce resources which have been formed in slow geological pro-
cesses, such as fossil fuels and phosphate ore, can be converted into wastes. Sus-
tainability also requires that renewable resources such as fertile soil, soil organic
matter, groundwater and nutrients are maintained and retain their quality. Regarding
cropping, this in turn leads to preferences for conservation tillage, much improved
nutrient recycling and improved water efficiency. In forestry, this leads to a prefer-
ence for long rotations and nutrient recycling. Sustainability also limits achievable
biomass production. In Chap. 3, biomass production from currently abandoned, in-
cluding fallow, agricultural land was estimated to have a sustainable yearly yield of
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approximately 23–28 EJ, about one order of magnitude below the yield suggested
by de Vries et al. (2007).

6.8 What Government Policy Should One Aim
at for Transport Biofuels?

As pointed out in Chap. 1, much of the impetus for the development of transport
biofuel production has come from governments. Looking back on the results of
government intervention, as discussed in the previous pages of this book, this has
been a very mixed blessing. So, are there suggestions for government policy which
may be conducive to more beneficial results?

6.8.1 Hard Choices

From the previous sections, it has become clear that in much expanding transport
biofuel production, there may often be hard choices to make. Growing crops such
as oil palm and corn for transport biofuels may contribute to energy security and
mitigate price rises of fossil fuels but may generate for decades more greenhouse
gases than fossil transport fuels and have an upward effect on food prices. Growing
feedstocks on currently fallow land in the USA and Europe may mitigate the ef-
fect of biofuel production on food prices and limit greenhouse gas emissions linked
to the transport biofuel life cycle but is probably bad for biodiversity. Intensifying
cropping for biofuel feedstocks may be conducive to limiting price increases for
food and fuel but may also be unsustainable and have a negative impact on biodiver-
sity (Sukhdev 2008). As large-scale production of transport biofuels may come at
significant costs, one may well wonder whether preference should be given to other
ways of providing for transport services.

So, we return to the alternative option of better energy efficiency in transport
and better solar energy conversion in transport energy supply, raised in Sect. 6.3.
Improved energy efficiency is not necessarily an easy alternative. Indeed, in many
countries, as to cars, fossil fuel input per person-kilometre has remained virtually
constant since the 1973 ‘oil crisis’. Potential gains in energy efficiency due to techni-
cal progress were ‘eaten away’ by developments such as preferences for improved
comfort and safety, lower occupancy of cars and increased congestion (Schipper
et al. 1992). However, it is also known that increased fuel prices are conducive to
increased energy efficiency in producing transport fuels and increased energy effi-
ciency of transport (Schipper et al. 1992; Graham and Glaister 2005), and future
prices may well be high (GAO 2007), so that may help in making improvements
in energy efficiency more successful than was feasible in the past. To the extent
that priority is to be given to renewables, the obvious alternative from the point of
view of conversion efficiency (as pointed out in Chap. 2) is the use of physical con-
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version technologies producing electricity, which can either be used for storage in
batteries or be converted into H2 for use in fuel cells (Armor 2005; Evans 2008; Ros
et al. 2009). Again, this is not an easy alternative. The costs thereof are as yet high,
though they are expected to be much reduced over the coming decades (Martinot
2006; Braun 2008).

6.8.2 Evident Policy Priorities Regarding the Production
of Biofuels

When biomass is used for powering transport, there are benefits to burning this in
power plants for electric traction. Upward impact on food prices and negative im-
pacts on biodiversity thereof will be lower per unit of energy output than in the
case of the conversion of biomass to transport biofuels for internal combustion en-
gines. Also, net greenhouse gas emissions may be relatively low. As pointed out
in Sect. 1.6, use of this option depends on a much-increased social acceptability of
electric traction in car transport. As pointed out in the same section, opinions on
the ease with which such increased acceptability may be achieved vary greatly. If
the moderate pessimists are right in this respect, government intervention to create
incentives for electric cars may be useful.

Problems with the impacts of biofuel production on food prices may further-
more be considerably reduced when biofuel production can be restricted to currently
abandoned and fallow agricultural lands and land that currently sequesters little C.
As pointed out in Sect. 6.4, this probably cannot be achieved without major govern-
ment intervention. In the case of drylands, which currently sequester little C, large
government investments may be needed in improved water management and con-
servation practices (Thomas 2008). Such investments are also conducive to an in-
creased resilience against climate change (Thomas 2008). In the case of abandoned
agricultural land, incentives should be given that compensate for the financial dis-
advantages if compared with the cultivation of good agricultural land. Government
intervention may focus on limiting the cultivation of biofuel crops to marginal and
abandoned agricultural lands or go one step further and establish government-owned
companies that grow such crops. Such intervention is not a mission impossible. For
instance, the government of Taiwan has focused its support for biodiesel on feed-
stocks from polluted and fallow agricultural land (Huang and Wu 2008).

Limited use of organic wastes may also be useful in limiting negative side effects
of transport biofuel use. In view of current prices for such biofuels (see Chap. 1),
government intervention will often be needed to stimulate the production thereof.
An evident priority is the improvement of technologies for the conversion of wastes
into transport biofuels. As pointed out in Chap. 1, such technologies seem to offer
much scope for lowering costs and improving conversion efficiencies. A mandate
such as in the Energy Independence and Security Act 2007 of the USA for phase-in
of lignocellulosic ethanol may also be helpful. Furthermore, to establish an environ-
mental benefit, criteria have to be established which restrict marketing to biofuels
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that at least have a predefined benefit. Both the EU and the USA have restrictions
in place for the life cycle greenhouse gas emissions of transport biofuels. It would
seem useful to extend such criteria, for instance to safeguard soil organic matter and
nutrient stocks and to limit negative effects on biodiversity.
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E

ecosystem function loss 135
ecosystem services 130–132, 137, 139, 158
ecotourism 129
ecotoxicity 118
edible oils 14
Eichhornia crassipes 24
electric cars 5, 25
electric traction 161
electricity 5, 25, 64, 65, 111
electricity from biowaste 115
elephant grass 16
emission reduction 119
energy balance 49
energy efficiency 65, 152, 160
energy security 2, 33, 151
environmental concerns 33
Escherichia coli 18
ETBE 101
ethanol 1, 6, 8, 12, 13, 18, 20, 26, 28, 52, 65,

109, 112
Eucalyptus 16, 58, 86, 87, 153
Eucheuma 61

Euphorbia 21
eutrophication 118
evapo(tanspi)ration 103

F

fatty acid esters 1
feed 156
feedstock costs 31
feedstock prices 30
feedstocks 154
fermentation 5, 12, 18, 19
first generation biofuels 27
Fischer–Tropsch diesel 109
Fischer–Tropsch liquids 59
Fischer–Tropsch synthesis 17, 21
flex fuel cars 2
food 156
food prices 33, 153–155
food security 33, 153
forestry residues 134
forests 10, 11, 80
fossil fuel 120, 151
freshwater macrophytes 63
fuel cells 5

G

galactose 18
gasification 5, 17
giant kelp 22, 61
giant reed 140
glucose 18
glycerol 15, 30
government policy 66, 160
Gracilaria 61
grain sorghum 12
grasses 5
grasslands 107
greenhouse gases 103

H

H2 see hydrogen
Haematococcus pluvialis 54
harvest residues 5, 139
harvesting 138–140
heavy metals 82
hemicellulose 16, 18
higher heating value 7, 8
hydrocarbons 7, 21, 111
hydrogen 5, 24, 59, 63
hydrolysis 12, 18
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I

iLUC 108
intensification of agriculture 133, 138
invasive species 140
irrigation 87, 119
isoprene 101

J

Jatropha 14, 60, 140, 154
Jerusalem artichoke 12

K

Kappaphycus alvarezii 140
keystone species 131

L

Laminaria 22, 61
land claims 67
land use change 106, 107, 109
landfill 10, 21
landfill gas 5
lead 81
leakage 11
lettuce 64
life cycle environmental impact

assessments 102
lignin 16, 18
lignocellulose 16
lithium ion batteries 25
living nature 129
lower heating value 7, 8

M

macroalgae 5, 22
Macrocystis pyrifera 22, 61
magnesium 79
mannose 18
manure 21, 115, 116
methane 6, 9, 20, 53, 104, 136
methanol 7, 15, 59
microalgae 23, 155
microalgal biofuels 53
mineral oil prices 30
mineral soils 110, 114
Miscanthus 16, 56, 58, 115, 138
mixtures of prairie grasses 138
MTBE 7, 15

N

N cycle 101
natural gas 20
natural medicines 134
natural resource 75, 134, 159
nature conservation 158
net greenhouse gas emissions 111
nitrate 101
nitrogen 79
no-till 110
NOx emissions 117
N2O 101, 104, 105
non-edible oils 14
nutrient deficiencies 82
nutrient mining 83
nutrient recycling 81, 159
nutrients 76, 80–83, 117, 136, 140

O

O3 117
oil palm 14, 57, 58, 60, 87
olive tree 87
open ponds 23
operational costs 31
organic wastes 5, 161
Otto motor 1
oxidizing smog 118

P

palm oil 27, 113
peat 113
peaty arable soils 110
peroxylacetate nitrate 117
pesticides 117
Phalaris arundinacea L. 140
phosphorus 79, 83
photosynthetic organisms 3
photovoltaic III–V 64
photovoltaic silicon 64
Pichia stipitis 18
Pistia stratiotes L. 64
plantations 80, 133, 136, 137
polycyclic aromatic hydrocarbons 81
ponds 61, 62
poplar 16, 57, 58
potassium 79
potato 12
power plants 5
precision agriculture 119
prices 26, 28, 66
primary forests 137
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production volume 26
pyrolysis 15, 16
pyrolysis oil 17

R

rainforests 107, 159
rapeseed 14, 57, 58, 60
rapeseed oil 27
reduced tillage 119
reed canary grass 140
reeds 16
residue removal 76
residues 157
rhamnose 18
risk adder 108
rye 12

S

saccharification 19
sago palm 12
sago plantations 113
saline soils 157
salinization of soils 135
savannah 107
second generation biofuels 27
secondary forests 137, 157
sewage sludge 116
shortages of freshwater 85
simultaneous saccharification

and fermentation (SSF) 19
sludge 5, 21
social concerns 34
soil 75
soil carbon stocks 77, 78
soil erosion 140
soil loss 77
soil organic carbon 109
soil organic matter 75, 76
solar cells 152
solar energy conversion efficiency 49, 55
solar thermal electricity turbine 64
soybean 14
Spirulina 23, 54, 62
starch 12
subsidies 2
sugar beet 12, 58
sugar cane 12, 56, 58, 60, 114
sulphur 79
sunflower 14

sustainability 75, 159
sustainable use of biomass 75
sustainable use of natural resources 88
sustainable yield 89
sweet sorghum 12, 140
switchgrass 16, 57, 58, 60, 138
syngas 17
synthesis gas 17

T

tax reductions 2, 151
terrestrial biofuels 57
terrestrial plants 56
Tetraselmis suecica 87
thermochemical conversion 6
tillage 76, 77, 87, 110, 159
tourism 135
transesterification 14
turpentine 6

U

uncertainty 102

V

vegetable oil 1, 5, 6, 9, 29
Vibrio furnissii 15
virtual biofuels 10

W

wastes 12
water 85
water demand 155
water efficiency 86, 159
water hyacinth 24, 64
water shift reaction 17
water shortages 152
wheat 12, 57, 58, 60, 112
whey 12
wild foods 134
willow 16, 87
wood 5, 58, 60
wood hydrolysate 20

Y

yeast 12
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