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Preface

The twenty-first century saw rapid expansion into making liquid fuel production
more sustainable by producing ethanol from corn starch. Brazil already pioneered
ethanol from sugar cane, but a logical step was to use corn from the world’s most
prolific agricultural production area, the USA’s Midwest. Ethanol production in
the US jumped in a few years from a few billion gallons to fourteen billion gallons,
all in less than a decade, to become the world leaders in biofuels production. This
is a remarkable achievement of free enterprise, mainly driven by smaller com-
panies and farmer owned consortia. While corn is not the answer to replacing
fossil fuel sources due to production limitations, the industry made a brave
statement in replacing almost 10% of all liquid fuel needs. What is more, ethanol is
a very clean octane enhancer and avoids the pollution of water resources found
with the previously and still used MTBE (methyl tertiary butyl ether) from
petroleum sources. The production cost of ethanol from corn is not quite com-
petitive with petroleum-based gasoline and the industry has been relying heavily
on selling coproducts, particularly distillers dried grains (DDG) and subsidies.
With subsidies being withdrawn, the industry will become even more dependent
on efficient coproduct utilization.

Biofuels have come under scrutiny and criticism recently. It is claimed that
although renewable, these products are not as environmentally friendly as origi-
nally conceived, mainly because the energy inputs, often from non-renewable
sources, are as large or larger than the energy contained in the fuel product.
In addition, corn used in ethanol production reduces the supply of a staple food or
animal feed. Lastly, there is a perception that the US ethanol causes an increase in
food prices. Careful analysis of all these allegations will show that these are
generally exaggerated and the ethanol industry deserves much more praise for their
pioneering efforts in ethanol production. What is more, the industry deserves to be
supported by research into better utilization of all the organic matter to produce
additional coproducts some of which is presented in this book. Nevertheless, there
is a clear need to expand biofuel production beyond what can be based on seeds.

Lignocellulosic ethanol production seems to have the key to sustainable biofuel
production. Taken as a whole, with billions of tons of primary plant productivity of
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lignocellulosic material per year world-wide, it becomes clear that such quantities
of raw material could indeed become the main raw material for liquid fuel pro-
duction. The production capacity of hydrocarbons by the plant kingdom, algae and
cyanobacteria using solar energy is huge and the first chapter describes mecha-
nisms of such primary production. However, while the technology exists, current
production methods, on the verge of intermediate-scale production, are not yet
economical and would indeed be more costly than ethanol production from corn.
Various methodologies are being developed to lower costs and some chapters in
this book are devoted to this topic, including electrochemical pathways to produce
electricity based on simple degradation products from lignocellulosics.

Equally important is the fact that all biofuel production methods generate
leftovers. These leftovers do not only present disposal challenges, but also provide
opportunities for making further coproducts. These coproducts could play even
further important roles in substituting for petroleum products in making bio-
polymers and many other valuable substances. Only when all organic material
from lignocellulosic material is used gainfully will the biofuel industry truly
become sustainable. Various chapters in this book are devoted to further useful
applications of the leftovers from various lignocellulosic processing operations
under development.

The last three chapters reflect on the overall picture of use and production of
biofuels and its infrastructure impacts, assessment of environmental risks and the
lifecycle of biofuels.

Researchers and practitioners engaged in the study of bioenergy and bioprod-
ucts will find this book very useful. This book will also serve as an excellent
state-of-the-art reference material for graduate and postgraduate students in
biorenewables.
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Linear Hydrocarbon Producing Pathways
in Plants, Algae and Microbes

Mark Brown and Jacqueline Shanks

Abstract Many different types of organisms synthesize hydrocarbons in nature,
but for all their ubiquity, the biochemical and genetic bases for how these
compounds are synthesized are not well understood. Several biochemical mecha-
nisms have been proposed for non-isoprenoid hydrocarbon biosynthesis, most
notably the head-to-head condensation and elongation-decarboxylation pathways
from fatty acid precursors, but definitive characterization of these and other
possible mechanisms have largely remained elusive. This review explores the
possible metabolic pathways that various plant, algal, and microbial species use to
synthesize linear hydrocarbons and the genetic factors that are involved in
regulating those pathways.

1 Introduction

It has long been known that hydrocarbons from plants, algal, and microbial
organisms are present in crude oil deposits [7, 23]. This was originally recognized
for the possibility of using these molecules as evolutionary indicators, since
evolutionary processes can be deduced from the biochemistry of distinct com-
pounds [11]. While the substantial portion of these deposits is the result of the
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breakdown of biomass over time, these original hydrocarbons maintain their
integrity due to their extremely stable nature [6]. In some cases, these hydrocarbon
markers are still viable in deposits that are over three billion years old [3].
Recently though, interest in the biosynthesis of hydrocarbons has grown
substantially due to the prospect of using hydrocarbon producing organisms as a
source of renewable fuels.

Long-chain hydrocarbons, consisting of alkanes and alkenes, are promising
targets for biofuels as they are already the major constituents of petroleum-based
fuels that are in use today. Synthesis of these compounds in nature is accomplished
by an assortment of different types of organisms and play a variety of roles, as
insect epicuticular waxes and pheromones [15, 30], protective coatings on fungal
spores [35], epicuticular waxes covering stems and leaves in higher plants [18, 26],
and various other purposes in many microorganisms, including blue-green and
green algae, cyanobacteria, and yeasts, among others [11, 16].

2 Hydrocarbon Biosynthesis

It has been well documented that fatty acid metabolites are precursors to long-
chain hydrocarbons. This has been demonstrated through radiocarbon labeling
studies in a multitude of species [17, 33]. While many details are not well char-
acterized, there appears to be two main metabolic pathways for the synthesis of
hydrocarbons from fatty acids (Fig. 1).

The first, primarily found in bacteria, is head-to-head condensation of two fatty
acids [2, 4, 22]. In this putative pathway, a bond is formed between the carboxyl
carbon of one fatty acid and the a-carbon of a second fatty acid. The resulting
compound is then decarboxylated to form a hydrocarbon that is one carbon less

Fig. 1 Possible pathways for long-chain hydrocarbon biosynthesis from a fatty acid precursor
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than the total carbons from the two fatty acids [1]. The ensuing hydrocarbon chain
length would be odd assuming the number of carbons in the fatty acid groups was
even, as is typically the case.

The second pathway, evidence of which has been found in many plant and algal
species [10, 20, 25], is the elongation-decarboxylation mechanism. It is charac-
terized by the elongation of the precursor fatty acid (primarily C16 or C18) to a very
long-chain fatty acid (VLCFA, longer than C22) in a process analogous to de novo
fatty acid synthesis. There are several possible mechanisms from which the
hydrocarbon could then be formed from the VLCFA. The first is decarboxylation,
in which the carboxylic end of the VLCFA is cleaved to form a hydrocarbon that is
one carbon shorter than the VLCFA. A second possibility is reduction of the
carboxylic end of the VLCFA to an aldehyde, with subsequent decarbonylation to
a hydrocarbon identical to that formed from decarboxylation. The final mechanism
is reduction of the aldehyde to a primary alcohol, which could then be dehydrated
to the resulting hydrocarbon without the loss of the terminal carbon. These
pathways are discussed in more detail in the ensuing sections.

2.1 Head-to-Head Condensation

Early investigations of the head-to-head condensation mechanism of hydrocarbon
biosynthesis took place in the late 1960s. Incorporation of 14C-labeled fatty acids
in the tobacco plant [17] and bacterium Sarcina lutea [1] suggested that two fatty
acids were being incorporated into the final hydrocarbon. Additionally, cell
extracts have shown that the carboxyl group for only one of the fatty acids was
being lost as carbon dioxide while the other was retained in the hydrocarbon.
Together, these results were consistent with head-to-head condensation over
alternative mechanisms such as elongation-decarboxylation, but the underlying
biochemistry and genetics were not revealed with any clarity. Only recently have
further studies shed light on the underlying basis for this chemistry.

One such study looked at hydrocarbon synthesis in the bacterium Micrococcus
luteus, a close relative to the previously studied S. lutea, for which a genome
sequence was available. A search for homologs of the KAS enzymes responsible
for condensation of fatty acyl groups in de novo fatty acid synthesis resulted in a
single target gene (Mlut_13230) that showed promise in heterologous expression
in E. coli. Due to its sequence similarity to KAS III, the enzyme responsible for
catalyzing the initial condensation reaction in fatty acid synthesis, a mechanism for
head-to-head condensation was proposed that is very similar to the fatty acid
synthesis reaction (Fig. 2). One fatty acid is initially oxidized to a b-ketoacyl-CoA
(similar to malonyl-CoA), followed by a decarboxylative Claisen condensation
with the second fatty acid in the form of fatty acyl-CoA, catalyzed by Mlut_13230.
The condensed product is theorized to be a diketone, with three subsequent
reductions and two dehydrations needed to form the monounsaturated hydro-
carbon, reactions similar to the reduction and dehydration reactions that take place

Linear Hydrocarbon Producing Pathways 3



in fatty acid synthesis. In vitro studies with the purified Mlut_13230 protein,
tetradecanoyl-CoA, and E. coli lysate resulted in unsaturated C27 monoketones, a
possible intermediate between the diketone and the final hydrocarbon in Fig. 2 [4].
Enzymes catalyzing the initial oxidation steps, as well as the reduction and
dehydration steps at the end of the possible pathway were not found, however,
leaving many of the proposed mechanisms unsupported. Furthermore, two addi-
tional M. luteus genes (Mlut_13240 and Mlut_13250) were found to be required
for successful heterologous expression in E. coli, yet no clear function for them
was found.

Soon after the preceding pathway was put forth, a separate investigation came
out with substantially different conclusions as to the underlying mechanisms for
head-to-head condensation. In that study, an oleABCD gene family was identified
as necessary for head-to-head hydrocarbon biosynthesis. Of the 3,558 genomes
surveyed, only 69 were qualified as potential candidates for having hydrocarbon
producing ole genes. All the positive results were from bacterial genomes, while

Fig. 2 Possible head-to-head condensation mechanism, where R1 and R2 are alkyl groups of the
precursor fatty acid. The monoketones observed in vitro were hypothesized to occur as an
intermediate in the reduction and dehydration steps between the diketone and the hydrocarbon [4]
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none of the more than 2,100 Eukaryota and 84 Archaea genomes showed strong
evidence for containing the oleABCD gene family [31]. Of the four ole genes
identified as being integral to head-to-head condensation, oleA was the primary
candidate for the catalysis of the condensing reaction, as it was homologous to the
thiolase superfamily of condensing enzymes. Additionally, the Shewanella
oneidensis oleA gene was found to have 31% sequence similarity to the corre-
sponding Mlut_13230 condensing enzyme in M. luteus [32]. Up to six different
gene arrangements were found for oleABCD, the highest population consisted of
an unbroken cluster of all four genes arranged continuously, while second was the
fusion of the oleBC genes into one gene within the larger cluster (a configuration
that M. luteus was shown to exhibit, hence the three genes found as in the previous
study). Various other cluster arrangements and dispersion of individual genes
throughout the genome were observed as well, but with much less species
exhibiting those characteristics. Despite the large difference in populations, each of
the six arrangements of genes had at least one bacterial species that produced
hydrocarbons. While different compounds were created, all were greater in length
than C23 and had at least one unsaturation, consistent with head-to-head synthesis.
Among the 14 different types of bacteria tested, 10 had a single product with a
carbon length of 31 with nine double bonds known as 3, 6, 9, 12, 15, 19, 22, 25,
28-hentriaconanonaene. This is consistent with the condensation of two molecules
of the same hexadecatetraenoic acid, a compound known to be an intermediate in
the biosynthesis of long-chain polyunsaturated fatty acids (PUFAs) that are
produced in various Shewanella strains that were a part of a parallel study [32].
This link was confirmed when the PUFA synthesis pathway was blocked in a
mutant strain and no hydrocarbons could be detected, while restoration of the
blocked gene restored hydrocarbon biosynthesis.

The fact that many of the bacteria produced just a single hydrocarbon
compound from a relatively non-abundant fatty acid precursor points to a probable
substrate specificity for the oleA protein. A series of heterologous expression
experiments of Stenotrophomona maltophilias oleA in Shewanella oneidensis
showed that not only was oleA selective, but the entire gene cluster was as well.
Additionally, the S. maltophilia oleA showed specificity for saturated and mono-
unsaturated fatty acids by synthesizing mono and di-unsaturated ketones. The
corresponding oleBCD gene set was not present to metabolize the intermediates,
so the ketones were the final product of the heterologous expression. The native
oleA was only able to produce the C31 ketone with eight double bonds when a
mutant S. oneidensis was created without oleBCD genes. When present, the final
product was the hentriaconanonaene [31].

While the previously presented mechanism proposed a decarboxylative Claisen
condensation due to homology of the oleA gene to KAS III, the thiolase superfamily
of genes catalyzes both decarboxylative and nondecarboxylative condensation
reactions [14]. An alternative mechanism consisting of the nondecarboxylative
reaction was therefore offered (Fig. 3). Based on the experimental data, it is
believed that oleA catalyzes the first reaction where the two fatty acyl groups are
condensed to the b-keto thioester intermediate. Absence of the oleBCD genes could
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allow the b-keto intermediate to undergo hydrolysis to an unstable b-keto acid,
which can spontaneously decarboxylate to the ketones observed in the heterologous
expression experiments discussed previously [32]. The presence of the appropriate
oleBCD genes would preclude this branch mechanism, channeling the b-keto
thioester intermediate to the hydrocarbon instead. There is some indication of the
possible underlying mechanisms based on the known gene families of the oleBCD
enzymes, but these individual steps have not been described at this point.

2.2 Elongation

Investigation of the so-called ‘‘elongation decarboxylation’’ pathway has basically
followed the same course as that of head-to-head condensation. Early studies
indicating this mechanism were first accomplished in the 1960s, with incorporation
of radiocarbon-labeled fatty acids or acetates used as the main tools for distin-
guishing between the condensation and elongation mechanisms [2, 18, 19]. This
mechanism is characterized by elongation of precursor fatty acids via the fatty acid
elongation pathway to a very long chain fatty acid (VLCFA). An initial fatty acid,
such as palmitate (16:0) or oleate (18:1) is elongated in the same manner as de
novo fatty acid synthesis, with a couple of exceptions [27]. First, malonyl-CoA
units are not converted to malonyl-ACP prior to condensation with the acyl-CoA.
Secondly, instead of being located in the cytoplasm, as in eukaryotes and bacteria

Fig. 3 A second possible fatty acyl head-to-head condensation mechanism. The nondecarboxy-
lative Claisen condensation takes place first through the action of oleA, producing the b-keto
thioester. OleBCD presumably catalyze the reactions that lead to the hydrocarbon, while in their
absence the b-keto thioester could undergo hydrolysis and then spontaneously decarboxylate to
the ketone (adapted from Sukovich et al. (22))
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or in the plastids for photosynthetic organisms for de novo fatty acid synthase, the
VLCFA synthase is located in the membrane of the endoplasmic reticulum (ER).
The mechanism for elongation behaves mostly in the same way as de novo syn-
thesis though, with repeated malonyl-CoA units added to the growing acyl-CoA
chain until the desired length is reached, typically 24–34 carbons long [28].
In order to make the hydrocarbon from the resulting VLCFA, the carboxylic end
must be replaced. There are several possible mechanisms for which this can
happen.

2.2.1 Decarboxylation

Until the 1980s, elongation-decarboxylation was the only mechanism considered
for converting VLCFAs to hydrocarbons. While it was known that the carboxylic
carbon was lost in hydrocarbon synthesis, the direct cleavage of the carboxyl end
was not considered feasible without an electron withdrawing group to stabilize the
negative charge on the leaving CO2 [9]. It was thought that such a group would
exist in the immediate precursor to the decarboxylic reaction, but this has never
been detected [21]. In the 1970s, experimental results started to show that perhaps
an aldehyde was a precursor to the hydrocarbon instead [5], but the mechanism by
which that would happen was unknown. It was not until the mid 1980s that a
possible reduction-decarbonylation mechanism was first suggested [8].

2.2.2 Reduction-Decarbonylation

Inhibition of alkane synthesis in young leaves of the plant Pisum sativum was the
first indication that aldehydes were an intermediate to hydrocarbon synthesis,
though this was not recognized at the time [5]. Addition of metal ion chelators
inhibited the normal synthesis of the alkane hentriacontane, with a C32 aldehyde
accumulating instead. Since decarboxylation was the consensus mechanism at the
time, this was thought to be a side reaction of an intermediate in that pathway.
Subsequent experiments in P. sativum have shown that the aldehyde is likely the
immediate precursor to the hydrocarbon. In cell-free preparations, the microsomal
fraction (inclusive of ER remnants) was found to convert octadecanoyl-CoA to the
aldehyde octadecanal along with some hydrocarbon synthesis activity. The heavy
particulate fraction (inclusive of cell wall, cutin, and other membranes) did not have
any activity with the acyl-CoA, but readily converted exogenous aldehyde to alkanes
[8]. In concert with hydrocarbon synthesis activity, CO was measured as a byproduct
in nearly a 1:1 mol ratio with produced hydrocarbon while no CO2 was indicated,
further demonstrating a decarbonylation mechanism over decarboxylation.

Similar enzymatic activity was observed in the algae Botryococcus braunii.
A purified aldehyde decarbonylase was shown to produce CO in nearly a 1:1
stoichiometry with the alkane formed. Crude preparations, however, produced
mainly CO2 instead of CO, something not observed in the previous P. sativum (pea)

Linear Hydrocarbon Producing Pathways 7



experiments. It was theorized that the algae had evolved a CO oxidizing mechanism
to circumvent the toxic effects of CO, while the probable location of the decar-
bonylase in the cuticle of peas would allow for a direct venting to atmosphere and
no need for the oxidizing action [9].

Several other organisms have been studied for the presence of a decarbony-
lase as well, including the cyanobacteria Synechococcus elongatus and plant
Arabidopsis thaliana. In the latter, a cer1 wax deficient mutant was found to
have an increase in aldehydes and a drop in alkanes from the wild-type [12].
While one would expect this behavior if an aldehyde decarbonylase was deficient
in that mutant, the same relationship could be seen if the aldehydes were a side
product of the main pathway [28]. Subsequent analysis of the wax production in
the cer1 mutant showed that the cer1 deletion could not have been simply a
block of the decarbonylation reaction [13]. In the cyanobacteria S. elongates, two
candidate genes for alkane biosynthesis, PCC7942_orf1593 and orf1594 were
identified as the aldehyde decarbonylase and acyl-CoA reductase, respectively
[29]. Heterologous expression of the proposed reductase _orf1594 in E.coli
produced even-chained fatty aldehydes and alcohols, while expression of the two
together resulted in odd-chained alkanes and alkenes. As would be expected
when no precursor was present, expression of _orf1593 alone was indistin-
guishable from the negative control. Expression of _orf1593 genes from 15 other
species of cyanobacteria with _orf1594 from S. elongatus produced the same
combination of results [29].

While the ability to make alkanes makes the elongation-decarbonylation
mechanism unique, alkenes are also a possible hydrocarbon product from this
pathway. However, a potential mechanism for their synthesis is often ignored.
Does VLCFA elongation start with an unsaturated fatty acid or is the VLCFA
desaturated in the process of being reduced and decarbonylated? A recent study
looking at wax composition in maize silks suggests that both possibilities may be
true. When the double bond was located in the elongated portion (that which was
added in VLCFA synthesis) of the hydrocarbon, it was determined that the
precursor fatty acid was elongated first and then desaturated. Alternatively, if the
double bond was in the original fatty acid portion of the molecule, that position
was consistent with the particular unsaturated fatty acid that had entered VLCFA
elongation [25].

2.2.3 Reduction-Dehydration

In 2004, a new reduction pathway was proposed that does not result in the loss of
the carboxylic end of a VLCFA [24]. Moreover, the bacterium being studied,
Vibrio furnisii M1, produced even-chained hydrocarbons, a rarity from the elon-
gation pathway. C14-labeling studies at the 1-position of the precursor hexa-
decanoic acid showed incorporation of label in hexadecanal, hexadecanol, as well
as the hydrocarbon hexadecane in cell extracts. This indicates that a consecutive
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reduction from the fatty acid to an aldehyde to a primary alcohol is possible, with
dehydration of the alcohol forming the hydrocarbon.

A follow-up study was done in 2007 by a different group that seemed to
contradict the earlier findings. Several different strains of V. furnissii were tested
for hydrocarbon synthesis in both cell extracts and in intact cells. However, none
produced hydrocarbons, much less in the unique manner described previously.
Additionally, the complete genome from V. furnissii was sequenced yet no alkane
biosynthetic or degradation genes were identified [34].

3 Conclusion

The mechanisms by which organisms synthesize hydrocarbons have been studied
for nearly five decades. Two main synthesis pathways have been identified as the
most prominent, with head-to-head condensation of fatty acids exhibited primarily
in prokaryote and elongation-decarbonylation existing throughout the animal
domains, but principally in eukarya. Recent genetic approaches have shed light on
the mechanisms by which hydrocarbons are produced that traditional techniques
could not. However, until the key enzymes involved in these pathways are cloned
and fully characterized, the mechanistic details of how fatty acids are converted to
hydrocarbons will remain unresolved.
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Fungal Treatment of Crop Processing
Wastewaters with Value-Added
Co-Products

J. (Hans) van Leeuwen, Mary L. Rasmussen, Sindhuja Sankaran,
Christopher R. Koza, Daniel T. Erickson, Debjani Mitra and Bo Jin

Abstract Conventional biological wastewater treatment generates large amounts
of low-value bacterial biomass. The treatment and disposal of this excess bacterial
biomass accounts for about 40–60% of wastewater treatment plant operational
costs. A different form of biomass with a higher value could significantly change
the economics of wastewater treatment. Fungi could offer this benefit over bacteria
in selected wastewater treatment processes. The biomass produced during fungal
wastewater treatment has, potentially, a much higher value than that from the
bacterial activated sludge process. The fungi can be used as a protein source and to
derive valuable biochemicals. Various high-value biochemicals are produced
by commercial cultivation of fungi under aseptic conditions using expensive
substrates. Food processing wastewater is an attractive alternative as a source of
low-cost organic matter and nutrients to produce fungi with concomitant waste-
water purification. This chapter summarizes various findings in fungal wastewater
treatment, particularly focusing on creating new byproducts. This chapter also
provides an overview on performance of fungal treatment systems under various
operational conditions. Important factors such as pH, temperature, hydraulic and
solids retention time, nonaxenic and axenic operation, bacterial contamination and
others that affect the fungal treatment system are discussed. The work described
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culminates in the design and operational experience in operating a pilot plant for
beneficiating leftovers from ethanol production from corn. Lastly, production of
other valuable biochemicals from fungi as further byproducts is discussed.

1 Introduction

Microbial biodegradation of organic compounds in wastewater is a key process in
both natural and engineered systems. Bacteria are the mainstay for organic pollutant
removal in a typical engineered biological wastewater treatment system. Conven-
tional aerobic treatment (e.g., the activated sludge process) mineralizes organic
compounds into carbon dioxide and water and generates a huge amount of bacterial
biomass that is the predominant component of so-called secondary sludge.
On average, the activated sludge process produces about 0.4 g biomass per gram
chemical oxygen demand (COD) removed [1]. Thus, nearly half of the COD removed
from wastewater is actually transformed into new bacterial cells, appreciating that
COD is a much higher value than the actual organic substrate concentration.
The excess bacterial cells, which have to be removed continuously, have little value
and are the largest burden in wastewater treatment. Sludge processing, treatment, and
disposal constitute one of the major environmental problems in many countries [2].
In fact, the costs associated with treatment and disposal of excess sludge account for
up to 60% of the total wastewater treatment plant operating costs [3].

Anaerobic treatment, by way of digestion, is most often used for reducing
excess sludge volumes. This is energy efficient with lower biomass production
and partially converts wastewater organics into methane, which can be used as a
gaseous fuel. However, this processing does not produce high-value byproducts
and is capital intensive [1].

Wastewater treatment places a considerable burden on crop-processing indus-
tries, resulting in no other benefits than environmental protection.

Filamentous fungi offer a different opportunity. Various filamentous fungi are
often cultivated in food industries as a source of valuable products such as protein
and a variety of biochemicals, using relatively expensive substrates such as starch
or molasses [4]. The use of filamentous fungi to treat high-strength wastewater as a
substrate is an attractive option. Fungal cultivation can convert the wastewater
organic substances into readily harvestable fungal biomass, which can be used as a
source of animal feed and potentially in human diets [5].

Fungi can produce a wide range of fine biochemicals and enzymes, and are
more effective than bacteria in metabolizing complex carbohydrates such as starch
[6–8]. The possibility of wastewater purification using yeasts and molds for
microbial biomass protein (MBP) production has been investigated for some time
[6, 9, 10]. The concept of using yeasts in the bioconversion of wastewater has
attracted the attention of many researchers due to their ease of cultivation, ability
to grow at pH values lower than 5, and growth rates faster than those of molds
[11, 12]. In addition, yeasts are less susceptible to contamination by other
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microorganisms and producing biomass with high nutritive value [13]. Molds have
been considered less suitable than yeasts for MBP production. However, the fil-
amentous nature of these fungi simplifies separation and recovery of the MBP
from culture media. Moreover, the obligatory acidophilic properties of these
organisms suggest that the fungi would not act as opportunistic pathogens [7, 14].
Mycotoxins produced by pathogenic fungi through secondary metabolic processes,
usually to eliminate other microorganisms competing in the same environment,
could be a concern [15]. However, such fungi can be eliminated as candidates for
cultivation. Thus, filamentous fungi could have interesting benefits for industrial
wastewater treatment processes.

Fungi have other advantages over bacteria in biological wastewater treatment,
in addition to being a source of valuable fungal byproducts such as amylase, chitin,
chitosan, glucosamine, antimicrobials and lactic acids. Firstly, fungi contain a
group of extracellular enzymes that facilitate the biodegradation of recalcitrant
compounds such as phenolic compounds, dyes, and polyaromatic hydrocarbons
(PAH), among others, through non-specific oxidation reactions [16–18]. By con-
trast, the bacterial cell produces target-specific enzymes for degrading contami-
nants [19, 20]. Fungi also have a greater resistance to inhibitory compounds than
bacterial species. The hyphal growth of fungi provides a greater protection to their
sensitive organelles. The larger surface area of fungi acts like an adsorption layer
of extra-polysaccharide matrix, protecting them from inhibitory compounds.
Moreover, fungi are eukaryotes, having considerably more genes than bacteria,
which further make them more versatile in tolerating inhibitory compounds [5].
The higher number of genes in fungi imparts greater reproductive selectivity,
which might result in better environmental adaptations [21].

Bacterial biomass in biological wastewater treatment has been studied for half a
century and activated sludge and attached growth kinetics have been developed
extensively. The kinetics of fungal processes in wastewater treatment and biomass/
byproduct production are more novel and not so exhaustively developed. Thus, it
is necessary to establish a better understanding of fungal systems to gain accep-
tance as a wastewater treatment technology.

The purpose of this review is to (1) summarize the technical literature pertaining to
fungal wastewater treatment, (2) identify the unique merits and demerits of the fungal
process, and (3) examine the pertinent operating constraints of the fungal process.
Additionally, the review also summarizes important features related to fungal
treatment not previously discussed, and outlines the future research directions.

2 Microbiology of Fungi

Fungi are eukaryotes varying in size and shape [22]. The size of fungi varies from
individual cells (e.g., yeasts) to long chains of cells that stretch for miles. Fungal
cells are oblong (3–8 lm 9 5–15 lm) with very large trichomes containing
organelles and large intracellular granules and structures. Chitin is one of the

Fungal Treatment of Crop Processing Wastewaters 15



important components of fungal cell walls. Some fungi are saprophytes (grow on
dead organic matters), while others are parasites. Fungi are absorptive heterotrophs
as they break down organics by secreting digestive enzymes onto the substrates
and then absorbing easily accessible organic molecules. Fungal hyphae have small
volumes but large surface areas, which enhance the absorptive capacity of fungi.

2.1 Broad Fungal Classification

Fungi are broadly classified as macrofungi and microfungi according to the size of
their fruiting bodies. Macrofungi form fruiting bodies readily visible to the naked
eye, with a diameter of at least 1 mm (e.g., mushrooms). Microfungi, on the other
hand, are microscopic, having minute fruiting bodies that cannot be seen by the
naked eye (e.g., Penicillium). Their mode of reproduction is through spore
formation. Most fungal spores range from 2 to 20 lm in size and are of different
shapes and colors [22]. Fungi are more fundamentally classified by their mode of
reproduction (both sexual and asexual) and the nature of their multinucleate or
multicellular hyphal filaments. Historically, true fungi are classified into five
taxonomic divisions. The characteristics of each division are given in Table 1.

3 Composition of Fungi

Fungi, being eukaryotes, have a cellular chemistry similar to that of other
eukaryotic organisms [23]. The DNA base ratio (percent guanine ? cytosine) of
eukaryotic cells is reported to be 38–63%; while the DNA content of fungi has

Table 1 Characteristics of major fungal divisions [103, 104]

Division Characteristics

Chytridiomycota The fungi produce zoospores capable of moving on their own through a liquid
medium by simple flagella

Zygomycota The hyphae do not have one nucleus per cell, but rather have long
multinucleate, haploid hyphae that comprise their mycelia. Asexual
reproduction is by spores produced in stalked sporangia

Ascomycota They contain more than 30,000 species of unicellular (yeasts) to multicellular
fungi. Yeasts reproduce asexually by budding and sexually by forming a
sac/ascus.

Basidiomycota Mushrooms, toadstools, and puffballs are commonly encountered
basidiomycetes. These conspicuous features of the fungi are the
reproductive structures. Sexual reproduction involves the formation of
basidiospores on club-shaped cells known as basidia

Deuteromycota A group of fungi that either lack the perfect stage (i.e., sexual
reproduction) or whose perfect stage is as yet undiscovered. They
reproduce most frequently by conidia or conidia-like spores. Many forms
of deuteromycota are pathogenic, affecting man, animals, or plants
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been found to be as low as 0.15–0.30% [24]. Most fungal carbohydrates are
polysaccharides such as chitin, chitosan, mannan, glucan, starch, and glycogen.
Chitin, a principal cell-wall component in Dikaryomycota, which includes the
divisions Ascomycota and Basidiomycota and is characterized by hyphae with
perforated septa, which usually occur in the dikaryotic phase), is a polymer of
b-1,4 N-acetylglucosamine. Chitin is a long-chain polymer of an N-acetylgluco-
samine, a derivative of glucose, and is found in fungi and invertebrate animals. It is
the main component of the cell walls of fungi, the exoskeletons of arthropods such
as crustaceans (e.g., crabs, lobsters, and shrimps) and insects, the radulas of
mollusks, and the beaks of cephalopods, including squid and octopuses. In terms
of structure, chitin may be compared to the polysaccharide cellulose and, in terms
of function, to the protein keratin. Chitin has also proven useful for several medical
and industrial purposes. Chitosan, a deacetylated form of chitin is found along with
chitin and has various medical and industrial uses as well.

Although glycogen is the main storage polymer, disaccharides such as trehalose
and sugar alcohols such as mannitol are also produced in fungal cell walls. Lipids
include long-chain fatty acids (such as palmitic, oleic, and linoleic acids), phos-
pholipids, and sphingolipids [24].

There are a number of valuable fungal biochemicals that have industrial use.
These, and the fungi that produce these, are outlined in Table 2.

4 Growth Requirements of Fungi

Fungi are free-living heterotrophic osmotrophs in which assimilation of digested
food material takes place through the cell wall [23, 25]. Fungi absorb nutrients
from the substrates on which they grow. They absorb simple, easily soluble
nutrients, such as sugars through their cell walls. They excrete digestive enzymes
to break down complex nutrients into simpler forms that they can absorb. Fungi
derive their energy and intermediates for synthesis from oxidation of compounds
through respiration and fermentation.

4.1 Carbon Source and Nutrients

Carbohydrates constitute the major carbon source. Fungi differ widely in their
abilities to use different carbon sources, and the utilization efficiency of a defined
carbon source may be affected by the medium composition and the culture con-
ditions, such as pH. Various wastes such as cellulosic and lignocellulosic wastes,
starch wastes, cheese whey, spent sulfite liquor (black liquor from sulfite process),
molasses, and sugar beet pulp can be used as substrates for MBP/fungal byproduct
production. These substrates differ in their compositions that are suitable for
growing different types of fungi. For example, the white-rot fungi and brown-rot
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Table 2 Fungal derived by-products and their economic importance

Product Fungal species Reference Applications

Amylase Aspergillus niger,
Aspergillus oryzae,
Lentinula edodes,
Neurospora crassa

El- Zalaki and
Hamza [105]
Jin et al. [6]
NCIM [106]

Used in brewing and
fermentation industries,
in the laundry industry,
in the paper and food
industry

Asteriquinone Aspergillus terreus NCIM [106] Used for biomedical
applications

Cellulase Aspergillus fumigatus, A.
niger, Cladosporium
sp., Fusarium sp.,
Myrothecium
verrucaria,
Phanerochaete
chrysosporium,
Gloeophyllum trabeum,
Trichoderma reesei

NCIM [106]
Rasmussen 2006;
Shrestha [90]

Used as digestive aids, for
the management of
flatulence, ethanol
production from
cellulose

Cell-wall
lytic
enzyme

Trichoderma reesei,
Trichoderma viride

NCIM [106] Used in hydrolysis

Collagenase Arthrobotrys conoides NCIM [106] Used in medicines and
ointments

Chitin Phycomyces blakesleeanus,
Aabsidiarepens, Absidia
blakesleeanus,
Cunninghamella
elegans

Allan et al. [107]
Knorr and Klein
[108]
Davoust and
Hansson [109]
NCIM [106]

Used to reduce serum
cholesterol levels, for
treating drinking water,
used in medicine,
cosmetics, and other
biomedical applications

Chitinase Aspergillus flavus, A. niger,
A. oryzae, Beauveria
bassiana, Penicillium
chrysogenum

Allan et al. [107]
Andrade et al.
[110]

Used in ointments,
medicines, and other
clinical applications

Glucoamylase Mucor javanicus,
Neurospora crassa,
Aspergillus sp.,
Rhizopus sp.

Manjunath et al.
[111]
Stone et al.[112]
Tan et al. [71]
Norouzian et al.
[113]
NCIM [106]

Used in saccharification for
starch conversion and
alcohol production

Lactic acid Rhizopus oryzae
Rhizopus arrhizus

Rosenberg and
Kriofíkova [114]
Mirdamadi et al.
[115]
Jin et al. [39]
Huang et al.
[116]
NCIM [106]

Used to ferment milk
products, used as a
preservative in foods

Protease Acremonium chrysogenum,
Penicillium roqueforti,
Beauveria feline

NCIM [106] Used in food fermentation,
used in medicine
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fungi are known for their ability to degrade lignin and cellulose. The ecological
group of white-rot fungi includes both ‘simultaneous’ and ‘selective’ lignin-
degrading species. In the latter group, lignin degradation takes place with
minimized consumption of cell-wall polysaccharides (i.e., cellulose and hemi-
cellulose). Therefore, the degradation efficiency toward cellulose is highly diver-
sified with white-rot fungi and is species-specific. As a consequence, special
applications such as biomechanical pulping require the use of selective lignin
degraders. By contrast, brown-rot fungi include most efficient cellulose-degrading
species [26, 27]. The white-rot fungi have been studied for treating pulp and paper
mill wastewater, cork-boiling wastewater, and other similar wastewaters [28–32].
Among different species of white-rot fungi, Phanerochaete chrysosporium is the
most effective species in degrading lignin and cellulose, but it grows slowly and
synthesizes low quantities of extracellular enzymes [33, 34].

In addition to carbohydrates, fungi also utilize lipids and fatty acids such as oleate
and palmitate as their carbon source [35]. Roux-Van der Merwe et al. [36] treated oil-
processing plant effluent with different fungal species. The fungi were able to utilize
the edible oil as their sole carbon source. A maximum COD reduction of 98.2% was
achieved using fungal species, Cunninghamella echinulata. In addition, Emerisella
nidulans produced 409 mg/l of c-linolenic acid (GLA), a high-value byproduct.
The lipase-producing fungi can utilize sunflower oil as a main carbon source [37].
The fungal lipases degrade the fats and oils by converting the triacylglycerols to
diacylglycerols, monoacylglycerols, free fatty acids, and glycerol. These hydrolyzed
products are absorbed by the cell through simple diffusion and reassembled within
the cell [36, 38].

Jin et al. [39] studied the production of lactic acid and fungal biomass from
different waste streams by fungal species R. arrhizus and R. oryzae. Simultaneous
saccharification and fermentation processes were studied in potato, corn, wheat
and pineapple waste streams. These media had starch or sugar concentrations of
approximately 20 g/l. The highest rates of lactic acid production and biomass
formation were found in pineapple waste, as glucose was easily accessible for
fungus consumption. The results indicated that carbon sources had some impact
on the lactic acid production by R. oryzae and fungal biomass production of
R. arrhizus.

The nitrogen source for fungi can be nitrates, nitrites, ammonium, or organic
nitrogen substances such as yeast extract, peptone, depending on the type of fungi
with a few exceptions. Many fungal species can also utilize organic nitrogen
because of their ability to decompose proteins. Growth enhancing amino acids and
peptides include glycine, glutamic acid, and aspartic acid, while leucine can result
in poor growth [40]. A balanced fungal medium should contain about ten times
more carbon than nitrogen (i.e., carbon to nitrogen [C/N] ratio = 10:1). A C/N
ratio of 10:1 or less ensures high protein content, whereas a C/N ratio in excess
of 50:1 favors the accumulation of alcohols, secondary metabolites, lipids, or
extracellular polysaccharides [40].

A major concern in fungal wastewater treatment is nutrient requirements.
There have been very few studies that examined the effect of micronutrient
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supplementation on organic removal and fungal biomass production during waste-
water treatment. Stevens and Gregory [41] studied the growth of Cephalosporium
eichhorniae in potato-processing wastewater to produce MBP. It was found that
0.61 g (dry weight) of biomass and 0.3 g of crude protein per gram of carbohydrate
could be produced at pH 3.75, with the addition of mono-ammonium phosphate,
ferric iron, and nitrogen in the form of ammonium hydroxide. The pH was
maintained using sulfuric acid. The authors reported that fungi utilized organic
protein in the absence of inorganic nitrogen. When inorganic nitrogen was added,
fungi preferred inorganic nitrogen to organic nitrogen.

Jasti et al. [42] operated an attached growth bioreactor with plastic composite
support (PCS) tubes, with and without the addition of nutrients (ammonium
bicarbonate and potassium hydrogen phosphate) for treating wet-milling corn
processing wastewater. The results indicated that although the addition of nutrients
improved COD removal rates and observed yields, it did not affect fungal protein
production to a great extent. Rasmussen et al. [43] also found little benefit
in supplementing thin stillage, left-over from dry-grind corn milling ethanol
production, with any nutrients for fungal cultivation.

Kurakov and Popov [44] reported that fungi had one to four orders of magni-
tude greater resistance to inhibitory compounds such as herbicides and germicides
e.g., atrazine, butylate, metolachlor, trifluralin, and nitrapyrin; also greater nitrate
and nitrite formation ability than autotrophic nitrifying bacteria.

Wheat starch-processing wastewater was treated with R. oligosporus in a
laboratory-scale airlift reactor with a working volume of 3.5 L [45]. Production of
fungal proteins and glucoamylase was also evaluated during this study. COD
removal efficiency exceeding 95% was achieved with fungal biomass production
of 4.5–5.2 g/l (dry wt.) within 14 h of cultivation. The effect of nutrient supple-
mentation on the biomass yield and COD removal of few studies are given in
Table 3. Jin et al. [9] and Guimarães et al. [28] did not observe any notable
improvement in biomass yield and/or COD removal with nutrient addition, while
other studies found a significant improvement in the performance during fungal
wastewater treatment. The effect of nutrient addition in wastewater treatment is
case-specific, even depending on the specific type of food processing wastewater
used. It is necessary to evaluate the effect of nutrients for a particular type of
wastewater prior to fungal treatment. Many studies have not assessed the effect of
combined nutrient supplementation.

Essential micronutrients for fungal growth are iron, zinc, copper, manganese,
molybdenum, and either calcium or strontium. Different fungal species can have
their own specific nutrient needs. For example, A. niger requires gallium and
scandium, while other fungi require cobalt [46]. Certain fungi require vitamins in
trace quantities, while others synthesize their own vitamins. Many fungi are
deficient in thiamin (e.g., Phycomyces), biotin (e.g., Neurospora), riboflavin,
pyridoxine, nicotinic acid, and others [24, 40]. Vitamin deficiency can be tem-
porary. Some fungal species require additional growth factors such as inositols and
heme (e.g., Pilobolus, Physarum polycephalus) [40].
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4.2 Temperature

Temperature is an extremely important operational parameter which affects the
growth rate of fungi. The vast majority of fungi are mesophiles, thriving at
moderate temperatures of about 20–40�C. Psychrophilic fungi with an optimum
temperature below 10�C occur commonly in regions covered with snow and ice
during the major part of the year. There are also thermophilic fungi that grow
above 45�C. Maheshwari et al. [47] have described the physiology and enzymes
derived from thermophilic fungi. Temperature controls the specific growth rate,
metabolism, total yield, and lag period of the fungi.

Temperature affects growth rate, metabolism, nutritional requirements, regu-
lation mechanisms of enzymatic reactions, and cell permeability in a microor-
ganism. The structure and composition of cytoplasmic membranes in cells are also
altered by temperature that determines the substrate utilization rate of fungi [48].

Thermophilic fungi require a minimum temperature of growth at or above 20�C
and a maximum temperature of growth extending up to 60 or 62�C. The
hypothesis behind using thermophilic fungi is that a higher growth rate will
achieve a better degradation rate [47]. The thermophilic fungi break down the
soluble-protein fractions at a rate twice that of mesophilic fungi.

4.3 pH

The effects of pH on fungal metabolism include availability of metal ions, cell
permeability, and enzymatic activity. The optimum pH for most fungi is in the
acidic range of pH \ 5.0. Lower pH increases iron availability, while higher pH
increases enzymatic activity. It is possible to have two optimum values in a pH
growth curve for fungi [46].

The biochemical and enzymatic reactions in any biological system vary with
pH. Numerous studies were conducted to determine the optimum pH for different
fungal species [41, 49–52]. In these studies, pH was optimized based on their
research objectives (e.g., organic removal or fungal biomass/byproduct produc-
tion). Van der Westhuizen and Pretorius [31] reported that the yield coefficients of
A. fumigatus were 0.44, 0.39, and 0.38 g/g COD at pH 5.0, 5.5, and 6.1, respec-
tively. As pH increased, the number of opportunistic bacteria under non-aseptic
conditions increased from 1 9 106 to 30 9 106 colony-forming units (CFU)/ml.
Similar results were also reported by Jasti et al. [42] while using R. oligosporus to

Table 3 Comparison of biomass production during fungal cultivation of thin stillage in stirred
bioreactors (5 L) at increasing aeration rates (n = 3)

Air flow (vvm) Cultivation length (d) Final biomass (g dry wt/l)

0.4 7 27 ± 3
0.8 6 30 ± 3
1.0 6 36 ± 4
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treat wet corn-milling wastewater. The bacterial biomass concentration was found
to be greater at a pH of 4.5 than at pH of 4.0. Thus, it could be concluded that the
pH affects growth rate as well as the microbial competition in a mixed culture.

The morphology of the fungi is also affected by the pH. The morphological
changes attributed to pH variation were from fluffy to clumpy and compact fungal
pellets [53, 54]. Jin et al. [45] investigated the morphological characteristics of
three different strains of A. oryzae (e.g., DAR 1,679, 3,699, and 3,863) and their
yields at varying pH (3.0–6.0) conditions while treating wheat starch-processing
wastewater. The fungal morphology as well as the yield coefficients differed to a
great extent at different pH conditions. Compact pellet formation occurs mainly
at pH values 4–6. The morphology of fungi, in turn, affects the viscosity of
the medium, thereby affecting the oxygen transfer efficiency and mixing in the
biological system. Van Suijdam and Metz [55] described the influence of various
parameters (chemical factors: carbon dioxide, substrate, pH; physical factors:
shear, temperature, pressure) on the morphology of filamentous fungi.

4.4 Oxygen

Most fungi are obligate aerobes, requiring molecular oxygen for their growth.
Therefore, fungi are usually found growing on or near the surface of the substrate.
Some fungi are facultative anaerobes, which survive in oxygen-limited environ-
ments, including sewage sludge and polluted waters [56]. Utilization of carbon and
nitrogen may be affected by oxygen availability. Insufficient oxygen supply increases
the nutritional demand and thereby decreases fungal growth [46]. Oxygen supply is
one of the most important operational costs in fungal cultivation, so proper design is a
critical issue, which was an important factor in embarking on pilot-scale studies.

5 Ethanol Plant Co-product Beneficiation

Fuel ethanol production in the US is booming with production up to 863,000
barrels/day, or more than 13 billion gallons per year reached in 2010 [57]. This is
more than 10% of the US gasoline needs. Biofuels, such as corn ethanol, help
alleviate oil dependence and improve energy security, while boosting the rural
economy and reducing greenhouse gas emissions. The corn-ethanol industry has
advanced in efficiency, but still has considerable room for improvement.

Reducing energy inputs, creating value-added coproducts from stillage, and
recycling water are important to sustainable corn ethanol production. Innovations
for improved sustainability help to contest recent ethanol issues, such as indirect
land use changes and food versus fuel, which affect public perception of corn-
ethanol. Almost 90% of all ethanol in the US is produced by dry-grind ethanol
plants [58]. Most conventional dry-grind corn-ethanol plants use on average
3.5 gal of fresh water [59] and generate 5–6 gal stillage per gal ethanol after
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distillation, of which up to half is recycled directly as backset [60]. The ethanol-
to-stillage ratio in the beer from a finished fermentation is limited by ethanol
toxicity to the yeast. The profitability of dry-grind ethanol production depends on
the sale of both the ethanol and the coproducts from stillage. Recycling water is
important as there are limits to supply, and the ethanol plants are not permitted to
discharge processing water.

5.1 Ethanol Plant Co-product Beneficiation with Fungi

Dry-grind corn-ethanol plants, the backbone of a rapidly expanding biofuel
industry, generate copious amounts of stillage, the leftovers from fermentation
followed by distillation. Most thin stillage is currently concentrated by flash
evaporation–an energy-intensive process–blended with distillers grains, and dried
to produce distillers dried grains with solubles (DDGS). Thin stillage is generated
in pasteurized condition and is rich in nutrients, with a chemical oxygen demand
(COD) up to 100 g/l. The initial pH of 4, high organic content, and a C:N:P ratio of
about 40:5:1 make it an ideal feedstock for fungal cultivation.

Dry-grind processing produces ethanol from corn by milling, hydrolyzing with
enzymes (with or without cooking), fermentation, and distillation. Approximately
one-third of the corn is converted to ethanol, one-third to carbon dioxide, and
one-third remains as dissolved and suspended organics in the stillage. Most sus-
pended solids––wet distillers grains––are removed by centrifugation. The liquid
centrate––thin stillage––contains mainly dissolved organic materials (solubles) of
75–100 g/l as COD [61, 62]. Up to half of the thin stillage is recycled directly as
process water, and the remainder is evaporated to produce a syrup of 30% solids
[63], requiring a substantial part of plant energy inputs. The syrup is blended with
wet grains and dried to produce DDGS. Dry-grind corn-ethanol plants produced
34.6 million metric tons of distillers dried grains in 2010, a 150% increase from
the 14.6 million metric tons in 2007 [64].

Distillers grains are sold primarily as livestock feed for cattle and dairy. The
low content of digestible amino acids limits its use for non-ruminants. Only 11 and
5% of distillers grains were consumed by swine and poultry, respectively, in 2007,
in spite of higher proportions of hog and chicken production in the US Corn Belt.
The syrup has suffered a decline in demand as it is not nutritionally expedient to
include syrup; it is sold for very low prices and is even given away [65].

The low initial pH of 4 and high organic content make thin stillage an ideal
feedstock for fungal cultivation. Fungal treatment of thin stillage has the potential
to recover water and enzymes for in-plant reuse and to produce a high-quality
animal feed (distillers dried grains with fungal protein or fungal protein only). The
fungal coproduct could command an increased market value, while improving
profits and minimizing environmental impacts. Based on 6 gal stillage per gal
ethanol and recycling 50% as backset, there is 3 gal thin stillage available for
fungal treatment.
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The use of fungi is advantageous as they produce a wide array of biochemicals
and enzymes, which tend to be more effective in degrading complex carbohydrates
than bacteria ([8, 23]). The food-grade fungus R. microsporus var. oligosporus
(shortened R. oligosporus) produces numerous enzymes, including b-glucosi-dase,
glucoamylase, lipase, phytases, and chitinases [53, 66–70]. Rhizopus species are
also known to produce a-amylase [6]. Under aseptic conditions in a nutrient
medium, R. oligosporus was reported to produce a 3% yield of chitosan [71], as
well as 4 and 40% yields of lysine and protein, respectively [72]. R. oligosporus
was successfully cultivated on wheat milling and corn wet-milling streams,
achieving significant reductions in COD of up to 80–90% [6, 7, 9, 39, 42, 45, 49,
53, 73, 74–80]. The filamentous nature of fungal mycelia and potential for pellet
formation aid in the recovery of fungal biomass [9, 14].

This research won a 2008 American Academy of Environmental Engineers
Grand Prize for University Research, 2008 R&D 100 Award, and 2008 Interna-
tional Water Association Project Innovation Award and is the first study of fungal
cultivation on dry-grind corn-ethanol stillage (patents pending).

Based on the utility of fungi and the readily available low-cost substrate, bench-
(5 L) and small pilot-scale (50 L) experiments were conducted to evaluate fungal
treatment of thin stillage for fungal biomass production and organics removal to
obtain recyclable effluent for in-plant use. Aeration rates in stirred bioreactors
varied from 0.2 to 1.0 L air/l working volume/min (vvm). Feed stillage and
bioreactor samples were analyzed to determine the removal of total and soluble
COD (TCOD, SCOD), total and volatile suspended solids (TSS, VSS), glycerol,
and lactic and acetic acids, critical for recycling the effluent as process water.
Fungal biomass production was quantified, and samples were analyzed for protein
and amino acid contents.

6 Laboratory-Scale Fungal Cultivation on Ethanol Plant
Thin Stillage

Bench-scale experiments with thin stillage, filled with small fungal pellets within 2
d of spore inoculation (Fig. 1) [43]. Mycelia continued to grow in suspension as
pellets. Fungal mycelia and sporangiospores were observed under the microscope
on days 1 and 4, respectively (Fig. 2).

6.1 Organic (COD) Removal

The total and soluble organic content of fresh thin stillage batches, as measured by
COD, ranged from 81 to 98 g TCOD/l and 49 to 60 g SCOD/l, respectively.
Reductions in SCOD tended to improve with increasing aeration rates up to
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0.8 vvm in bench-top stirred bioreactors (Fig. 3). The SCOD was reduced by
17, 36, and 46% in 5 d with aeration rates of 0.2, 0.4, and 0.8 vvm, respectively.
Increasing the aeration rate to 1.0 vvm had a slightly lower SCOD removal in 5 d
(42%) than 1 obtained with 0.8 vvm (46%). This outcome may be attributed to the
concentrating effect of rapid reduction in liquid volume with 1.0-vvm aeration, due
to evaporation and suspended solids accumulating on the vessel wall blown out by
excessive bubbles. The DO level with 0.8-vvm aeration, the optimal rate for
SCOD reduction in 5-L bioreactors, dropped rapidly from 100 to 75% of saturation
in 1 d and to 3% in 2 d (Fig. 4). The DO remained at ca. 4% of saturation from day
2 to day 5. This low DO was due to the rapid oxygen consumption by the fungal
biomass.

Fig. 1 Fungal pellet growth in thin stillage

Fig. 2 Microscope photos showing R. oligosporus growth
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6.2 Suspended Solids Removal

The initial suspended solids were between 20 and 30 g/l in fresh thin stillage
batches. Total and volatile suspended solids contents were similar in all experi-
mental samples, indicating low levels of fixed, inorganic suspended solids.
Reductions in suspended solids in daily bioreactor samples differed based on the
aeration rate (Fig. 5). Gradual removal of suspended solids was observed with 0.2-
vvm aeration from day 0 through day 4 (up to 39%), in part due to accumulation
on the bioreactor wall above the liquid level and between the probes and vessel
wall. The suspended solids concentration decreased rapidly after day 4 reaching 89
and 99% removals by days 5 and 6, respectively; this coincided with the liquid
clarification one observed on day 5 (TCOD and SCOD became equal). Thin
stillage particles were removed by attachment to mycelia and by biological
mineralization.

Liquid collected through the effluent port was well-clarified, as low as 20 mg/l
suspended solids, with a yellow tint (Fig. 6). Solids separation before returning the
water to the corn fermentation process is very important to avoid the build-up of

Fig. 3 Removal of COD as a function of aeration rate

Fig. 4 Dissolved oxygen levels during fungal growth in thin stillage
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non-biodegradable substances. The fungal process effluent could potentially be
recycled with minimal further treatment. An increased aeration rate of 0.4 vvm
resulted in more rapid clarification of the bioreactor samples on days 3 and 4
(Fig. 5). The average solids removals with 0.4-vvm aeration were 45 and 97% in 3
and 4 d, respectively.

6.3 Organic Acids and Glycerol Removal

Initial lactic and acetic acids concentrations in fresh thin stillage ranged from 1.5
to 3.1 g/l and 1.0 to 1.5 g/l, respectively. The glycerol content in thin stillage was
high, between 12.8 and 15.9 g/l. Organic acid production is primarily from

Fig. 5 Removal of suspended solids during fungal fermentation

Fig. 6 Reactor effluent
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bacterial contamination during yeast fermentation in the ethanol plant. Glycerol
accumulation is a byproduct of yeast fermentation under stressed conditions
(Walker [81]). In bench- and pilot-scale bioreactors, fungal removal of lactic acid,
acetic acid, and glycerol tended to improve with increasing aeration rates. Lactic
acid contents in bench-top bioreactor samples increased during the first 2 d of
fungal cultivation (Fig. 7). This trend may indicate that the fungus was producing
lactic acid initially.

Several Rhizopus strains are known to produce lactic acid in submerged
cultures [82]. From day 2 onward, lactic acid concentrations decreased, with
reductions of 14, 31, 54, and 71% with aeration of 0.2, 0.4, 0.8, and 1.0 vvm,
respectively, by day 8. Fermentation of soybeans with R. oligosporus for tempeh
production confirms that this fungal species is able to degrade lactic acid [83].
Fungal cultivation of settled thin-stillage supernatant improved lactic acid bio-
degradation, with 60% removal in 5 d with 0.8-vvm aeration (as compared to 54%
with thin stillage particles). Lactic acid reductions were substantially higher in the
50-L bioreactor, reaching 100% in 6 d with 0.2-vvm aeration and in 4 d with
1.0-vvm aeration, which may be related to better DO transfer. Acetic acid
removals also improved with increasing aeration rates (Fig. 7). Complete removal
was achieved in 4 d with aeration of 0.2 vvm, in 3 d with 0.4 vvm, and in 2 d with
0.8 and 1.0 vvm. Similar results were obtained using the settled thin stillage
supernatant with 100% removal in 2 d with 0.8-vvm aeration. In the 50-L fungal
cultivations, the acetic acid removal was more rapid with 100% removal by day 2
with 0.2-vvm aeration and by day 1 with 1.0-vvm aeration.

Glycerol biodegradation in the thin stillage began 2 d after fungal inoculation
(Fig. 8). This delay may be associated with the time required for the fungal culture
to grow from spores. Reductions in glycerol concentrations by 1 day 5 reached
11% with aeration of 0.2 vvm, 22% with 0.4 and 0.8 vvm, and 45% with 1.0 vvm.

Glycerol reduction in 50-L bioreactors was significantly better with 100%
removal achieved in 6 d with 0.2-vvm aeration and 5 d with 1.0-vvm aeration,
which again suggests better oxygen transfer in the 50-L compared to the 5-L
experiments.

Fig. 7 Lactic and acetic acid removal from thin stillage by R. oligosporus

28 J. (Hans) van Leeuwen et al.



6.4 Fungal Biomass Production

Quantifying fungal biomass production was complicated by the removal of thin
stillage solids via attachment to the vessel wall above the liquid level and to the
fungal mycelia. Thin stillage particles attached to the surface of the fungal biomass
and within it, particularly inside the mycelia on the agitator blades. The final
biomass weights provided in Table 3 include the freeze-dried fungal biomass and
attached thin stillage solids, which were collected at the end of the experiments.
The harvested biomass tended to increase with increasing aeration rates.

In the 50-L cultivation with 1.0-vvm aeration, more of the fungal mycelia and
thin stillage solids remained in suspension. The production of 28 g dry biomass/l
thin stillage was lower than obtained in the bench-top bioreactors, in part because
centrifugation did not recover as much of the thin stillage solids as attachment to
fungal mycelia.

6.5 Fungal Protein and Amino Acids

The average crude protein content of R. microsporus mycelia grown in YM broth
for inoculation of the 50-L cultivations was 39% (w/w). The fungal biomass
cultivated on settled thin-stillage supernatant (no suspended solids) had up to
43% (w/w) crude protein. This fungal protein could be fed to the nonruminants,
e.g., swine and poultry.

Lysine, methionine, tryptophan, and threonine are the main amino acids of
importance for nonruminants [84]. Lysine and methionine are usually the first-
limiting amino acids in corn-soybean meal diets for swine and poultry, respec-
tively. Based on the amino acid data in Table 4, the dried fungal biomass had
almost two-thirds the lysine and over 2.5 times the methionine contents of soybean
meal (% as-fed basis). The fungal lysine, threonine, and tryptophan contents,
however, were all comparable to soybean meal on a percent of protein basis
(Fig. 9). Biomass protein contents and digestibility depend on harvesting,

Fig. 8 Glycerol removal by
R. oligosporus
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dewatering, and drying methods, as well as amounts of enmeshed stillage solids.
Improved dewatering should increase the protein fraction 22 (%) of the fungal
biomass and, consequently, the lysine content (% as-fed). Water reclamation and
fungal protein content may be enhanced by supplementing thin stillage with
readily bioavailable inorganic nitrogen sources.

6.6 Conclusion on Laboratory Studies

Fungal treatment of thin stillage in corn-ethanol plants is an innovative technology to
reclaim water, save energy and potentially enzymes, and produce an additional
valuable coproduct. Recycling fungal-treated water directly could provide sub-
stantial energy savings by avoiding the current practice of evaporating and con-
densing water from thin stillage. The high-protein fungal biomass produced could be
fed to nonruminants. The fungal biomass could also be used as raw material for the
extraction of valuable biochemicals, such as chitosan. Fungal cultivation of thin
stillage has the potential to make ethanol production more energy efficient and more
sustainable, to reduce costs, and to produce an additional value-added coproduct.

Many practical aspects and equipment development could not be done on
laboratory scale. The laboratory results encouraged a further study on pilot-scale
and this is described below.

7 Pilot-Scale Research and Development

A fungal treatment process for thin stillage has the following merits

(1) Energy savings by avoiding stillage evaporation,
(2) Recovery of protein-rich fungal biomass, and
(3) Potential for water recycling of treated effluent.

Solids separation and removal of organic materials are important for recycling
the effluent as process water. This research focused on investigating the cultivation
of the food-grade fungus R. microsporus on thin stillage and the potential for water
recycling on a 1,400 L pilot plant.

Table 4 Amino acid composition of biomass on as-fed basis (10% moisture) compared with
soybean meal, corn, and DDGS

Amino acid (%) Fungal biomassa (%) Soybean mealb (%) Cornb (%) DDGSb

Lysine 1.8 3.0 0.3 0.6
Methionine 1.8 0.7 0.2 0.5
Tryptophan 0.3 0.7 0.1 0.3

Threonine 1.5 1.9 0.3 1.0
a Freeze-dried fungal biomass product includes enmeshed stillage solids
b Data from National Research Center [117]
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7.1 Reactor Development

Cultivation of the filamentous fungus, R. microsporus required construction of a
deep airlift reactor to ensure high-rate aeration for rapid fungal growth and pellet
morphology. The concept is shown in Fig. 10.

The 1,400 L airlift reactor consists of a 6 m high cylindrical tank of 600 mm,
with a draft tube with a diameter of 450 mm inside the tank to a height of 4.5 m to
make it possible for the liquid to circulate by flowing upward through the draft
tube and flow back through the annulus. Aeration of thin stillage, with fungal
inoculum, is effected within the inner part using a blower with an array of seven
porous diffusers. Aeration of thin stillage, with fungal inoculum, is effected within
the inner part using a blower with an array of seven porous diffusers.

Fig. 9 Comparison of ten
amino acids in fungal
biomass with soybean meal

Fig. 10 Pilot plant concept
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The aerated liquid moves upward along with the bubbles, due to the lower
density of the bubble-filled liquid compared with that in the annulus. The bubbles
are released at the top and the liquid recirculates downward in the annulus.
The aeration rate is varied to establish operational procedures for full-scale
implementation. The oxygen demand of the fungi is actually the main determining
factor for aeration needs and aeration requires the largest power input required for
fungal cultivation. Figure 11 shows photos of the airlift reactor and Fig. 12 one of
the porous diffusers used.

7.1.1 Pre-propagation Facilities

The pilot plant has been designed and equipped with a heating system at the bottom
for fungal propagation of about 10% of the main volume for better startup conditions.
This system was discontinued because of leaks and a culture is propagated in one or
both of two specially constructed 50-L pre-propagation reactors. In each case, a
pre-inoculum is prepared in 5-L shaker flasks. The ultimate aim is to operate in
continuous mode. The pre-propagation set-up is shown in Fig. 13.

7.1.2 Harvesting Screen and Dewatering

The harvesting screen was built with a recirculation sump and level control.
The harvesting screen in shown in Fig. 14

Fig. 11 Photos of the pilot airlift fungal cultivation reactor
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The biomass is dewatered by retention on the primary screen, followed by
transfer to secondary horizontal screen shown in Fig. 15 and final dewatering in
polyethylene woven sacks.

Fig. 13 Pre-culturing set-up for preparing pilot plant inoculum

Fig. 12 Photo of one of the
porous diffusers
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Fig. 14 Primary fungal harvesting also showing detail of screen openings

Fig. 15 Secondary screen
dewatering equipment
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7.1.3 Drying

The dewatered biomass is passed through a Cellencor microwave tunnel dryer.
This is shown in Fig. 16.

7.2 Results

Fungi grew prolifically, yielding on average 20 kg of biomass per batch run from
1,300 to 1,350 L of thin stillage. The fungal pellets take 14–20 h to develop, and
the aeration requirements were much lower than the lab results. Removal of COD,
suspended solids, glycerol, and organic acids, critical for stillage recycling,

Fig. 16 Cellencor microwave dryer showing details of feeding the fungal biomass and the dried
product emerging from the drying tunnel
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reached 60–80%. It was ascertained that there is no need for pH control with
enough acidity already in the thin stillage.

The pellets are easy to harvest using the curved inclined screen and the
harvested product from the primary screen contains 10–12% solids. Secondary
screening, followed by gravity draining in woven polyethylene bags overnight
removes about half of the remaining water, to reach a solid concentration of 22%.

The biomass was dried to 8% moisture using the Cellencor microwave drying
tunnel.

The fungal biomass is high in lysine and nutraceuticals chitin/chitosan,
enhancing its potential as a nutritionally beneficial livestock feed. The fungus
could be co-fed with DDG to monogastrics: swine and poultry, thereby adding
value to another coproduct from the ethanol industry.

Continuous operation has remained elusive due to the propensity of yeast
co-cultures to develop. These are difficult to harvest. The current answer to this is
regular disinfection with chlorine and steam.

The dried product and a dish prepared from the fungi for human consumption
are shown in Fig. 17.

7.3 Other Uses for Fungi

Other uses of dried fungal biomass have been studied by Ozsoy et al. [85], and
Ozsoy and van Leeuwen [86, 87]. The general finding was that dried fungal
biomass is a good adsorbent for removing metal ions from water. This could have
application in the detoxification of industrial wastewaters. Further application
could be the extraction of fine chemicals from the fungal biomass, including chitin,
chitosan and glucosamine, and other biochemicals.

7.4 Other Fungal Processes for Byproduct Beneficiation

Processing crops inevitably leaves huge amounts of residues of fibrous materials.
These are mainly lignocellulosic materials that could be converted to more
biofuels [34, 88, 89]. Various wood-rot fungi can be used to release the bonds
between cellulose, hemicellulose, and lignin to liberate cellulose for further
degradation into constituent sugars. These sugars could then be fermented to either
produce more ethanol ([34, 88, 90–96]) or could be fermented to produce
triglycerides/stored fats using oleaginous fungal strains for the production of
biodiesel feedstock (Karki et al. [97]). Mitra et al. [98] designed and optimized the
fermentation of an oleaginous fungal strain, Mucor circinelloides on thin stillage
(TS). This project enabled corn-ethanol co-product beneficiation with concomitant
production of fungal oil-based biodiesel feedstock. Substantial increases in oil
yield were found when M. circinelloides was grown on TS as compared to a
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standard fungal nutrient medium, YM broth (yeast mold broth). In another study
by Roux-Van der Merwe et al. [36], effluent from an oil-processing plant was used
as the fermentation feedstock for growing fungal strains for the production of
high-value gamma linolenic acid (GLA). The results of this study indicated that
fungal treatment reduced the COD (chemical oxygen demand) of the effluent by
almost 98% while producing 373 mg GLA per liter of the waste stream. Falanghe
et al. [99] used soybean whey, a coproduct from the soybean processing industry to
grow fungal strains for the production of nutrient-rich fungal mycelial protein. The
group obtained almost 4–6 g of mycelial protein per liter of whey. Utilization of
and value addition to soybean whey benefitted whey disposal as well as lead to
production of animal feed with a high protein content.

Fungi produce large quantities of organic compounds, including acids such as
itaconic acids, oxalic acids, lactic acid, pigments, e.g., b-carotene and astaxanthin
and aromatic alcohols, e.g., resorcinol and phenol [46]. More importantly, chitin,
as a major cell-wall constituent in fungi, is a polymer of glucosamine, a very
important nutraceutical in the US and a prescribed medicine in most other coun-
tries, also used for pets as a relief for arthritis symptom alleviation and fungi,
rather than the current main source, i.e., crustacean exoskeletons could be more
readily recoverable supply of glucosamine.

Chitosan is another high-value product with several practical uses and an
increasing market demand in the cosmetics, pharmaceuticals, agricultural, and
food industries. Chitosan can be produced from fungal biomass grown on indus-
trial co-products. A group of researchers led by Yokoi et al. [100] utilized a shochu
distillery wastewater as culture medium for the cultivation of Absidia and
Gongronella sp. They obtained almost 356 mg of chitosan per liter of wastewater.
Another study by Suntornsuk et al. [101] established a beneficiation process for
food-processing by-products specifically legume-processing wastes using fungal
fermentation. Chitosan yields obtained from R. oryzae on soybean residue was
4.3 g/kg substrate. Other high-value products like polyunsaturated fatty acids

Fig. 17 Dried fungal biomass for animal feed and a dish prepared from fungal biomass
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(PUFAs), eicosapentaenoic acid (EPA), and arachidonic acid (ARA) which have
established beneficial effects on human health have been produced from fungi
using food processing by-products and crude soybean oil as the fungal fermen-
tation feedstock. EPA has also been reported to be produced during value-addition
to a dairy industry based by-product stream, sweet whey permeate (O’Brien et al.
[102]). The filamentous fungus Pythium irregulare grown on the whey gave a high
specific productivity of *25 mg EPA/g dry biomass leading to amelioration of a
significant disposal problem of the dairy industry.

7.5 Discussion

A novel, low-energy fungal process was developed that remediates dry-grind
corn-ethanol thin stillage with simultaneous generation of nutritious fungal
biomass. The process eliminates the need for evaporation of the water to recover
the dissolved organics by conversion to microbes that are readily removed by
screening and dewatered further for the production of animal feed, which is to be
evaluated in the next phase by feeding piglets.

Rhizopus microsporus was able to utilize most stillage organic substances,
which was not inhibited and it enmeshed remaining suspended solids. These are
important properties in the economical operation of a full-scale fungal process.

7.5.1 Socio-economic Impacts

The US ethanol industry consumes 35 billion gallons water per year to produce 12
billion gallons ethanol. Water consumption could be reduced by at least 10 billion
gallons if all dry-grind ethanol plants recovered water by this process. The current
evaporation process costs about $0.04/gal ethanol produced at current natural gas
prices. Energy savings from eliminating stillage evaporation could save $400
million/year nationwide. Enzymes recycled with fungal-treated water from stillage
could further save $60 million in value per year. The potential revenue from high-
quality livestock feed production, along with expanding the DDG market, is
expected to be worth another $400 million/year. Preliminary cost estimates of
implementing a fungal stillage treatment process indicate that the amortization and
operational costs of the fungal fermentors and separation equipment amount to
about 50% of the savings and additional income. The value of the energy savings,
fungal biomass as livestock feed, and enzymes produced is estimated at 20 ¢/gal
ethanol, with half of that required in alternative processing costs. Considering all
these cost figures, it is estimated that the value added for the ethanol industry
would be $0.6 billion/year. The fungal biomass is also an ideal source of the
nutraceuticals chitin/chitosan, constituting 5–9% of the biomass, traditionally
obtained from crustaceans at a cost of about $8,000 per ton. These have been
demonstrated to improve animal growth and health and eliminate the need for
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antibiotics. This would lead to healthier meat products. Industrial implementation
of fungal treatment of stillage will lead to job creation and improved rural
prosperity.

7.5.2 Research Outputs

The concept has two patents pending and publications have been accepted in top
journals in the field. The fungal work was awarded the Grand Prize for University
Research by the American Academy of Environmental Engineers in 2008, 2009
and 2011 and won R&D 100 awards in 2008 and 2009.
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Fungal Biosorption of Ni (II) Ions

H. Duygu Ozsoy and J. (Hans) van Leeuwen

Abstract Heavy metals are important pollutants released to the environment by
human activities and natural processes. Industrial operations are the main source of
dispersion of heavy metals into the environment. Nickel is one of these toxic heavy
metals, which can affect human health and cause dermatitis, allergic sensitization,
lung and nervous system damage. It is also a known carcinogen. According to the
World Health Organization (WHO) guidelines for drinking water, the permissible
level of Ni+2 is 5 ppm. Therefore, it is necessary to decrease the concentration of
nickel to permissible limits before discharge. Biosorption using microbial biomass
such as bacteria, fungi, yeast and algae, is regarded as a cost-effective biotech-
nology for the treatment of wastewaters containing heavy metals. This chapter
includes experimental research on fungal biosorption of Ni (II) ions. Results
indicate that it is possible to use dried Rhizopus oligosporus biomass to remove Ni
(II) ions from their aqueous solutions. Food processing wastewater can be used as a
substrate for cultivating the fungal biomass to reduce operational costs of bio-
sorption process. The biosorption process was carried out in a batch process and the
effects of contact time (1–48 h), initial pH (2.0–7.0), initial metal ion concentration
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(20–100 mg/L) and biosorbent dosage (0.5–5 g/L) on the biosorption were inves-
tigated. Experimental results showed that the biosorption onto dried fungal biomass
could be well described by the Langmuir equations and the Langmuir monolayer
capacity had a mean value of 116 mg/g. Pseudo-second-order reaction model
provided the best description of the data with a correlation coefficient 0.99 for
different initial metal concentrations. This result indicates that chemical sorption
might be a basic mechanism in this system.

1 Biosorption of Nickel

Heavy metals belong to an important group of pollutant released to the environ-
ment by human activities and natural pathways. Industrial operations are the main
source of dispersion of heavy metals into receiving waters. Although living
organisms require varying amounts of heavy metals such as copper, zinc, iron, and
manganese excessive levels cause toxic and inhibitory effects. Therefore, metal
contaminated effluents should be treated before discharge [46].

Nickel (II) ion is a heavy metal frequently encountered in raw wastewater
streams from industries such as electroplating, battery production, non-ferrous
metal, mineral processing, coal-fired power plants and copper sulfate manufacture.
[35]. This heavy metal can affect human health and cause dermatitis, allergic
sensitization, lung and nervous system damage. It is also a known carcinogen. In
drinking water, nickel may cause health problems if consumed in amounts greater
than the health standard (MCLG: 0.1 mg/L) set by the United States Environ-
mental Protection Agency (EPA). According to the World Health Organization
(WHO) guidelines for drinking water, the permissible level of Ni+2 is 5 ppm.
Therefore, it is necessary to decrease the concentration of nickel to permissible
limits before discharge to waters that may ultimately serve as a drinking water
source [28].

The traditional methods for the treatment of metal-contaminated wastewater
include chemical precipitation, chemical oxidation or reduction, electrochemical
treatment, reverse osmosis, solvent extraction, ion exchange and evaporation.
However, these techniques have several demerits such as high chemical cost, low
removal efficiency, low selectivity, high energy requirements and generation of
secondary toxic slurries [1, 7, 8]. Biosorption using microbial biomass such as
bacteria, fungi, yeast and algae, is regarded as a costeffective biotechnology for the
treatment of wastewaters containing heavy metals. Biosorbents are not only cost
effective; but also provide an opportunity for the recovery and recycling of waste
materials [13, 16, 23, 27, 33]. Another advantage is that the biomaterials used are
cheap enough to be used on a disposable basis so that no regeneration is required.
Table 1 shows different biosorbents and their biosorption capacities for Ni (II)
ions.
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The cellwalls of biomass play an important role in sorption and therefore also in
the removal of Ni (II) ions. Fungal biomass is a complex material containing
protein, lipids and polysaccharides, mainly chitin, as major constituents. The polar
functional groups of chitin, which include amino, hydroxyl and carboxyl groups as
chemical bonding agents can be responsible for chemisorption of nickel.

Fungal biosorption of Ni (II) ions, like other metals, largely depends on water
quality determinants such as pH, metal ion and biomass concentration, physical or
chemical pretreatment of biomass, presence of various ligands in solution and
temperature. Fungal biosorption performs well in comparison to sorption on
commercial ion-exchange resins, activated carbon and metal oxides [24].

Cultivation of microorganisms requires a bioreactor and nutrients such as
carbon, nitrogen and trace elements [29, 49]. Therefore, cultivation cost is the
most important factor to produce these biosorbents [38, 39, 43, 44]. Experimental
results indicated that food-processing wastewater can be used as a substrate for
cultivating fungal biomass to reduce operational costs of biosorption process [34].
R. oligosporus is a fungus of the family Mucoraceae that is easily grown in food-
processing wastewater. Using the wastewaters would be particularly attractive and
cost-effective because there are many food-processing plants in Turkey, USA and

Table 1 Different biosorbents and their biosorption capacities for Ni (II) ions

Biosorbent qmax (mg/g) Reference

Rice hull 5.75 [41]
Thuja orientalis biomass 12.42 [28]
Olive stone waste 1.87 [11]
Raw rice bran 0.15 [30]
Dried Chlorella vulgaris 58.40 [3]
Reed biomass 7.92 [40]
Mucor rouxil 5.24 [47]
Rhizopus arrhizus 18.00 [12]
Aspergillus niger 3.9 [25]
Rhizopus nigricans 5.0 [21]
Enteromorpha prolifera 36.8 [31]
Saccharomyces rimosus 1.5 [4]
Sugar beet pulp (acid extracted) 10.74 [37]
Chlorella vulgaris 63.25 [2]
Cyanobacteria Nostoc sp. 9.0 [9]
Candida cells (adapted) 30.8 [10]
Oedogonium hatei (acid treated) 44.2 [15]
Oedogonium hatei (untreated) 40.9 [15]
Deactivated protonated yeast 9.0 [35]
Gracilaria caudate 45.0 [14]
Sargassum muticum 70.0
Punica granatum peel waste 52.0 [5]
Moringa oleifera bark 30.4 [26]
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many other countries that could provide suitable industrial wastewaters for culti-
vating fungal biomass, such as R. oligosporus.

This chapter includes research results on fungal biosorption of Ni (II) ions. The
goal of the research was to investigate the efficacy of dried R. oligosporus fungal
biomass as a biosorbent for removal of Ni (II) ions from aqueous solution. The
effects of contact time, initial pH, initial metal ion concentration and temperature
on biosorption efficiency and mechanism of the biosorption were evaluated on
laboratory scale.

2 Experimental

This research comprised two phases. R. oligosporus were grown on food-pro-
cessing wastewater and the harvested and dried fungi was used for biosorption of
Ni (II) ions.

2.1 Cultivation of R. oligosporus

Rhizopus oligosporus was obtained from American Type Culture Collection
(Rockville, MD). The culture was rehydrated and revived in yeast-malt (YM)
nutrient broth at 24�C. The revived culture was transferred on to numerous potato
dextrose agar (PDA) plates and incubated at room temperature (24�C) for 7 days.
Then fungal sporangiospores were harvested from the surface of PDA plates into
sterile distilled water containing 0.85% (w/v) saline solution (NaCl) and 0.5% (v/
v) of Tween 80. The harvested cultures were diluted further to achieve a spore
count of 106–107 spores/ml, determined by hemocytometer counts. Glycerin (20%;
v/v) was added to the spore suspension as a cryoprotectant for ultra-low frozen
storage at -75�C in 2 ml cryo-vials for future use as a bioreactor inoculum.

The inocula were used to seed laboratory-scale continuous attached growth tank
reactors using corn-processing wastewater as organic substrate. The wastewater
was supplied from the ADM wet-corn milling facility in Cedar Rapids, IA, US.
The reactors were operated at a hydraulic retention time (HRT) of 8 h and solids
retention time (SRT) of 2 days. These HRT and SRT values were found to be
optimal for the maximum growth of the Rhizopus oligosporus [22]. The micro-
fungi were growing in the form of attached mycelia and harvested daily from the
bioreactor by natural sloughing off the attachment surface and subsequent gravity
settling. The mycelia were washed with deionised water and dried at 65�C for
24 h. The dried fungal pellets were ground and sieved (0.5 mm \ diameter).
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2.2 Chemical Solutions

A 1 g/L stock solution of nickel was prepared with single reagent grade metal
solution (Claritas, Fisher Chemicals) in deionized water. The metal solution was
diluted to appropriate concentrations as needed and stored at 4�C until further use.
HNO3 and NaOH were obtained from Fisher Chemicals and used for pH value
adjustment.

2.3 Batch Biosorption Experiments of Ni (II) Ions

The effects of contact time, initial pH, initial metal ion concentration and tem-
perature on biosorption efficiency were examined through a series of shaker flask
tests. After determining the optimum conditions, a series of biosorption tests were
conducted to determine isotherms for Ni (II) ions.

All sorption tests were conducted using single reagent grade metal to minimize
the variability of metal concentrations and to avoid competitive biosorption of
mixed metals on biosorbent. A total of 100 ml of metal solution were added to
each flask containing 0.1 g (dry weight) of R. oligosporus. The flasks were placed
on an orbital shaker table running at 150 rpm at 30 ± 1�C (except the temperature
experiments) until equilibrium was reached. The residual concentration of Ni (II)
ions in the aqueous phase (obtained by centrifugation, 1000 g-10 min) was
determined using Inductively Coupled Plasma–Mass Spectrometer (ICP–MS). All
tests were conducted in triplicate.

The concentrations of the Ni (II) ions the in aqueous phase were used to
determine the biosorption capacity of R. oligosporus. Equilibrium sorption iso-
therms were determined by mass balance. The solid phase Ni (II) concen-tration at
(pseudo) equilibrium, qeq (mg/g) was calculated as follows:

qeq ¼
½ðCo � CeqÞV �

x
ð1Þ

where Co and Ceq are the initial and equilibrium concentrations of Ni (II) ions (mg/
L), V volume of solution and x the weight of sorbent (g).

2.4 ICP–MS Analysis

A Hewlett Packard 4500 Series ICP–MS was used with external calibration. The
instrument was calibrated before each measurement. Operating parameters are
summarized in Table 2.
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2.5 Equilibrium Isotherms and Kinetics of Biosorption

The Langmuir isotherm was used to describe observed sorption phenomena. The
Langmuir isotherm applies to biosorption on completely homogenous surface with
negligible interaction between adsorbed molecules [17, 48]. The linearized form of
the equation can be written as;

Ceq

qeq
¼ 1

bqmax

þ Ceq

qmax

ð2Þ

where Ceq is the equilibrium concentration of Ni (II) ions, qeq is the amount of
biosorption at equilibrium, qmax is the monolayer capacity and b is an equilibrium
constant of Langmuir. The Freundlich isotherm (empirical model adsorption in
aqueous systems) was also tested with our experimental data. The linearized form
of the equation can be written as:

ln qeq ¼ ln Kf þ
1
n

ln Ceq ð3Þ

where Kf is the measure of sorption capacity and 1/n is sorption intensity.
Pseudo-first-order and pseudo-second-order kinetic models were applied to

analyze the sorption kinetics of Ni (II) ions. A simple pseudo-first-order equation
due to Lagergren was used by different researchers [6, 19]:

log qeq � qt

� �
¼ log qeq �

kad

2:303t
ð4Þ

where qe and qt are the amount of adsorption at equilibrium and at time t, respec-
tively, and kad is the rate constant of the pseudo-first-order adsorption process.

A plot of log (qeq-qt) vs. t would provide a straight line for first-order
adsorption kinetics, allowing computation of the adsorption rate constant, kad.
Ho’s second-order rate equation which has been called pseudo-second-order
kinetic expression has also been applied widely [18, 20]. The linear form of the
kinetic rate equations can be written as follows:

t

qt
¼ 1

kq2
eq

þ 1
qeq

t ð5Þ

Table 2 ICP-MS operating
conditions

Rf power 1200 W
Rf matching 2 V
Sample depth 7.8 mm
Plasma gas flow 16 L/min
Auxiliary gas flow 1.4 L/min
Carrier gas flow 1.0 L/min
Acquisition time 22.83 s
Resolution 300
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where k is the rate constant of sorption (L/mg min), qeq is the amount of metal ion
sorbed at equilibrium (mg/g) and qt is the amount of metal ion sorbet at time t (mg/
g). The constants can be determined experimentally by plotting of t/qt against t.

2.6 SEM and EDX Analysis

Scanning Electron Microscopy (SEM) can characterize metal accumulation on the
biosorbent surface. For this reason, the surface structure of the dried R. oligosporus
biomass before and after Ni (II) ions adsorption was also analyzed by scanning
electron microscopy coupled with Energy Dispersive X-ray (EDX) analysis on a
Hitachi S-2460 N instrument.

3 Experimental Results

3.1 The effect of contact time

Figure 1 shows the effect of contact time on biosorption of Ni (II) ions (100 mg/L)
onto the dried R. oligosporus biomass. Ni (II) biosorption capacity increased
during the first 6 h and the leveled off toward the equilibrium biosorption capacity.
For this reason contact times of 6 h were used for further experiments.

3.2 The effect of the initial pH

Results of the experiments using 100 mg/L Ni (II) solutions and 1 g/L biosorbent
showed that efficiencies of biosorption were increased with increasing pH from 2.0
to 6.0 (Fig. 2). At low pH values, the surface of biosorbent would also be sur-
rounded by hydronium ions, which decrease the nickel interaction with binding
sites of the dry fungi by greater repulsive forces. As the pH increased, the overall
surface on the dry fungi became negatively charged and biosorption increased
[32]. At pH values above pH 5.0, turbidity was observed in the medium. This can
be explained by precipitation of nickel ions from solution. Similarly, some
researchers reported that pH 5.0 was the optimum pH value for removal of Ni (II)
ions from aqueous solutions [11, 30, 42, 45].

3.3 The effect of the initial metal concentrations

Biosorption capacities of the dried R. oligosporus biomass for the Ni (II) ions were
studied as a function of the initial Ni (II) ions concentration between 20 and
100 mg/L in the biosorption medium (Fig. 3).
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Akar et al. [1] indicated that biosorption of Ni (II) ions onto silica-gel-immo-
bilized waste biomass increased with increasing initial metal concentration. The
biosorption of Ni (II) onto immobilized biomass was studied at different initial Ni
(II) ion concentrations ranging from 75 to 500 mg/L by the researchers and they
reported that the maximum equilibrium capacity (90 mg/g) was found at the
highest initial concentration of 500 mg/L.

3.4 The effect of biosorbent dosage

Nickel (II) biosorption on dried R. oligosporus biomass was studied at various
biosorbent dosages ranging from 0.5 to 5 g/L. Experimental results indicated that
the efficiency of biosorption decreased with increasing biosorbent dosage (Fig. 4).
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Aggregation of biosorbent particles could prevent the sorption process in the
presence of higher biomass amounts. In addition, the biosorption sites remain
unsaturated during the sorption process in these conditions. As a result, more
economical removal of a given amount of metal ions can be obtained using
consecutive small batches of biosorbent rather than a single batch [30].

3.5 Isotherms and Kinetics

In order to investigate the sorption isotherm for dried R. oligosporus biomass, two
equilibrium models were employed: The Langmuir and Freundlich isotherm
equations. The correlation coefficient of the Freundlich isotherm (R2) was 0.8511
(Fig. 5). The Langmuir model was the best-fit isotherm for biosorption of Ni (II) to
the dried R. oligosporus biomass. Langmuir isotherm model parameters, qmax and
b, were estimated from the intercept and slope of Ceq/qeq vs. Ceq, according to Eq.
(2) and obtained as 116.28 (mg/g) and 0.327 (L/g), respectively. The correlation
coefficient of Langmuir isotherm (R2) was 0.9904 (Fig. 6).

Pahlavanzadeh et al. [36] also indicated that the correlation coefficients for the
Freundlich adsorption isotherm model for removal of Ni (II) ions onto brown algae
(Cystoseria indica, Nizmuddinia zanardini, Sargassum glaucescens and Padina
australis) were found to be lower than Langmuir adsorption isotherm model
coefficients ([0.995).

A comparison of the maximum capacity, qmax, of the dried R. oligosporus
biomass (116.28 mg/g) with those of some other adsorbents reported in the
literature (Table 1) shows that the dried R. oligosporus biomass has good bio-
sorption capacity. The biosorption capacity differences of metal uptake are due
to the properties of each biosorbent such as structure, functional groups and
surface area.

Kinetic studies were carried out for biosorption of Ni (II) as a function of
contact time at various initial Ni (II) concentrations ranging from 20 to 100 mg/L.
Experimental results indicated that the pseudo-second-order reaction model pro-
vided the best description of the data with a correlation coefficient 0.99 for
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different initial metal concentrations (Fig. 7). Reaction rate constants for pseudo-
second-order equations are shown at Table 3. The results indicated that the
biosorption system studied follows a pseudo-second-order kinetic model at all time
intervals. Similarly, Padmavathy [35] reported kinetics of biosorption of nickel (II)
ion removal by baker’s yeast to follow a pseudo-second-order reaction.

y = 0.5005x + 3.37

R2 = 0.8511

0.00

1.00

2.00

3.00

4.00

5.00

6.00

-2.0 -1.0 0.0 1.0 2.0 3.0 4.0

lnCe
ln

q
e

Fig. 5 The Freundlich
adsorption isotherms for Ni
(II) biosorption by dry fungi
(Biosorbent dosage, 1 g/L;
pH 5; initial metal
concentration 20–100 mg/L;
30�C)

y = 0.0086x + 0.0263
R2 = 0.9904

0.00

0.05

0.10

0.15

0.20

0.0 5.0 10.0 15.0 20.0

Ce (mg/L)

C
e/

q
e

Fig. 6 The Langmuir
adsorption isotherm for Ni
(II) biosorption on dry fungi
(biosorbent dosage 1 g/L; pH
5.0; initial metal
concentration 20–100 mg/L;
30�C)

R2 = 0.9909

R2 = 0.9996

R2 = 0.9998

R2 = 0.9994

R2 = 0.997
0.0

5.0

10.0

15.0

20.0

25.0

0 100 200 300 400

t (min)

t/
q

t

20 mg/L

40 mg/L

60 mg/L

80 mg/L

100 mg/L

Fig. 7 The plots of pseudo-
second-order kinetics with
respect to different initial Ni
(II) ion concentrations
(Biosorbent dosage 1 g/L; pH
5.0; 30�C)

54 H. Duygu Ozsoy and J. (Hans) van Leeuwen



3.6 Results of SEM and EDX Analysis

Scanning Electron Microscopy, SEM, of dried R. oligosporus biomass before and
after biosorption is shown in Fig. 8a, b.

Table 3 Pseudo-second-order reaction rate regression results

Initial metal conc.(mg/L) qexp (mg/g) qcal (mg/g) Correlation coeff. (R2)

20 19.27 20.45 0.9909
40 38.29 38.61 0.9996
60 57.11 57.80 0.9998
80 76.43 76.92 0.9940
100 99.00 105.26 0.9970

Fig. 8 SEM micrograph of dried R. oligosporus biomass before (a) and after (b) the Ni (II)
biosorption. (Bar 500 lm)
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The nickel on the biosorbent surface was then characterized by Energy
Dispersive X-ray spectrometry. The EDX analysis shown in Fig. 9 reveals nickel
signals on the surface of biomass before (a) and after (b) metal biosorption.

4 Conclusion

Biosorption of fungal biomass is a cost-effective biotechnology for the treatment of
nickel-contaminated wastewaters. The potential use of dried R. oligosporus bio-
mass as a biosorbent for nickel is possible. On the other hand, it is possible to use
food-processing wastewater as a substrate for cultivating the fungal biomass
and reduce operational costs of biosorption process. Experimental results indicated
that the maximum Ni (II) biosorption capacity was 116 mg Ni (II)/g of dried
R. oligosporus biomass (biosorbent dose of 1 g/L, contact time:6 h, initial Ni (II)
concentration:100 mg/L, pH 5.0). The pseudo-second-order reaction model pro-
vided the best description of the data with a correlation coefficient 0.99 for dif-
ferent initial metal concentrations. The fit of the experimental data to this model
suggests that the process controlling the rate may be a chemical sorption.

Dried R. oligosporus biomass has the potential to be used as an effective and
economic biosorbent material for the removal of Ni (II) ions from wastewaters.
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Biomass Pretreatment for Biofuel
Production

Devin Takara and Samir Kumar Khanal

Abstract Volatile oil prices and an increasing world demand for energy exemplifies
the critical need for renewable sources of energy, particularly in the transportation
sector, which can displace a significant fraction of fossil fuels imports. Following a
shift in focus from first generation starch- and sugar-based feedstocks to second
generation lignocellulosic biomass, a multitude of biomass pretreatment techniques
and processes has been developed to facilitate the bioconversion of plant structural
carbohydrates to fermentable sugars (for biofuels production). The state-of-the-art
advancements to date in the pretreatment of second generation feedstocks have been
considered, with an emphasis on the maximum yields and barriers of each technol-
ogy. A brief discussion on the biorefinery concept, its applications, and the potential
future of biofuels has also been included.

1 Introduction

In the wake of growing environmental and governmental pressures, safe, clean and
renewable energy has become the primary focus of nations around the globe. The
world’s current energy consumption is projected to increase by 1.4% annually
from 2007 to 2035, accounting for a 49% growth in total demand [1, 2]. Much of
this demand will be met by fossil-derived resources originating from unstable
regions of the world.

The transportation sector in particular, has received a considerable amount of
attention based on its potential to displace a significant fraction of nonrenewable
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resources, and reduce the volatility of fuel supply. In 2007, about 27% of the total
energy consumed was used for transportation, and this value is expected to
increase by 1.3% per year. Finding renewable resources is imperative for both
sustainability and national security, and biofuels are key in reducing the strain on
depleting petroleum reserves.

The first attempts to produce renewable fuel focused primarily on sugar and
starchy crops as feedstocks. One of the challenges of using these crops (e.g.
sugarcane, corn and soybean) however, is the resultant increase in prices for the
food/feed industries and competition of land and resources [3]. These so-called
first generation feedstocks can be easily converted to biofuel, but food-versus-fuel
debates have placed an strong emphasis on second generation feedstocks, such as
lignocellulosic biomass in the US and European Union [4]. In contrast to first
generation feedstocks, second generation feedstocks minimize competition with
the food industry and encompass a larger variety of biorenewable resources (e.g.
agricultural and forest residues, and energy crops). These types of biomass,
however, are intrinsically recalcitrant based on its biochemical composition.

Lignocellulosic biomass consists primarily of lignin (10–25%), cellulose
(35–50%), and hemicellulose (20–35%) [5], as well as other components like
protein and oils in lesser quantities (See Fig. 1). The building blocks of second
generation feedstock structures consist of cellulose: a polysaccharide of glucose
monomers joined by b1 ? 4 glycosidic bond that arranges itself into linear
strands stabilized by hydrogen bonding. These strands are reinforced by hemi-
cellulose, a heteropolymer consisting of a mixture of five and six carbon sugars.
Lignin, a polymer of p-coumaryl, coniferyl and sinapyl alcohols synthesized from
sugars [6], binds to the hemicellulose, adding further reinforcement to the overall
structure (Fig. 1). The ratio of the three lignin alcohols varies significantly from
crop to crop, but the removal of lignin to increase the accessibility of enzymes to
(hemi)cellulosic sugars remains an obstacle for all second generation feedstocks in
biochemical conversions to biofuel. Although naturally occurring species like
white-rot fungi have demonstrated the ability to degrade lignin [7], this process is
too slow to be of value for commercial applications.

Fig. 1 Schematic illustration
of lignin, cellulose, and
hemicellulose interactions
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A plethora of pretreatment methods have been developed and studied since the
proposed use of lignocellulosic feedstocks for biofuel industries, but all pretreat-
ments attempt to accomplish one or more of the following to improve fermentable
sugar yields:

• A reduction in the size of biomass for increased surface area to volume ratio
• The destabilization of the plant structure by removing key constituents (e.g.

lignin or hemicellulose)
• An increase of the biomass porosity to facilitate hydrolysis by cellulolytic

enzymes

Conventionally, pretreatment methods fall into one of three categories (physi-
cal, chemical, and biological), but recent studies often focus on hybrid methods
that incorporate the advantages of each approach [8]. This chapter seeks to sum-
marize state-of-the-art pretreatment methods for the conversion of lignocellulosic
biomass into biofuels. Optimal sugar and biofuel yields are reported when pos-
sible, especially for the production of liquid biofuels. The chapter also briefly
discusses the pretreatment options for gaseous biofuel such as biogas generation
from biomass.

2 Acid Pretreatments

Dilute acid solutions solubilize the hemicellulosic fractions of second generation
feedstocks, thereby improving its vulnerability to cellulolytic enzymes. Since
hemicellulose is comprised of a mixture of five and six carbon sugars, the sugar-rich
hydrolysate can serve as a substrate for multiple processes such as fermentation
(for increase biofuel production), anaerobic digestion (for biogas production),
or biochemical/bio-based product production (Fig. 2).

The pretreatment of lignocellulosic biomass with dilute acid solutions is one of
the most frequently investigated and applied methods. In a comparative study
conducted in 2005, it was suggested that dilute sulfuric acid pretreatment may be
the most economically viable pretreatment strategy for improving the conversion
of lignocellulosic biomass to ethanol [9]. Since then, a number of studies have
sought to improve this technology.

Fig. 2 Simplified schematic of plant composition after acid pretreatment
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Hsu et al. [10] examined the effects of dilute sulfuric acid on rice straw
containing 36.6% glucose, 16.1% xylose, and 14.9% lignin at various acid con-
centrations of 0.5–1.0% w/w and times of 1–25 min. Following enzymatic
hydrolysis, the study reported a maximum total sugar yield of 83% under the
optimal conditions: 1% w/w sulfuric acid, 1–5 min, at 160–180�C. Monomeric
sugars, furfural, and 5-hydroxymethyl furfural (HMF) were quantified by high
pressure liquid chromatography (HPLC). Furfural and HMF are formed by the
degradation of xylose and glucose, respectively, and subsequently reduce the
ethanol yield. These compounds are typically referred to as inhibitors as they affect
the efficacy of sugar-liberating enzymes (cellulases) and ethanol-producing yeast.
Hsu et al. found that as the severity of the dilute acid pretreatment increased (on
the basis of acid concentration, temperature, and time) the concentration of
inhibitors followed correspondingly.

Li et al. [11] found similar results with the use of dilute sulfuric acid at a 1 and 3%
w/w solid loading of switchgrass. Amorphous sugar structures, like hemicelluloses,
were solubilized from the solid fraction during pretreatment. The results obtained
were compared to samples pretreated with an ionic liquid (1-ethyl-3-methylimida-
zolium acetate). Although the total plant-to-sugar process time was significantly
reduced (72–15 h) with a corresponding increase in sugar yield and biomass
digestibility for ionic liquid treated samples, the cost of using exotic chemicals
(compared to sulfuric acid) may be unjustifiable in the commercial scale.

Advances in technology have allowed for an improved understanding of the
dilute acid pretreatment of lignocellulosic biomass. Pingali et al. [12] applied
small-angle neutron scattering (SANS) to switchgrass in an effort to understand the
morphological changes that occur at various levels of magnification. The results of
the study provided insight into several interesting concepts. First, lignin did not
seem to redistribute in the plant structure with presence of acid alone; an increased
temperature was also required. Based on the transition of lignin, the authors
proposed a temperature threshold (between 125 and 192�C) that may be related to
the redistribution of lignin phenomena observed in many dilute acid studies.
Pingali et al. [12] also noted an observed increase in the crystallinity of cellulose
from switchgrass following the removal of hemicellulose via acid. It was proposed
that in situ, crystallinity is limited by competition for hydrogen bonding by lignin,
hemicellulose, and cellulose. By removing hemicellulose, the authors suggest that
the remaining glucan is able to stabilize.

Other innovations have been demonstrated by applying a biorefinery concept to
current technology. In conventional processes, lignocellulosic biomass is dried prior
to chemical pretreatments for better storage and ease of handling. However this,
removes the potential from generating high value co-products from feedstocks with
high moisture content. Takara and Khanal [13] considered the use of a tropical,
perennial grass (Pennisetum purpureum or banagrass) for biofuel production in
Hawaii. Using a commercial screw-press, nearly 20% of the moisture was removed
from the feedstock as a nutrient-rich effluent for value-added processing.
The remaining wet solids were pretreated with dilute acid (5% v/v sulfuric acid) and
compared to dried samples. Notably, following enzymatic saccharification, sugar
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yields obtained from the wet samples were higher (theoretical xylose and *85%
glucose) than that obtained from dried samples (Takara and Khanal [13]).

3 Alkaline Pretreatments

In contrast to acid, aqueous alkaline solutions solubilize and remove the lignin
fraction of lignocellulosic biomass. The remaining structure of the feedstock is
destabilized and composed mainly of sugar-rich hemicellulose and cellulose
solids, which are subsequently saccharified to fermentable sugars via enzymes
called (hemi)cellulases (Fig. 3).

Chu et al. [14] confirmed the solubilization of lignin with 10% w/w sodium
hydroxide using Raman confocal microscopy. Control samples of Miscanthus x
giganteus were found to harbor lignin and cellulose within the cell wall, but
following pretreatment, only cellulose remained intact and undisturbed. Hemi-
cellulose was difficult to detect with this method as a result of its amorphous
structure.

Gupta and Lee [15] compared the effects of ammonia and sodium hydroxide
solutions on switchgrass, a perennial model feedstock. Both pretreatments have
inherent advantages that correlate to specific feedstocks. Aqueous ammonia, for
example, has been known to selectively target lignin in non-woody crops [16],
while sodium hydroxide has been particularly useful on woody crops. Gupta and
Lee [15] demonstrated that when supplemented with hydrogen peroxide (H2O2),
both ammonia and sodium hydroxide improved the digestibility of the cellulose to
over 90%. Interestingly, however, when hydrogen peroxide (H2O2) was applied to
ammonia, sugar degradation was increased, whereas when applied to sodium
hydroxide, sugar degradation during pretreatment was decreased. The authors
suggest that the mechanism in which the alkali dissolves the lignin varies between
chemicals. Aqueous ammonia pretreatments selectively react with lignin com-
pared to the carbohydrate and lignin reactions of sodium hydroxide.

Studies comparing the efficacy of two leading chemical pretreatments,
ammonia fiber expansion (AFEX) and dilute sulfuric acid, were conducted by Lau
et al. [17] using corn stover as a feedstock. AFEX utilizes the low volatility and
alkaline properties of anhydrous ammonia to create a combined chemical and
physical disruption of the lignin, hemicellulose, and cellulose components of
lignocellulosic biomass. The advantages of this approach include lower operating

Fig. 3 Simplified schematic of plant composition after alkaline pretreatment
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temperatures, ammonia recovery, faster pretreatment times, and no washing [18].
Lau et al. [17] reported that while 10% of the sugars (particularly xylose) were
degraded during dilute acid pretreatments, all of the carbohydrates were preserved
when AFEX was applied. Primary drawbacks for AFEX pretreatment, however,
are the inherent need for costly hemicellulases to solubilize non-glucose sugars
from the solid hemicellulose fraction, and the need for microbes capable of fer-
menting complex sugar streams to biofuel. Moreover, ammonia recovery pro-
cesses require additional equipment and infrastructure. In contrast to alkaline
pretreatments, dilute acid requires less equipment, and hydrolyzes the five carbon
sugar backbone of most hemicellulosic structures into soluble monomers.

4 Biological Pretreatments

The biological degradation of lignocellulosic material may be the oldest form of
pretreatment available for effectively accessing the five and six carbon sugars of
plant structures. Microorganisms, like fungi, excrete specific enzymes (ligninase)
to dissolve the protective lignin coating of biomass, making sugars like glucose
and xylose available for consumption. In the past decade, many studies focused on
the potential that these pretreatments had on the biofuel industry, but in recent
years, it has become clear that biological methods alone are too slow to be eco-
nomically viable [7].

Brown rot fungi were considered for the biological pretreatment of softwood for
improved glucose release, and subsequently biofuel production. Ray et al. [19]
exposed pine sapwood to two species of brown rot fungi (Coniophora puteana and
Postia placenta) for 20 and 25 days, respectively, before conducting preliminary
fermentation studies. Cellulose to glucose yields were reported to be about 70%,
suggesting relatively high efficiency for this type of process. Pretreatment, how-
ever, required a minimum of two weeks, with the additional need for enzymatic
saccharification and fermentation. The feasibility of fungal pretreatment thus may
not be viable in commercial-scale applications.

Yang et al. [20] reported on the use of a thermophilic bacterium, Anaerocellum
thermophilum, for ethanol production from untreated lignocellulosic biomass.
Poplar and switchgrass were used as substrates to cultivate the bacterium at 75�C
until a stationary growth phase was observed. Despite achieving high cell densities
within 20 h (much faster than fungal cultures), ethanol was not detectable in the
product stream.

5 Fractionation

The term fractionation is used frequently in biomass-to-biofuel conversion pro-
cesses, but is typically ill-defined. Fractionation generally refers to the separation
and isolation of various components of the entire feedstock, with the intent of
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using each respective component for the generation of either biofuels or bio-based
products. In practice, nearly all pretreatments can be considered to fractionate
lignocellulosic biomass, but more commonly, the term fractionation is coupled
with solvent-type pretreatments.

Although phosphoric acid is technically a mineral acid, its use is classified as a
solvent-type pretreatment rather than chemical pretreatment, since it employs
organic (solvent) compounds like acetone during biomass washing steps. Moxley
et al. [21] examined the effects of phosphoric acid on the cellulose digestibility of
industrial grade hemp, and considered its application as a multi-feedstock pre-
treatment strategy. Previous studies with conventional feedstocks like corn stover,
switchgrass, and poplar, suggested that the key parameters to successful sugar
release were the acid concentration, temperature, and residence time [22]. The
authors defined a critical acid concentration of 83%, after which the effects of
phosphoric acid on the hemp structure became prevalent. Maximum cellulose
digestibility (96%) was achieved after pretreatment with 84% phosphoric acid at
50�C for 60 min, and enzymatic saccharification for 24 h with a 15 filter paper unit
(FPU) per glucan enzyme dosage.

In 2010, a similar approach using phosphoric acid was examined by Sathitsuk-
sanoh et al. [23] for bamboo; a C4 perennial feedstock. Using low enzyme dosages
(1 FPU) following saccharification, the authors were able to achieve 88.2% cellulose
digestibility within 72 h, corresponding to a 15-fold reduction in enzyme loadings.
Lower required enzyme concentrations have the potential to reduce production costs
significantly, and a rigorous techno-economic analysis may help to determine the full
extent of the cost savings. Other recent studies have confirmed the results obtained by
phosphoric acid pretreatment at critical conditions [2, 24].

6 Hot Water Pretreatment

Hot water washing is an appealing lignocellulosic pretreatment due to its inde-
pendence from caustic chemicals and benign environmental impacts. Hot water,
typically referring to pressurized water maintained above its boiling temperature,
is known to promote the hydrolysis of hemicellulosic and amorphous glucose in
biomass structures. As part of a Consortium for Applied Fundamentals and
Innovation (CAFI), researchers at various institutions compared the yields
obtained for the conversion of corn stover to soluble sugars, and subsequently
ethanol [25]. Hot water washing was demonstrated to solubilize 90% of the cel-
lulose to glucose with a 15 FPU/g glucan enzyme loading after being pretreated at
190�C, 15 min, and 16% solid-to-water ratio [25]. When a similar pretreatment
was applied to wheat straw, lower yields were obtained. Hemicellulosic sugars
from wheat straw were reported to be best removed at temperatures around 184�C
(71.2% recovered), while cellulose was best removed after pretreatment at 214�C
and enzymatic hydrolysis (90.6% recovered); thus suggesting a two-stage hot
water approach [26]. For rice straw, yields of 85% glucose (after enzymatic
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hydrolysis) and sugar degradation were witnessed when pretreated with water at
180�C and above [27].

Hot water washing can be incorporated into flow-type reactors, improving
hemicellulose (from 60 to 90%) and lignin (30–75%) removal. Pronyk and Mazza
[28] evaluated the use of high pressure (11 MPa) water in a custom-designed reactor
on the cereal crop, triticale. Optimal conditions were determined by the maximum
sugar released from hemicellulose, which occurred at 165�C, 115 mL/min,
and 60 mL/g solvent-to-solid ratio. The release of glucose from cellulose was
reported to be highly temperature dependent, and 90% digestibility yields (following
enzyme hydrolysis) were not achieved below temperatures of 170�C.

Sorghum bagasse in a flow-type reactor produced similar results. The hot water
was supplemented with metal salts to increase the rate of cellulose and hemicel-
lulose decomposition. With 0.1% copper dichloride, total sugar digestibility was
reported to improve from 75.2 to 90.4% [29].

7 Steam Explosion

Similar to hot water washing, steam explosion pretreatments employ the properties
of water to facilitate the deconstruction of lignocellulosic feedstocks. Unlike the
previously described methods, steam explosion by itself, however, produces com-
paratively low sugar yields; often around 70% under optimal conditions [30, 31].
Most steam explosion techniques are supplemented with acid catalysts (like sulfuric
acid) or conducted immediately following chemical pretreatments [32]. Like AFEX,
high pressure is maintained in a reactor vessel for a predetermined duration before
undergoing rapid decompression. The rapid change in pressure weakens the cellu-
losic fibers, subsequently improving enzymatic saccharification to glucose.

8 Physical Pretreatment

Physical pretreatment describes the purely mechanical destruction of lignocellu-
losic biomass. Such strategies employ the use of cutting, ball, and hammer mills,
as well as screw presses and ultrasound. Although the term is still widely used, it is
generally understood that nearly all feedstocks require some sort of size reduction
(e.g. physical pretreatment) after field harvests.

In cases where the moisture content of the raw material is high, ([60% w/w)
however, unconventional physical pretreatments, like mechanical extrusion, may
be implemented both to facilitate handling and storage, and generate a liquid
substrate for co-product generation [13]. Studies examining the use of screw
presses (often referred to as extrusion) have markedly shown improvement in the
pretreatment and processing of lignocellulosic material both into fermentable
sugars [13] and biogas [33]. In the case of biogas, yields of methane increased by
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as much as 18–70% [33] supporting its incorporation into a renewable energy
economy. Extrusion technology has been commercially implemented in Europe
for biomass pretreatment for biogas production and is a form of thermomechanical
communition that promotes the disintegration of plant materials by means of
mechanical energy resulting from friction, squeezing, and crushing. Extrusion
increases the surface area by as much as 75% [34]. In addition, extrusion also helps
to break-up the wax layer in green (young) plants.

9 Challenges and Economics

Technology and innovation in the field of biofuels continue to excel rapidly,
rendering most critical literature reviews obsolete prior to publication, but to date,
the challenge of converting second generation lignocellulosic feedstocks to biofuel
economically remains to be fully addressed. Harvesting, transporting, storing,
preprocessing, pretreating, and saccharifying raw materials are just a few examples
of unit operations that contribute significantly to overall costs before fermentation
and distillation. Careful planning and design of biofuel facilities, however, can
reduce the production costs with little technological advancements. For example,
Kocoloski et al. [35] reported that strategic placement of biofuel facilities in
locations that reduce the transportation of feedstock and product has the potential
of saving $0.20–0.30 per gallon of biofuel.

As part of the CAFI study conducted in 2005, a techno-economic analysis by
Eggeman and Elander [9] suggested that dilute acid pretreatment was the most
viable for reducing lignocellulosic recalcitrance; yielding an ethanol value of
about $5.13–8.72 per gallon gasoline equivalent from corn stover [1]. Production
costs are often based on models established by the National Renewable Energy
Laboratory (NREL) [1, 35, 36] and assume the dilute acid pretreatment of corn
stover or switchgrass. In most cases, the costs of producing biofuel from a single
crop are inherently reliant on feedstock prices, which depending on geography and
available resources (e.g. water), may be volatile. Attempts to produce biofuel at
lower costs have, in some cases, met with success, but large-scale production at
commercial volumes remains uncompetitive with gasoline to date.

10 Future Work

Technological advances to improve the efficiency of lignocellulosic conversions
are continually developed throughout the world, but more recently, an emphasis
has been placed on a biorefinery concept which parallels its petroleum predeces-
sors by fractioning a single feedstock into multiple products. It has become evident
that in the long-term future, the replacement of fossil fuel brings the inherent
challenges of finding renewable alternatives for replacing petrochemical-derived
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compounds such as plastics and other polymers. Thus there exists an urgent need
to produce biochemicals and bio-based products concurrently with biofuels.

The primary focus of this chapter has been on state-of-the-art pretreatment
technologies of lignocellulosic materials rather than its production and use, but it
would be prudent to briefly summarize some of the advances made in the
transportation fuel sector. Europe, in particular, can be considered to be years
ahead of the US in transportation fuel technology. Because biomass feedstock
costs can be volatile like the price of oil, much attention has been placed on
gaseous fuel (upgraded biogas or methane) produced from solid and liquid waste
streams, perennial grass, energy crops, and agri-residues. Biogas, produced via
anaerobic digestion, consists of 50–75% methane [37], and can be produced in
decentralized and centralized locations. Countries like Sweden have pioneered
the use of upgrading biogas as a light duty vehicle fuel, and the consumption of
biogas in the country has already surpassed natural gas [38]. Similar efforts are
also being made in Germany which currently operates nearly 5,000 anaerobic
digesters for bioenergy production [34]. In the UK, concerns over the use of
biogas as fuel stem from a lack of quality standards and infrastructure, as well as
competition with other uses of biogas. For example, combined heat and power
(CHP) generation may be more economical for using biogas rather than in
vehicles [39]. While the ultimate fate of biogas as a renewable fuel is still
relatively unknown in the United States, in the near future, there will likely be a
push for policies and subsidies to improve the economic competitiveness of these
technologies with natural gas and fossil-derived fuels.

11 Conclusion

Advances in technology have given rise to a wide breadth of pretreatment
strategies that cannot fully be covered in a single chapter. Despite their multitude
of differences, however, the underlying theme of all biomass pretreatments
remain the same: reduce the recalcitrance of the feedstock to facilitate the
bioconversion of (hemi)cellulose into fermentable sugars and ultimately, biofuel.

With the advent of the biorefinery perspective, the concept of fractionation
and maximizing revenue-generating bio-based products from a single feedstock
has facilitated innovation in biofuel production. Whether the future relies on
gaseous or liquid-based fuels or bosssth is yet to be determined, but likely,
region-specific crops will promote the decentralization of commercial-scale
industries and advocate the development of region-specific bio-based products.
Thus any or all of the pretreatment methods presented above may move to
commercial scale to meet demands in various regions of the world.
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Second-Generation Biofuel Production
from Corn-Ethanol Industry Residues

Prachand Shrestha, Anthony L Pometto III, Samir Kumar Khanal
and J. (Hans) van Leeuwen

Abstract Net ethanol production per unit mass of corn kernel can be significantly
improved by utilizing fibrous co-products to produce cellulosic ethanol. Corn fiber
is a good cellulosic feedstock to produce second-generation biofuel. A biorefinery
concept is introduced to convert fibrous residue, corn fiber, into fermentable sugars
at a lower temperature with minimal use of chemicals. Laboratory-scale consoli-
dated fermentation system comprised of on-site fungal enzyme production system
and simultaneous saccharification and fermentation (SSF) yielded 7.1, 8.6 and
4.1 g ethanol per 100 g corn fiber when saccharified with the white-, brown-, and
soft-rot fungi, respectively. The highest corn-to-ethanol yield (8.6 g ethanol/100 g
corn fiber) was equivalent to 42% of the theoretical ethanol yield from starch and
cellulose in corn fiber. This is equivalent to 120 l of ethanol per metric ton of corn
fiber. With process optimization, conversion of over 70% of corn fiber carbohy-
drate content into ethanol can generate as much as 13x109 l of ethanol per year,
which is equivalent to 25% of the current annual ethanol production (52x109 l) in
the US, additional $8.65 billion annual revenue and reduction in corn acreage by
3 mha. It is also possible to convert the carbohydrates to a fuel oil using a
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secondary oleaginous fungal process. The residual fiber enriched with fungal
protein can still be utilized as animal feed without unbalancing the feed market/
supply.

1 General Introduction

Gross domestic product (GDP) is an indicator for a nation’s socio-economic
development and is correlated with energy consumption [7]. Most recently, we
have experienced the shift of industrial development from developed nations to
many developing nations like China and India. For example, the growth in energy
demand in Chinese industries has increased the outputs and henceforth, has
improved China’s GDP [25]. These countries consumed 20% of the world’s total
energy consumption (495 quadrillion BTU) in 2007 [8]. It has been projected that
by 2035 the non-OECD (Organization for Economic Cooperation and Develop-
ment) countries including China and India will increase their energy consumption
rate to 30% of the world’s energy consumption. Likewise, socioeconomic status
and purchasing capacities of people in these countries have also improved in
recent years. This further demands various forms of energy (coal, natural gas,
petroleum), food and natural resources (to provide raw materials for industries).
Nonrenewable resources have dramatically changed our environment by increas-
ing emission of CO2-a greenhouse gas (GHG). Utilization of energy efficient
technologies, reduction in GHG emission and exploration of renewable energy
resources can significantly mitigate the alarming concerns of energy, economy and
environment.

Johansson et al. [14] further addressed that opting energy efficiency strategy
could not alone resolve the energy demands of all countries in the world. However,
utilization of renewable energy resources (e.g. biomass, solar, wind, hydel, geo-
thermal) could contribute to a greater portion of the energy demand problem and
may replace up to 40% of the energy demand by the middle of the twenty first
century. Rosen [23] suggested that energy efficiency is further required for using
sustainable energy resources. By 2030, the US aims to replace up to 20% of its
transportation fuel and 25% of industrial energy needs from biomass resources
[35]. Currently, plant derived biomass energy accounts for 9–13% total global
energy supply [34]. Biomass has diverse applications such as producing heat,
electricity (e.g. gasification) and liquid biofuel (e.g. ethanol, butanol, aviation fuel
etc.) and gaseous biofuel (hydrogen, methane etc.). On commercial scale, biomass
energy and bio-economy promise sufficient energy supply, rural employment and a
closed carbon cycle [10]

The annual global energy demand is about 500 quadrillion BTUs. US, an
OECD member, not only consumes the highest amount of supplied global energy
i.e.,*100 quadrillion BTUs; but also consumes the highest amount of liquid
transportation fuels annually. It is estimated [37] that, by 2035, its annual liquid
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consumption will increase to 22.0 million barrels per day from 18.8 million bar-
rels per day in 2009. The majority (*60%) of the fuel demands in USA are
fulfilled by petroleum imports from politically unstable Middle East nations. The
increasing demands of fuels in countries like China and India and the volatility in
recent (summer of 2008) crude oil market also demands a paradigm shift to energy
independence for the US. Various alternatives have been sought to manage and
stabilize the energy security especially in Europe and the US. Research and
development for cost-effective production of biofuels in transportation sector have
received greater global attention. Current corn and sugarcane based bio-ethanol
production is 50 and 26 x 109 l per year in USA and Brazil, respectively [22].
While the production of first generation starch/sugar-based ethanol will continue to
expand in foreseeable future, it will be limited by the availability of feedstock,
climates for the respective monoculture crops, and increasing concern over food
versus fuel supply. Therefore, second generation cellulose-based biofuels, from
ubiquitous cellulosic feedstocks (agricultural and forest residues, energy crops,
and industrial and municipal wastes), have recently received increasing attention
to substantially replace fossil fuel demand in coming decades.

Lignocellulose represents the most abundant polymer in the biosphere
(10–50 x 109 tons annually) but unlike corn starch it consists of three different
polymers lignin, cellulose and hemicellulose [4]. Dale [6] emphasized the biomass
refinery approach–holistic usage of all lignocellulosic components and develop-
ment of economical biomass pretreatment process to provide inexpensive and
feasible feedstock. The only common polymer to all plants is cellulose. The lignin
and hemicellulose for every plant are unique. Thus, the structural complexity
and recalcitrance of lignin and plant cell wall polysaccharides impose inherent
challenges to physical, chemical and biological means of depolymerization [15].
Physical and chemical pretreatments enhance the enzymatic conversion [5, 9, 13, 20]
but the cost of pretreatment may be as much as 20% of the unit ethanol production
cost [41]. Thus, plant biomass pretreatment represents one of the major bottlenecks
in biochemical conversion of biomass to biofuel.

Second-generation ethanol production utilizes primarily cellulosic (b1,4-
glucose polymer) feedstock, which undergoes pretreatment via physical, chemical
or biological means for size reduction, selective removal of plant cell wall com-
ponents (e.g., lignin) and improvement in enzyme accessibility for hydrolysis
followed by enzymatic hydrolysis and simultaneous fermentation of the resulting
sugars (C-6 and/or C-5 sugars) to ethanol [16]. Abundance of native feedstock
(e.g., USA produces * 1.3 x 109 metric tons of lignocellulosic biomass annually,
USDA-USDOE, [35]) is favorable toward sustainable renewable biofuel genera-
tion. In secondary plant cell walls, cellulose is present in network with hemicel-
lulose and lignin, which provides plants with recalcitrant properties to microbial
decay and structural rigidity. Therefore, pretreatment and enzyme hydrolysis steps
are critical but costly steps during cellulosic bioconversion to biofuel [16].
Chemical (alkali and acid) pretreatment not only generates inhibitory compounds
that are detrimental to downstream fermentation, but such pretreatment is
also expensive. It is therefore very necessary to reduce chemical cost and
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environmental footprints and explore alternative environment friendly and eco-
nomically sound processes such as direct biological conversion of cellulose to
ethanol.

Biological approaches towards cellulose-ethanol research bio-mimic the natural
process of wood degradation. Wood itself is a typical example of natural cellulose.
Scientists and plant pathologists have been conducting research to explain phys-
iology and mechanism of various types of wood-rot, caused by certain fungi.
Earlier studies explored the cause and prevention of fungal deconstruction of
wood. Extracellular enzymatic degradation and non-enzymatic oxidative degra-
dation of the substrate were identified as the main wood decay mechanisms. The
authors have been involved in research that seeks to examine natural wood-rot
degradation mechanism to develop an in situ fungal cellulase/hemicellulase
production process to degrade cellulose [27]. We investigated biological pre-
treatment using white-, brown- and soft-rot fungi in biological pretreatment and
hydrolysis of lignocellulose feedstock (wet-milled corn fiber) to produce mono-
meric sugar that would then be converted to bioethanol (and bio-based product).

The three main research objectives were:

a. Evaluate effectiveness of mild alkali, alkaline peroxide and steam pretreatment
of wet-milled corn fiber prior to solid-substrate fermentation by white-, brown-
and soft-rot fungi (Phanerochaete chrysosporium, Gloeophyllum trabeum and
Trichoderma reesei, respectively) and subsequent fermentation of hydrolyzate
to ethanol using Saccharomyces cerevisiae [29]

b. Evaluate white-, brown- and soft-rot fungi for saccharification of wet-milled
corn fiber via enhanced enzymatic hydrolysis, and the subsequent fermentation
of fermentable sugars into ethanol using S. cerevisiae [28]

c. Use the fermentable sugars produced to synthesize bio-oil via a secondary
fungal process [39]

2 Additional Ethanol from Corn-to-Ethanol Plant Residue

The Renewable Fuels Association [22] reported the 204 US-based biorefineries
have total annual ethanol production capacity over 52 9 109 l (13.74 9 109 gal-
lons). In addition to ethanol, these industries also produce significant amount of
fibrous co-product (i.e., corn fiber), which is currently being incorporated into
animal feed. Depending on the type of biorefinery, dry-grind or wet-millinge, the
co-product is further processed and sold as distiller’s dried grain with solubles
(DDGS) or corn gluten feed/meal. Over 32.5 million metric tons (mmt) of fibrous
co-products were produced from corn-based ethanol industries in 2010. Last
decade (2000–2010), the total ethanol production increased by 11-folds while
DDGS generation exceeds sevenfolds (Every bushel i.e., 25.4 kg of corn produces
about 8.16 kg of DDGS). Huge quantities of these co-products, which currently
suffice the domestic and international feed market, may pose serious management
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issues and also saturate existing market (e.g., animal feed) in long run. Addi-
tionally DDGS favor ruminant animal feed (cattle and diary) versus monogastric
animal feed (swine and poultry). It is also desirable to diversify the R&D prospect
of processing these co-products on site, beyond animal feed. For example, ethanol
production from these co-products will generate additional revenue. To maximize
the fermentation output and generate new revenue sources in corn dry-grind
industry, [31] developed a novel system that incorporates initial soaking step,
degermination and density separation (prior to enzymatic liquefaction and fer-
mentation in dry-grind ethanol setup) to separate fibrous residue known as quick
fiber, which represents 6–7% of yellow dent kernel and about 46–60% of recov-
erable fiber in hybrid dry-grind processing. This polysaccharide rich quick fiber
also contains corn oil with cholesterol lowering components like ferulate phy-
tosterol esters (FPE) and phytosterol components. Therefore, quick fiber can serve
as promising feedstock for multiple products–ethanol and nutraceutical rich corn
oil. The wet-milled corn fiber contains (on dry matter basis) lignin (2%), cellulose
(18%), hemicellulose (35%) and some residual starch (18%) [1]. Conversion of
polysaccharide fraction (starch, cellulose, and hemicelluloses) from these com-
ponents to ethanol would yield an additional 25% of current annual ethanol pro-
duction capacity (i.e., 13 9 109 l of ethanol). This would fetch over $8.65 billion
annually at current ethanol selling price of 66 cents per l ($2.5 per gallon ethanol)
and also minimizes additional corn usage for ethanol production. The extra ethanol
production is equivalent to 7.4 9 106 acres. According to the National Corn
Growers Association in the USA the average corn production per acre was 153.9,
164.9, and 152.8 bushels in 2008, 2009, and 2010, respectively, with an average
price per bushel of $3.90, $3.70, and $5.30 (www.ncga.com). Corn fiber from the
wet- and dry-grind process is essentially collected and pretreated lignocellulose
feedstock compared to other plant sources as it has been cleaned, ground, and hot
water extracted. Corn fiber, therefore, could serve as a model cellulosic feedstock
for cellulosic ethanol production. Additionally, the lignin content is also low in
corn fiber residues. Therefore, inclusion of fiber (with residual starch and holo-
cellulose) conversion into ethanol can improve net ethanol production per unit
weight of corn by 13% [17]. Second-generation biofuels, from conversion of
residues like corn fiber and corn harvesting leftovers like stover, are necessary to
sustain the net productivity and profitability of corn-based ethanol biorefineries.
Ethanol industry is gearing up for cellulosic ethanol. POET is pursuing to utilize
770 tons per day of cellulosic residues e.g. corn cobs and husks for ethanol pro-
duction (Project Liberty, [19]). Research is currently focused on utilizing signif-
icant amounts of cellulosic biofuels from corn stover without jeopardizing its
usage to control soil erosion and soil health. Conversions of cleaner cellulosic
residues like corn fiber, corn cobs and hardier material such as corn stover can
substantially add volumetric second generation biofuels to suffice the target of 136
9 109 l (36 billion gallons) of cellulosic biofuels by 2022.
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3 Technological Hurdles in Cellulose Biofuel Production

Unlike amylose (linear starch with a-1.4-glyosidic bonds) and amylopectin
(branched starch with a-1,4- and a-1,6-glycosidic bonds) produced in grains (e.g.
corn, wheat, rice, sorghum) lignocellulose consists of cellulose (linear b-1,4-gly-
ocside bonds), hemicellulose (various combination of C-5 and C-6 sugars and
glycoside bonds), and lignin (recalcitrant phenylpropane polymer), which repre-
sents the glue between cell walls. Thus, the molecular bondings and structural
complexity of hemicelluloses and lignin in lignocelluloses provide structural
rigidity, resistance to microbial attacks and water insolubility. Thereby the
recalcitrant nature of lignocellulose poses hindrance to chemical and biological
breakdown. Bioconversion of lignocelluloses requires combinations of pretreat-
ments which include size reduction, chemical pretreatments and structure altera-
tions to remove lignin which may require extreme temperature and pressure
regimes. These pretreatments are then followed by extensive water extractions to
remove all enzymatic and microbial inhibitors (usually alkaline soluble lignin and
phenolics). Once thoroughly washed a series of enzyme hydrolysis steps are
required in order to breakdown the complex water insoluble cellulose and hemi-
cellulose molecules into fermentable sugars (mono- and di saccharides [24].

The biomass pretreatment and enzymes required for hydrolyzing polysaccha-
rides are essential but costly steps involved in biofuel production from lignocel-
lulosic biomass. To date, there is not a single large-scale (mega-million gallon
capacity) lignocellulose biorefinery in operation. Many of the small-scale dem-
onstration plants are funded through federal research grants. One of the primary
reasons is the high cost of chemical (alkali and acid) pretreatment and removal of
microbial and enzymatic inhibitory compounds consumes large quantities of water
and generates large volumes of waste [12]. In the mean time, the unit cost on
enzyme dosage (i.e., enzyme cost in dollars per gallons of biofuel (ethanol) pro-
duced is still very costly. Many enzyme industries like Novozymes, Genencor and
DSM are supported by federal grants to conduct detail research and significantly
improve the activities of microbial enzymes that can be used to hydrolyze
cellulose and hemicellulose from different types of lignocellulosic feedstock [3].
There have been significant increases in catalytic activities of these industrial
enzymes but cost associated with volumetric large-scale applications (dosages) of
these enzymes for economical cellulosic biofuel production is a major concern.
Thus research universities, national laboratories, and biotechnology industries
throughout the world are exploring various natural sources such as tropical rain
forests, hot springs, termite guts, cow rumen or culture collections for microbial
enzymes that can significantly degrade cellulosic feedstock under desired envi-
ronmental conditions. Needless to mention, volumetric ethanol concentrations
from cellulosic feedstock are still very low compared to starch or sucrose based
ethanol, and this also increases distillation costs significantly.
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4 Conversion of Corn Fiber into Ethanol through
Fungal Bioprocessing

Structural plant tissues such as cellulose fibers have been target feedstock to
produce renewable biofuel such as ethanol for decades. Wiegel [40] reported a
two-stes process of converting cellulose to ethanol (1) hydrolysis of the polysac-
charides and (2) fermentation of glucose to ethanol using yeast, S. cerevisiae.

The author also suggested the possibility of directly converting the cellulose
to ethanol using bacteria like Clostridium thermocellum. There has also been a
school of thought regarding conversion of both five- and six-carbon sugar into
ethanol.

Singh et al. [30] discussed the potential application of filamentous fungal
species of the genera Fusarium, Monilla and Neurospora for production of
extracellular enzymes for hemi/cellulose hydrolysis and fermentation of glucose
and xylose to ethanol. However, ethanol and sugar tolerance by these fungi is
lower and sugar to ethanol conversion is slower compared to yeast. South et al.
[33] conducted simultaneous saccharification and fermentation (SSF) of acid
pretreated hardwood flour via supplementation of cellulase from T. reesei and b-
glucosidase and S. cerevisiae to convert glucose to ethanol. The authors also
reported direct microbial conversion of acid pretreated hardwood flour to ethanol
using C. thermocellum. So and Brown [32] compared the Waterloo fast pyrolysis
process followed by fermentation process with SSF and dilute acid hydrolysis and
fermentation in terms of ethanol production cost for a hypothesized 25 million
gallon per year (MGY) cellulosic ethanol refinery. The unit production cost of
ethanol via fast pyrolysis and fermentation was reported to be slightly higher than
SSF and dilute acid hydrolysis and fermentation process. The authors suggested
further feasibility research on pyrolysis coupled with ethanol production and the
recovery of lignin as a value-added product to minimize the unit cost of ethanol
production. Lignocellulosic ethanol bioprocessing still has big challenges to
overcome, especially the high cost of converting lignocellulose to a fermentable
sugar mixture. For the optimization of the (ligno-) cellulosic ethanol process, it is
also very necessary to first understand the morphological, anatomical and physi-
ological characteristics of each of the plant cell wall tissues that pose recalcitrant
and robust structural assemblies against degradation [11]

Corn fiber contains (on dry-matter basis)*70% sugar compounds [28]. Thus, it
makes sense to reprocess this co-product into more ethanol. A successful bio-
mimicry concept was developed for efficient conversion of lignocellulosic biomass
such as corn fiber and corn stover into ethanol by using wood-rot fungi–the molds
which have, otherwise, been studied for damage of commercial timber and in
forest pathology. We investigated white- and brown-rot fungi, those that decay
wood logs and litter in the forest to recycle carbon and nutrients from lignin,
cellulose and hemicellulose. They produce extracellular enzymes like ligninase,
cellulase and hemicellulase to degrade these complex polymers. Utilization of
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their extracellular enzyme for degradation of lignocellulose co-products like corn
fiber would provide simple sugars and these can be fermented further to ethanol.

In situ extracellular enzyme secretion by these wood-rot fungi can eliminate:

(a) pretreatment cost of lignocellulose degradation, and (b) enzyme cost.

This chapter briefly describes protocols that employ two wood-rot fungi:
Phanerochaete chrysosporium (white-rot fungus) and Gloeophyllum trabeum
(brown-rot fungus) in bench-scale solid-substrate fermentation, a process that
mimics natural microbial decay of plant matter, to induce cellulosic hydro-lyzing
enzymes. Moist wet-milled corn fiber was inoculated with a wood-rot fungus to
produce in situ lignin and cellulose degrading enzymes. Within three to five days,
they produce considerable amounts of these hydrolytic enzymes that hydrolyze
complex polysaccharides into fermentable sugars. For the first time, we reported
that these fungi were able to produce ethanol without prescribed conditions
[21, 26, 28, 29]. Laboratory scale (1-l experiments), produced 120 l of ethanol per
metric ton of wet-milled corn fiber without any biomass pretreatment and addition
of commercial enzymes.

5 Conversion of Corn Fiber to Ethanol in Consolidated Fungal
Bioprocessing

The two wood-rot fungi: P. chrysosporium (white-rot fungus) and G. trabeum
(brown-rot fungus) were studied in bench-scale solid-substrate fermentation [20,
26], where a predetermined amount of wet-milled corn fiber was inoculated with
calculated volume of fungal pellet slurry (Fig. 1). Solid-substrate cultures of
these fungi on corn fiber (37�C aerobic condition, 1–5 days) confirmed lig-
nocellulose degrading activities as determined by specific hemi/cellulase enzyme
activity and Klason lignin assays. The ethanol yields from the consolidated
fungal process respectively resulted in 3 and 4 g ethanol per 100 g of corn fiber
for white- and brown-rot fungal system. These fungi were also able to ferment
sugar to ethanol without addition of yeast during SSF. The results were 1.7 and
3.3 g ethanol per 100 g corn fiber, respectively for white- and brown-rot fungi,
respectively.

Fig. 1 Bench-scale consolidated bioprocessing of corn fiber into ethanol (adapted from [26]
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5.1 Commercial Enzyme versus Fungal Saccharification

SSF of wet-milled corn fiber with commercial cellulase enzyme (Spezyme CP, 50
filter paper units/g cellulose) had slightly higher ethanol yield compared to solid-
substrate cultures with T. reseei and subsequent SSF of corn fiber into ethanol. The
ethanol yield in the later system was as high as 75% of that obtained in SSF with
Spezyme CP system [29]. Whereas the white- and brown-rot saccharification and
SSF processes similar to T. reesei had lower ethanol yields. Consumption of sugar
by fungi was suspected during 4-day long saccharification processes compared
to Spezyme-CP coupled SSF process resulting in differential ethanol yields.
Combination of fungal saccharification and reduced cellulolytic enzyme (e.g.,
Spezyme-CP) loading can improve ethanol production from cellulosic substrate.

5.2 Improved Ethanol Yield

As the fungal saccharification process of corn fiber proceeds, fungi also consume
released sugar. It is therefore, necessary to minimize the fungal sugar consumption
and maximize net ethanol yield. Shorter enzyme induction and fungal sacchari-
fication periods and subsequent SSF with S. cerevisiae process maximized
sequential sugar to ethanol fermentation. To minimize the fungal consumption of
sugars, the saccharification process was shortened to 2 days and SSF was incor-
porated in anaerobic conditions [28]. The enzyme system was active to hydrolyze
sugar and sequentially ferment hydrolyzate to ethanol (Table 1). The ethanol yield
was as high as 7.8 and 8.6 g ethanol per 100 g corn fiber. Contrary to earlier
findings, similar process with T. reesei resulted in poor ethanol yield.

6 Economic Implications and Significance

The primary products in corn wet-milling biorefineries are ethanol, starch, high-
fructose corn syrup (HFCS), organic acids, corn oil and corn gluten meal. The
latter is comprised of basically fibrous residue, i.e. corn fiber (representing bran

Table 1 Specific enzyme activity of crude cell free extract at the beginning of simultaneous
saccharification and fermentation of corn fiber into ethanol (adapted from [28]

Enzyme activity tested White-rot fungus
(P. chrysosporrium)

Brown-rot fungus
(G. trabeum)

Alpha amylase (mg maltose/mg protein/min) 0.230 ± 0.06 0.160 ± 0.04
Glucoamylase (mg glucose/mg protein/min) 0.380 ± 0.15 0.180 ± 0.01
Xylanase (mg xylose/mg protein/min) 0.740 ± 0.17 0.060 ± 0.00
Endocellulase (mg glucose/mg protein/min) 0.505 ± 0.05 0.215 ± 0.04
Exocellulase (mg glucose/mg protein/h) 1.030 ± 0.05 0.9063 ± 0.05
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coat, germ fiber and tip cap of the corn kernel) that are further blended with gluten
(protein) and sold as corn gluten feed and corn gluten meal. Similarly, the dry-
grind corn ethanol plants also produce a fibrous co-product: distillers dried grains
(DDG) usually combined with solubles and is sold as DDGS. In recent years, the
US corn ethanol production (especially from corn dry-grind industries) and percent
corn usage for ethanol production has increased exponentially [22, 36]. The
amount of co-product such as DDGS has increased in direct proportion to ethanol
production. A large amount of energy is spent to produce these co-products but in
the long run the supply may exceed demand for this animal feed. High sulfur levels
in DDGS also limit ruminant feed supplement to 40–50% [38]. Thus, alternative
value-adding processes are required for the profitability of first-generation ethanol
plants.

Over 70% of corn fiber is complex carbohydrate (residual starch integrated with
hemicellulose and cellulose) on a dry-mass basis. Starch and cellulose fractions of
the fiber occur in equal proportions, 18% dry mass each (with some variations),
and hemicellulose (*35%, dry mass) is the highest fraction. The lignin fraction is
constitutively very low in corn fiber (*1.3%, dry mass). Therefore, corn fiber has
been primarily sought as a cleaner and valuable feedstock for producing high value
products like arabinoxylan gum (from hemicellulose), corn fiber oil, enzymes and
ethanol from cellulose and starch fractions. However, the structural complexity
and recalcitrance properties of the constituent polysaccharides currently require
physico-chemical pretreatment to facilitate enzymatic saccharification. Pretreat-
ment methods are costly and may produce inhibitory compounds. Effective
enzyme production for cellulose degradation is still very costly.

Wood-rot fungi (white-rot fungus: P. chrysosporium and brown-rot fungus:
G. trabeum) have been extensively studied for their hemi/cellulose degrading
enzymes. The in situ production of these enzymes in solid-substrate or sub-
merged fermentation (under aerobic conditions) was followed by anaerobic SSF
with co-culture of S. cerevisiae to convert hydrolysate from corn fiber to
ethanol. This chapter (i) conceptualizes on-site production of enzymes (from
wood-rot fungi), (ii) develops saccharification and fermentation of wet-milled
corn fiber to ethanol and (iii) improves the residue quality as an animal feed or
development of value-added products by reducing lignocelluloses and increas-
ing protein concentrations.

Studies of amylase, hemicellulase (represented by xylanase) and cellulase
(represented by endocellulase and exocellulase) enzyme activities of wood-rot
fungi and T. reesei showed that the latter fungus has comparable activities on
starch, xylan and cellulose. The specific enzyme activities of all three fungi were
very high in solid-substrate fermentation compared to submerged fermentation
[26, 28]). It is therefore envisaged that starch and hemi/cellulose degrading
enzymes production from these fungi can be improved (and concentrated) via
solid-substrate fermentation. Solid-substrate fermentation at optimal moisture,
temperature and nutrient supply mimics the natural systems of the wood-rot and
soft-rot fungi. Therefore, their enzymatic activities are expected to enhance as the
fungal growth and metabolism progresses.
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Submerged fermentation simplifies controlling pH, temperature and nutrient
levels while the fungi grow in the presence of cellulosic feedstock. Fermentors,
adequate oxygen supply, intermittent sampling and downstream processing for
enzyme harvesting will add extra cost and equipment footprints. Fungal enzyme
activities in submerged fermentation will be lower compared to solid-substrate
fermentation as observed from the reported experiments due to reduced substrate
to fungi intimacy, reduced oxygen concentration compared to air, and dilution of
released enzyme into culture medium [18]. It may also stimulate some acetic acid
production rather than ethanol (as in case of T. reesei) during the SSF process [28].
It is therefore envisaged that commercial solid-substrate fermentation of corn fiber
would be more appropriate to produce fungal enzymes using a portion of corn fiber
as substrate. The white- and brown-rot fungi had increased enzymatic activities
over starch, xylan and carboxymethyl cellulose as compared to corn fiber. This
confirms higher amylase, xylanase and endocellulase activities of these fungi.
T. reesei had higher exocellulase activity compared to wood-rot fungi. All these
enzyme activities are necessary to hydrolyze starch, cellulose and hemicellulose
fractions of corn fiber into fermentable sugars. The exocellulase activities of
T. reesei complement the consortia of enzymes secreted by wood-rot fungi.
Therefore, a mixed culture of the fungi (white-rot and T. reesei; brown-rot and
T. reesei; white- and brown-rot fungi) can be used for solid-substrate fermentation.

Fungal proliferation would enhance enzymatic activities and may further
degrade substrate to provide sugars for fungi. Fungal sugar consumption should be
restricted or kept at a minimum. Periodic enzyme harvesting from solid-substrate
cultures of fungi followed by purification and concentration would ensure the
enzyme supply and quality. This may also help to mitigate the problem of fungal
sugar consumption.

The higher the enzymatic activities, the faster and higher would be the ethanol
production in the SSF process. The results strongly support hydrolytic fungal
enzyme production in solid-substrate fermentation compared to submerged cul-
ture. Purified and concentrated enzyme consortia from submerged cultures would
definitely improve the corn fiber to ethanol yield in the sugar to ethanol fermen-
tation process. As briefly explained earlier, the SSF of corn fiber preceded by
enzyme induction in submerged fermentation using brown- and white-rot fungi
had ethanol yields of 42 and 34% of the theoretical maximum yield for C-6 sugars,
respectively, (ca. 20.4 g ethanol per 100 g of corn fiber) from an estimated 18%
starch and 18% cellulose fraction in corn fiber. These ethanol yields were higher
when compared to the ethanol yield from a similar submerged culture SSF study
with T. reesei, which had 20% of theoretical maximum ethanol yield for C-6
sugars. However, solid-substrate fermentation of corn fiber using these fungi and
the sub-sequent SSF process had a higher ethanol yield for T. reesei (25% of the
theoretical maximum yield). It must also be understood that the fungi would also
consume sugar as they proliferate during the enzyme induction phase for solid-
substrate fermentation. This would then result in reduced ethanol yields of
25–42% of the theoretical maximum.
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7 Process Improvements

The corn fiber to ethanol production trends in the fungal SSF process leveled off
after 2 days of fermentation. Extension of anaerobic conditions to 6 or 8 days
increased but did not significantly improve the ethanol yield. Therefore, an
extended period for SSF fermentation would not be necessary. Ethanol yield had
not significantly improved after mild alkali and alkaline peroxide pretreatment of
wet-milled corn fiber [29]. Therefore, pretreatment of corn fiber prior to fungal
saccharification and fermentation would not be necessary. A separate SSF process
for corn fiber would require more reactors, higher retention time for fermentation
and additional processing steps. In addition, a separate SSF process for converting
corn fiber to ethanol would not be economical in terms of the highest corn fiber to
ethanol conversion and concentration of ethanol in the fermentors. At ca. 30%
solid loading (corn fiber) the theoretical maximum ethanol concentration would be
around 61 g/L (i.e., 6.1% w/v or 7.7% v/v). Such a low ethanol concentration will
be at the low end for economical separation by distillation. It would be more
practical to add the germ fiber and fiber separated in the upstream process together
with corn-starch into the fermentors. The fungal enzymes, collected from solid-
substrate fermentation, and commercial amylase enzymes (lesser quantity than
required as fungi also have amylase activities) will saccharify the free and residual
starch, hemicellulose and cellulose. The fermentable sugar (glucose) is converted
into ethanol by S. cerevisiae. Conversion of xylose to ethanol is also a possibility.
Usually it takes 48–72 h to maximize conversion of sugar to ethanol in ethanol
biorefineries. Integration of corn fiber and starch hydrolysis in the same fermentor
and conversion of sugar to ethanol would, therefore, be anticipated to yield more
ethanol within 48–72 h.

7.1 Usage of Fermentation Residue and Broth

The corn to ethanol conversion rate (gallons of ethanol per bushel of corn) is
expected to increase. Utilization of starch and cellulose fraction of corn kernel
would reduce bulk generation of solid residue. The residue is also expected to be
higher in hemicellulose content (depending on enzyme supplementation) and
therefore, be a more favorable feedstock for hemicellulose applications such as the
production of arabinoxylan gum. The liquid fraction may be further explored to
separate valuable products like metabolites, enzymes, and nutrients. Recycle of
enzymes and nutrients back to upstream processes is a possibility. The solid res-
idue can otherwise be supplemented with fungal enzyme complex. The enzyme-
supplemented residue could be used as enriched animal feed upon approval after
feed trial.

Availability and compositional variability of lignin, hemicellulose and cellulose
in various lignocellulose feedstocks like corn stover, bagasse, switchgrass, etc.
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greatly determine the desirable end product(s). Higher cellulosic content would
favor cellulose ethanol production along with separate end usage of hemicellulose
and lignin. Higher lignin content may route the processing towards economical
usage of lignin. Unlike corn fiber, lignocellulosic biomass may require mild to
severe pretreatment prior to biological conversion of feedstock to sugars and other
derivatives. It is also desirable that both physical–chemical and biological pre-
treatments keep the substrates (and polymers) in their natural states and yet
enhance the enzymatic hydrolysis process [2].

Wood-rot and soft-rot fungal treatment of lignocellulosic feedstock can be
applicable to untreated or pretreated substrate. Since each and every microbial
species has different types and strength of enzymatic activities, in most cases a
mixture of microbial population would benefit in holistic degradation of complex
polymer to simple sugars, which can further be fermented to ethanol. For example,
white-rot and soft-rot fungi (P. chrysosporium and T. reesei) can be co-cultured in
solid-substrate fermentation to provide a complete consortium of lignin and hemi/
cellulose degrading enzymes such that the hydrolysate can be completely fer-
mented to ethanol using genetically modified yeasts or bacteria. In many cases, it
is also desirable to have multiple products in addition to ethanol. Conversion of
glucose and xylose to ethanol and xylitol respectively, may be profitable. Brown-
rot fungus (G. trabeum) can be used to solely convert lignin and hemicellulose rich
feedstock into modified lignin, hemicellulose and cellulose hydrolysate. The lignin
and hemicellulose fraction may be used separately for other purposes. There are
many possible products other than ethanol from lignocellulose. Contrary to ethanol
production, depending on market demand and product values, biomass feedstock
can also be utilized for production of organic acids, anti-oxidants, enzyme assisted
improved animal feed as conceptualized in Fig. 2.

7.2 Converting Hydrolyzed Sugars to Bio-Oil

Van Leeuwen et al., developed another approach to using the sugars from fungal
lignocellulose hydrolysis. They used yet another fungal process to convert the
sugars into a fungal oil. This required some mild ammonia pretreatment with full
recovery of chemicals as well as lignin as yet another byproduct. The fungal cells,
containing the oil are readily separated by simple screening of fungal pellets, and
following cell rupture, the oil can be separated and converted into biodiesel.
Biodiesel is a better fuel than ethanol and this process represents a better alter-
native to fungal biofuel production. The 2009 R&D 100 award winning process is
shown in Fig. 3. The moist solids from the ammonia pretreatment are subjected to
wood-rot fungal fermentation in an aerobic solid-state fermentation (SSF) reactor.
The fungus of choice, the white-rot mould–P. chrysosporium produces a variety of
enzymes, which degrade and saccharify various components of the plant biomass.
These sugars are flushed from the biomass with water on a regular daily basis. The
hydrolysate is fed into the Mucor reactor, where M. circinelloides uses the sugars
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and other nutrients to grow the population and convert excesses to lipids. The solid
residues from the SSF reactor can be used as fuel to off-set energy costs or as a soil
amendment additive.

8 Summary

The fibrous co-product generated in corn-ethanol industries could serve as suitable
cellulosic feedstock to produce second-generation biofuels. Biological pretreat-
ment and enzymatic degradation of lignocellulose into fermentable sugar is an
environmental friendly process. Cost of biomass treatment and volumetric enzyme
dosage can be reduced via in-house enzyme production by growing fungal cultures
on cellulosic substrate such as corn fiber and converting released sugar into eth-
anol. Conversion of polysaccharide fractions (starch, cellulose, and hemicellulose)
from these corn-ethanol co-products into ethanol would yield an additional 25% of
current annual ethanol production capacity (i.e., 13 9 109 l of ethanol). This could
result in an expansion of $8.65 billion and also increases net ethanol production
per bushel of corn or opens the alternative route to convert cellulosic sugars into
fungal oil to produce a form of biodiesel.

Fig. 2 Integrated biorefinery concept to utilize lignocellulosic biomass for various products like
fungal enzymes, alcohols, organic acids, lignin etc. (adapted from [26])
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Bio-Renewable Asphalt Modifiers
and Asphalt Substitutes

Joana Peralta, Mohamed Abdel Raouf, Sheng Tang
and R. Christopher Williams

Abstract The global asphalt market is to reach 118.4 million metric tons by 2015,
according to a January 2011 report by Global Industry Analysis, Inc. The asphalt
paving industry accounts for the largest end-use market segment of asphalt. With
increasing growth in the developing markets of China, India, Brazil, and Eastern
Europe, asphalt will be needed to construct their roadway infrastructure well
into the next decade. The increased demand for asphalt, along with the need
for improved asphalt materials/pavement performance, creates the opportunity for
bio-renewable asphalt modifiers and/or asphalt substitutes.

1 Introduction

Materials can be classified as natural or synthetic, recycled or virgin, renewable
or non-renewable, degradable, non-degradable, or biodegradable. There are no
clear-cut answers on which is less environmentally damaging. However, new
technologies and incorporation of appropriate advanced technology into product
and processes should be safer, more effective, less costly, and furthermore can
make a significant contribution to improve their impact on the environment [1].
Sustainability, industrial ecology, eco-efficiency, and green chemistry are guiding
the development of the next generation of materials, products, and processes [2].
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Simply stated, bio-based materials include industrial products, not food or feed,
made from renewable agricultural and forestry feed stocks, including wood, wood
wastes and residues, grasses, crops, and co-products of crops [2].

Most bituminous adhesives or binders that are used for pavement materials are
derived primarily from fossil fuels. With petroleum oil reserves becoming depleted
and the drive to establish a bio-based economy, there is a push to produce binders
from alternative sources, particularly from bio-renewable resources.

Bio-fuels have many advantages over fossil fuels as they are renewable,
environmentally friendly, provide energy security, and present a great economic
opportunity for the United States. However, until now, almost no research has
studied the applicability of utilizing bio-oils as a partial or full replacement
alternative of bitumen in the pavement industry. The limited number of references
produced on this matter show that this goal may be achieved very soon by the
application of a new technology with the aid of polymer addition.

The term bio-polymers correctly imply the use of bio-based materials to produce
polymers. This is a very important field of investigation, since polymers as well as
asphalt are very much dependent upon the supply of crude petroleum and petroleum
production. Additionally, some polymers may be damaging to the environment.

2 Bio-Binders

The United States has numerous efforts underway working to establish a bio-based
economy which generates energy from renewable organic matter rather than fossil
fuels [3]. Biofuels have many advantages over fossil fuels as they are renewable,
environmentally friendly, provide energy security, and present an economic
opportunity for the United States [3]. Bio-fuels can be classified as liquid or gaseous
fuels and they are produced from plant matter and residues, such as agricultural
crops, municipal wastes and agricultural, and forestry by products [3, 4].

2.1 Definition

Bio-binder is an asphalt binder alternative made from non-petroleum-based
renewable resources, which should not rival any food material, and have environ-
mental and economical benefits. Presently, bio-binders are produced by upgrading
bio-oils produced from the rapid heating of biomass in a vacuum condition.

By definition, bio-oils can be described as dark brown, free-flowing organic
liquids that are comprised mainly of highly oxygenated compounds [4, 5]. In other
words, it is the liquid produced from the rapid heating of biomass in a vacuum
condition [6]. Bio-oils have many synonyms that can be listed as follows: pyrolysis
oil, pyrolysis liquid, bio-crude oil, liquid wood, wood oil, liquid smoke, wood
distillates, and pyroligneous acid [4, 6].
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Due to the variety of forestry and agricultural sources from which bio-oils are
derived, bio-oils are a complex chemical mixture of water, guaiacols, catecols,
syringols, vanillins, furancarboxaldehydes, isoeugenol, pyrones, acetic acid,
formic acid, and other carboxylic acids [4]. Also, bio-oils encompass other major
groups of compounds, including hydroxyaldehydes, hydroxyketones, sugars,
carboxylic acids, and phenolics as reported by [4]. As a result of the presence
of cellulose, hemicellulose, and lignin in forestry and agricultural crops, the
production of bio-oils can be described as the rapid and simultaneous depoly-
merization and fragmentation of these compounds while rapidly increasing the
temperature [4].

According to a literature review conducted by [4], there are many unusual
attributes for the bio-oils because of the complexity and the redundancy of the
chemical structure of the bio-oils. Even though the recovery of pure compounds
from the complex bio-oils is technically and chemically feasible, it is not
economical due to costs for recovery of the chemical and its low concentration in
the oil as claimed by [3].

Bio-oils are derived from biomass which contains oligomeric species that
consist mainly not only of lignin, but also from cellulose and hemicellulose.
As decomposition rapidly occurs, oligomeric species are not vaporized but simply
blown apart into aerosols. Thus, these oligomeric species form as part of the
aerosols and have various molecular weights [4].

2.2 Primary Sources of Biomass Materials

Over the years, biorenewable natural resources including sugars, triglyceride oils,
and proteins have been tested as alternative sources for producing adhesives and
binders [7]. For example, adhesives derived from soy protein, starch, cellulose, and
other polysaccharides have been extensively used for adherents such as wood,
paper, plastic, metal, leather, and glass [7, 8]. Due to the availability of large
quantities of biorenewable sources such as triglyceride oils, proteins, starch, and
other carbohydrates from different botanical sources, there are virtuous technical
and economic prospects in utilizing them to produce bio-binders [7]. Recently,
through the application of scientific research and development, a range of different
vegetable oils have been investigated to determine their physical and chemical
properties to study their applicability to be used as bio-binders in the pavement
industry [7, 9, 10].

Bio-oils are produced from plant matter and residues, such as agricultural crops,
municipal wastes, and agricultural and forestry byproducts [3, 4]. Other biomass
sources include sugar, molasses and rice, corn and potato starches, natural tree and
gum resins, natural latex rubber and vegetable oils, lignin, cellulose, palm oil
waste, coconut waste, peanut oil waste, canola oil waste, potato starch, dried
sewerage effluent, and others.
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In the plant kingdom, lignin is present in large amounts in the cell wall of
plants, especially in woody tissues. It is known that lignin can have different
chemical composition and properties from trees, plants, and agricultural crops.
Even by operating different extraction methods, the physical and chemical prop-
erties are diverse [11]. Since the scavenging ability of lignin depends on the
structural features of the lignin, the same amount of lignin with different structures
may react with different amounts of free radicals [11]. That is to say, the bio-oil
with higher amounts of lignin does not have to display better antioxidant effects.

Presently, a new technology is being applied to produce bio-binders using oak
wood, switch grass and corn stover. The bio-binders produced with these materials
presents properties similar to those of the conventional asphalt binders.

2.3 Fields of Application

Generally, fast pyrolysis does not generate any waste because the bio-oil and solid
char can each be used as a fuel and the gas can be recycled back into the process
[4]. According to Goyal et al. [12], the bio-oils obtained from pyrolysis methods
have many industrial uses that include but are not limited to use as a combustion
fuel, a transportation fuel to substitute fossil fuels, a liquid smoke, a preservative,
a raw material to produce chemicals and resins, a binder for pelletizing and
briquetting of combustible organic waste materials, or an adhesive material that
can be used as a binder in the paving industry. In addition, the char can be utilized
in many industrial usages including use as a solid fuel in boilers, as briquettes that
are mixed with biomass to be used as high efficiency fuel in boilers, as a raw
material to produce activated carbon or carbon nanotubes, or in the gasification
process to obtain hydrogen rich gas by thermal cracking [12]. Furthermore,
pyrolysis gases which have significant amount of carbon dioxide along with
methane can be used as a fuel for industrial combustion purposes [12].

The main field of application of bio-binders is in the paving industry; however,
market opportunities exist in housing products via shingles and sealants.
Bio-binders can be utilized in three different ways to decrease the demand for
fossil-fuel-based bituminous binders: a direct alternative binder (100% replace-
ment), a bitumen extender (25–75% bitumen replacement), or a bitumen modifier
(\ 10% bitumen replacement).

Williams et al. [13] conducted research on the usage of bio-oils fractions as an
extender in original and polymer-modified asphalt binders. They reported that the
bio-oils can considerably increase the performance grade of polymer-modified
asphalt binders by nearly 6�C [13]. In addition, it was concluded that the effect of
bio-oils was dependent upon many factors including the base asphalt, source of the
biomass from which the bio-oils were derived, and the percentage of bio-oils
blended with asphalt binders [13]. Moreover, Williams et al. reported that up to
9% of a bio-oil could be blended with asphalt binders with significant improve-
ment in performance grade of the bio-oil-modified asphalt binder.
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In asphalt or flexible pavements, all types of failure or distress can be classified
by whether they are structural or functional failures and load-associated or non-load-
associated distresses. Surface course aging is considered as a non-load-associated
distress caused by climatic/environmental effects. Many environmental factors can
cause surface course aging damage, such as ozone, ultraviolet rays, oxygen, and
thermal radiation. Oxidative aging causes the asphalt binder to become harder and
more brittle and thus more susceptible to thermal cracking [14].

The oxidation of asphalt binder caused by chemical reactions makes some
transformations between the asphalt components. Asphalt oxidation is the main
cause of long-term deterioration and eventually results in thermal cracking in
asphalt pavements [15-17]. The oxidation causes a substantial increase in
the asphaltenes with a higher molecular weight and is correlated with asphalt
hardening.

The common asphalt additives such as polymer, rubber, and plastic do not prevent
oxidative aging of the binder. The polymer additives can react with the free radicals
and then the degradation happens to the additives. The polymer and other rubbers
cannot prevent the propagation of the free radical or peroxy radicals because the
polymer degradation can form new free radicals and the cycle repeats [18].

Lignin contains several functional chemical groups, such as phenolic,
methoxyl, carbonyl, and carboxyl. Most antioxidant effects of lignin are provided by
the phenolic group capturing and reacting with the free radicals which contain
oxygen. Free radicals are known to ‘‘attack’’ stable molecule structures of a
substance by ‘‘stealing’’ an electron. Once the ‘‘attacked’’ molecule loses its electron,
the substance’s chemical structure is then changed. When the chemical reaction
occurs, new materials are formed and the asphalt starts aging with asphaltenes
generated. Instead of letting the free radicals, which contain the oxygen, oxidize the
aromatics and convert aromatic molecules to asphaltenes, the lignin first reacts with
those free radicals as a reducing agent. This radical scavenging property of lignin
makes it recognized as an efficient antioxidant additive.

2.4 Importance of This New Binders, Impact on the Paving
Industry

Research has been done by adding various chemicals as antioxidant additives.
No additive has been successful due to the environmental and economic concerns.
Lead diamyldithiocarbamate does have an antioxidant effect, but it contains lead
and is not an environmentally friendly material. Zinc kailkyldiathiophashate and
zinc diabutyldithiocarbamate have been tested and proven to have antioxidant
effects in asphalt binder [18], but their application can be limited because of the
relatively high costs.

The bio-oil generated from waste bio-mass at low cost is an environmentally
friendly material containing the natural antioxidant lignin. The bio-oil shows
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potential to be successfully applied as an antioxidant additive in asphalt
pavements.

2.5 Overview of the Bio-Binders Production Technology

Bio-fuel production plants produce liquid co-products that are high in lignin
content. Due to that, bio-oils have been used in many traditional uses which
include but are not limited to concrete admixtures, binders, well drilling mud, dust
control, vanillin production, and dispersants [13]. Lignin, which is a biological
polymer, is known as an antioxidant compound due to the presence of large
amounts of phenolic structures. Due to its dark color, lignin has not been utilized
in many industries; however, this is not an issue when it is used in asphalt binders
[13]. Due to the results of some investigations, it has been found that lignin can be
utilized as an extender in asphalt to help reduce the use of petroleum with no
adverse effects on performance [13, 19, 20].

Currently, the state of the art for the utilization of bio-oils is concentrated on its
uses as biorenewable fuels to replace fossil fuels. However, there has been a
limited amount of research conducted to investigate the applicability of using
bio-oils as a bitumen modifier or extender. Based on the conclusion of these
investigations, the utilization of bio-oils as a bitumen modifier is very promising.
On the other hand, there has been no research conducted until recently that studies
the applicability of the utilization of bio-oils as a bitumen replacement (100%
replacement) to be used in the pavement industry. As a result, there is scarcity of
data that illustrate the procedure to develop bio-binders from bio-oils.

Biomass, which are most often agricultural and forestry residues, contains a
significant amount of carbohydrates, e.g. cellulose, hemicelluloses, and lignin.
Therefore, bio-fuels are produced from biomass through biochemical or thermo-
chemical processes. In general, carbohydrates are potential sources for the pro-
duction of bio-fuels and chemicals [21]. By hydrolysis processes, carbohydrates
can be converted to sugars and then subsequently through fermentation, such as an
anaerobic biological process; sugars are converted to biofuels by the action of
microorganisms, usually yeast [21]. Depending upon the process of converting
plant matter to bio-fuels, different co-products are produced. Some of these
co-products are not utilized in any other industry; therefore, more effort should be
placed on discovering new uses and applications for these co-products. Utilizing
the co-products is crucial for the success and profitability of the whole bio-fuels
production industry [22, 23].

One of the thermochemical processes used to produce bio-oils is fast pyrolysis.
The yields from fast pyrolysis are varied with the biomass feed stock and the
reactor conditions [24]. Generally, this process generates bio-oil, bio char, and
some gas and moisture (Fig. 1). The bio char can be used for carbon sequestration
as a soil modifier by improving the soil’s ability to retain liquid fertilizers and thus
reducing liquid fertilizer application rates. The bio-oil is a liquid fuel containing
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lignin that can be combusted by some engines or turbines for the electricity
generation purpose [25]. Since, bio-oils cannot be used as bio-binders/pavement
materials without any heat pre-treatment, an upgrading procedure is required.

Fast pyrolysis is a thermal decomposition process that requires a high heat
transfer rate to the biomass particles and a short vapor residence time in the
reaction zone [5]. In other words, fast pyrolysis is the rapid decomposition of
organic matter (biomass) in the absence of oxygen to produce solids as char,
pyrolysis liquid or oil (bio-oils), and gas [21, 26]. Another detailed definition of
fast pyrolysis is given by Mohan et al. [4] which describes fast pyrolysis as a high-
temperature process in which biomass is rapidly heated in vacuum and then
decomposes to produce vapors, aerosols, and some charcoal-like char and after
cooling and condensation of these vapors and aerosols, a dark brown mobile liquid
(bio-oils) is formed.

When the organic matter is biomass, the produced oils are named bio-oils.
Generally, fast pyrolysis is used to obtain high-grade bio-oil. Organic biomass
consists of biopolymers, e.g., cellulose, hemicelluloses, and lignin. Therefore, fast
pyrolysis of lignocellulosic biomass leads to extensive depolymerization and frag-
mentation of these biopolymers [26]. Due to the different sources of biomass, the
amount of production of the liquid bio-oils, solid char, and non-condensable gases
vary. For example, fast pyrolysis processes produce about 60–75 wt% of liquid bio-
oil, 15–25 wt% of solid char, and 10–20 wt% of non-condensable gases [4].

Figure 2 shows the 25 kWt fast-pyrolysis system developed at Iowa State
University by the Center for sustainable Environmental Technology where bio-oils
extracted from different biomass materials are produced.

The pilot unit consists of a 16.2 cm diameter fluidized bed reactor, a burner to
externally heat the reactor, a two-stage auger to feed the solid, two cyclones to
remove particulate matter, and a vapor-condensing system consisting of four
condensers, and an electrostatic precipitator. The system can process 6–10 kg/h of
solid feed. The separation of bio-oils into multiple fractions was conducted using a
fractionation condenser system which facilitated the selection of bio-oil fractions
that would be optimal for being used as a pavement binder.

Biomass Bio-fuels + Biomass co-products

Solid Bio-oils
Upgrade

BIO-BINDERS

Gas

Fig. 1 Production of bio-fuels, bio-binders, and other co-products by the fast-pyrolysis
thermochemical process
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Some researchers reported that bio-oils produced from fast pyrolysis have some
potential problems. Mullen and Boateng [26] reported that bio-oils have high
oxygen and water content which leads to poor volatility, high viscosity, and
corrosiveness. In addition, bio-oils have hundreds of various oxygenated organic
compounds that are highly reactive leading to instability problems and an increase
in viscosity over time [26].

Mohan et al. [4] reported that almost 200 intermediate products formed during
the pyrolysis of biomass and cellulose is the major constituent. Despite that wide
variety of products, most of these products, such as bio-oil, solid char, and gases
can be re-used in different ways. The amount and distribution of the solid, liquid,
and gas formed during the pyrolysis depends on the process variables, such as type
of biomass and catalytic process and temperature [4].

It initially starts with slow heating rates, and then involves a rapid heating rate
of biomass, that can reach up to 300�C/min, but not as fast as flash pyrolysis.
According to [12] and Luo et al. [27], fast pyrolysis is most successful with
fluidized bed reactors as it offers high heating rates, rapid de-volatilization, easy
control, and easy product collection. Fast-pyrolysis design variables include but
are not limited to the following: feed moisture content, particle size, pretreatment,
reactor configuration, heat supply, heat transfer, heating rates, reaction tempera-
ture, vapor residence time, secondary cracking, char separation, ash separation,
and liquid collection as reported by [4].

2.6 How are These Materials Characterized and Applied

These conclusions are limited for oakwood, switchgrass, and cornstover bio-oils
obtained by fast pyrolysis. The developed bio-binders cannot be treated with
temperatures higher than 120�C due to the high oxygen content which will lead to
a considerable amount of oxidation with higher temperatures.

Fig. 2 The Bio-oil mass pyrolysis pilot plant (Source: Iowa State University)
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Since there are considerable differences between the properties of the bio-oils
and asphalt at the same temperatures, the Superpave test criterion should be
modified to comply with the bio-binders properties, namely, the Superpave
specifications for the rolling thin film oven test (RTFOT) and the pressure aging
vessel procedures.

Based on the tested bio-oils, the following suggestions were made. First, the
RTFOT temperature should be modified to 110–120�C instead of 163�C to be
consistent with the intended mixture production temperature. Also, the 20-min
duration was established to be the duration to resemble the mixing and compaction
duration. Second, the aging duration in the PAV oven should be shortened to 2.5 h
instead of 20 h and the temperature of the degassing container should be lowered
to 120�C instead of 170�C.

For the physical testing, the following observations were noted. First, the
oakwood bio-binders generally were more susceptible to separation with polymer
modifiers used in this research in comparison to switchgrass and cornstover
bio-binders. Therefore, more care and caution should be taken when blending
oakwood bio-binders with polymer modifiers. Second, the specific gravity values
of the bio-binders were higher than the specific gravity values of the bitumen
binders. Third, there was no significant difference between the specific gravity
values of the unmodified bio-binders (oakwood, switchgrass, and cornstover).

For the chemical testing, the following remarks are made. First, it was observed
that the furfural and the phenol compounds might be reacting with each other
and forming a new polymer due to the heat treatment/upgrading procedure and
the aging processes; however, the phenol compounds, which are acting as an
antioxidant agent, are still present, unlike the furfural compounds which were
completely removed, after the heat pre-treatment/upgrading procedure and
the aging processes. Second, the aging ratios for both reacting groups (CH2 and
CH2–CH3) with respect to the neutral O–H group were decreasing which meant
that these reacting groups were decreasing upon heat pre-treatment/upgrading
procedure and aging processes. Third, for the aging indexes, upon heat pre-
treatment/upgrading procedure and aging processes of the unmodified bio-binders,
the aging indexes were generally increasing but without a specific trend. Impor-
tantly, these two new means or methods, i.e., aging ratio and aging index, can be
employed to quantify the amount of aging occurring on some of the bio-binders,
such as oakwood and switchgrass, upon heat treatment and aging processes, but
care should be taken before usage of these means or methods as their validity vary
depending on the type of the bio-binders.

For the rheological testing, the overall conclusions, which included shear and
temperature susceptibilities, behavior index n, consistency index K, and activation
energy Ea can be summarized as follows. First for the shear susceptibility (SS),
although the SS values of the switchgrass and cornstover bio-binders yielded
higher values than the bitumen binders tested, the statistical analysis showed that
there was no statistical difference. In addition, the addition of polymer modifiers
with different blending ratios did not lead to significant changes in the SS values
of all types of the bio-binders. However, the polymer modifiers changed the
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temperature range of the oakwood and switchgrass bio-binders only and had no
effect on the cornstover bio-binders. Moreover, the addition of different types of
polymer modifiers was not yielding the same effect on the different types of
bio-binders. Importantly, the relationship between viscosity and shear rate at
different temperatures, for different types of bio-binders, can be well described by
a similar linear logarithmic relationship as bitumen binders. Second, for the
temperature susceptibility, it can be concluded that the temperature was the main
contributor to the viscosity of the bio-oils in comparison to shear rate. In other
words, the effect of temperature in changing the viscosity of the bio-oils was more
significant than the effect of shear rate. This kind of behavior showed that the bio-
oil binders had the same behavior as bitumen binders. In addition, the relationship
between viscosity and temperature at different shear rates can be well described as
a linear logarithmic relationship. Importantly, it was observed that the addition of
polymer modifiers with different blending ratios did not lead to the same effect
when blending with different bio-binders. Also, the effect of the addition of
different types of polymer modifiers and the blending ratios on the viscosity
temperature susceptibility (VTS) values varied depending on the type of the bio-
binder and the shear rate. Third, for the behavior index n, it can be concluded that
increasing the temperature led to a more Newtonian behavior for the oakwood and
switchgrass bio-binders (n values were almost equal to unity), but the cornstover
bio-binders were not following the same behavior. Also, all the bio-binders at low
temperatures had a pseudo-plastic behavior as their n values were less than unity.

Fourth, for the consistency index K, it was observed that increasing the
temperature led to a decrease in the viscous behavior of all types of bio-binders.
Based on the statistical analysis conducted, it may be concluded that the addition
of polymer modifiers with different blending percentages to all types of bio-
binders did not generally lead to a significant change in the n and K values.
Significantly, there was no statistically significant difference between n and
K values of the unmodified bio-binders and bitumen. In addition, there was no
significant difference between n and K values of modified oakwood bio-binders
and the bitumens. On the other hand, there was no significant difference between
n values of modified switchgrass and the bitumens, but there was significant
difference between K values of modified switchgrass and bitumen. For the
cornstover bio-binders, for the n values, there was a significant difference between
the modified cornstover bio-binders and the bitumens, but there was no significant
difference between K values of the modified cornstover bio-binders and the
bitumens. Therefore, it is worth noting that the effect of the polymer modifiers on
the n and K values vary according to the bio-binder type. Considerably, the
relationship between viscosity and shear rate at different temperatures for the
bio-binders and bitumen were following a power-law relationship.

Fifth, for the activation energy Ea, which represents the susceptibility of
bio-binders to temperature, the following observations can be noted: (i) the
temperature susceptibility of the unmodified oakwood bio-binders was higher
than the temperature susceptibility of the bitumen binders, but there was no
significant difference between temperature susceptibility of the modified
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oakwood bio-binders and the bitumen binders. However, for the switchgrass and
cornstover bio-binders, the temperature susceptibility of the unmodified and
modified switchgrass and cornstover bio-binders was not statistically different
than the temperature susceptibility of the bitumen binders; (ii) neither polymer
type nor the blending ratios affected the Ea values of the oakwood, switchgrass,
and cornstover bio-binders; (iii) the relationship between viscosity and temper-
ature at different shear rates was well described by the Arrhenius-type model.

For the performance grade testing, the following findings were established
based on the performance grade and the mixing and compaction temperatures.
First, it is more feasible and reliable to determine the high-temperature per-
formance grade of the bio-binders through the G*/sin(delta) of the RTFO aged
samples. Precisely, in this study, the high-temperature performance grades for
bio-binders (unmodified and modified) were determined using 20-min RTFO
aging residues at 115�C. Generally, it is worth noting that bio-binders can yield
the same or even a greater high-temperature performance grade in comparison
to the bitumen binders. Second, for the intermediate temperature performance
grade, it can be concluded that the unmodified and modified bio-binders had
generally higher grades than the bitumen intermediate temperature performance
grade. Third, it is worth noting that due to the high oxygen content in bio-
binders, the low-temperature performance grade of the tested bio-binders were
higher than the low-temperature performance grade of the commonly bitumen
binders used in the US market. No clear trend could be observed for the effect
of the addition of polymer modifiers in changing the intermediate and low-
temperature performance grade for bio-binders. Importantly, it was established
that the tested bio-binders should be limited in their use in cold climate regions
until their low temperature properties are improved. Fourth, the results revealed
that the mixing and compaction temperatures for the bio-binders generally were
lower than the typical mixing and compaction temperatures for the bitumen
binders commonly used.

For developing master curves for bio-oils, the following conclusions can be
made. First, the behavior of the bio-binders (unmodified and polymer modified)
varied with respect to their type; therefore, their behavior generally may be dif-
ferent from bitumen. Second, the bio-binders had higher complex moduli at low
temperature/high reduced frequency compared to the corresponding values of
bitumen. This means that the resistance of bio-binders to thermal cracking should
be a main concern in utilizing bio-binders as pavement materials in cold climates.
Third, the addition of different types of polymer modifiers with different per-
centages leads to a change in the shape/trend of the master curve and hence
changes the behavior of the bio-binder.

Consequently, before utilizing the bio-binders in pavement applications,
different types of polymer modifiers with different percentages should be tested
until the required/specified behavior is achieved. Overall, the master curves for
different types of bio-binders can be well constructed and predicted using
Richard‘s curve.
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2.7 Comparison Between This New Material
and the Conventional Ones

The temperature range of the viscous behavior for bio-oils may be lower than that
of bitumen binders by about 30–40�C. The rheological properties of the unmod-
ified bio-binders vary in comparison to bitumen binders, but the rheological
properties of these modified bio-binders change significantly upon adding polymer
modifiers. The high-temperature performance grade for the developed bio-binders
may not vary significantly from that of the bitumen binders, but the low-temper-
ature performance grade may vary significantly.

2.7.1 Constitution

The physical properties showed that the oakwood bio-binders generally were more
susceptible to separation with all types of the polymer modifiers used in this
research in comparison to switchgrass and cornstover bio-binders. Therefore, more
care and caution should be taken when blending oakwood bio-binders with
polymer modifiers. Second, the specific gravity values of the bio-binders were
higher than the specific gravity values of the bitumen binders. The chemical
properties showed that the amount of furfural and phenols were changing due to
the different aging processes and durations. Importantly, two new means and
methods were employed to quantify the amount of aging in the unmodified
bio-binders; however, the results showed that care should be taken before usage of
these means or methods as their validity may vary depending on the type of the
bio-binders.

Results reveal that the relationship between the viscosity of bio-oils and
temperature and shear rates are log linear-like bitumen binders. In addition,
temperature is the main contributor to the viscosity of the bio-oils in comparison
with shear rate. Important is that the viscosity temperature susceptibility values for
the bio-oils in comparison with bitumen blends indicate that bio-oils are more
susceptible to temperature. Moreover, the addition of polymer modifiers leads to a
change in temperature ranges of the bio-oils. In conclusion, the rheological
properties of oakwood bio-oils are similar to and comparable with bitumen
binders, and they represent a viable renewable alternative to petroleum-derived
asphalt binders.

Similar to asphalt, the chemistry of bio-oils is complex [4]; thus, a complete
chemical characterization is difficult or almost impossible. The complexity of
chemical characterization or analysis resulted from the presence of high molecular
weight of phenolic species from lignin decomposition [4]. In addition, the
fragmented oligomeric products exist with different numbers of phenolic and
carboxylic acids, and hydroxyl groups as well as aldehyde, alcohol, and ether
functions. Thus, phenolic species exist as different hydrogen-bonded aggregates,
micelles, droplets, and gels.
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2.7.2 Performance

Current testing standards and specifications, especially Superpave procedures,
should be modified to comply with the properties of the bio-binders derived from
bio-oils as the chemical composition is substantially different than those of
petroleum-derived asphalt which leads to differences in temperature susceptibility
and aging of the two materials.

The temperature range of the viscous behavior for bio-oils may be lower
than that of bitumen binders by about 30–40�C. The rheological properties,
i.e., temperature and shear susceptibilities, of the unmodified bio-binders derived from
bio-oils vary in comparison to bitumen binders, but upon adding polymer modifiers,
the rheological properties of these modified bio-binders change significantly.

The high-temperature performance grade for the developed bio-binders may not
vary significantly from the bitumen binders; however, the low-temperature
performance grade may vary significantly due to the high oxygen content in the
bio-binders and subsequent aging compared to the bitumen binders.

The applicability of using bio-oils as bio-binders in the pavement industry can
be summarized as follows:

• The bio-oils cannot be used as bio-binders/pavement materials without any heat
pre-treatment/upgrading procedure due to the presence of water and volatile
contents in considerable amounts.

• The heat treatment/upgrading procedure for deriving bio-binders from bio-oils
should be determined for each type of bio-oil separately. This is mainly due to
the significant difference between the different types of bio-oils. For example,
the chemical composition of the different types of bio-oils vary significantly
based on many factors, e.g., the process by which the bio-oils are produced and
the type of the biorenewable resource from which the bio-oils were derived.

• The current testing standards and specifications, especially Superpave specifi-
cations, should be modified to comply with the properties of the bio-binders
derived from bio-oils. This is mainly due to the difference in the chemical
structure and composition between bio-oils and crude-petroleum binders.
Importantly, due to the considerable amount of oxygen in the bio-oils, new
specifications and testing procedures should be developed for the bio-binders
derived from bio-oils.

• The temperature range of the viscous behavior for the bio-oils should be
determined precisely as the temperature ranges for the different bio-binders vary
depending on the type of the bio-oil and the type of the polymer modifier used.
In general, the mixing and compaction temperature range for bio-oils may be
lower than that of bitumen binders by about 30–40�C.

• The rheological properties, i.e., temperature and shear susceptibilities, of the
unmodified bio-binders derived from bio-oils vary in comparison to bitumen
binders, but upon adding polymer modifiers, the rheological properties of these
modified bio-binders change significantly.
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• The polymer modifiers should be chosen with care and caution because the
temperature range of the developed bio-binders is different than the polymer
modifiers commonly used in the bitumen industry.

• The high-temperature performance grade for the developed bio-binders may not
vary significantly from the bitumen binders. However, the low temperature
performance grade may vary significantly due to the high oxygen content in the
bio-binders compared to typical bitumen binders.

2.8 Can This Material Substitute the Conventional
Petroleum Asphalt in the Near Future?

There are still some technological aspects to improve, but according to actual state
of the art, this technology will be available or field application in pavements soon.
However, this effective application may depend more on economical issues than
technological ones.

Extensive testing has brought to light many issues that are involved in the
utilization of bio-oils as bio-binders in the pavement industry. The recommen-
dations for future work can be summarized as follows:

• More investigation is required to study the applicability of using the bio-oils as
bio-binders through studying and testing other bio-oils derived from different
sources of biomasses.

• The effect of different types of polymer modifiers on the different types of bio-
oils should be studied extensively. Particularly, the effect of molecular weight of
the polymer modifiers on the rheological properties of the bio-binders.

• The thermal expansion coefficient of the developed bio-binders may be inves-
tigated particularly at low temperatures.

• More research effort should be conducted to study the applicability of using bio-
oils as a direct alternative binder (100% replacement) in the pavement industry
including mix designs and subsequent performance testing of mixes containing
bio-binders.

• Additional investigation is needed to validate the heat pre-treatment/upgrading
procedure recommended by Abdel Raouf [28]. The additional research should
include different types of bio-oils derived from different biomasses.

• More research is required to validate the modifications of the Superpave test
criterion and procedures recommended by Abdel Raouf [28].

• The resistance of the developed bio-binders against water and moisture intrusion
should be studied. Moreover, the effect of water and moisture intrusion on the
rheological properties should be investigated before the usage of the developed
bio-binders as pavement materials.
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• New means and methods to quantify the aging occurring in bio-binders should
be studied extensively to establish a standard procedure or a specification to
chemically quantify the aging taking place.

2.9 Environmental, Economic, and Energetic Perspectives

Most bituminous adhesives or binders that are used for pavement materials are
derived mainly from fossil fuels. Nevertheless, with petroleum oil reserves
becoming depleted and the subsequent impetus to reduce fossil fuel usage, there is
a drive to develop and produce binders from alternative sources, especially from
biorenewable resources. Importantly, the United States is working to establish a
bio-based economy which generates energy from renewable organic matter rather
than fossil fuels. Due to the availability of large quantities of biorenewable sources
such as triglyceride oils, proteins, starch, and other carbohydrates from different
botanical sources, there are virtuous technical and economic prospects in utilizing
them to produce bio-binders. Recently, through the application of scientific
research and development, a range of different vegetable oils have been investi-
gated to determine their physical and chemical properties to study their applica-
bility to be used as bio-binders in the pavement industry.

Currently, the state of the art for the utilization of bio-oils is concentrated on its
uses as biorenewable fuels to replace fossil fuels. However, there is a limited
amount of research that has been conducted to investigate the applicability of
using bio-oils as a bitumen modifier or extender. Based on the conclusion of these
investigations, the utilization of bio-oils as a bitumen modifier is very promising.
On the other hand, there has been no research conducted until now that studies the
applicability of the utilization of bio-oils as a bitumen replacement (100%
replacement) to be used in the pavement industry. As a result, there is scarcity of
data that illustrate the procedure to develop bio-binders from bio-oils. Bio-binders
(synthetic binders) can be utilized in three different ways to decrease the demand
for fossil-fuel-based bituminous binders summarized as follows: (1) as a bitumen
modifier (\ 10% bitumen replacement), (2) as a bitumen extender (25–75%
bitumen replacement), and (3) as a direct alternative binder (100% replacement).

3 Bio-Polymers

The use of plastics in our everyday life is nearly endless. Due to its low cost of
production and versatility, no alternate emerging product is likely to replace the
nearly ubiquitous presence of plastics. The current global production level is about
250 million tons and its growth will continue to be robust globally. Plastics are
preferred as they are light, durable, resist deterioration, and the markets they cater
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to are extensive: food, textiles, furniture, electronics, vehicle parts, photography/
videography, coatings, construction, enclosures, bottles/containers, and many
more [29].

The most commonly used types of plastics are: polypropylene oxide (PO),
polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC), polyethylene
terephthalate (PET), phosphorylcholine (PC), polyurethane (PU), acrylonitrile-
butadienestyrene (ABS), polyethylene (PE), polycarbonate (PC), polyacrylates,
polyvinyl acetates, and polyamides. In the paving industry the most commonly
used polymers are elastomers, e.g., styrene–butadiene–styrene (SBS) block
copolymers. All the referred synthetic polymers are typically made from the
naphtha fraction of petroleum or natural gas; and are heavy pollutants as they are
not biodegradable [29].

None of these polymers are biodegradable and some of them are not even
recyclable, causing environmental hazards. Additionally, the ‘oil peak’, i.e., the
point at which more than half of the World’s easily accessed oil will be consumed
is approaching [30], with visible effects on crude prices.

Usually, plant-based biopolymers based on green sources cost more in energy
and processing than conventional polymers. However, the increase on the price of
petroleum has led to a dramatic increase in the price of the main constituents of
polymers surpassing the price of some green sources of bio-polymers.

The high cost of biopolymers compared to traditional ones is not due to the raw
material costs for biopolymer synthesis; rather it is mainly attributed to the low
volume of production. [2]. Oils and fats (animal or vegetable in origin) have
long been identified as possible substitutes for petrochemical derivatives in the
production of polymers for many applications [1].

Over the next several decades, plant oils will become just as essential to
everyday life as fossil fuels are today. This is why scientists are interested in
making plastics from plant-based materials because they can produce an amazing
array of compounds that could be used as the starting monomers to produce
plastics. (The monomer is the individual molecule that, on polymerization, forms
the polymer chain). Moreover, plant oils and fats have the same basic chemical
structure as petroleum: both are made up of long chains of carbon atoms,
e.g., hydrocarbons [1].

Biodegradable plastics and bio-based polymer products based on annually
renewable agricultural and biomass feedstock can form the basis for a portfolio of
sustainable, eco-efficient products that can compete and capture markets currently
dominated by products based exclusively on petroleum feedstock [2].

3.1 Definition

Bio-plastics or organic plastics are a form of plastics derived from renewable
biomass sources, such as vegetable oil, corn starch, pea starch, or microbiota,
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rather than fossil-fuel plastics which are derived from petroleum. Some, but not
all, bio-plastics are designed to biodegrade.

Biopolymers are polymers that are generated from renewable natural sources
are often biodegradable, and not toxic to produce. According to the American
Society for Testing and Materials (ASTM), biopolymers are degradable polymers
in which degradation results from the action of naturally occurring micro-organ-
isms such as bacteria, fungi, and algae [31].

Biopolymers are an alternative to petroleum-based polymers (traditional
plastics) produced by living organisms. The field of biopolymers is still in its early
stage, but is growing in popularity every day. The term biopolymer is often used
for all polymers that are made from natural renewable resources and/or are
completely biodegradable. Biopolymers can be produced by biological systems
like micro-organisms, plants and animals, or chemically synthesized from bio-
logical starting materials (e.g. sugars, starch, natural fats or oils, etc.). Most of the
biopolymers are biodegradable and some of them are even water soluble. Most
of the biopolymers are compostable or will biodegrade in landfills, however
the time can vary from a couple of days to even years, but they will eventually
degrade [31].

The best example of a polymer that can be classified as a bio-polymer but due
to its production process is not bio-degradable is natural rubber. Due to its unique
characteristics, natural rubber is the most common elastomer in almost all human
activities, raw or combined with synthetic elastomers. This elastomer has being
applied in road pavements as a recycled material from tires, and it can improve
pavements performance and durability.

The oldest commercial elastomer is natural rubber, which is made from the
processed sap of a tropical tree. Natural rubber (NR) is a biopolymer which is
known as polyisoprene. The rubber tree (Hevea brasiliensis) is the most common
source of natural rubber used today. Polyisoprene can also be synthesized by
polymerization from its monomer isoprene (CH2 = C(CH3)CH = CH2), (IR).
This is a rare example of a natural polymer that we can make almost as well as
nature does [31].

3.2 Why Develop These New Materials?

The grade of the bitumen governs the performance of paving mixtures of
in-service temperatures. In many cases, the characteristics of bitumen need to be
altered to improve its elastic properties at low temperatures for sufficient cracking
resistance and to increase its shearing resistance during sustained loads and high
temperatures for rutting resistance. The physical properties of bitumen are typi-
cally modified with the addition of SBS polymers to produce an improved asphalt
grade that enhances the performance of asphalt paving mixtures.

In 2008, there was a shortage of SB type polymers for the asphalt industry
forcing asphalt mix producers and owner/agencies to search for different products
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that can be used as a bitumen modifier. With the forecast of increasing demand of
liquid asphalt into the next decade, the need of a cost-effective viable bitumen
modifier that can be used in lieu of standard SB type modifiers will remain strong.
Of the asphalt mixtures that are polymer modified, approximately 80% of polymer
modified asphalt use SB type polymers. Thus a substantial market opportunity
exists for creating new polymers that can supplement and/or replace SB type
polymers used in asphalt pavements for bio-elastomers.

Chemistry and engineering teams are now working to transform renewable raw
materials into new chemicals, polymers, formulated products, and composite
materials, known as ‘‘bio-materials’’. When discussing bio-materials, it is
important to note that plants do not cause any direct negative effects to the eco-
system, they can grow in different climatic zones, they recycle the carbon dioxide
for the atmosphere of the Earth, and many work to improve soil fertility [1].

3.3 Primary Sources of Materials

Biopolymers may be obtained from renewable classified resources, synthesized
microbially, or synthesized from petroleum-based chemicals. Through blend of
two or more biopolymers, a new biopolymer may be designed for specific
requirements [2].

Current bio-renewable plastics use crops such as corn or sugar beets and are
usually manufactured through fermentation. A new sugar-based bioplastic can be
sourced from non-food crops, these sugars are known as lignocellulosic biomass.
Vegetable oils are renewable resources for industrial purposes and originate from
five principal crops: soybean, palm oil, rapeseed, sunflower, and coconut [1].

Soybean represents over 30% of the 10 principal seeds. Besides acting as a food
source, these oils also have wide industrial application, for example, soybean oil is
attracting more attention for industrial application because it is readily available
for large-scale production. More than 600 million pounds of soybean oil is pro-
duced annually in the United States, and are used for nonedible applications,
including the production of industrial materials. More than half of this use of
soybean oils falls in the category of fatty acids, soaps and feed. The remainder of
the non-edible soybean market is used for the manufacture of inks, paints, var-
nishes, resins, plastics, and biodiesel [1].

Research on applications of soybean for non-food applications in plastics and
composites is underway at various U.S. research institutions. Soybeans typically
contain about 20% oil and 40% protein. Soy protein is available in three different
forms, as soy flour, soy isolate, and soy concentrate. Both protein and oil from
soybeans can be converted to plastic/resin. Chemically, soy protein is an amino
acid polymer or polypeptide and soy oil is a triglyceride. Through extrusion
cooking and blending technology, soy protein polymers are converted to biode-
gradable plastics and their biocomposites, whereas through functionalization of
soy oil, resin suitable for natural fiber composites is produced [2].
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3.4 Application of the Bio-Polymers

Biopolymers can be used in all kinds of applications, and with all kinds of
production techniques. Some biopolymers can directly replace synthetic plastics in
traditional applications, while others possess unique properties that may open new
applications [31].

Biopolymers can be used for a lot of applications, from packaging to dispos-
ables, from diapers to cotton sticks, from car parts to bottles, etc. In theory
conventional plastics may be substituted by biopolymers in many applications.
In practice substitution is not always feasible, wanted, or the most economical way
to use biopolymers. Besides technical development which is needed for some
applications, the applications have to be economically feasible within a reasonable
term. The economic feasibility depends on the investments needed for material
and product development and the added value of the biopolymer in the application
[31].

At present, important biosynthetic examples of biopolymers that have received
much attention from an overall market perspective are the polylactides (PLAs), the
general class of polyhydroxyalkanoates (PHAs), starch and starch blends, and
cellulose derivatives. Supermarket chains in Europe are now becoming more
interested in certain foodstuffs using biopackaging film based on PLA because of
its transparency and barrier properties. Research on modifications of PLA to allow
its use in a wider range of food packaging is ongoing [1].

In recent years, the use of polymers made from renewable materials has been
developed in diverse areas especially for automotive or building components.
In 2003, the Ford Motor Company showcased a biomaterials theme on the Model
U concept vehicle. The Model U demonstrated ‘‘green’’ materials and manufac-
turing with a variety of technologies including polymer foams derived from
soybeans for the seat cushions, a soy-based resin tailgate, corn-based tires, a corn-
based compostable roof, and biolubricants [1].

The total sunk-in capacity for biopolymers in 2009 was around 500 million lbs.
These included polylactide acid [PLA] (Nature Works, Galactic, Hycail BV);
polyhydroxyalkanoates such as PHAs, PHB, and PHBH (Biomer, Procter &
Gamble); polymers based on bio-based PDO (DuPont); cellulose polymers
(Innovia Films); epoxy polymers from bio-glycerol; and starch polymers and
blends (AkzoNobel [National Starch Chemical] and several other players). Nature
Works (Cargill, Dow) is the major commercial player with a PLA capacity of 280
million lbs; and Novamont is the major producer of starch polymers and blends,
with a capacity of 120 million lbs. The total capacity of biopolymers is expected to
reach 1.3 billion lbs, if Braskem’s 400 million lbs/year of bio-polyethylene pro-
duction and Braskem’s/Nova Zymes’s 400 million lbs/year of bio-polypropylene
production materializes in Brazil. At these levels, the biopolymer’s share of the
total global production of synthetic polymers will be a meager 0.26%. If bio-
polymers were to replace all of the polymer products, the amount of biopolymer
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production would need to increase nearly 400-fold (from 1.3 billion lbs to over 520
billion lbs) [29].

3.5 Bio-Elastomers

Elastomers, or rubbery materials, have a loose cross-linked structure. Natural and
synthetic rubbers are both common examples of elastomers. Elastomers possess
memory, that is, they return to their original shape after a stress is applied.
Elastomers are amorphous polymers and consist of long polymer chains above
their glass transition temperature. The structure of elastomers is tightly twisted
or curled [31]. An elastomer is a polymer with the property of viscoelasticity
(colloquially ‘‘elasticity’’), generally having notably low Young’s modulus and
high yield strain compared with other materials. The term, which is derived from
elastic polymer, is often used interchangeably with the term rubber, although the
latter is preferred when referring to vulcanizates.

Elastomers are very flexible and elastic, which means that they can undergo
large elastic deformations without ruptures and recover substantially in shape and
size after the load has been removed. Many elastomers can be stretched to several
times their original length. Also, the cycle can be repeated numerous times with
identical results, as with the stretching of a rubber band [31]. Elastomers are
generally resistant to oil and fuel, impermeable to liquids and gases, but tend to
deteriorate by oxidation [31]. Further, elastomers are either thermoplastic material
(they can be re-melted) or thermoset material (that cannot be re-melted). Rubber is
an older name for elastomers [31].

The use of plant-derived triglycerides represents a material for use in producing
elastomers as they offer two reactive sites, the double bond in the unsaturated fatty
acid chain, and the ester group. 90% of the derivatization reactions are carried out
at the carboxylic group. Only 10% of oleochemical reactions involve the alkyl
chain or the double bond. For most other uses, oils and fats must be split into the
so-called oleochemical base materials: fatty acids, glycerol, and, as hydrogenation
products of the fatty acid methyl esters, fatty alcohols. Oleochemicals are chem-
icals derived from biological oils or fats. Palm, soybean, rapeseed, and sunflower
oil, as well as animal fats such as tallow, contain mainly long-chain fatty acids
(e.g., C–18, saturated and unsaturated) and are used as raw materials for polymer
applications and lubricants [1].

An example of a vegetable crop that contains a long-chain fatty acid, which
makes the material more flexible, is epoxidized soybean oil (ESO). ESO possesses
functional epoxy groups within the triglyceride molecule which can react with
suitable reagents. Each triglyceride contains three fatty acid chains linked by a
single glycerol molecule [1].

The fatty acid chains have 0–3 double bonds and vary in length from 16 to 22
carbon atoms. The ESO contains a long-chain fatty acid, which makes the material
more flexible. They can be cross linked to form elastomeric networks and are
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attractive raw material resource for polymer synthesis. Low-cost soy-based resins
would offer a significant cost reduction through the partial replacement of epoxy
resin for composite applications. Furthermore, vegetable oils are biodegradable
and, therefore, environmentally friendly [1].

The conjugated soybean oil synthesized through the isomerization reaction of
soybean oil transformed the structure of linoleic acid into conjugated linoleic acid
structure, soy-based copolymer. These thermosets are thermally stable up to 250�C
and that the bulk thermoset does not degrade until temperatures that slightly exceed
350�C. The range of properties attained with these materials makes them suitable for
applications in which petroleum-based polymers are currently used [32].

The widespread use of non-biodegradable, petroleum-based polymeric mate-
rials has raised many environmental concerns. The demand for these non-renew-
able, virtually indestructible materials is increasing, as is the dependence on crude
oil. A possible remedy is to use natural, renewable resources as feedstock for use
in plastics [32].

Recently, a shift in interest toward making polymeric materials prepared from
readily available, renewable resources, such as cellulose, starch, proteins, and
natural oils, has been seen. These biopolymers offer the advantages of low cost,
ready availability from renewable natural resources, and possible biodegradability.
For years, however, modified vegetable oils have found applications in the plastics
industry. Thus, the concept of using renewable resources in plastics is not new
[32].

Much of the work on polymeric materials derived from natural oils has
involved functionalized oils. Can et al. [33] and Cakmakli et al. [34] prepared a
copolymer and a grafted copolymer from derivatives of soybean and linseed oils
with styrene or methyl methacrylate by free-radical polymerization, respectively.
Petrovic et al. [35] and [36] carried out the oxirane ring opening of epoxidized oils,
followed by condensation polymerization with isocyanates to produce polyure-
thanes. Andjelkovic et al. [37] have primarily focused on developing thermosetting
resins from non-functionalized natural oils, such as soybean oil, corn oil, linseed
oil, tuna oil, fish oil, and a number of other natural oils via cationic, free-radical,
and thermal polymerization [32].

Soybean oil (SBO) is biodegradable oil which is readily available in bulk from
a renewable natural resource. It is a triglyceride oil composed of 4% stearic
(C18:0), 25% oleic (C18:1), 52% linoleic (C18:2), 9% linolenic (C18:3) acids and
10% palmitic with approximately five carbon–carbon double bonds per triglyc-
eride. The fatty acid chain containing varying number of double bonds, with many
non-conjugated double bonds, which activity of free-radical polymerization is low.
Andjelkovic et al. [37] have developed a variety of novel polymeric materials
ranging from elastomers to tough, rigid plastics prepared by the cationic copoly-
merization of regular soybean oil, low-saturation soybean oil, and conjugated low-
saturation soybean oil. These thermosets exhibit thermophysical and mechanical
properties that are competitive with those of their petroleum-based counterparts.
The advantages of these polymer materials are their low cost, availability from a
renewable natural source and their possible biodegradability [32].

Bio-renewable Asphalt Modifiers and Asphalt Substitutes 109



3.6 Bio-Elastomers and the Asphalt Technology

Poly(styrene–butadiene–styrene) (SBS): Poly(styrene–butadiene–styrene), is a
hard rubber, and is therefore used in soles of shoes, tire treads, and other places
where durability is important. It is a type of copolymer called a block copolymer.
Its backbone chain is made up of three segments, where the first is a long chain of
polystyrene, the middle a long chain of polybutadiene, and the last segment is
another long section of polystyrene [31].

Polystyrene is a tough hard plastic, which gives SBS its durability, while
polybutadiene is a rubbery material, and gives SBS its rubber-like properties. The
material has the ability to retain its shape after being stretched and thus SBS is a
unusual type of material called a thermoplastic elastomer [31].

Despite natural rubber being a constituent of tires, due to the vulcanization of
the rubber, they cannot be recycled. Every year, approximately 9–10 kg of rubber
tires per inhabitant are discarded in industrialized countries. Although tires are not
regarded as a dangerous residue, their hollow shape usually brings sanitary
problems and difficulties in their final disposal. When ignited, the resulting fire is
impossible to be extinguished, releasing hazardous gases into the atmosphere.
Finally, the vulcanized rubber of tires cannot be recycled or used for the same
purpose as the unvulcanized polymer. Furthermore, society is not utilizing the
valuable materials that exist in tires, namely its main constituent, the vulcanized
natural and synthetic rubbers.

Thus, the introduction of crumb rubber in the production of asphalt-rubber (AR)
mixtures for road pavements should be considered as a sustainable technology
which will transform an unwanted residue into a new mixture with a high resis-
tance to fatigue and fracture.

According to ASTM D 6814-02, rubber is a natural or synthetic elastomer that can
be chemically cross linked/vulcanized to enhance its useful properties. Cross-linked
rubbers or elastomers are three-dimensional molecular networks, with the long
molecules held together by chemical bonds. They absorb solvent and swell, but do
not dissolve. Furthermore, they cannot be reprocessed simply by heating [38].

There are two types of rubber: natural and synthetic. Natural rubber latex is
obtained from the rubber tree called Hevea braziliensis. The raw rubber molecule
is a long straight-chain isoprene hydrocarbon. The physical appearance of this
hydrocarbon is of a spongy, flocculent nature. At temperatures below 100�C this
spongy rubber becomes stiff and hard whereas when warmed above 100�C, it
becomes flexible, soft, and transparent [39].

General purpose elastomers are hydrocarbon polymers. They include styrene-
butadiene rubber (SBR), butadiene rubber (BR), and polyisoprene rubber––both
natural rubber (NR) and synthetic rubber (IR). These ‘‘diene’’ rubbers contain
substantial chemical unsaturation in their backbones, causing them to be rather
susceptible to attack by oxygen, and especially by ozone. Additionally, they are
readily swollen by hydrocarbon fluids. The primary application of these elastomers
is in automobile and truck tires [38].
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One of the most well known natural polymers is natural rubber. Ancient
Mayans and Aztecs harvested it from the Hevea tree and used it to make water-
proof boots and the balls which they used to play a game similar to basketball. It is
an elastomer, that is, it recovers its shape after being stretched or deformed [40].
Today, NR is produced from the latex of the Hevea brasiliensis tree. Before
coagulation, the latex is stabilized with preservatives (e.g., ammonia, formalde-
hyde, sodium sulphite) and hydroxylamine may be added to produce technically-
specified, constant-viscosity grades of NR. The glass transition temperature, Tg, of
NR is about –70�C and its structure is thought to be completely cis-1,4-polyiso-
prene (Fig. 3), except for the chain ends [38].

Polyisoprene is a diene polymer, which is a polymer made from a monomer
containing two carbon–carbon double bonds. Like most diene polymers, it has a
carbon–carbon double bond in its backbone chain. Polyisoprene can be harvested
from the sap of the Hevea tree, but it can also be made by Ziegler–Natta poly-
merization. This is a rare example of a natural polymer that can be synthesized
almost as well as nature does [40].

Poly(styrene–butadiene–styrene) or SBS (Fig. 4) is a hard rubber that is used
for the soles of shoes, tyre treads, and other places where durability is
important. It is a type of copolymer called a block copolymer. Its backbone
chain is made up of three segments. The first is a long chain of polystyrene,
the middle is a long chain of polybutadiene, and the last segment is another
long section of polystyrene [40].

Polystyrene is a tough hard plastic, and this gives SBS its durability. Polybu-
tadiene is rubbery, and this gives SBS its rubber-like properties. In addition, the
polystyrene chains tend to clump together. When one styrene group of one SBS
molecule joins one clump, and the other polystyrene chain of the same SBS
molecule joins another clump, the different clumps become tied together with

Fig. 3 Chemical structure,
cis-1,4- polyisoprene [40]

Fig. 4 Backbone chain of
SBS
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rubbery polybutadiene chains. This gives the material the ability to retain its shape
after being stretched [40].

SBS is also an unusual material called a thermoplastic elastomer. These are
materials that behave like elastomeric rubbers at room temperature, but when
heated, can be processed like plastics. Most types of rubber are difficult to process
because they are cross linked. But SBS and other thermoplastic elastomers manage
to be rubbery without being cross linked, making them easy to process into useful
shapes [40].

The production of SBS rubber begins by using a technique called living anionic
polymerization. A living polymerization is a polymerization that takes place
without any termination reactions. This means that once all the monomer is used
up, and has been turned into a polymer, yet the polymer chains are still active.
Thus, if more monomers are added, the polymerization reaction continues and
makes the polymers bigger [40].

Cross-linked materials can absorb solvents and thus a cross-linked material that
has absorbed a lot of solvent is called a gel [40].

In practice, rubbers in contact with fluids will swell. The properties of the
rubbers under swelling are also subject to dynamic or continuous changes [41].
The swelling process is fully reversible and there is no change in composition
(such as removal of non-cross-linked or oligomeric components) of the rubber
induced by the swelling process [42].

The effects of crumb rubber on asphalt-rubber binders can be separated into an
interaction effect (IE) and a particle effect (PE). The IE is the effect of the lighter
fractions of the binder diffusing into the crumb rubber particles. The PE is the
effect of the crumb rubber particles acting as filler in the binder [43]:

• The IE is greatly influenced by the crude source of the binder and could
potentially be used as an indicator of a binder’s compatibility with CR (higher
IE would indicate a more compatible binder);

• The PE is most significantly affected by the CR content of the binder. Higher CR
contents result in greater PE values;

• The effect of CR size on the PE follows the same trends as either the viscosity or
shear modulus (G*) of the CRM binders.

Gawel et al. [44] concluded that the rate of swell increases as the viscosity of
the liquid decreases. The extent of swelling is greater when the rubber content in
asphalt is lower. This finding suggests that it is not the whole asphalt material but
only some of the components, those occurring in comparatively small amounts,
which contribute to the swelling of the rubber and is primarily the lighter fractions
that are involved. The lighter asphalt-vacuum residue blend components penetrate
more readily into the internal matrix of the polymer. Asphalt-rubber binder (rubber
removed) is richer in higher molecular weight components.

Gawel et al. [44] also found that, of the nonpolar components, the n-alkanes and
n-alkylbenzenes possess the highest propensity to penetrate into rubber particles.
Preferential absorption of the compounds with linear aliphatic chains into the
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rubber suggests that these components have better skeletal compatibility with the
linear polymeric skeleton of the rubber.

Green and Tolonen [45] emphasize the importance of controlling the swelling
process through controlling the interaction time and temperature. They concluded
that rubber particles absorb the lighter fractions of the ‘‘maltene phase’’ of the
asphalt, so the viscosity of the ‘‘continuous phase’’ of the binder increases. Jensen
and Abdelrahman [46] concluded that the swelling process may continue at a
reduced rate even at ambient temperature.

Diffusion is assumed to follow Fick’s law. Therefore, the rate of bitumen
fractions transfer into rubber is proportional to their concentration gradient [47].
In the case of rubber and bitumen, as the rubber is, by definition, above its glass
transition temperature, the polymer chains have considerable mobility so the
system is essentially that of two fluid phases in contact but one phase has a
network structure of polymer chains. So, in principle, when rubber and bitumen
are placed in contact, low molecular weight components of the bitumen, i.e.,
aromatic oils, will diffuse into the rubber causing it to swell [48].
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Sustainable Utilization of Bio-fuel
Co-Product in Roadbed Stabilization

Halil Ceylan, Sunghwan Kim and Kasthurirangan Gopalakrishnan

Abstract The sustainable utilization of bio-fuel co-products (BCPs) in construction
application promises to support the viability of a growing bio economy and provides
green construction practices. Biofuel production creates many different co-products
depending on the method of biofuel production and co-products recovery technique
and the biomass source. Among various BCPs, the industrial application of the BCP
containing lignin has been limited although lignin is one of largest fractions of
lignocellulosic biomass. This chapter discusses the utilization of BCP containing
lignin in geotechnical engineering practices. Special attention is given to the
experimental evaluations and pavement damage analysis to demonstrate the BCP
containing lignin is a promising soil stabilization material, which can lead to dra-
matic breakthroughs for improving the durability, efficiency, economy, environ-
mental impact, and sustainability aspects of civil engineering infrastructure systems.

1 Introduction

Sustainable development has been globally recognized under depleting non-
renewable resources (petroleum, natural gas, coal, minerals, etc.), regulations for
using synthetic materials, growing environmental awareness, and economic
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considerations [18]. Sustainable development requires safe, sustainable resources for
various industrial applications [18]. Even though various alternative raw materials
(wind, sun, water, biomass, nuclear fission, and fusion) may replace fossil-based
energy, biomass is one of the most economical recourses, and its transformation into
‘‘bio-based products’’ and ‘‘bioenergy’’ through ‘‘biorefineries’’ in new production
plants has the potential to replace petroleum-based refineries [18].

Bio-based energy production is often advocated as a significant contributor to
possible solutions to our need for a sustainable transportation fuel. The burning of
fossil fuels is a major contributor to atmospheric carbon dioxide [16]. As an
alternative energy resource, the United States government has pushed significant
industrial developments for using biomass [31, 33]. It is expected by 2020 that
more than 90% of the consumption of organic chemicals in the United States and
up to 50% of liquid fuel needs would be covered by bio-based products [18, 24].
The European Union (EU) has also requested member states to define national
guidelines for a minimal amount of biofuels and other renewable fuels [18].

Biofuels are the most developed and widely used industrial application in the
market from lignocellulosic biomass materials. Biofuel production from plant
biomass also produces many different co-products that have many unexplored uses
[2]. The type of co-products produced depends upon the method of biofuel pro-
duction and co-products recovery method, as well as the source of biomass. The
sustainable utilization of bio-fuel co-products (BCPs) in industrial application has
been developed to support the viability of a growing bio economy.

This chapter is focused on issues that are related to use BCPs in civil engi-
neering application to build a green civil infrastructure. Special attention is given
to the roadway soil stabilization of geotechnical bulk application.

2 Bio-fuel Co-Product (BCP) and Roadway Soil
Stabilization

2.1 BCP Containing Lignin

Biofuels are fuel products from biochemical and thermochemical conversion
process of lignocellulosic biomass. The biofuels include bioethanol, bio oil, and
biodiesel. Each biofuel product has its own biomass source and requiring pro-
cessing for final fuel product [8]. Bioethanol is made from the fermentation of
sugarcane and corn. Bio oil can be produced from various types of biomass from
agricultural crops to agricultural and forestry by-products through thermochemical
processes called as pyrolysis. Bio oil in itself has been utilized as liquid fuel for
heat and power generator. It can be upgraded to transportation fuels although at
present energetic and financial efficiency is still improving [6]. Bio diesel is made
through the transesterification process which mixes organically derived oils and
ethanol with catalyst. The derived oils for bio diesel production are extracted from
plant oils and animal fats.
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Lignocellulosic biomass as feedstock of biofuel production mainly consists of
cellulose, hemicellulose, and lignin. Lignocellulosic biomass can be converted into
bioethanol by hydrolysis and subsequent fermentation [15]. In hydrolysis, the
cellulosic part of the biomass is converted into fermentable sugars. To increase the
yield of hydrolysis, a pretreatment step that softens the biomass and breaks down
cell structures to a large extent is required. The pretreatments not only make the
cellulose component susceptible to saccharification, but also have the potential of
generating sulfur-free lignin with the hemicellulose as a residue [15]. Figure 1
presents the generalized biomass-to-ethanol process.

The pretreatment methods can be classified into physical, chemical, or bio-
logical. The physical pretreatment is to clean and size the biomass and destroy its
cell structure to make it more accessible to further chemical or biological treat-
ment. Desired sizes of the biomass after physical treatment vary from a few
centimeters [34] to 1–3 mm [22]. Common chemical pretreatment methods use
dilute acid, alkaline, ammonia, organic solvent, sulfur dioxide, carbon dioxide, or
other chemicals. Biological pretreatments use fungi to solubilize/degrade the
lignin [13]. Biodelignification is the biological degradation of lignin by microor-
ganisms. Biological pretreatment has the advantage of low energy use and mild
environmental conditions. However, the very low hydrolysis rate impedes its
implementation [29]. Biological treatments can sometimes be used in combination
with chemical pretreatments [13].

Bio oil refers to a dark brown, free-flowing organic fluid producing from fast
pyrolysis in which biomass is rapidly heated in the absence of oxygen [23].
Figure 2 presents the generalized biomass-to-bio oil process. The raw bio mass
materials are dried to a water content of typically less than 10% and grounded
ground to 1 to 2 mm particle size. The prepared biomass is fed into the pyrolysis
reactor with high heating rates, at controlled temperature of around 500�C and
with short vapor residence times (typically less than 2 s) [3]. In pyrolysis reactor,
biomass decomposes into gases and solid materials (char). The resulting gases pass
into a cyclone where solid particles are extracted. The collected gases can be
transformed into liquid type of bio oil after cooling and condensation of the gases.
Even though the bio oil compositions are different as depending on source
lignocellulosic biomass, the bio oil generally contains about 25% of lignin and up
to 25% of water. The water component in bio oil for use of liquid fuel is not a
separate phase because it lowers the viscosity of the fuel [9]. The water soluble
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Fig. 1 Generalized biomass-to-ethanol process diagram [15]
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parts of bio oil are the most carbohydrate derived compounds while the water
insoluble parts of bio oil are the pyrolytic lignins which are sulfur-free lignins [6].

Biofuel production creates many different co-products that have many unex-
plored uses [2]. The type of co-products produced depends on the method of
biofuel production and co-products recovery technique and the biomass source.
Among many different co-products, lignin, which represents the third largest
fraction of lignocellulosic biomass, has been considered as a waste material or a
low-value co-product, with its utilization predominantly limited to use as a fuel in
the production of octane boosters and in bio-based products and chemical
production [28]. It is therefore extremely important to recover and convert bio-
mass-derived lignin into high-value product for the profitability of the bio-based
products and the bioenergy business [10].

2.2 Lignin as a Roadway Soil Stabilizer

A good road (paved or unpaved) requires a suitable foundation, which in turn
requires soil stability. The degree of stability is primarily a function of the road
material resistance to lateral movement or flow [32]. Different types of road
material employ different mechanisms for resisting lateral movement. In general,
granular soils count on their particle sizes, angularity, and interlocking ability to
develop the internal friction required to resist lateral flow. However, in fine-
grained soils such as clay soils, the stability is very much moisture-dependent. As a
result, well-established techniques of soil stabilization are often used to improve
the properties of geotechnical materials through the addition of binding agents into
soil [1].

Soil stabilization in geotechnical engineering refers to the process of blending
and mixing materials with a soil to increase the shear strength of that soil corre-
sponding to the given requirements [17, 19]. The soil-stabilizing additives or
admixtures traditionally used include hydrated lime, portland cement, and fly ash.

The use of lignin in soil stabilization has been studied over the past decades
[10]. Adding lignin to clayey soils increases the soil stability by causing dispersion

Fig. 2 Generalized biomass-to-bio oil process diagram
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of the clay fraction [7, 12]. According to [12], the dispersion of the clay fraction
benefits stability of the soil-aggregate mix by: a) plugging voids and consequently
improving water tightness and reducing frost susceptibility, b) eliminating soft
spots caused by local concentrations of binder soil, c) filling voids with fines thus
increasing density, and d) increasing the effective surface area of the binder
fraction which results in greater contribution to strength. Lignin is also used in
combination with other chemicals to achieve soil improvement [27].

In most of the previous studies described, natural lignin or sulfite lignin
(lignosulfonates) has been utilized. However, the lignin in biofuel production is
sulfur-free. Even though sulfur-free lignins have been known for many years, the
use of sulfur-free lignin has recently gained interest as a result of diversification of
biomass processing schemes [21]. It has been hypothesized that since the BCP
derived from plant biomass is high in lignin (sulfur-free lignin), which is thought
to play a role in stabilizing soil, soil incorporation of BCP may help maintain or
improve soil structure and stability [10].

3 Application of BCP in Pavement Geo-Materials
Stabilization

Recently, the researchers at Iowa State University (ISU) began investigating the
effectiveness of BCP as a stabilization material for roadway geofoundations
[4, 5, 11]. Laboratory tests were conducted to evaluate the strength performance,
soil engineering properties, and the moisture susceptibility of two types of
BCP-treated soil samples compared to those of untreated and traditional stabilizer-
treated (fly ash) soil samples. In conjunction with laboratory studies, the ISU
researchers investigated the impact of BCP stabilized subgrade on Hot Mix Asphalt
(HMA) pavement performances using the mechanistic-based damage analysis
system. This section summarizes the ISU research approaches and results focusing
on the sustainable use of BCP in geotechnical applications.

3.1 Laboratory Experimental Evaluation

3.1.1 Materials

Natural soils were collected from a new construction site for US 20 in Calhoun
County, Iowa. The collected soil samples can be classified as an A-6(8) soil and
CL in accordance to the American Association of State Highway and Transpor-
tation Officials (AASHTO) soil classification system and Unified Soil Classifica-
tion System (USCS), respectively.
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Two types of BCPs containing lignin were used as additives and designated as
co-products A and B. Co-product A, shown in Fig. 3(left), was obtained from a
commercial biomass conversion facility located in Canada [9]. This BCP is a bio
oil containing about 25% lignin and up to 25% water with a pH value of 2.2. It is
formed in a process of fast pyrolysis. The water component in co-product A to be
used as liquid fuel is not a separate phase because it lowers the viscosity of the
fuel. Co-product B, shown in Fig. 3(right), was obtained from a full-scale,
wet-mill, corn-based ethanol plant located in Iowa [14]. Alkaline-washed corn hull
is obtained in the process of converting the corn into ethanol, and co-product B is a
powdered version of this. Co-product B contains about 5% lignin, 50% hemicel-
lulose, 20% cellulose, and other components. These lignin-type components are
not high molecular weight lignin like those found in wood but are specific to
maize. The Ottumwa class C fly ash was selected as the traditional additive to
compare biofuel co-products’ relative performance.

3.1.2 Effect of BCPs on Strength Performance

The stabilization effect of the soil additive is measured in terms of the increase in
load-bearing capacity as indicated by unconfined compression test (UCS) [20, 26,
30]. The effects of co-product types and contents on UCS were evaluated under
different moisture conditions: OMC represented moisture condition providing
the maximum dry density of soil and used for quality control of construction,
OMC - 4% represented the more dry side of soil condition, and OMC ? 4%
represented the more wet side of soil condition. The evaluations were also made
under different curing periods. The results are shown graphically in Fig. 4.

The UCS values at 0% additive content in this figure indicate untreated soil
after one and seven days of curing. The strengths of untreated soils are in all cases
lower than the strengths of additive-treated soils. Overall, each of the BCPs-treated
soil UCS test results shows strength improvements. However, the strength
improvements of the co-products-treated soil are not higher than those improve-
ments of the fly ash-treated soil. The strengths of treated soil increase with the
increase in co-product concentrations and curing periods. A high increase in
strengths for the BCPs-treated soil occurs with 12% of co-product A in all cases.

Fig. 3 Biofuel Co-Product A
(left) and Co-Product B
(right)
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The strengths under the more dry side of soil condition are higher than the more
wet side of soil condition. All the results under different moisture conditions
indicate that co-product A is more effective in improving strength under dry
conditions while co-product B is more effective in improving strength under wet
conditions.

3.1.3 Effect of BCPs on Soil Engineering Properties

Soil samples prepared with additives at selected percentages were subjected to
engineering properties tests to determine their physical properties and compaction
characteristics. Engineering properties tests included the consistency limits (liquid
limit [LL] and plastic limit [PL]) and the moisture/density relationship. The final
selected percentage of co-products was one at which the compression strength
values were maximum. 12% of co-product content was selected in this evaluation
because a high increase in UCS occurred with 12% of co-products.

Figure 5 presents the effect of additives on consistency limits and compaction
properties of soil. The co-product A reduced the plasticity of soils as a result of an
increase in the plastic limit value, but the co-product B increased the plasticity of
soils as a result of an increase in the liquid limit and plastic limit values. Co-product
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A decreases the OMC with 1,664 kg/m3 of the maximum dry unit weight when
compared to the maximum dry unit weight of untreated soil. However, co-product B
decreases the maximum dry unit weight with 17% of OMC when compared with the
maximum dry unit weight of untreated soil. These results indicate that co-product A
is a more promising additive, considering the reduction in the plastic property and the
decrease in OMC with increasing maximum dry unit weight as indicators of
improvement for soil stabilization purposes.

3.1.4 Effect of BCPs on Moisture Susceptibility

The effect of lignin-based BCPs on moisture susceptibility of subgrade soil after
compaction was investigated. The laboratory experimental program was conducted
using two types of tests, which were the UCS tests after ‘‘dry’’ and ‘‘wet’’ pre-
conditioning procedure and the visual observations of soaked specimens (so-called
soaking tests). The UCS test was applied to dry and wet specimens evaluate
moisture susceptibility of additive-treated specimens. Specimens were also fully
soaked into water over a period of time to examine if specimens would fail due to
moisture damage and at what time periods.

The results of UCS tests under dry and wet pre-conditions are shown graphi-
cally in Fig. 6. The ‘‘0’’ value in Fig. 6 indicates that a specimen disintegrated
when exposed to water. The untreated soil specimen was used as control specimen.
Overall, the strengths of additives treated soils are in all cases higher than
untreated soils under the dry and wet conditions. The fly ash treated soil test results
show the most improvement of UCS under the dry conditions. However, the fly
ash treated soil specimens provided more strength reduction after wet pre-
condition compared to the BCPs treated soil specimens.

Apart from the UCS tests, the compacted specimens of each mixture were
subjected to so-called soaking tests. The objective of these tests was to evaluate the

39 41

79

16

27

41

23
14

38

0
10
20
30
40
50
60
70
80
90

100

Soil Soil + 12% Co-
product A

Soil + 12% Co-
product B

Mixture

A
tte

rb
er

g 
lim

it,
 %

LL
PL
PI

1,691
1,664

1,437

18

13

17

1,300

1,350

1,400

1,450

1,500

1,550

1,600

1,650

1,700

1,750

1,800

Soil Soil + 12% Co-
product A

Soil + 12% Co-
product B

Mixture

U
ni

t w
ei

gh
t, 

kg
/m

3

0

5

10

15

20

25

30

O
M

C
, %

Maximum dry unit weight 
OMC

(b)(a)

Fig. 5 Effect of BCP soil stabilizers on soil engineering properties: a consistency limits;
b compaction properties

124 H. Ceylan et al.



long-term moisture susceptibility of specimens treated without and with additives,
and to determine when specimens disintegrated due to water. Specimens were
fully soaked into water as seen in Fig. 7. Two test sets of specimens were prepared
for these tests. Test set 1 included untreated soil (pure soil), 12% of fly ash treated
soil, 12% of co-product A treated soil, and 12% of co-product B treated soil
specimen. The failures of specimens were observed during 7 days after soaking.

As seen in Fig. 7 (b), the fly ash-treated soil specimen and co-product B-treated
soil specimen disintegrated at day seven after soaking. However, the deterioration
of the specimens after seven days of soaking did not occur in soil specimens
treated with co-product A. These soaking test results demonstrate that the BCP
A–treated soil specimens do not deteriorate, even after long-term moisture
exposure. The BCP A can provide excellent waterproofing for clay soils.

3.2 Mechanistic-Based Pavement Damage Analysis

Mechanistic-Empirical Pavement Design Guide (MEPDG) was utilized as the
mechanistic-based damage analysis system to predict distress measurements of
HMA pavement with BCP stabilized subgrade against natural subgrade perfor-
mance during pavement service life. The MEPDG and its software were developed

Fig. 6 UCS test results for
dry and wet specimens

Fig. 7 Soaking test results: a initial state; b after 1 day; c after 7 days
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to provide more rational methodologies in pavement thickness design through
National Cooperative Highway Research Program (NCHRP) 1-37A project [25].
The MEPDG employs the application of the principles of engineering mechanics
to calculate pavement responses (stresses, strains, and deflection) under loads for
the predicting the pavement performance history.

The HMA pavement systems with BCP A stabilized subgrade was modeled
under different traffic and climatic conditions. The HMA pavement systems with
natural soil subgrade were also modeled for each case. Four sites representing
different climate extremes in US were considered: Des Moines in Iowa
(wet - freezing and thaw zone), Orlando in Florida (wet - no freeze zone), Billings
in Montana (dry-freezing and thaw zone), and San Antonio in Texas (dry-No
freeze). Typical asphalt performance grade utilized in each site was assigned
corresponding HMA material property inputs: PG 58-28 for Des Moines in Iowa,
PG 67-22 for Orlando in Florida, PG 64-28 for Billings in Montana, and PG 70-16
for San Antonio in Texas. Two levels of initial Average Annual Daily Truck
Traffic (AADTT) considered were 100 and 12,000 vehicles per day representing
low and high traffic levels. A 5% of compound traffic growth rate was set up over a
20-year design life. Two typical HMA pavement structures, shown in Fig. 8, were
modeled for low and high traffic level cases.

The performance measures investigated were alligator cracking and rutting.
Figure 9 illustrates the predicted alligator cracking and rutting with service times
of the modeled high traffic volume HMA pavements in Iowa (wet-freezing and
thaw zone) to disuse the impact of BCP A stabilized subgrade on HMA pavement
performance measures. As seen in this figure, the HMA pavement with BCP-
treated subgrade had much lower alligator cracking and rutting predictions than
one with natural subgrade. This behavior could be explained by the higher resilient
modulus of BCP stabilized soil materials, i.e., soil strength and stiffness
improvement caused by BCP could contribute to prevent pavement distress during
service life.

Figure 10 and 11 summarize the predicted alligator cracking and subgrade
rutting for low and high traffic volume HMA pavements at each of the four climate
locations. It is clear, according to these figures, that all of traffic levels and climate
locations investigated have lower alligator cracking and subgrade rutting of BCP-
treated pavement rather than untreated pavement. The MEPDG performance

Fig. 8 Pavement structure modeled; a low traffic, b high traffic
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predictions of these figures suggest that BCP stabilization of subgrade soil could
achieve more sustainable HMA pavements under different traffic volume and
climate conditions.
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4 Summary

The increasing cost of fossil-based energy with the problems of global warming
has being driving increased bio-based energy production from plant biomass as
renewable energy. Sustainable utilization of BCPs in industrial and construction
applications is imperative to support the viability of a growing bioeconomy and a
green civil infrastructure. Experimental laboratory test results demonstrate that
BCPs are promising materials to improve roadbed strength and engineering
properties, and provide excellent resistance to moisture degradation of low quality
of soil materials. The pavement damage analysis indicates that BCP stabilization
of subgrade soil could help achieve long-lasting pavements. Considering the wide
range of applications in which BCPs could be used, more research is needed to
enable broader use of BCPs as alternative construction materials which can lead to
dramatic breakthroughs for improving the durability, efficiency, economy, envi-
ronmental impact, and sustainability aspects of civil engineering infrastructure
systems.
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Microbial Fuel Cells for Bioenergy
and Bioproducts

Minghua Zhou, Tao Jin, Zucheng Wu, Meiling Chi and Tingyue Gu

Abstract Redox reactions are essential in microbial bioenergetics. Oxidation of an
organic carbon and reduction of an oxidant such as oxygen, sulfate and nitrate in the
cytoplasm of a microbe. This respiration process provides energy for various cellular
activities and maintenance as well as building blocks for organic syntheses. Because
the cellular respiration efficiency is around 40, 60% of the energy is released in the
form of unrecoverable low-grade heat. No electricity is produced from the redox
reaction because the electrons released by the oxidation reaction are taken up locally
by the reduction reaction in the cytoplasm. The purpose of a microbial fuel cell
(MFC) is to harvest the electrons from organic carbon oxidation by employing
electrogenic microbes to donate the electrons to an anode in the absence of an
utilizable oxidant around the anode. The electrons flow through an external circuit to
drive a load before returning to a cathode where they are used for reduction of an
oxidant. MFCs can digest low-grade organic carbon sources while yielding high
Coulombic efficiencies. They present a potentially attractive alternative for the
sustainable production of bioenergy and bioproducts from renewable organic feed
streams through biocatalysis by microorganisms. In recent years, heightened con-
cerns over depleting fossil fuel supplies, most noticeably petroleum, and global
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warming due to increased carbon emission, many efforts have been devoted to MFC
research to debottleneck various factors that hamper practical applications of MFCs.
Although no large-scale applications have been reported, the improvements in MFC
designs and operations have made MFCs closer to eventual practical applications in
the production of bioenergy and bioproducts from feed streams that are typically
wastes such as wastewater. This chapter reviews various advances in the under-
standing of MFC mechanisms, reactor designs and operations for improved
production of renewable bioenergy and bioproducts such as hydrogen, methane,
hydrogen peroxide and ethanol. The limitations, areas for improvement and per-
spectives for future outlooks of MFCs are also discussed.

1 Introduction

1.1 Energy Crisis and Environmental Pollution

Abundant and cheap energy is viewed as the lifeblood of any modern economy.
The current global energy consumption relies mostly on fossil fuels, that are
primarily oil, natural gas and coal [116]. Political and industrial leaders have
realized that these non-renewable energy resources are unsustainable [109, 173],
particularly in view of the rapid growth in energy consumption by emerging
economic powers such as China and India. Affordable energy is a major challenge
facing human societies [75], and it will be a bottleneck for economic development
and will likely dominate our modern lifestyle [109].

On the other hand, the release of carbon, sulfur, nitrogen from combustion of
fossil fuels increases the concentrations of carbon oxides, sulfur oxides and nitric
oxides in the atmosphere, causing environmental pollution that threatens human
societies. Apart from concerns over global warming and atmospheric pollutions
due to fossil fuels, water pollution is another serious issue [41]. Clean water is
essential to human activities [133]. The energy consumption in municipal
wastewater treatment is significant, accounting for approximately 1.5% of muni-
cipal electricity in the US [109].

In the twenty-first century, a sustainable energy supply is necessary for eco-
nomic progress [121, 194]. This provides an impetus for a gradual shift from fossil
fuels to renewable energy resources such as solar, wind, biomass, and geothermal.
The ultimate success of the transition depends on whether these green technologies
are technically and economically competitive.

1.2 Microbial Fuel Cells (MFCs)

Microbial fuel cells (MFCs) can be defined as systems that use microbes as the
biocatalysts to oxidize substrates (mostly organic and occasionally inorganic) and
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reduce an oxidant to generate a current via biochemical pathways [12, 104, 138].
The microbial respiration chain consisting of organic carbon oxidation and oxidant
reduction are split into anodic and cathodic reactions in order to generate elec-
tricity. Both aerobic respiration and anaerobic respiration can be utilized. In 1911,
Potter first managed to generate electricity from an Escherichia coli culture [155].
However, this discovery did not generate much attention because the voltage and
current from his cell were miniscule. Cohen [32] subsequently proved repeated the
results and developed stacked microbial fuel cells capable of generating voltages
great than 35 V. Microbial electricity generation was revived in the 1960s due to a
geopolitically motivated push by the NASA space program [187]. The recent
energy crunch and growing awareness of global warming have reinvigorated
MFCs as a potentially useful green energy technology beyond their current
practical applications as biosensors and as a power supply for remote sensors.

MFCs have the distinct advantage of using low-grade biomass such as waste-
water for energy generation [139]. Various substrates, from simple volatile fatty
acids such as acetate to complex biopolymers such as lignocellulose, can be uti-
lized by MFCs as fuels. Domestic, industrial and agricultural waste streams can all
potentially be low-cost or zero-cost feed stocks for MFCs [139, 176].

As an example, the following two electrode reactions explain the working
principle of an MFC with acetate as the organic substrate (reducer) and oxygen as
the oxidant.

Anode : CH3COOHþ 2H2O! 2CO2 þ 8Hþ þ 8e� ð1Þ

Cathode: O2 þ 4Hþ þ 4e� ! 2H2O ð2Þ

If acetate is oxidized and oxygen is reduced in the microbial cytoplasm, no
electrons care released. An MFC is used to split the redox reaction. In the
anodic chamber, an anaerobic biofilm oxidizes acetate and donates the electrons
to the anode. Through an external circuit, the electrons flow from the anode to
the cathode where the electrons are used to reduce oxygen. Electro-neutrality of
the system is maintained because protons migrate from the anode to the
cathode in the aqueous solution through a proton exchange membrane (PEM).
The overall reaction is the acetate conversion to CO2 and water [38]. It is
thermodynamically favorable (i.e., exothermic), but kinetically retarded.
Biocatalysis by the anode biofilm moves the anodic reaction forward, while
platinum cathode and/or an electron mediator in the catholyte solution catalyzes
the cathodic reaction.

Figure 1 shows a dual-chamber MFC with an anaerobic biofilm covering its
anode. Electrons produced by the microorganisms from organic carbon oxidation
flow from the anode to the cathode to drive an external load. They are subse-
quently used to reduce oxygen in the cathodic chamber [104, 164].

Because MFCs can utilize many different kinds of organic matters that are
typically low-grade, they are considered a potential technology for waste treatment
with concomitant bioenergy production [104, 217]. MFCs can also be used to
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produce different bioproducts such as hydrogen and methane. This book chapter is
a critical review of various aspects of the MFC technology.

2 MFC Designs

2.1 MFC Components

An MFC must have an anode and a cathode. The anodic chamber is always kept
anaerobic, while the cathodic chamber can be aerobic or anaerobic depending on
whether oxygen or another oxidant such as sulfate or nitrate is reduced in the
cathodic chamber. MFC reactions can be made without a membrane. However, to
achieve a high Coulombic efficiency, the current MFC technology still relies on a
membrane [109]. There are many different MFC designs using various materials.
Proper selection of reactor configuration and materials is critical to the feasibility
for practical MFC applications [230].

2.1.1 Anode

Anodic material is critical to electron transfer efficiency that is an important factor
in the overall performance of MFCs [38, 111, 231]. A good anode facilitates the
electron transfer donated by an anaerobic biofilm from the oxidation of organic
carbons [153, 187]. Due to biofilm catalysis of the anodic reaction, electrocatalytic
precious metals such as platinum can be replaced with other inexpensive con-
ductive materials. An ideal anodic material should have excellent conductivity,
good chemical stability, high specific surface area including high porosity for

CO 2

Anode CathodePEM

B
ac

te
ria

e-

H+

R

-
e

Air pump

Substrate

+H

e
- H O

O2

2

Fig. 1 Schematic of a
microbial fuel cell

134 M. Zhou et al.



sessile cell coverage, low-cost and non-cytotoxic. They should also be durable,
inexpensive and easily made [109, 231]. The anode should be biocompatible for
good biofilm attachment [174]. Activation polarization loss is a major contributing
factor in reduced MFC performance and often anode material is to blame [38].
Cheap and abundant anode materials are required for large-scale MFC applications
because the electron reaction is a surface-based reaction rather than a volume-
based reaction as in suspension fermentation. A large overall anode surface area is
required to carry out the oxidation of organic carbons with a high throughput. The
most commonly used anode materials are carbon-based electrodes such as plain
graphite [161], carbon paper [99], carbon-cloth [70], carbon felt [81], reticulated
vitreous carbon [57], graphite foam [21], graphite granules [163] and graphite fiber
brushes. Logan et al. [107] reported a high power density of 2,400 mW/m2 using a
graphite fiber brush electrode in a small MFC. Corrosion resistant stainless steel
has also been used [39].

Research is underway to improve the conductivity and biocompatibility of
carbon-based electrodes that are feasible for practical applications. Various metals
and metal oxides were used as coating on carbon materials and to enhance the
power generation of MFCs [114, 146, 157, 180, 205]. The chemical modification
of carbon materials also increased performance of the anode [24, 45, 46, 143, 147,
159, 231, 232]. Among these methods ammonia-treated carbon cloth-anode was
the most successful. It boosted power density from 1,640 to 1,970 mW/m2 [24].

2.1.2 Cathode

The cathodic reaction is another bottleneck in MFC performances [74, 110,
151, 176]. Reaction efficiency is found to be dependent on the concentration and
the species of electron acceptor, proton availability, catalyst performance and
electrode structure.

Some materials that are used as the anode can also be used as the cathode. Plain
graphite/carbon electrode is a commonly used electrode material due to a low-cost.
Oxygen is an ideal electron acceptor for cathodic reactions because it has a very
high reduction potential. It is also readily available from air and its end product
after reduction is water [48, 80, 152, 217]. However, the cathodic reaction of
oxygen reduction on a plain graphite/carbon electrode is slow and usually leads to
a high overpotential. Platinum is an excellent catalysis for oxygen reduction. Pure
platinum cathodes are limited to only lab MFC devices. To minimize the cost, it
has been used to modify the cathode with a three- to four-fold increase in current
[151]. Platinum use in this fashion is still too expensive. It also suffers from sulfide
poisoning [152], especially in large-scale applications such as wastewater treat-
ment. Various other metals and their complexes have been investigated to replace
prohibitively expensive platinum for cathodes. Fe(III) [146, 147, 204], cobalt
complexes [22, 227], manganese oxide [118, 171] and iron complexes [228] have
all been investigated as cathode materials in MFC systems.
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Instead of oxygen, ferricyanide can be used as electron acceptor in lab MFC
systems for parametric studies [104, 147, 162]. Ferricyanide as catholyte has a low
overpotential, leading to a cathode working potential close to its open circuit
potential [104]. Permanganate is another electron acceptor that provides power
density duo to its higher reduction potential [221]. However, all these non-
renewable electron acceptors are not suitable for practical applications because of
the need for repeated additions, cost and disposal problems.

In recent years, biocathodes using biofilms to catalyze cathodic reactions have
gained considerable traction. The versatility of biocathodes allows the use of not
only just oxygen, but also other electron acceptors such as sulfate and nitrate that
are common contaminants in agriculture runoffs [191]. Biocathodes can make
MFCs more sustainable and less expensive. For example, using biocathodes can
avoid sulfur poisoning of expensive platinum electrodes and the need for electron
mediators will be eliminated [58, 67].

2.1.3 Proton Exchange System

In a typical MFC, a proton exchange membrane (PEM) is used to partition the
anodic and cathodic chambers to avoid direct oxidation of the substrate in the
anodic chamber by oxygen [97, 99] that invariably reduces Coulombic efficiency.
The maintain electroneutrality in the anodic chamber, for every electron trans-
ported to the anode, one proton must migrate through the PEM from the anodic
chamber to the cathodic chamber [97, 104, 217]. A good PEM can prevent oxygen
diffusion completely, PEM is a significant mass transfer barrier for proton trans-
port. This manifests as a large internal resistance for MFCs. In the absence of
convective flow, a large PEM surface area is needed for sufficiently fast proton
transfer. This increases costs considerably. Furthermore, membranes are easily
fouled, especially if wastewater is used.

Different types of proton exchange devices have been investigated by
researchers over the years. They include cation exchange membrane (CEM), anion
exchange membrane (AEM), bipolar membrane (BPM), microfiltration membrane
(MFM), ultrafiltration membrane (UFM), salt bridge, glass fibres and porous
fabrics [97]. In lab-scale MFC devices, Nafion is the most popular PEM because it
has a good selectivity for proton permeation [38, 104]. However, it is too costly for
large-scale applications.

Researchers have realized that a membrane is not necessarily needed in all
MFCs, such as sediment MFCs [168], or specially designed single-chamber MFCs
[23, 98]. Single-chamber membrane-less MFCs could achieve a higher power
density due to a lower internal resistance. However, the unavoidable partial mixing
of oxidants with organic carbons lower the Coulombic efficiency and catalytic
activities of electricigens [98, 100].
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2.2 Microbial Communities in MFCs

2.2.1 Exoelectrogenenis

Almost all reported MFCs employ bacterial biofilms as biocatalysts, either as
a pure culture biofilm or a mixed-culture biofilm consortium. It is possible that a
highly electrogenic eukaryotic biofilm such as a fungal biofilm in a pure culture or
in a mixed-culture consortium will be discovered in the future. To investigate
MFC mechanisms in a laboratory setting, a pure culture biofilm is often used.
However, it is almost certain that a biofilm consortium will be used in real world
applications such as wastewater treatment, because a mixed culture can process
various substrates in a wastewater stream more effectively. A pure culture biofilm
in wastewater treatment may be contaminated by native microbes and can be
replaced completely over time. The mixed cultures capable of exocellular electron
transfer include iron-reducing bacteria [81, 148], glucose and starch fermenting
bacteria [21], sulfate-reducing bacteria [33] and others such as E. coli [155],
Enterobacter aerogens and so on. A list of different microorganisms used in anode
biofilms is shown in Table 1.

How sessile cells donate electrons to the anode in an MFC is a key issue in
MFC mechanisms. Up to now, three electron transfer mechanisms have been
mentioned in the literature (Fig. 2): (i) direct electron transfer (DET) [12],
(ii) mediated electron transfer (MET) [162], and (iii) electron transfer through
conductive pili (i.e., nanowires) [52, 169]. To study each electron transfer mecha-
nism, a pure culture biofilm is preferred over the use of a mixed-culture biofilm.

DET occurs by a directly physical contact between the bacterial cell membrane
(i.e., the active sites of extracellular cytochromes of the microorganisms) and the
anode surface. The electrons released from the substrate during oxidation can
be collected by the anode with the help of extracellular cytochromes. However, the
DET reactions have poor electrode kinetics because the active sites are typically
buried deep within the cytochromes that are large proteins. Only a monolayer of
sessile cells that are in direct contact with the anodic surface are electrochemically
active. This means all the other layers of sessile cells are non-productive cells. For
this reason, MFCs rely on DET for electron transfer exhibit a low power density.
Furthermore, many microorganisms relying on DET are unable to digest complex
substrates such as glucose. So far, only Rhodoferax ferrireducens [21] has been
reported to utilize glucose. Because of their evolutionary history, many microor-
ganisms, especially Geobacter and Shewanella strains can only utilize relatively
simple substrates such as volatile fatty acids and short-chain alcohols [112].

Electron mediators, either endogenic and exogenic, play an essential role in
electron transport for microbes (such as E. coli, Pseudomonas, Proteus, and
Bacillus species) that are unable to transfer the electrons to the anode [112]. The
MET reactions are based on dissolved redox species. MFCs utilizing MET often
have much better performances than those based on DET. A number of compounds
such as phenazines, phenothiazines, phenoxazines and quinines have been
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Table 1 Species diversity in anode chamber

No. Species References

1 E.Coil [55, 145, 147, 155, 160, 186, 220, 225,
232]

2 Proteus vulgaris [3, 85, 86, 207, 223]
3 Erwinia dissolvens [211]
4 Pseudomonas aeruginosa [55, 162, 163]
5 Desulfovibrio desulfuricans [33, 142, 229]
6 Shewanella putrefaciens [77, 78, 81, 143, 146, 172]
7 Actinobacillus succinogenes [145]
8 Clostridial sp. [148, 156]
9 Rhodoferax ferrireducens [21]
10 Aeromonas hydrophila [150]
11 Geobacter sulfurreducens [12, 131, 169, 170, 210]
12 Enterococcus faecium [162]
13 Pseudomonas aeruginosa [162]
14 Clostridium butyricum or Clostridium beijerinckii [132]
15 Geopsychrobacter electrodiphilus [60]
16 Dessulfobulbus propionicus [61]
17 Klebsiella pneumoniae [120, 171]
18 Geothrix fermentans [13]
19 Geobacter metallireducens [122]
20 Paracoccus denitrificans and Paracoccus

pantotrophus
[166]

21 Saccharomyces cerevisiae [28, 195, 214]
22 Shewanella oneidensis [10, 11, 62, 117, 158, 175]
23 Hansenula anomala [157]
24 Acidiphiliumcryptum [14]
25 Rhodopseudomonas palustris

DX-1
[218]

: microorganisms

: mediator

: nanowireAnode

Fig. 2 Electron transfer
mechanisms in microbial fuel
cells
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investigated as artificial redox mediators [8, 9, 37, 144, 145, 178, 199]. Two types
of endogenic redox mediators can be secreted by microbes: (i) organic, reversibly
reducible compounds (secondary metabolites); (ii) oxidizable metabolites (primary
metabolites) [187]. Externally added electron mediators are unlikely practical
because of cost and pollution issues. Locally secreted electron mediators deliver
the mediators where they are needed instead of wasting most them in the bulk
liquid. In a synergistic biofilm, one type of microbes may deliver mediator to the
other type to facilitate electron transfer. This may be one of the reasons that
mixed-culture biofilm consortia tend to perform better in MFCs. Selection from
naturally occurring biofilms, through mutagenesis, or even genetic engineering
will likely create biofilms that will eventually eliminate the charge transfer bot-
tleneck in MFCs.

The DET mechanism usually relies on direct cell wall to electrode contract to
transfer electrons. Recent studies indicated that conductive pili (nanowires)
enhance electron transfer. ‘‘Wired’’ by nanowires electrons, more than one
monolayer of sessile cells can become productive electron donors, thus potentially
increasing MFC power density. Nanowires boost the formation of thicker elec-
troactive biofilms, thus relieving charge transfer bottleneck. Such nanowires were
discovered in Geobacter and Shewanella strains [52, 169]. It is possible that in
some biofilm consortia, nanowires may exist extensively in biofilm consortia
because improved electron transfer can facilitate respiration. The nanowires of
S. oneidensis MR-1 are shown in Fig. 3. Research is already underway to select or
create super bugs with hyperpilation to eliminate charge transfer resistance in
bioelectrodes.

Fig. 3 SEM image of S. oneidensis MR-1 showing pili (Reprinted from [53] with permission
from PNAS)
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2.2.2 Bacteria in Biocathodes

The cathodes of most MFCs are abiotic chemical cathodes. But these abiotic
cathodes usually require catalytic electrodes or added electron mediators to
remove electrons from the cathode. Such electrodes are expensive and the need for
mediators is not feasible for any sustainable MFC operations. Thus they are not
practical for real world MFC applications [58, 67]. Recently, biocathodes that use
microorganisms to catalyze cathodic reactions have gained popularity among MFC
researchers. Many publications have been published in the literature in the last few
years. Table 2 shows some electrogenic bacteria used in biocathodes. They
included Gram-positive and Gram-negative bacteria, such as Leptothrix [134],
Acinetobacter [50, 165], Shewanella [50], Pseudomonas [34], Enterobacter [34],
Micrococcus [34], Chlorella [154], and Methano-bacterium [26].

Numerous studies have been reported on the electron transfer mechanisms from
microbes to the anode in MFCs. However, electron transfer from cathode to
microbes in a biocathode has yet been thoroughly investigated by MFC researchers
[113]. In bioanodes and biocathodes, electron transfer directions are in the
opposite direction. It is reasonable to believe that the electron transport mecha-
nisms involved in anodes are suitable for biocathodes as well, but experimental
proof is needed for each mechanism. Both direct and indirect electron transport
mechanisms have been mentioned but not fully proven experimentally [67]. Just
like electron transfer in anodes, DET in the cathode also requires the direct contact
between the monolayer sessile cells at the bottom of the biofilm and the cathodic
surface, and the extracellular macromolecules such as cytochromes achieve
electrons from the cathode. With DET, only the monolayer sessile cells can
transfer electrons. This means that a higher surface density of the monolayer is
beneficial, while a thicker biofilm, on the contrary, may actually hinder electron
transfer rate by slowing down mass transfer of oxidant from the bulk catholyte
solution to the cathodic surface. Behera et al. [7] reported that an increase in the
cathode biofilm thickness decreased the power generation of their MFC. With
redox active electron mediators or conductive pili, indirect electron transfer can
occur between the cathode and the sessile cells. In both cases, more than one layer
of sessile cells can transfer electrons, resulting in higher power output due to the
faster rate of metabolism.

Nitrate and sulfate are present in agriculture runoffs. Their removal from
wastewater is desirable. Table 2 shows that nitrate was used as an oxidant for
biocathodes by several research groups because nitrate has a high standard
reduction potential quite close to that for oxygen. This results in a higher cell
voltage output. Compared with nitrate reduction, sulfate reduction has a much
lower reduction potential (-217 m V for SO4

2-/HS-) [206] and the reduction
reaction produces hydrogen sulfide gas that is highly toxic and foul-smelling at
very low concentrations. This is probably why researchers have shied away from
using sulfate many decades after it was mentioned by Lewis [96] as an oxidant for
biocathodes covered with sulfate-reducing bacteria. Sulfate reduction does have
unique advantages. Unlike nitrate, sulfate is widely available in many natural
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Table 2 Summary of cathode microbes

Biocathode microbe types Oxidants Reactor structure Reference

Enrichment culture O2 Two-chamber [29]
Enrichment culture O2 Two-chamber [49]
Enrichment culture O2 Two-chamber [165]
Acinetobacter

calcoaceticus
O2 Two-chamber [165]

Sphingobacterium
multivorum

O2 Two-chamber [165]

Uncultured clone
C11r0

O2 Two-chamber [165]

Enrichment culture O2 Two-chamber [224]
Enrichment culture O2 One-chamber [2]
Enrichment culture O2 Two-chamber [222]
Acinetobacter calcoaceticus O2 Two-chamber [50]
Shewanella putrefaciens O2 Two-chamber [50]
Pseudomonas

aeruginosa
O2 One-chamber [34]

Pseudomonas
fluorescens

O2 One-chamber [34]

Brevundimonas
diminuta

O2 One-chamber [34]

Burkholderia cepacia O2 One-chamber [34]
Enterobacter cloacae O2 One-chamber [34]
E. coli O2 One-chamber [34]
Shigella flexneri O2 One-chamber [34]
Acinetobacter sp. O2 One-chamber [34]
Kingella kingae O2 One-chamber [34]
Kingella denitrificans O2 One-chamber [34]
Micrococcus luteus O2 One-chamber [34]
Bacillus subtilis O2 One-chamber [34]
Staphylococcus

carnosus
O2 One-chamber [34]

Enrichment culture NO3 Two-chamber [30]
Enrichment culture NO3 Two-chamber [213]
Enrichment culture NO3 Two-chamber [95]
Dechloromonas sp. and Azospira sp. Perchlorate Two-chamber [208]
Enrichment culture Perchlorate Two-chamber [193]
Enrichment culture Trichloroethene Two-chamber [4–6]
Geobacter lovleyi Tetrachloroethene Two-chamber [200]
Enrichment culture Acetate Two-chamber [198]
Geobacter

sulfurreducens
Fumarate One-chamber [40]

Enrichment culture CO2 Two-chamber [18, 26, 212]
Chlorella vulgaris CO2 Two-chamber [154]
Geobacter

sulfurreducens
U(VI) Two-chamber [54]

Enrichment culture Cr(VI) Two-chamber [65, 66, 201]
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environments such as seawater and brackish water. New technologies are available
to dispose of hydrogen sulfide gas. For example, the new SWAP process (http://
www.swapsol.com/) reacts hydrogen sulfide with CO2 with heterogeneous catal-
ysis to produce sulfur and arsuls in an exothermic reaction. The CO2 generated by
the anodic chamber during organic carbon oxidation can be directly sequestrated,
making this kind of MFCs attractive for carbon credits.

2.3 Basic Architecture

2.3.1 Typical Dual-Chamber MFCs

Different reactor configurations have been designed for MFC system [38]. The
classical MFC design has an ‘‘H’’ shape (Fig. 4) with its anodic chamber and
cathodic chamber connected by a CEM, or sometimes a salt bridge [104]. A salt
bridge, although less expensive, has a high internal resistance. In laboratory
research, MFCs are typically run in a batch mode. H-shape MFCs are popular for
basic parametric studies of MFCs such as testing different biofilms and substrates,
electrodes and membranes. Because of the long distance between the two elec-
trodes, these kinds of MFCs have a high internal resistance.

2.3.2 Typical Single-Chamber MFCs

Researchers have proved that a dedicated cathode chamber to hold a catholyte
solution is not necessary when oxygen is used as the terminal electron acceptor.
A wetted cathode can be directly exposed to air (Figs. 5 and 6). Park and Zeikus [147]

Fig. 4 H-type microbial fuel
cells (Reprinted with
permission from [105].
Copyright 2006 American
Chemical Society.)
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reported this kind of single-chamber MFC design. This simple design can be more
efficient and it is now widely used [98].

Figure 7 shows a simplistic design of an upward flow single-chamber MFC
for wastewater treatment. This design is similar to the one used by Jang et al.
[72] to treat a modified artificial wastewater. Without a membrane, internal
resistance is greatly reduced because proton transport through convective flow
is permitted. The convective flow reduces oxygen back diffusion. Upward flow
helps oxygen to move upward because gas bubbles move upward. This kind of
simple and low-cost design permits high flow rates. Because of the absence of
PEM, further improvement in Coulombic efficiency is needed. Figure 8 is an
alternative to Fig. 7 design when a non-oxygen oxidant such as nitrate or
sulfate is supplied in a supplemental liquid stream. Horizontal or even down-
ward flow can be used to reduce energy input in fluid transport. A nitrate
reducer biofilm for the cathode is needed if nitrate is supplied as the oxidant to
accept electrons at the biocathode. This kind of low-cost simplistic MFC
designs probably have the best chances to succeed in real world wastewater
treatment.

2.4 Pilot-Scale MFCs

The Advanced Water Management Center at the University of Queensland built a
pilot-scale MFC. It had 12 vertical tubular modules with a height of 3 m and total
volume of 1 m3. It used carbon fiber as anode and cathode. This reactor was tested
at the Foster’s brewery in Yatala, Queensland, Australia using the brewery’s
wastewater as the substrate. The output power density was 8 W/m3, much lower
than what is needed to be practical.

e-
-e

CO2

Anode Cathode

H +

R

Substrate

H  

O2

2O

Fig. 5 Schematic of a
single-chamber MFC with
air-cathode
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Fig. 6 Image of an actual single-chamber MFC showing an exposed air-cathode (Reprinted from
[106] with permission from Elsevier.)
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Fig. 7 Simplistic design of
membrane-less MFC with
upward flow and air-cathode
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3 MFCs for Electricity Generation

3.1 Fundamental

In MFCs, bacteria in the anode chamber are intentionally isolated from dis-
solved electron acceptors (i.e., oxidants), so the electrons generated from
microbial respiration can only transfer to an insoluble acceptor (i.e., the anode).
The different electrochemical potentials between the respiratory enzymea and
the electron acceptor in the cathodic chamber facilitates electrons transfer from
the anode to the cathode. The numbers of transferred protons (via the CEM)
and electrons (via the external circuit) are equal so that the system maintains
electro-neutrality [106]. Power is harvested from the MFC by a load in the
external circuit (Fig. 1).

3.2 Influencing Factors on MFCs Performances

The thermodynamic driving force in an MFC is the difference between the
reduction potential of the organic substrate and that of the terminal electron
acceptor [164]. The organic substrate has a lower reduction potential and thus it is
oxidized. However, the MFC output voltage and current are not determined by the
thermodynamic driving force alone because the electrons are transferred to the
anode from oxidation of the organic substrate through a complex respiratory chain.
Biocatalysis by the biofilm plays a key role in electron transfer. There are many
factors that affect MFC performances.

Oxidant

Anode Cathode

Wastewater

Load

H
+
, etc.

Fig. 8 Simplistic design of a membrane-less MFC with a biocathode for wastewater treatment
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3.2.1 Effect of MFC Reactor Structures

It has been proven experimentally that the improvement of reactor constructions
can significantly improve MFC performances. Various designs have emerged to
increase power density. They include miniature, cylindrical, upflow, baffled and
stacked reactors. Many designs are aimed at reducing Ohmic losses and
increasing proton diffusion [217]. Minimization of the distance between the
anode and the cathode leads to increased power output. Thus, it is not sur-
prising that the highest reported power density per unit chamber volume came
from miniature MFCs [175] in part because of their short proximity between
the anode and the cathode. Single-chamber MFCs also have a reduced distance
between the anode and the cathode.

3.2.2 Effect of Electrode Materials

Electrode materials, structure, and distance can affect the overall performance of
an MFC system. Anode material and structure affect biofilm attachment, electron
transfer, and, in some cases, direct substrate oxidation. Meanwhile, cathode
materials and structure have an effect on cathodic reaction efficiency. The distance
between the anode and the cathode has a direct impact on the internal resistance of
MFCs.

A platinumized carbon-cloth anode placed in an E. coli culture grown on
glucose anaerobically generated a current of 2–4 mA, while no current flow
was observed with unmodified carbon-cloth anode [186]. Pt is also a much
better catalyst for oxygen reduction than graphite materials in the cathodic
chamber. MFCs with a Pt or Pt-coated cathode resulted in a higher power than
that with a plain graphite or graphite felt cathode [128, 135]. One important
area of MFC research is the investigation of electrode modifications with
metals, metal oxides, non-metallic and conductive polymers. In the pursuit of
better electrodes from MFCs, cost must be controlled. MFCs are surface-based
bioreactors requiring large electrode surfaces and the cost of electrode will
quickly increase in practical applications in which large electrode surfaces are
essential.

A cloth electrode sandwiched between the anode and the cathode in a
single-chamber MFC with an air-cathode had a much-reduced internal resis-
tance. Its power density of 627 W/m3 was more than 15 times of those reported
for air-cathode MFCs using similar electrode materials [42]. Graphite fiber
brush anodes in cube air-cathode MFCs reached a maximum power density of
2,400 mW/m2 because the system internal resistance declined from 31 to 8 kX
[107]. By halving the distance between the anode and cathode from 4 to 2 cm,
the power generation of a single-chamber MFCs increased from 720 to
1,210 mW/m2 [100].
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3.2.3 Effect of Proton Exchange Systems

The types and surface areas of proton exchange systems also affect the power
output of the MFCs because they have impacts on the system internal resistance
and concentration polarization loss. The membrane surface area is a major
factor for MFC power output if the system performance is not anodic electron
transfer controlled. Increasing the area decreases internal resistance over a
relatively large range [137]. The power density in an MFC with a salt bridge
was found much lower than that with a PEM. Min et al. [122] reported a MFC
with a salt bridge that generated a power output of only 2.2 mW/m2 due to
20 kX internal resistance compared to that of 1.3 kX with a PEM. Kim et al.
[82] compared the performances of cation, anion and ultrafiltration membranes
in dual-chamber MFCs. They found that the MFC with an anion exchange
membrane produced the highest power density of 610 mW/m2 compared to
514 mW/m2 with Nafion.

Removing the membrane leads to further reduction of internal resistance.
However, without the barrier, oxygen diffusion into the anode chamber can greatly
reduce the Coulombic efficiency of a system. Liu and Logan [98] studied the power
output of an MFC equipped with an air cathode and carbon electrodes with and
without a PEM. Its maximum power density increased from 0.26 to 0.49 W/m2

when the PEM was removed, while its Coulombic efficiency decreases dramatically
from 40–55% to 9–12%. Much work needs to be done to improve the Coulombic
efficiencies of membrane-less MFCs.

3.2.4 Effects of Buffer and Electrolyte

A suitable pH maintained by a buffer is important to microbial metabolism [51].
Many buffers have been used in laboratory media, such as phosphate, bicarbonate,
2-[N-morpholino]ethane sulfonate (MES), 4-(2-hydroxyethyl)-1-piperazinee-
thanesulfonic acid (HEPES), and piperazine-N, N’-bis[2-ethanesulfonate]
(PIPES). Different buffers have different conductivities that affect Ohmic resis-
tance and power production [130]. Liu et al. [100] demonstrated that high buffer
strength used in single-chamber MFCs not only increased the conductivity of the
electrolyte but also improved the proton transport. Adding NaCl to the anode
chamber also improved MFC power output. The drawback of increasing ionic
strength or buffer strength is obviously the extra cost. He et al. [59] indicated that
the optimal initial pH for electricity generation from air-cathode MFCs was
between eight and ten, and higher or lower pH would decrease microbial activities.
The suitable pH for a particular MFC system likely depends on the microbes
and substrates involved. In a dual-chamber MFC, a larger pH difference between
anolyte and catholyte solutions produced higher current and voltage [71]. You
et al. [221] showed that permanganate in the catholyte solution provided much
more electrical power than other electrolytes.
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3.2.5 Effect of Substrates

In the literature, many substrates have been used tested. They include various
chemical compounds in artificial wastewater solutions, real wastewaters and
lignocellulosic biomass. Feed parameters such as type, concentration and feed rate
all impact MFC performances. The power density generated with acetate was
found to be 66% higher than that from an MFC fed with butyrate in a single-
chambered MFC [99]. Sharma and Li [192] evaluated acetate, ethanol and glucose
as substrates in the concentration range of 0.5–35 mM in single-chamber MFCs
and found that glucose achieved the highest power density. Several studies proved
that higher feed concentrations led to increased power output [128, 146]. In
continuous flow MFCs, hydrodynamic factors influenced biofilm communities
[177] and thus MFC performances [126]. Moon et al. [128] reported that the power
density increased when the feeding rate increased from 0.15 to 0.65 mL/min, but
when the feeding rate reached 1.0 mL/min, the power density decreased to below
0.65 mL/min. Flow effects also influence mass transfer. They will become more
important during MFC scaled-up [69].

3.2.6 Other Factors

Other factors have also been investigated by MFC researchers. The effects of
temperature on MFC startup and operational performance were reported by several
groups [27, 100, 124, 128]. Light was found to affect the microbial community
structure and subsequently MFC performances according to Xing et al. [219].
More and Ghangrekar [129] found that the inoculum with ultrasonic pre-treatment
enhanced power output and organic matter removal.

3.3 Progress and Outstanding Works

MFCs convert the chemical energy in organic matters that are usually wastes to
electrical energy with the aid of biocatalysis from microorganisms. They are
becoming increasingly attractive in the pursuit of green and renewable energy.
In MFCs, chemical energy is converted into electricity directly without combus-
tion. Thus, a much higher theoretical conversion efficiency ([70%) is possible
compared to thermo-conversion of fuels that are limited by the Carnot cycle
thermal efficiency [38].

For the past ten years the power production of MFCs has increased 5–6 orders
of magnitude [67]. Currently, the reported power output for larger MFCs ([1 liter)
is still lower than the goal of 1 kW/m3, which is considered as the threshold for
feasible industrial applications for bioenergy from organic matters [153]. This
threshold is several orders of magnitude lower than the power output from con-
ventional chemical fuel cells such as hydrogen and methanol fuel cells. However,
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the comparison between MFCs and chemical fuel cells are unfair, unrealistic and
also futile, simply because the fuel densities and fuel costs used in these fuel cells
are vastly different. In fact, the wastewater used in MFCs most likely has a neg-
ative cost, meaning its use (i.e., treatment) is actually subsidized because it costs a
lot of money to treat wastewater using existing technologies.

A mediator-less MFCs using R. ferrireducens as biocatalyst could convert over
80% of electrons to current when using glucose as substrate [21]. Rabaey et al.
[161] reported a higher electron recovery rate up to 89% with a power density of
up to 3,600 mW/m2. A power density of 4,310 mW/m2 was achieved in a refor-
mative dual-chamber MFCs [162]. Rosenbaum et al. [179] reported an extremely
high Coulombic efficiency of 97% for oxidation of formate in an MFC with Pt
black catalysis.

The volumetric power density and Coulombic efficiency have been increased
quickly in miniature MFCs. A power density of 1.55 kW/m3 was obtained from a
2.5-mL MFC with a specific cathode surface area of 280 m2/m3 [43]. When
ferricyanide was added to the catholyte solution, 2.15 kW/m3 was generated in
0.335-mL reactor with a specific cathode surface area of 1,920 m2/m3 [131]. These
results broke the conventional conception that mini-MFCs was too small to per-
form satisfactorily due to amount of substrates and microorganism.

MFCs technology can be used for electricity generation and wastewater treat-
ment simultaneously. Liu and Logan [98] demonstrated that it was possible to
produce electricity from domestic wastewater in a MFC, while at the same time
accomplishing wastewater treatment. Although, in this study the power density is
low (26 mW/m2). Various types of wastes such as food processing wastewater,
swine wastewater, brewery wastewater and corn stover have been used as fuel for
electricity production in MFCs. MFC power densities generated from industrial
and domestic wastewaters ranged from 4 to 15 W/m3 in various reports [44, 98,
123, 136].

MFCs can utilize local wastes as substrates for energy generation in situ.
For this reason, this technology is more suitable for long-term energy supply in
remote or energy-thirsty regions. The mini-MFCs may power implanted medical
devices with the substrates supplied by the human body in the future. Thus, a
renewable, long-term power source for implantable devices can be achieved [56].
The waste disposal and power supply are two essential problems during long-term
space flight. MFCs can solve both of them simultaneously by recycling waste
generated onboard to electricity. MFCs can also be a potential technology for on-
site, sustainable wastewater treatment in military forward operating bases such as
those currently in the remote regions of war-time Afghanistan. The power gen-
erated by MFCs during the wastewater treatment offsets the energy cost that is
often ten times higher due to the extreme dangers involved in trucking fuel sup-
plies to the bases. MFCs are particularly suitable for this kind of situations.

One practical application based on MFCs technology is the MFCs-type BOD
sensor for the purpose of on-site, on-line and real-time monitoring of practical
wastewater, where rapid feedback is essential. A variety of mediated-MFC biosen-
sors were developed [119, 149, 199, 207]. However, due to the toxicity of mediators
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these biosensors are less desirable. In recent years, mediator-less MFCs were
developed for continuous and real-time BOD monitoring [20, 74, 79, 83, 125, 127].
The device showed a long-term operational stability of over 5 years with minimum
maintenance. The Coulombic yields were directly proportional to the strength of the
wastewater, and the results were in good agreement with BOD5 determined by
conventional means [83]. All the aforementioned MFC-type BOD sensors were
based on dual-chamber MFCs with an aqueous cathode. Single-chamber MFCs,
with an air cathode, could also be used as a BOD sensor [87, 115]. This type of
biosensor had a good correlation between COD concentration and current when it
was fed with real wastewater. In addition, a novel biomonitoring system based
on an MFC for detecting toxic substances was developed [36, 84]. This system
provided an instantaneous response when toxic substances flow into source water.
Although this kind of sensors cannot qualitatively analyze the toxic substances, it
may be used for early warning.

3.4 Advantages and Challenges

MFCs are considered one of the green energy choices although the technology is
not mature yet. MFCs have many potential advantages over traditional methods of
generating electricity such as high conversion efficiency, positive environmental
impact, mild operating conditions (ambient temperature, near to neutral pH), a
wide range of potential fuels, etc.

There are, however, three main bottlenecks that limit the performance of MFCs.
First, in the anode chamber, the combination and interaction of different electron
transfer mechanisms and multiple redox species lead to a complex electrochemical
behavior. Electron transfer from the biofilm to the anode is hampered by anodic
overpotentials (e.g., transfer resistances) [90]. Anodic overpotentials including
activation overpotentials, Ohmic losses and concentration polarization lower the
voltages generated by MFCs and hence decrease the energy efficiencies. Second,
the transfer of proton from the anodic chamber to the cathodic chamber is
restricted by a membrane, which leads to pH gradient. This slow transfer rate may
lower the bioelectrochemical performance and system stability. The membrane
also increases the overall internal resistance and the cost of MFCs [97]. It is also
prone to fouling. Third, the reduction rate of oxidant on the surface of cathode is
slow and leads to a high overpotential. The cathodic overpotentials include acti-
vation losses, charge transfer losses and mass transport losses. And this is con-
sidered to be the main contributor to overall performance losses in MFC systems
[176].

The main drawbacks for practical MFC applications are the low power density
and the high cost. Even though considerable improvements have been made in
system performance and cost reduction in the past few years, MFCs are still far
from practical. Concerted efforts in research are still needed from several academic
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disciplines, such as microbiology, electrochemistry, chemical engineering, elec-
trical engineering and materials science.

4 Microbial Electrolysis Cells (MECs)

4.1 Fundamental

Under regular operating conditions, the oxidation of substrates releases electrons
and also protons in the anodic chamber. The protons migrate through the mem-
brane that partitions the anode and cathodic chambers to the cathode. The electrons
flow to the cathode through an external circuit, where they finally combine with
oxygen and protons to form water in typical air-cathode MFCs. If the cathodic
chamber is kept anaerobic and a small external voltage is supplied to augment the
electrochemical potential achieved by bacterial degradation of organic matters,
hydrogen instead of water can be produced in the cathodic chamber. This process
is known as a bioelectrochemically assisted microbial reactor (BEAMR) process
or the biocatalyzed electrolysis process, and this kind of modified MFCs are called
microbial electrolysis cells (MECs) (Fig. 9) [101, 103].

In the process of degrading an organic substrate such as acetate, the biofilm on
the anode can generate a potential of approximately * -0.3 V (versus a standard
hydrogen electrode).

Anode: CH3COOHþ 2H2O! 2CO2 þ 8Hþ þ 8e� E0 ¼ �0:28 V
� �

ð3Þ

Cathode: 8Hþ þ 8e� ! 4H2 E0 ¼ �0:42 V
� �

ð4Þ

In Eq. 3, the standard (reduction) potential of acetate is less negative than that
for H2 in biological systems, i.e., -0.28 [ -0.42 V [19]. Thus, CO2 reduction
instead of acetate oxidation is favored. In order to reverse it, an external voltage is
needed. The external voltage must be greater than 0.14 V. This voltage is much

lower than the theoretical voltage required for water electrolysis E0
H2O ¼ 1:23 V

� �

[19, 182]. In practice, due to various overpotentials, the actual external voltage is
much greater. Still, MECs provide energy savings in hydrogen production by
harvesting energy from organic carbon degradation. If organic carbons with more
negative standard potentials such as lactate and formate are used, the energy
saving would be more significant.

4.2 Factors that Affect MEC Performances

MFCs and MECs are based on the same bioelectrochemical principles, but there
are some differences. Compared to an MFC with air-cathode, an MEC’s cathode
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must be strictly anaerobic for hydrogen production. Furthermore, the effect of the
external voltage on the biofilm on the anode was not systematically investigated
only until recently [19, 216].

4.2.1 Effect of Cell Structures

Because MFCs and MECs can have identical anodic reactions, they can use
the same substrate and biofilm in the anodic chamber. However, scale-up and
optimization can be different for MECs [63]. Hydrogen production via electro-
hydrogenesis in MECs was first introduced by Liu et al. [101]. They designed a
bottle-type two-chamber MECs, and by using acetate as a substrate. They achieved
a yield of 2.9 mol H2/mol acetate with 0.85 V of external voltage. The Coulombic
efficiency and the cathodic conversion efficiency (CCE, i.e., the ratio of e- equiv
donated to H2 normalized to the e- equiv transferred in the circuit from the anode
to the cathode) were 78 and 92%, respectively [101]. Several other studies reported
lower external voltages while achieving similar yields [15, 16, 63]. With the goal

CO2

Anode CathodePEM

e-

H+

-e

Substrate

+H
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H22CO

Fig. 9 Schematic of a
microbial electrolysis cell
(top) and a laboratory-scale
setup (bottom) (Reprinted
with permission from Liu
et al. [101]. Copyright 2005
American Chemical Society.)
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of maximizing the H2-harvesting efficiency, Lee et al. [93] designed an upflow-
type single-chamber MEC by positioning the metal-catalyst-free cathode near the
top of the MEC. The CCE from coulombs to H2 was up to 98 ± 2%, the CE was
60 ± 1% when evaluated in the batch mode with an initial acetate concentration of
10 mM. In comparison, the CCE was only 48% in the bottle-type single-chamber
MECs having a cathode alongside the anode, and the CCE dropped to 26% for
100 h of reaction time [91].

4.2.2 Effect of Electrode Materials

Electrode selections are critical in MEC performances and economic feasibilities.
Various electrode materials have been used in lab-scale MECs, including carbon
felt [91], stainless steel brushes [16], stainless steel and nickel alloys [188],
graphite granules [31], graphite rods [140, 141], and graphite fibers [92]. A 2.5 L
continuous-flow MEC with multiple electrodes achieved a maximum hydrogen
production of 0.53 m3/m3/d and an energy efficiency of 144% based on energy in
hydrogen gas produced and electricity consumption [167].

Pt is prohibitively expensive for use as the cathode catalyst in practical MECs.
Various alternatives have been explored by researchers. Among them, stainless
steel showed good promises [16, 226]. Call et al. [16] demonstrated that stainless
steel brush cathodes with high surface areas produced hydrogen at rates and
efficiencies similar to those using Pt-catalyzed cathodes in single-chamber
MECs [16]. Electrodepositing Ni oxide layer on stainless steel cathode, electrode-
positing Ni, NiW, or NiMo on gas diffusion cathode, and Ni powder cathode also
showed some promises [64, 68, 188, 190]. Pd/Pt cathode catalyst was used in a
continuous-flow single-chamber MEC with a hydrogen yield of 2 mol H2/mol ace-
tate and conversion efficiency of 50% [202]. Rozendel et al. [184] used a mixed
culture biocathode for hydrogen production achieving a current density of 1.2 A/m2,
3.6 times higher than that of a control without a biofilm on the cathode [184].
In a follow-up study, their current density increased to 3.3 A/m2 at the same
conditions [73].

4.2.3 Effect of Proton Exchange Systems

Almost all the reported MECs for hydrogen production were dual-chamber reac-
tors that used a membrane to partition the anodic and cathodic chambers to prevent
hydrogen diffusion into the anodic chamber where it may be utilized by bacteria.
Due to its small molecular size, some hydrogen can still diffuse through the
membranes [182]. MECs suffer from a high Ohmic resistance and a high pH
gradient across the membranes. Single-chamber MECs with a CEM or AEM have
been reported with potential losses of 0.38 V and 0.26 V associated with CEM
and AEM, respectively [183]. Sleutels et al. [196], indicating that AEM was
superior to CEM.
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Experiments without the membrane showed that it was possible to achieve
similar or even higher hydrogen recoveries [15]. One study found that the Ohmic
loss and the pH energy loss decreased to 0.005 and 0.072 V, respectively after
removing the membrane [93]. Tartakovsky et al. [203] achieved a five-fold
increase in the hydrogen production rate by using a continuous-flow membrane-
less MEC.

4.2.4 Effect of Substrates

Substrates used for MFCs can also be used in MECs for hydrogen production.
Selembo et al. [189] found that P-glycerol produced five times more hydrogen than
B-glycerol (2.0 vs. 0.41 m3/m3/d) with an external voltage of 0.9 V, slightly better
than glucose (1.9 m3/m3/d). Cusick et al. [35] compared winery wastewater and
domestic wastewater as substrates for hydrogen production in single-chamber,
cubic-shaped MECs. They reported that the rate of hydrogen production from
winery wastewater (0.17 m3/m3/d) was lower than that with domestic waste
(0.28 m3/m3/d). The winery wastewater’s performance was similar to cellulose
(0.11 m3/m3/d) and valeric acid (0.14 m3/m3/d) [25]. Kiely et al. [76] found that
potato-processing wastewater produced hydrogen at a rate of 0.74 m3/m3/d with an
external voltage 0.9 V in their MEC while dairy manure wastewater did not
produce any measurable amount of hydrogen.

4.2.5 Effect of Externally Applied Voltage

In the aforementioned discussion, 0.14 V was mentioned as the minimum external
voltage for hydrogen production from acetate. To overcome overpotentials due to
electron transfer resistance and mass transfer resistance [101, 182] in the MEC, the
actual external voltage is significantly higher than 0.14 V, typically in the range of
0.6–1.2 V [15, 16, 25, 93, 203].

In one study using acetate as the sole substrate, Chae et al. [19] found that
hydrogen gas started to appear when the external voltage was greater than
0.30 V, while a voltage below 0.2 V produced a negligible amount of hydrogen.
Tartakovsky et al. [203] showed that hydrogen output increased with the increase
of the external voltage in the range of 0.2–1.2 V. Hydrogen production dropped
significantly with lower external voltages in membrane-less MECs because of
hydrogen consumption by methanogenic microbes [15, 31, 63, 215]. Using a
membrane-less MEC, Call and Logan [15] noticed that the overall hydrogen
recovery of 90% with an external voltage 0.6 V dropped to 18% at 0.2 V while the
methane concentration increased from 0.9–28%. Selembo et al. [188] also con-
firmed that a lower voltage produced lower and more variable amounts of
hydrogen gas and a higher voltage reduced methane production [188]. However,
the overall hydrogen recovery efficiency declined when the voltage was further
increased to 1.0 V [19].
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4.2.6 Other Factors

If the anolyte solution pH is outside the optimal range, the metabolism of the
microbes in the biofilm on an anode can be inhibited. An extreme pH, either high
or low, can cause the anodic potential to rise, and this hinders the electron
transport from the biofilm to the anode, thus reducing the system performance.
Wang et al. [216] found that an extremely low pH irreversibly ruined the biofilm
on the anode in 24 h, while the effect of an extreme high pH could be recovered for
hydrogen production after the pH switched back to neutral.

Kyazze et al. [88] discussed the effects of catholyte solution pH and temper-
ature on hydrogen production from acetate in a dual-chamber tubular MEC. They
found that 30�C was the optimal temperature in the range of 18.5–49.4�C and a
lower catholyte solution pH enhanced hydrogen production.

Hydrodynamic force can also influence hydrogen production because it can
change the thickness and composition of the biofilm, and mass transfer rate in the
anode [1, 209]. Stirring in anodic and cathodic chambers can reduce mass transfer
resistance especially when electron transfer is relatively fast. Hydrogen production
rate increased by an average of 30% by agitating the anolyte solution that resulted
an increased of Reynolds number from * 900 to * 4,900 [1].

4.3 Progress and Outstanding Works

Although hydrogen production from MECs was proposed a short few years
ago, rapid developments have led to hydrogen yields approaching 100% [108].
An overview of the major MEC systems that have been published is summarized
in Table 3.

The first MEC was designed by Liu et al. only for ‘‘proof of concept’’. It was a
classic H-type reactor with two glass bottles separated by a CEM. Hydrogen gas
was collected in the headspace of the cathodic chamber. This H-type reactor is
known for its high internal resistance [101]. Cheng and Logan developed a
compact reactor system using high-temperature ammonia gas modified three-
dimensional graphite granule anode and an AEM. Hydrogen gas was produced at a
yield of 2.01–3.95 mol/mol (50–99% of the theoretical maximum) with applied
voltages of 0.2–0.8 V using acetic acid as substrate. Using glucose as substrate,
hydrogen yield reached 8.55 mol/mol with an applied voltage of 0.6 V [25].

Call and Logan [15] demonstrated that high hydrogen recovery and production
rates could be achieved in a membrane-less single-chamber MEC, reducing the
cost of the system and allowing for a simpler design. Through this membrane-less
system, hydrogen production rates reached a maximum of 3.12 m3/m3/d at with an
applied voltage of 0.8 V. This development is an important step toward making
electrohydrogenesis an economically viable process for hydrogen production from
wastewater.
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Lalaurette et al. [89] used an actual fermentation effluent as the substrate for
an MEC and improved significantly the overall hydrogen molar yield. A variety of
wastewater including winery wastewater, domestic wastewater and potato waste-
water was also fed to MECs for hydrogen production.

4.4 Advantages and Challenges

Although hydrogen production from MECs is only a recent development, it
already shows its promise as a new way for renewable and sustainable hydrogen
production from organic feed stocks that are wastes. The first advantage of MECs
is high H2 yields. And anode-respiring bacteria can almost completely oxidize
substrates into CO2 and H2O compared to incomplete conversion in dark
fermentation [94]. The second advantage of MECs is the ability to harvest
high-purify hydrogen with ease because the cathodic chamber does not involve
impurities that require difficult and expensive separations. Other methods such as
hydrogen production from organic matters through dark fermentation and biomass
gasification produce a mixture of hydrogen, carbon dioxide and other gases such as
carbon monoxide and hydrogen sulfide [182]. The third advantage is that the
microbes used in the anodic chamber of MECs are capable of degrading a huge

Table 3 Summary of MEC performances

MEC type Substrate Applied voltage,
(V)

H2 production, (m3/m3d) References

Singlea Acetate 1.0 0.33 [183]
Singleb Acetate 1.0 0.31 [183]
Single Acetate 0.8 0.052 [19]
Single Acetate 0.8 3.12 [15]
Single Acetate 0.6 0.53 [63]
Single Acetate 1.16 0.98 [202]
Single Acetate 0.6 1.7 [16]
Single Glucose 0.9 1.9 [188]
Single Acetate 1.0 0.57 [93]
Single Acetate 1.0 5.4 [68]
Single Winery wastewater 0.9 0.17 [35]
Single Domestic wastewater 0.9 0.28 [35]
Dual Acetate 0.45 0.37 [101]
Dual Acetate 0.5 0.02 [182]
Dual Glucose 0.6 1.23 [25]
Dual Cellulose 0.6 0.11 [25]
Duala Acetate 1.0 0.4 [196]
Dualb Acetate 1.0 2.1 [196]
a CEM
b AEM
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variety of organic matters including lignocellulosic biomass. Lee et al. [94]
pointed out that the combination of dark fermentation and MEC could achieve
even better hydrogen yields than using an MEC alone for complex substrates.

In addition to the drawback of requiring an external energy input, another
challenge for MEC production of hydrogen is the need to improve the production
rate in order to offset the capital investment. The highest hydrogen production rate
reported so far is 0.23 L H2/L/h with an external voltage of 1.0 V [68], that is far
less than the maximum of 7.9 L H2/L/h from dark fermentation [102]. MECs can
produce large quantities of hydrogen from renewable resources such as biomass
and wastewater. Significant advances have been made with respect to the per-
formance only a few years since its introduction. To become a mature hydrogen
production technology, however, materials for electrodes and membranes, reactor
configurations and anode-respiring bacterial metabolism all need further research
[94].

5 Other Bioproducts Produced Using the MFCs Technology

5.1 Hydrogen Peroxide Production

Hydrogen peroxide (H2O2) is widely used in various industrial applications, such
as chemical syntheses, pulp and paper bleaching and textile bleaching [17]. The
present methods (e.g., the anthraquinone oxidation process) for H2O2 production
are all highly energy-intensive [47]. Therefore, a novel, less energy-intensive
method for H2O2 production is desired.

Instead of producing hydrogen, MECs can also be used to produce H2O2 if
oxygen is supplied to the cathodic chamber. An external voltage is required to
make the process thermodynamically favorable (Fig. 10). Take acetate for
example, the reaction process is as follows.

Anode : CH3COO� þ 4H2O! 2HCO�3 þ 9Hþ þ 8e� E0 ¼ �0:28 V
� �

ð5Þ

Cathode : 8Hþ þ 4O2 þ 8e� ! 4H2O2 E0 ¼ 0:68 V
� �

ð6Þ

The overall reaction is exergonic because the redox reaction has a potential of
0.96 V, which means that H2O2 could be produced without an external voltage.

Rozendal et al. demonstrated that an MEC with an external voltage of 0.5 V
produced H2O2 at a rate of 1.9 ± 0.2 kgH2O2/m3/d from acetate with an overall
efficiency of 83.1 ± 4.8% [185]. The system had a much lower energy input
of * 0.93 kWh/kg H2O2 compared to 4.4–8.9 kWh/kg H2O2 produced from
conventional electrochemical systems [47]. This makes MECs an attractive option
for H2O2 production from biomass if the production rate can be substantially
increased.
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5.2 Methane Production

Renewable biomethane is mainly produced by methanogens in anaerobic methane
digesters. With an anodic oxidation of acetate, an external voltage of 0.244 V is
needed to make the reduction of CO2 to methane as shown in Eqs. 7, 8 thermo-
dynamically favorable [26] under standard conditions.

Anode : CH3COOHþ 2H2O! 2CO2 þ 8Hþ þ 8e� ð7Þ

Cathode : CO2 þ 8Hþ þ 8e� ! CH4 þ 2H2O ð8Þ

Methanogens are needed for the biocathode to produce methane from inorganic
CO2 anaerobically as shown in Fig. 11. This electrochemical process converts CO2

into a fuel.
Cheng et al. [26] used a dual-chamber MEC to produce methane from CO2 with

a biocathode covered by an anaerobic biofilm dominated by Methanobacterium
palustre. They reported an overall efficiency of 80% with the use of acetate as
substrate for the anodic chamber. Villano et al. [212] reported an MEC with
Coulombic efficiency greater than 80% using a hydrogenophilic methanogenic
culture.

MECs may become an alternative to the traditional methane digesters for the
conversion of CO2 to biomethane without the need for expensive precious metal
electrodes, if production rate and reactor cost can improve significantly.
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5.3 Ethanol Production

Waste biomass can be converted into biogas fuels through mature biological
technologies such as anaerobic digestion. Researchers have started investigating
electrochemical methods to convert biomass to liquid ethanol fuel [198].
Steinbusch et al. [197] developed a new method that utilizing microbial reduction
of volatile fatty acids (VFAs) to produce bioethanol with hydrogen as electron
donor. Recently, they investigated the feasibility of using an electrode as the
electron donor instead of using hydrogen for biological acetate reduction [198].
The reduction reaction is shown in Eq. 9.

CH3COO� þ 5Hþ þ 4e� ! CH3CH2OHþ H2O ð9Þ

In the presence of mixed cultures and methyl viologen that is an electron
mediator, when an applied cathode potential was -550 mV, ethanol production
started to occur at the cathode in the MEC. Methyl viologen increased ethanol
production by six-fold and doubled ethanol concentration compared to the results
obtained without the mediator because it inhibited methanogenesis and n-butyrate
production. However, ethanol production lasted for only five days because of
methyl viologen reacted with the graphite felt biocathode [198].
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Fig. 11 Schematic for CH4 production from CO2 with biocathode. Figure redrawn after Villano
et al. [212]
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5.4 Photosynthetic MFCs

The energy stored in renewable biomass originally came from sunlight. In recent
years, some researchers investigated Photosynthetic MFCs (PMFCs) in the pursuit
of self-sustaining MFCs. PMFCs are powered by light instead of organic carbons
by utilizing phototrophic microorganisms to produce electricity [181, 233]. Two
types of PMFCs have been reported in the literature. They are shown in Fig. 12.
One type of PMFC relies on photosynthesis as the exclusive energy source, and the
other type uses photosynthesis to supplement the energy harvested from the
degradation of an organic substrate [181].

The first type of PMFCs will compete directly with photovoltaic cells that
are less-costly and more sustainable. Thus, this kind of MFCs will likely
remain only as an academic curiosity. The power density of the second type of
PMFCs is substantially lower than that of other MFCs [42, 106], although some
improvements have been made by using nano-structured electrically conductive
polymer polypyrrole [233]. Because this type of PMFCs requires phototrophic
microorganisms to digest organic carbons, many highly electrogenic microor-
ganisms that are not phototrophic, but more productive are excluded. A fatal
drawback of using light as an energy source in MFCs is that only sessile cells
in the anodic biofilm harvest the light energy. This means that the energy from
photosynthesis is much less than that from a suspension culture of phototrophic
microorganisms.
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6 Summary and Perspectives

In view of current energy shortage and grave concerns over global warming due
to accelerated carbon emission from fossil fuels, the MFC technology in its
various forms represents a promising green technology for renewable and sus-
tainable energy production, especially in a distributed energy system. Although
its energy production is small, but its future potential as part of an integrated
energy supply system should not be overlooked. Because MFCs use low energy
density fuels such as wastewater, power densities from MFCs at best will be
three or four orders of magnitude lower than chemical fuel cells that use high
density energy sources such as pure hydrogen or methanol. However, MFCs
have a huge advantage because they utilize low-grade biomasses that are wastes
at no costs. The goal of achieving a stable power output at the level of 1 kW/m3

is possible through the use of highly electrogenic super bugs that are capable of
digesting a multitude of organic substrates from simple VFAs to lignocellulosic
biomass. Super bugs can also be engineered to utilize more than one monolayer
sessile cells for electron transfer between a biofilm and an electrode because of
the presence of locally secreted electron mediators and/or hyperpilation [187].
Super bugs selected from natural biofilm consortia, through mutagenesis or
genetic engineering present a true potential game-changer in practical MFC
applications.

MFC reactor costs should also be substantially reduced for practically
applications. Simplistic designs with low-cost materials for electrodes and other
reactor components will likely prevail in the end. When charge transfer limita-
tion is lifted through the use of super-electrogenic microbes, the bottleneck of
proton migration from anode to cathode (i.e., electricity flow inside an MFC)
will become more pronounced. In order of reduce this internal resistance,
membrane-less MFCs will probably be the only practical option, because a PEM
does not permit convective flow. It is expensive and easily fouled in wastewater
treatment.

MFCs operated as MECs can potentially be used for the production of value-
added bioproducts such as hydrogen, methane, hydrogen peroxide and ethanol.
Hydrogen, methane and ethanol are also fuels for conventional chemical fuel cells.
Any of these chemical fuels produced by MECs can be accumulated and then used
to power large devices that cannot be powered by MFCs in situ. Further
improvements in production rates and reactor costs are needed for the bioelec-
trochemical method to be competitive.
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Bioeconomy and Transportation
Infrastructure Impacts: A Case Study
of Iowa’s Renewable Energy

Konstantina Gkritza, Inya Nlenanya and Weiwei Jiang

Abstract The federal government is aggressively promoting biofuels as an
answer to global climate change and dependence on imported energy sources. As a
result, ethanol production in the United States (U.S.) grew at an annual rate of 32%
between 2005 and 2008 spurred on by the U.S. Department of Energy’s goal of
having 20% of U.S. transportation fuels to come from biological-based sources by
2030. This will require a dramatic increase in the present levels of ethanol and
biodiesel production and distribution and have significant infrastructure implica-
tions as transportation of raw materials to the biorefineries and biofuel to markets
will not only create additional transport demand but also competition and signif-
icant growth in other major freight categories. The present chapter first discusses
the physical and fiscal impacts of biofuel plants and wind power industries. Then,
using a sample of 24 counties in the north, west, and south part of Iowa, which
were identified through a local agency survey as having a large number of diverse
facilities, one-way panel data regression models are presented that estimate
pavement condition and maintenance costs as a function of vehicle miles traveled,
plant capacity and years of operation, corn and soybean production, and soil and
environmental conditions.
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1 Introduction

The United States (U.S.) is the world leader in bioeconomy and renewable energy,
having identified the duo as a key pillar in its efforts to reduce dependence on
foreign oil (1). In addition, national security concerns, the desire to increase farm
incomes, and hosting new and improved technologies have become powerful
incentives for the production and use of biofuels (2). The renewable energy
industry like any other industry involves production/collection and distribution of
raw materials as well as finished products. As a result, the success of the renewable
energy industry depends on the quality of service that the transportation infra-
structure can provide. Since the U.S. interstate system was completed in the 1980s,
investment and innovation in the U.S. transportation infrastructure—roads and
bridges, airports, public transit, and railway systems—have lagged behind other
leading world economies even though traffic volumes, weight of freight, and legal
truck weight limits have all changed considerably (3). An interim report from The
National Surface Transportation Infrastructure Financing Commission (NSTIFC)
in 2008 confirms that system demands are outpacing investment in the U.S.
transportation infrastructure as well as the fact that system maintenance is com-
peting with the necessary expansion of the system (4). This is especially note-
worthy considering that the distribution of biofuels is highly transportation-
intensive. As a result, for the U.S. to come close to achieving its goal of reaching
36 billion gallon level of biofuels by 2022 (in 2010, biofuel production was nearly
4 billion gallons), there is a need to not only ramp up the investment in infra-
structure and technology but also come up with a multimodal policy that will
optimize the distribution of biofuels seamlessly across all modes.

Iowa makes a very good case study for the impact of bioeconomy and other
sources of renewable energy (such as wind) on the transportation infrastructure.
According to the Iowa Department of Economic Development (IDED), Iowa is
ranked number one nationally in ethanol and biomass production, second in bio-
diesel production, and has recently superseded California as the second largest
producer of wind energy (5). These milestones come at a price on the state’s
transportation infrastructure as increased traffic resulting from the renewable
energy industry will likely impact the transportation infrastructure condition and
increase the maintenance expenses for the state and local governments (6, 7).
Currently, 79% of all state, county, and municipal roads in Iowa are under the
jurisdiction of a county (8) and most, if not all, biofuel plants or wind farms are
located right off a county road or the secondary road system. This results in
additional burden of maintenance to the counties which already have more roads
under their jurisdiction than they can maintain.

The present chapter first discusses the physical and fiscal impacts of biofuel
plants and wind power industries. Then, using a sample of 24 counties in the north,
west and south part of Iowa that were identified through a local agency survey as
having a large number of diverse facilities, one-way panel data regression models
are presented that estimate pavement condition and maintenance costs as a
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function of vehicle miles traveled, plant capacity and years of operation, corn and
soybean production, and soil and environmental conditions.

2 Impacts Associated with Biofuel Plants

Figure 1 shows the typical transport system involved in the production of biofuels.
The truck transportation is associated with ethanol and biodiesel production in four
phases; i) farm to storage (sometimes farm to fuel production plant); ii) storage to
renewable fuel production plant; iii) fuel production plant to fuel blending and/or
storage; and iv) storage to retail markets. For discussion purposes, phases (i) and
(ii) can be grouped as moving raw materials to ethanol plants, while phases (iii)
and (iv) can be grouped as moving ethanol to market.

2.1 Moving Raw Materials to Ethanol Plants

Under this category of impacts, there are two types of impacts to consider moving
corn to the ethanol plants and moving cellulosic materials to ethanol plants.

2.1.1 Moving Corn to Ethanol Plants

The biofuels commonly used in the U.S. include ethanol and biodiesel but much of
the discussion is going to be focused on ethanol as it is the main index for tracking
biofuel production in the U.S.

In the U.S., ethanol is largely produced in the Midwest. Currently, the
primary feedstock for ethanol is corn and most biorefineries are located close
to grain production (9). As a result, it makes practical sense to use trucks for
short-hauls of corn to the plants. As the volume of production increases, so
does the need for intrastate transportation. Specifically, Iowa has the capacity to
produce more than 3.9 billion gallons of ethanol annually (more than 30%
of the entire U.S. production), about 52% of which is sold to markets outside
of Iowa. According to a survey conducted by Iowa State University (10), high
demand for ethanol industries is expected to generate more need for intrastate
transportation. In addition, building or expanding new and current plants would
increase intrastate transportation in the short-term as construction equipment
and materials are hauled to the construction site. Typically, the trucks that haul
construction materials and equipment are typically heavier than those hauling
grain or fuel which means that in the short-term, the impacts due to con-
struction are potentially greater and likely to exacerbate after the plants become
operational.
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2.1.2 Moving Cellulosic Materials to Ethanol Plants

The second impact is related to the cellulosic ethanol plants. Ethanol production from
corn alone is capped at 15 billion gallon level by 2015 (11), which falls short of the
U.S. Department of Energy (DOE) targets. However, studies have shown that cel-
lulosic materials such as wheat and rice straw, switch grass, paper pulp, and agri-
cultural products (corn cobs and corn stover) can produce more renewable fuel than
starches and sugars found in corn (12–15). Consequently, cellulose production for
renewable fuels may shift toward genetically-modified perennial grasses such as
switch grass and Miscanthus. Cellulosic materials are bulky and will potentially
require large-sized vehicles for transportation of materials to processing plants.

Both scenarios present a challenge especially to those sections of the U.S.
functionally obsolete infrastructure (such as narrow bridges and roads), which
prohibit the movement of large-sized vehicles. The nation’s bridges and roads
received mediocre and poor grades, respectively by the American Society of Civil
Engineers (16). While heavy vehicle movements could be restricted (or limited) on
structurally deficient infrastructure (such as load limited bridges, thin pavements,
gravel and unpaved roadways), the oversized vehicles are not as easily managed.
The challenges to be confronted relate to the weight and the physical dimensions
of transportation vehicles used in the renewable fuel production process.

Fig. 1 A typical transport system for ethanol production (Source: National Bioenergy Center,
National Renewable Energy Laboratory)
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2.2 Moving Ethanol to Market

While ethanol plants are largely located in the Midwest and close to grain
production, ethanol is largely consumed on the East Coast, the West coast, and
along the Gulf Coast, areas that are characterized by high population densities
(17). Ethanol is shipped via truck, rail, or barge to a storage hub, petroleum or
blending terminal, and rail-to-truck transloading facilities (truck-to-rail, and truck-
or rail-to-barge are intermediate hauls) (18). In 2009, almost 500 petroleum ter-
minals had storage for ethanol, but only 88 of these had access to rail—the mode
that transports most of the ethanol produced today (19). Hence in the short-term,
while waiting for technology to catch up which will allow the piping of ethanol in
the same way as gasoline is moved today, moving ethanol to market will
increasingly depend on trucking of ethanol across state lines. In addition, the next
generation of ethanol production involving cellulosic feedstock will start out
following the same geographic trend as corn production, but then adapt to the
transportation infrastructure and policies in place. As a result, while increased
ethanol production will ramp up the intrastate transportation, distribution of eth-
anol will increase significantly the interstate freight, which at current levels is
projected to become more than double by 2035. Note that the volume of ethanol
being moved would have to triple by 2030 in order to meet the U.S. DOE target.

3 Impacts Associated with Wind Energy Farms

In the U.S., new wind power project installations have been expanding at an average
rate of 39% per year for the past five years (20). In 2008, the U.S. DOE examined the
feasibility of obtaining 20% of the U.S. electricity from wind energy alone by 2030
(21). According to the American Wind Energy Association (AWEA), ramping up to
that level would require the installation of 7,000 turbines a year by 2018 which
translates to 50,000 annual shipments of turbine components (22).

The impacts of the wind energy industry on the transportation system are
generated during the installation of the wind turbines. The major impact of the
wind energy industry on the transportation infrastructure is that of moving turbines
and other parts from manufacturing plants to the wind turbine construction sites in
addition to moving the machines and equipments that will be used to assemble the
turbines on location. A main challenge of moving wind turbines and equipment is
navigating a variety of state and local permitting rules for oversized/overweight
loads. Moreover, roads and bridges on the secondary system were not designed to
accommodate very long and heavy vehicles. As such, moving 50,000 of heavy as
well as long configurations would require significant investment in the transpor-
tation infrastructure to bring it up to date with the necessary safety countermea-
sures in place as well as streamlining the weight restrictions in place in various
states and locales. However, once installed, wind farms do not generate ongoing
heavy vehicle traffic like the biofuel industry does.
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4 Case Study

4.1 Selected County Clusters

The selection of the counties for study was based on the responses to a local
agency survey (96% response rate) and several other considerations. First, selected
counties should have at least one operating ethanol or biodiesel plant. Second, it
would be preferable to have at least one plant that had been in operation for an
extended period of time, so that it would be possible to compare maintenance costs
and pavement condition trends before and after operation. Information regarding
the plants’ operational year was acquired from the survey of county engineers.
Third, the selection of a cluster of counties, which include counties surrounding
those with biofuel plants, was preferable to the selection of individual counties,
since the biofuel plants impacts are likely not constrained by jurisdictional
boundaries but can impact adjacent counties. Lastly, the selected clusters should
be dispersed across the state to represent a variety of soil, terrain, and environ-
mental conditions. A total of 24 counties in clusters in Northern, Western, and
Southern Iowa were selected (shown in Fig. 2).

4.2 Trend Analysis

A trend analysis of historical maintenance cost data and traffic growth was con-
ducted. The data source for the maintenance costs was the annual county expense
reports, which are prepared by county engineers and filed annually with the Iowa

Fig. 2 Selected County Clusters
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Department of Transportation (DOT). These reports utilize a standard accounting
system for all road department expenses. The expenses are subdivided into
maintenance expense categories that are coded by three digit numbers. A full
listing of all potential expense categories is referenced in (23). The cost categories
selected for review included only the following:

• 420–bridge repairs (materials and county or contract labor expenses for
maintenance)

• 451–blading (road maintenance labor)
• 461–granular (surfacing and hauling labor)
• 466–asphalt pavement repairs
• 467–PC concrete pavement repairs
• 521–snow & ice control (labor for pavements)
• 522–snow plowing (labor for gravel roads)
• along with combinations of all of the above.

These categories were selected as being the most representative where main-
tenance expenses would increase if there was a fiscal impact on the transportation
system due to renewable energy facility constructions or operations.

Traffic volume was used as a measure of traffic load repetitions. Traffic data
were based on the annual vehicle miles traveled (VMT) reports that were obtained
from the Iowa DOT. Large truck VMT (LVMT) on the secondary road system
were of particular interest. Large truck is defined herein as a single or multiple
trailer trucks with 4 or more axles.

4.2.1 Maintenance Cost Analysis

Road maintenance costs for the period, 1999 through 2008, were reviewed. Graphs
for each of the selected county’s data were prepared showing recorded annual
expenses by category and indicating the year the facility was constructed. It was
expected that the heavy usage of the roads around a biofuel plant or a wind energy
farm when it was built would create a visible ‘‘spike’’ or increased cost. These
‘‘spikes’’ could show preliminary evidence that additional costs were associated
with the renewable energy facilities. If this were to be true, all of the counties in
the cluster would show the same trend or ‘‘spike’’ after the construction of
renewable energy facilities.

Overall, it was found that pavement (cost categories 466 and 467) and gravel
road (cost categories 451 and 461) repairs were higher in the following year or two
years following the beginning of operations of a biofuel plant. This could indicate
not only the additional effort required to maintain the road conditions overall, but
there may also have been a shift in the level of maintenance provided to a new
group of roads (those that were bringing loads to the plant). The review of winter
maintenance practices showed several spikes in 2001, 2004, and again in 2008.
Upon investigation, historical evidence revealed that Iowa experienced a very
severe winter season in 2008. The remaining two spikes could be attributed to the
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need for the increased use of roads for delivery of grain to the facilities during the
winter season. Lastly, heavy loads associated with the wind farm construction
could have caused some spikes on bridge damage repairs. Following the renewable
energy facilities openings, bridge damage could also possibly have been caused by
extreme stresses due to heavy and repeated loadings of grain carts and trucks. Note
that nearly each set of county graphs appeared to have shown some unique spikes
and it seemed that there was substantive evidence of increased costs from the
renewable energy facilities.

4.2.2 Traffic Growth Analysis

LVMT trends were reviewed over the period 2002 through 2008. VMT data
prior to 2002, when most of the wind turbines were installed in the selected
counties, were not readily available; the authors looked for any trends around the
time the renewable energy facility was under construction and when it became
fully operational. The trend analysis findings suggested an increase in truck
traffic during plant construction, and while the truck traffic decreased signifi-
cantly after the plants became operational, it was still higher than the pre plant
traffic levels.

4.3 Statistical Analysis

4.3.1 Data

For each of the 24 counties selected for the statistical analysis, information on
maintenance-related costs, Pavement Condition Index (PCI), plant capacity and
years of operation, traffic volumes, environmental and agricultural factors, and soil
condition were collected during the period 1999–2008. Maintenance-related costs
and PCI were selected as dependent variables in the estimated model. PCI is a
numerical index between 0 (very poor) and 100 (excellent) and is widely used to
indicate pavement condition and deterioration over time based on measurements of
roughness and surface distress. PCI was collected for both primary and secondary
road systems; however, northern counties had not collected PCI data for their
secondary road system since 2004. Therefore, only PCI for the primary road
system was utilized for this study. In view of these data limitations, maintenance
costs as reported in the annual county expense reports, were used as an indirect
indicator of pavement condition and deterioration over time. It should be noted
that the amount spent on maintenance is based on available funds rather than
actual needs and, as such, the magnitude of impacts could be higher than that
reflected in the maintenance costs.

Information on annual corn production and soybean production by county was
obtained from the U.S. Department of Agriculture (USDA) and the National
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Agriculture Statistic Service (24). Environmental factors that affect pavement
condition include temperature and precipitation, both of which affect the elastic
moduli of the various layers. In this study, snowfall and rainfall depths were
considered as proxies for precipitation levels. A freezing index, in terms of degree-
days below freezing, also was calculated to capture the effect of temperature on
pavement deterioration. Environment-related data were obtained from Iowa
Environmental Mesonet (25). The soil condition rating for each county was based
on the American Association of State Highway and Transportation Officials
(AASHTO) classification system. The selected counties were spatially joined to
the U.S. General Soil Map data for Iowa, which was obtained from the USDA
(24), and the proportion (percentage) of area in each broad category of soil (poor,
fair, and good) per county was estimated. Overall, the pavement subgrades in these
counties were rated from poor to fair condition. Table 1 provides the summary
statistics of select variables.

4.3.2 Methodology

The dependent variables considered for this study are maintenance cost and PCI.
Both are continuous variables, that is, they can take on any value within a range of
values (PCI can take on any value between 0 and 100). Therefore, as the dependent
variables are continuous, a regression model is developed in order to determine the
factors affecting them. As data for different years and counties have been gathered,
the data are analyzed as panel data, in order to include the influence of different
counties and years on the maintenance cost and PCI.

One-way error model is the simplest and most straightforward model for
accounting for cross-sectional heterogeneity in panel data. Because heterogeneity
effects are assumed to be constant for the given cross-section units or different
cross-sectional units during one time period, they are absorbed by the intercept
term as a means to account for individual or time heterogeneity (26). More for-
mally, a panel data regression is written as (27):

Yit ¼ aþ X0itbþ lit; i ¼ 1; . . .; n; t ¼ 1; . . .T ð1:1Þ

where i refers to cross-section unit (counties), and t refers to time; a is constant, b
denotes coefficients of explanatory variables, X0it denotes a set of explanatory
variables, independent of vit for all i,t. Disturbances of one-way error components
model are given as:

lit¼li þ mit i ¼ 1; . . .; n; t ¼ 1; . . .; T ð1:2Þ

where lit denotes the unobserved cross-sectional specific effect, vit denotes random
disturbances, li are assumed to be fixed parameters to be estimated and the vit are
random disturbances that follow the usual regression assumptions (28).

In addition, two modeling specifications are considered: fixed- and random-
effects. The essential difference between these two modeling specifications is
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whether the inference from the estimated model is confined to the effects in the
model, or the inferences are made about a population of effects. In the former case
the fixed-effects model is appropriate, while the latter case is suited for the
random-effects model (27, 28). In this study, the estimation results of a

Table 1 Summary statistics

Variable description Mean value Standard deviation Cases

Dependent Variables
Pavement cost (dollars) 97196.3 106470 225
Granular and blading cost (dollars) 869265 340556 231
Winter maintenance cost (dollars) 101767 79077.7 231
Bridge maintenance cost (dollars) 41202.3 36616.2 231
PCI 66.237 7.585 240
Independent Variables
Primary rural VMT 1.62E ? 08 1.53E ? 08 240
Primary urban VMT 7.42E ? 07 1.47E ? 08 240
Primary rural LVMT 2.89E ? 07 3.57E ? 07 240
Primary urban LVMT 7.72E ? 06 1.73E ? 07 240
Secondary LVMT 2654.41 1067.15 168
Secondary VMT 48490.2 19420.6 216
Local LVMT 333.464 494.51 168
Local VMT 31318.5 37644.2 216
Corn production (bushel) 2.24E ? 07 7.30E ? 06 240
Soybean production (bushel) 5.18E ? 06 1.53E ? 06 240
Snow depth (inch) 306.11 231.3 240
Rainfall depth (inch) 34.37 7.0 240
Freezing index (degree-days) 2263.3 484.23 230
Ethanol plant present (1 if present, 0 otherwise) 0.179 0.38 240
Biodiesel plant present (1 if present, 0 otherwise) 0.1 0.30 240
Wind farm present (1 if present, 0 otherwise) 0.16 0.37 240
Number of ethanol plants 0.22 0.50 240
Number of biodiesel plants 0.11 0.34 240
Number of wind turbines 8.64 26.32 240
Years of operation of ethanol plant 0.59 1.46 240
Years of operation of biodiesel plant 0.33 1.14 240
Years of operation of wind farm 0.55 1.60 240
Capacity of ethanol plant (million gallons) 15.05 35.81 240
Capacity of biodiesel plant (million gallons) 2.6 9.00 240
Soil condition–good (%) 4.33 8.18 240
Soil condition–fair (%) 40.96 24.39 240
Soil condition–poor (%) 54.79 23.58 240
Freezing index in northern counties (degree-days) 1012.72 1231.97 240
Soil condition–fair in southern counties (%) 9.75 19.58 240
Soil condition–fair in northern counties (%) 16.54 25.05 240
Soil condition–poor in southern counties (%) 10.13 20.90 240
PCI in southern counties 14.27 28.06 240
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fixed-effects model can explain the maintenance costs and pavement conditions in
the 24 selected counties, whereas the estimation results of a random-effects model
apply to the whole state.

4.3.3 Estimation Results

One-way fixed-effects models were estimated to determine the effects of the
independent variables on maintenance costs and pavement condition in the 24
selected counties, while one-way random-effects models were applied to extend
the analysis to the entire state. The parameter estimates and corresponding
t-statistics are presented in Table 2. All variables were significant at the 90% level
of confidence or higher.

When considering the overall performance of the models, the fixed-effects
model was found to have a higher R-squared value, which means that the fixed-
effects model explained well the factors that affect pavement condition and
maintenance costs in the 24 counties. However, the random-effects model was able
to explain more variables and extrapolate the results to the entire state, albeit at a
lower level of confidence. For this reason, both model results are included and
discussed in the present chapter.

The panel data regression models explained satisfactorily (as indicated by the
high R-squared values) the granular and blading costs, winter maintenance costs,
and pavement condition index. However, the model did not explain bridge
maintenance costs very well. This might be because the factors (such as structural
design, construction detail, and material type) that affect bridge condition were not
included in the current model. Note that the county engineer interviews revealed
that most county engineers have not noticed damage on their bridges that they
could relate directly to the biofuel plants or wind energy farms. However, they
agreed that the hauling of raw material to the plants would continue to cause
distress to their aging bridges.

Overall, during the study period (1999–2008) the pavement condition of pri-
mary roads deteriorated, while the maintenance cost for granular and blading and
winter maintenance increased. Regarding traffic volume factors, LVMT, especially
local LVMT, was found to have a better correlation with road and bridge main-
tenance costs. This confirms that large truck traffic is a significant factor affecting
infrastructure condition and deterioration.

Biofuel plants and wind farms were both found to affect road pavement
condition and maintenance costs, but their effect showed different patterns. The
pavement condition index model indicated that the higher the capacity of biodiesel
or ethanol plants in a county, the worse the road pavement condition was. This
shows that after the biofuel plants began operation, road pavement condition more
likely deteriorates. For example, the operation of a 100-million gallon ethanol
plant would result in a reduction of PCI by 2 points, while a similar effect is
expected due to the operation of a 30-million gallon biodiesel plant. Turning to
maintenance costs, it was estimated that adding one-million gallon ethanol plant
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Table 2 Panel data regression model estimation results

Variable Fixed-effect model Random-effect model

Coefficient t-statistic Coefficient t-statistic

Dependent Variable: Pavement Maintenance Costs
Constant – – 70,966 2.23
Year of 2006 26,264 1.49 – –
Year of 2005 – – -3,3657.9 -1.93
Soybean production -0.02 -2.73 – –
Rainfall depth 2,441.63 2.95 1,999.0 2.40
Capacity of ethanol plant 589.50 2.86 701.02 3.78
Soil condition-good – – -3,180.4 -2.44
Soil condition-fair in northern counties – – -1,038.31 -2.26
PCI in southern counties – – -1,348.08 -3.37
R-Squared 0.523 0.276
Dependent Variable: Granular and Blading Maintenance Costs
Constant – – 768,571 13.20
Year 11,825 1.49 – –
Year of 2006 – – 53,547 1.49
Local LVMT 88.90 1.66 128.36 2.99
Soybean production 0.03 1.56 – –
Number of wind farms -1,154.14 -1.59 -967.02 -1.44
Capacity of biodiesel plant 4,275.20 2.21 5,007.23 2.71
Soil condition-fair in southern counties – – 6,254.00 2.41
R-Squared 0.819 0.275
Dependent Variable: Winter Maintenance Costs
Constant – – -94,792.82 -3.38
Year 4,348 3.13 3,172.41 1.87
Primary rural LVMT – – 0.0005 2.36
Secondary VMT – – 1.49 4.23
Capacity of biodiesel plant – – -1,000.13 -2.03
Snow depth 167.22 9.93 165.56 9.51
Rainfall depth 969.60 1.58 1,287.67 1.91
Freezing index in northern counties – – 11.22 1.92
Soil condition-good – – -2,052.20 -2.27
R-Squared 0.638 0.458
Dependent Variable: Bridge Maintenance Costs
Constant – – -4674 -0.31
Local LVMT 11.64 1.32 14.41 2.33
Soybean production 0.004 1.03 0.01 2.43
Wind farm present – – -20,200 -2.57
Soil condition-poor – – 343.27 2.25
R-Squared 0.360 0.100
Dependent Variable: PCI
Constant – – 59.60 28.03
Year -0.21 -1.80 -0.19 -1.54
Primary rural LVMT -0.39D-06 -3.37 -0.44D-07 -1.61

(continued)
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would increase pavement maintenance costs by $590, while adding one-million
gallon biodiesel plant would increase granular and blading maintenance costs by
$4,275. For example, the operation of a 100-million gallon ethanol plant would
result in an increase in pavement maintenance costs by $59,000, while the oper-
ation of a 30-million gallon biodiesel plant is expected to increase granular and
blading maintenance costs by $128,250.

Contrary to this, it was found that the higher the number of wind turbines in a
county, the lower the maintenance costs were. This indicates that county road
maintenance costs were lower after wind farms became operational. In other
words, wind farms may cause damage to the roads during the construction period,
but once the wind turbines are installed, there might be no further road deterio-
ration. Unlike ethanol and biodiesel plants that require regular transportation of
raw material and final products during operation, wind farms impact the road
system only during the construction period. However, according to the county
interviews, the maintenance expenses related to a wind farm might not be fully
captured. For example, in Mitchell County, the construction company did all the
crushing and hauling of the aggregate necessary to maintain and repair the gran-
ular roads. Therefore, no cost records were available for this expense. Floyd
County also experienced very little road damage because most of their wind
turbines were installed during the winter months when the roads were frozen.

The agricultural factors showed little or no correlation with maintenance costs
and pavement condition. The variable for corn production was not found to be
significant, and although soybean production was found to be significant in the
maintenance cost models, the effect was very low. This could be likely attributed
to the high correlation of these variables with the capacity of ethanol and biodiesel
plants. However, the effect of soybean production was found to be significant in
the pavement condition model. Higher soybean production may lead to better
pavement condition. This could be because soybeans weigh less than corn, and
corn–soybean rotation is common in farming practices. Therefore, more soybean
production could translate to less corn production, and overall lightweight agri-
cultural product to be transported.

Table 2 (continued)

Variable Fixed-effect model Random-effect model

Coefficient t-statistic Coefficient t-statistic

Soybean production 0.71D-06 1.76 – –
Snow depth 0.003 1.86 – –
Rainfall depth – – 0.08 1.79
Capacity of ethanol plant -0.02 -1.50 -0.02 -1.34
Capacity of biodiesel plant -0.05 -1.27 – –
Freezing index in northern counties – – 0.002 3.36
Soil condition-poor in southern counties – – 0.13 2.51
R-Squared 0.717 0.267
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Environmental factors, including snow depth, rainfall depth, and freezing index,
were found to have a high and positive correlation with pavement and/or winter
maintenance costs, and interestingly with PCI. It is possible that counties spend
more money on repairing the road after a harsh winter (which in turn was reflected
in higher winter maintenance costs), and so the road pavement condition improved
after the maintenance activity had been performed. The soil condition also had a
high correlation with maintenance costs. The higher the percentage of good soil in
a county, the lower the maintenance costs were and vice versa.

5 Discussion

The U.S. continues to maintain its position as a leader in the bioeconomy and wind
energy production, but meeting the U.S. DOE’s goal of having 20% of the
transportation fuels in the U.S. that come from biological-based sources by 2030
will require a dramatic increase in ethanol and biodiesel production and distri-
bution. Increasing ethanol and biodiesel production will place stress on the
infrastructure involved in producing and shipping raw material and refined prod-
ucts. Trucks are used as the main transportation mode to move corn and soybean
from farm to biofuel processing plants, and semi-trucks are the most preferable
mode within truck transportation. With the ongoing semi-truck traffic surrounding
biofuel processing plants, deterioration of roads’ condition can be expected. As
wind turbine blades are getting longer and heavier, transportation from manu-
facturing sites to the wind farms also is becoming problematic.

This chapter investigated the physical and fiscal impacts of existing biofuel
plants and wind power industries, using Iowa as a case study. The maintenance-
related expense analysis showed a trend of increased maintenance costs in the year
after a biofuel plant became operational, as well as during the construction period.
The traffic growth analysis showed that large truck traffic increased dramatically
during the construction period, then dropped after the plant became operational,
but not to the levels prior to the construction of the plant.

Furthermore, one-way-error panel data regression models were developed to
estimate pavement condition and maintenance costs as a function of vehicle miles
traveled, plant capacity, and years of operation, corn, and soybean production, soil
condition and environmental factors. Twenty-four counties in the north, west and
south part of the state were selected for analysis. The estimation results indicated
that large truck traffic contributed to road deterioration at a higher degree com-
pared to other highway modes of transportation, as expected. Road damage from
traffic loads were associated with both the biofuel industry and wind farms, but in
different patterns. For wind farms, the major damage occurred during construction
activities and predominantly on gravel roads. These roads impacted were used as
haul roads for heavy transformers, other turbine parts, and multiple loads of
construction materials. For biofuel plants, the road damage that occurred was not
only during plant construction, but the damage was on going due to the continual
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hauling of raw products to the plant and finished products to the market. The larger
the capacity of the biofuel plant, the greater the pavement infrastructure deterio-
ration and associated maintenance costs. Besides traffic loads and biofuel plant
capacity, environmental factors and soil condition were also highly significant in
explaining maintenance costs and pavement condition

While this analysis provided valuable insights on the renewable energy industry
and associated infrastructure impacts, some limitations of this study should be
noted. First, pavement condition index data, which is the most direct measure of
road condition, was mostly available for primary roads. As such, it was not pos-
sible to directly measure the impact of the renewable energy-associated traffic on
the condition of the secondary and local roads. Instead, maintenance costs were
used as an indirect indicator of pavement condition and deterioration over time.
However, maintenance costs do not fully represent road damage in need for repair
but only the spending budget allocated. Therefore, if the maintenance costs were
determined fully by ‘‘needs for repair’’ and not the allocated budget, the results
might have shown higher county maintenance costs and more severe impacts of
the biofuel plants and wind energy farms on Iowa’s road infrastructure.
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Assessing the Environmental Risks
and Opportunities of Bioenergy Cropping

Les Firbank

Abstract All forms of cropping influence the environment, and bioenergy crop-
ping is no exception. The main potential environmental benefit is the net reduction
in greenhouse gas (GHG) emissions by the substitution of fossil fuels, while the
main potential harm is increased pressure on land use, which can lead to com-
petition for food production, loss of forests and the release of large amounts of
carbon from soils and vegetation. The major approaches to environmental risk
evaluation are experiments, environmental risk assessment, life cycle analysis,
ecosystem services and post-market monitoring; while none are ideal, all these
have a potential role in evaluating bioenergy cropping. Major environmental
impacts vary greatly between crops, countries and management regimes. Bioen-
ergy cropping has the most positive environmental impact when the crops are
productive, have low water and nutrient requirements and can be grown on low-
grade and abandoned agricultural land in arrangements that promote biodiversity.
Such cropping may be able to supply around 8% of the global energy demand:
bioenergy cropping should be seen as one element in a wider strategy for efficient
use of land, energy, food and water.

1 Introduction

All forms of land use have environmental impacts. Bioenergy cropping, like any
form of agriculture and forestry, impacts upon water quality and availability, on
biodiversity and on landscape character. Unlike many other forms of land use,
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bioenergy cropping has the potential to substitute fossil fuels, reducing the net
emissions of carbon to the atmosphere, thereby potentially reducing climate
change. This is because the carbon released from bioenergy crops has only
recently been captured from the atmosphere. However, this benefit cannot be fully
realised, because bioenergy cropping (the planting, management and harvesting of
plants to produce energy) generates greenhouse gases (GHGs) by disturbing the
soil and any pre-existing vegetation, and by using the fossil fuels for transport,
machinery operation and the development of any inorganic fertilisers and chemical
inputs. Other GHG emissions arise from transport and processing between the field
and the point at which the energy is used. The goal of this chapter is to look at all
of these environmental implications, and to examine how they can be addressed as
part of the design and conduct of bioenergy production systems. The focus is on
cropping, rather than on other forms of bioenergy production, such as the use of
algae and the use of food and agricultural wastes for anaerobic digestion, and
rather than on distribution of goods and environmental impacts arising from
processing and usage of bioenergy crops.

1.1 The Drive to Increase Global Bioenergy Production

There is nothing new about using plant materials to provide energy; wood has been
an important fuel since man first started to use fire. In 1971, 29% of energy used in
southern and eastern Asia was from wood, and 66% in Africa (UN statistical
yearbook 1973, quoted in [1]). Energy is now derived from a very wide variety of
biological materials, including crops, agricultural waste materials and wood
(Table 1). While the total supply of bioenergy has increased over recent decades,
this increase has been dwarfed by that of coal, gas and oil (Fig. 1).

Concerns about energy security and greenhouse gas emissions have resulted in
policies seeking to replace some of these fossil fuels by bioenergy crops. Such
policies were pioneered in Brazil, and adopted by the US, the EU and others
during the 2000s. During the mid-1970s, global bioethanol production was around
551 million L, rising to 16,940 million L in 2000, 65,690 million L in 2008, and
biodiesel production had risen to 14,574 million L from 11 million L in 1991 [3].
Much greater increases are expected. These policies represent a major change in
global land use, especially when demands for food production are expected to
increase dramatically [4]. To date, production of liquid fuels from biological
materials (biofuels) has almost entirely used food crops as feedstocks [3]. These
so-called first generation biofuels include maize, sugar cane, oily seed crops and
sugar beet. Much greater use is planned for second generation biofuels, notably
trees (e.g. willow and poplar), grasses (Miscanthus) and oily plants (e.g. Jathropa)
[3]; such crops are expected to outproduce first generation crops in the US by 2022
[3]. It is possible to use grass for bioenergy instead of as feed for livestock [5–7].
Looking further ahead, algae is being developed as a feedstock, requiring man-
agement systems quite unlike current agriculture and forestry [8].
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The environmental footprint of bioenergy cropping will therefore increase
substantially, along with the potential benefits and disbenefits. The better they are
understood, the more likely it is that the benefits can be maximised.

1.2 The Assessment of Environmental Impacts

Several techniques have been developed that have proved valuable for evaluating
environmental risks and benefits for changes in land use and management.

Table 1 Classification of forms of biomass that can be used to generate energy. From [2]

Virgin
wood

Fuel wood, forestry residues, tree surgery residues

Energy
crops

Agricultural energy crops, grasses and non-woody
energy, short rotation coppice, short rotation
forestry, aquatics

Agriculture Dry residues Maize stoves, straw and husks, animal litter
Wet residues Grass silage, animal slurry and manure

Waste Food waste Wet food waste, food oils
Industrial

waste and
co-products

Woody
waste

Untreated wood, treated wood, wood composites
and laminates

Non-woody
waste

Paper pulp and waste, textiles

Domestic waste Household food waste, sewage sludge

Fig. 1 Global increase in total energy supply by source, million of tonnes of oil equivalent. From
International Energy Agency [9]. � OECD/IEA 2010
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1.2.1 Experimental Comparisons

One approach to assessing the environmental risks and benefits of growing crops
(whether for biofuels or for other purposes) is to actually grow them and look for
undesirable environmental outcomes. Such experiments can be undertaken in the
lab or the field. The design of any such experiment forces one to think clearly
about what kind of effect is being tested for, the magnitude of effect considered to
be important, what are the appropriate environmental indicators, what are the
appropriate experimental conditions and range of receiving environments, how
long the experiments should be conducted for.

As all living organisms affect their environment, environmental risks and
benefits of growing a particular crop only have meaning when compared with
another system. The choice of the comparison is therefore critical. In the case of
the replacement of a food crop by a biofuel crop of the same species, it makes
sense to compare the two. An appropriate null hypothesis is that there is no
difference in terms of environmental impact between one type of crop and the
other.

However, one can never prove a null hypothesis in science, only disprove it,
and, indeed, much of the scientific debate around environmental risk assessments
of GM crops (an analogous situation) has focussed on whether or not the exper-
iments were large enough, and lasted long enough, to detect impacts, expected and
unanticipated. In the UK in 1999, concern was being expressed that the intro-
duction of herbicide-tolerant genetically modified crops would have a negative
environmental impact, as the broad-spectrum herbicides used with the crops would
reduce the number of plants, invertebrates and ultimately birds and mammals in
and around the fields [10]. This environmental risk was assessed using the UK
Farm Scale Evaluations, that compared GM and non-GM varieties of the same
crop. As the major environmental risk identified in advance was the effects of the
herbicide regimes associated with the different kinds of crops, rather than from the
crops themselves, the treatments required that both GM and non-Gm crops were
subject to the management regimes commercially appropriate to each [11]. Plant
and invertebrate populations were studied in great detail. The experiment was
designed to have an 80% chance of detecting 1.5-fold differences in the selected
biodiversity indicators, on the basis of pre-existing knowledge of the variation of
these indicators between fields [12]. This specification may appear undemanding,
but actually required around 60 replicates per crop, with half-fields used as plots,
making it the largest agro-ecology experiment undertaken.

However, the choice of the most appropriate comparator is less obvious for 2nd
generation crops. Should it be the previous land use? Perhaps a pre-existing
analogue to the proposed bioenergy crop, e.g. a woodland could act as a com-
parator for short rotation coppice (SRC), but even then, should one use a semi-
natural woodland, or a new plantation? If the risk concerns biodiversity, then
comparisons become even harder, as different species will inhabit crops of dif-
fering structure anyway [13]. Thus, Haughton et al. [14] looked at butterflies at
bioenergy crop edges, comparing the results to pre-existing, large-scale data from
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field edges around arable fields, reporting that both short rotation coppice (SRC)
willow and Miscanthus had greater number of butterflies than arable fields.
However, the authors stress that whether such comparisons are meaningful is, of
course, another point entirely.

This approach is most suitable to investigate a particular kind of environmental
risk in detail, rather than to be applied to every possible case [15]. This is because
it is both restricted in scope and too expensive to be carried out as a matter of
routine [16, 17].

1.2.2 Environmental Risk Assessment

A simple way to evaluate the environmental impacts of land use change is to ask
whether there is any environmental risk and, if so, how serious it is and whether it
can be avoided. Instead of trying to value all the positive and negative impacts, this
approach simply asks, is the new type of crop likely to cause more environmental
harm than what it might replace? Again, the environmental risk assessments
associated with the use of genetically modified cropping in Europe provides an
interesting model. The cultivation of GM crops is subject to EU regulation, one of
the conditions being that the environmental risks are no worse than for comparable
conventional crops. The burden of proof lies with the organisation wishing to
introduce the GM crop.

The risk assessment should follow a logical framework and requires the clear
formulation of the problem [18] (Fig. 2). This entails identifying potential envi-
ronmental hazards and their severity, along with the probability that the hazard
will actually be realised. Such potential hazards must be characterised; they may
include, for example, changes in land use, cultivation practices and the use of
pesticides. These are only environmental hazards if they impact on environmental
parameters considered to be important; they might include the presence of rare
species, risk of pollution incidents, net releases of GHGs. The selected parameters
act as ‘assessment endpoints’. They must be measurable, using some form of
indicator. The risk assessment involves relating each ‘measurement endpoint’ to
the environmental hazard, experimentally or using pre-existing data or models. For
some hazards that can only be detected at large spatial scales, for example impacts
on wild populations, only qualitative [19] or quantitative models [20] are avail-
able. For others, notably toxicology, there is value in using laboratory studies to
test for a relationship between the hazard and the assessment endpoint. In all cases,
the more clearly the problem is formulated, the easier it is to define an appropriate
experiment to test it [18, 21]. In some cases, the study might conclude that the
environmental risk is real, but can be managed. For example, the UK Farm Scale
Evaluations showed that the improved weed control in GM herbicide-tolerant beet
crops reduced invertebrate and plant food resources higher up the food chain [19].
However, this problem could be mitigated by leaving less than 5% of a field of GM
beet unsprayed by herbicides [22].
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Other approaches may be needed to identify the probability that the hazard may
be realised. For example, in response to, concern that the introduction of GM oil
seed rape Brassica napus into the UK might lead to gene flow to wild relatives B.
rapa and B. oleracea, Wilkinson and colleagues [23] sought to quantify gene flow
between current commercial varieties of oil seed rape and wild relatives. They first
sought to identify those situations where the two species were co-located, using
ground surveys and remote sensing, visited each site to look for wild relatives,
testing each to see if they were hybrids between wild and cultivated species. They
found that co-location between crops and wild relatives were rare, and only one
hybrid plant was actually found in this very large scale study.

Another example concerns the use of GM plants modified to have insecticidal
properties. It was suggested that the charismatic Monarch butterfly (Danaus
plexippus) may be at risk from the commercial use of Bt maize in the US, as the
larvae may ingest maize pollen which fell on their host plants, found in maize
fields. In practice, the expression of the toxin in pollen was low in most varieties

Fig. 2 Problem formulation
for environmental risk
assessment. The problem
context develops the
parameters and identifies
constraints for the risk
assessment, which need to
take into legal and regulatory
issues. The problem
definition ensures that the
analysis is manageable and
not open ended; it is always
case-specific, and depends on
the crop being assessed, how
it is managed and the
receiving environment. It is
then possible to characterise
the risk of the problem being
realised, which is the basis
for the evaluation, subject to
possible management or
mitigation of the risk. A
review process is required to
ensure that the risk
assessments are kept up to
date. Communication and
transparency are essential
throughout the process.
Redrawn from [18]
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then available; levels of toxin likely to be encountered in the field did not have
acute effects on larvae; there was limited overlap between pollen shed and the
larval feeding period; most monarch larvae do not live in or near corn fields, and at
the time of the study, only 20% of the maize crop had this trait. Taken together,
these factors indicated that the overall risk to monarch numbers from the culti-
vation of GM maize was negligible at the time [24].

It is very hard to take benefits into account with this approach. In terms of
bioenergy cropping, it would be most undesirable should a proven but minor
environmental risk outweigh a proven but major environmental benefit, for
example, a slight risk of the crop plants becoming locally invasive should not
outweigh potential major savings of GHG emissions [13].

1.2.3 Life Cycle Assessment

A common way of addressing environmental impact is to use life cycle assessment
(LCA). This is because it is designed to look at all parts of the production system
‘‘from cradle to grave’’; it can readily address positive and negative impacts, and
also because procedures are in place about how they should be conducted [25]. For
bioenergy projects, it is often used to address energy and GHG emissions, but can
also be used to analyse other factors.

The idea is to quantify carbon sequestration and GHG emissions across the
whole system of production per stated level of output (the ‘reference flow’), for
example 1 MJ of combustable energy. Clearly, photosynthesis and respiration by
the crop plants are important, as are the fluxes of nitrous oxide and methane from
the soil while the plants are growing. The fluxes associated with land cultivation,
crop management, harvesting, transport and processing are clearly relevant. The
system can readily be broadened, to include the production and transport of fer-
tilisers and pesticides, indirect effects on land use, the construction of the pro-
cessing plants, and so on (Fig. 3). The outcome of the analysis therefore depends
on its scope (the system boundary), and the choice of components within it
(together these comprise the system inventory). Wider system definitions are more
inclusive, but can become compounded with other systems, notably food
production.

It is important to quantify each component of the system (these comprise the
system inventory) and the transfers between them. In some cases, this is straight
forward: for example, crop yield and fertiliser application data are normally
available from the farmer. In other cases, for example the emissions of GHGs from
the soil following fertiliser applications, direct data are rarely available and so pre-
existing models can be used [27]. While there are good reasons why individual
LCAs are constructed differently, these differences result in substantial variation in
the results [26]. Indeed, such variation is potentially so large that some authors
doubt whether LCA is an appropriate tool for generalised evaluations of the
environmental footprint of bioenergy crops [28].
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LCAs that compare different crops and management systems using a common
methodology are therefore particularly valuable. One such was undertaken by
Rettenmaier et al. [29] for a major review of European bioenergy crops, including
carbon balance, acidification, eutrophication, atmospheric quality and potential
impacts on human health, each addressed in terms of credits and expenditure for
each stage of production from ‘cradle to farm gate’. The units of these were
standardised by dividing absolute values against reference information, in this
case, average energy demand and emissions into the environment per capita in the
EU, giving what is termed ‘inhabitant equivalents’. Land use change was included
in terms of conversion from fallow and cultivated land, with scenarios of indirect
effects of land use in Brazil. Biodiversity and landscape quality were not
addressed. It turned out that the final analysis of which bioenergy crops are most
environmentally beneficial is sensitive to where the crops are sown across Europe,
how they are managed and also to how the different environmental categories are
weighted with respect to each other; thus, herbaceous crops such as Miscanthus
deliver greater reductions in GHG emissions than woody crops, but result in levels
of acidification and eutrophication (Table 2).

Fig. 3 A chain of production for biofuels with energy and GHG requirements (inputs) and
emissions (outputs) defined at each step in the production process, showing the importance of
defining the system. The smallest possible system boundary in this case would include only
‘Biofuel crop yield’, where inputs of GHG would include the CO2 required for photosynthesis
and outputs of GHG would include CO2 from autotrophic and heterotrophic respiration, as well
as NOx and CH4 fluxes from the soil. Different colours give boundaries to more inclusive
systems. Figure from [26]
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1.2.4 Ecosystem Services

The idea behind ecosystem services is that the earth’s environment is not an optional
extra in life, but provides benefits that are essential to our well being and that are of
value to people. For example, drinking water and food would be unavailable without
the provision of clean water and food from the environment, which in turn depend
on ecological processes such as nutrient cycling, pollination, plant growth and soil
formation [30]. These services can be broken down into different types. Provi-
sioning services are those that generate products for human consumption, namely
food, fresh water, fibre, energy etc. Cultural services are those non-material benefits,
including sense of place and beauty. These services are underpinned by regulating
services, influencing water flows and climate for example, and supporting services
such as soil formation, nutrient cycling and primary production (Table 3) [31].
Ecosystem services are all provided by plants, animals and micro-organisms in both
managed and natural habitats. Therefore, the environmental degradation observed
across much of the earth affects people directly, by reducing the capacity to produce
the ecosystem services we need at a time of increasing demand through population
growth [31]. Back in the 1990s, global ecosystem services were valued in the order
of US$33 trillion per year globally [32].

The real benefit of the so-called ecosystems approach1 is that environmental
impacts can be looked at in the round in terms of overall impacts on human
wellbeing, asking whether the ecosystem services they provide outweigh any
environmental harm that they may give rise to. For bioenergy cropping, the pro-
vision of energy is quite clearly a major benefit, which should be taken into
account alongside environmental impacts. This is a much more holistic approach
than environmental risk assessments.

However, there are limits. While there is a great deal of research into the
valuation of ecosystem services in order to allow better weighting among different
costs and benefits [34], such valuation is both difficult and contentious. This is
because such values change between people, from place to place and over time.

A second problem is that knowledge of relationships between ecosystem ser-
vices and the underlying ecosystem processes varies greatly. For provisioning
services, including provisioning of food and bioenergy, plant growth results in
crop yield, which is harvested and made available to people, subject to losses in
the food chain. This is a simple, well quantified, linear relationship. By contrast,
the relationships between pollinator numbers and crop yield is far less clear cut,
while the aesthetic value given to agricultural landscapes varies over time [36].
While the ecosystem approach has a great deal of potential, the science base is not
yet ready to use economic valuation of ecosystem services to determine the
benefits of bioenergy projects.

1 Several other environmental and sustainability analyses are similar to the ecosystems approach,
in scope and intention, if not in method. The jargon can be quite confusing, not least because
some words, e.g. sustainability, mean very different things to different people [33].
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1.2.5 Post-Market Monitoring and Analysis

The approaches discussed above all assume some prior knowledge of the envi-
ronmental risks; by definition, it is not possible to address unknown effects in
advance. Therefore, there is a place for ongoing studies even once the crop has
been introduced. Such studies are of two types; there is monitoring of the crop
itself, and there is also ongoing environmental surveillance.

Whether a crop is monitored after its commercialisation depends on commer-
cial, regulatory and research interests. Such monitoring can be as simple as a
questionnaire for farmers.

There are many national and international programmes of environmental sur-
veillance, looking at (for example) GHG inventories, biodiversity, water quality,
agricultural and forestry statistics and land cover change. Such inventories address
the environmental parameters of major policy interest, and should therefore reveal
whether an environmental change, such as the introduction of bioenergy crops, is
having, or has had, a major environmental impact. The problem is that it is often
impossible to ascribe changes recorded by such surveillance to particular causes.

However, statistical analysis can identify plausible explanations. For example,
it was suggested that the falling numbers of farmland birds observed in the 1970s
and 1980s in the UK were due to agricultural intensification. This was tested by
using multivariate techniques to relate 31 variables describing agricultural prac-
tices in England and Wales to bird numbers on farmland on an annual basis
between 1962 and 1995. It was concluded that the large shifts in agricultural
management between 1974 and 1991 gave a plausible explanation for the declines
in farmland birds at this time [37]. Similarly, the reduction in diversity observed in
wild plants in the UK during the late twentieth century [38] was more concentrated
among those species that thrive in nutrient poor conditions, implying that
increasing inputs of nitrogen into the environment was a potential cause; further
analysis suggested that this was due largely to agriculture with a smaller com-
ponent arising from atmospheric deposition from motor vehicles and industry [39].

To summarise, methods are in place for quantifying individual environmental
impacts of individual bioenergy projects. However, it is difficult to quantify all
major environmental impacts, not least because they are so sensitive to variation in
environment and management. Far fewer data are needed to look at the environ-
mental impacts of bioenergy relative to another land use, e.g. primary forest,
agricultural fields or abandoned land. This is particularly true for biodiversity.
Ecologists talk of enhanced or reduced biodiversity, more than absolute numbers
of species or individuals. This is partly because biodiversity encompasses the
diversity of genotypes, species and ecosystems, making absolute quantification of
any ecosystem impossible; ecologists must use sampling techniques, and these
tend to address the more visible taxa (higher plants, vertebrates, the larger
invertebrates), and partly because any experimental evaluation entails compari-
sons. It is also because ecological impacts tend to be concerned with changes.
Identical bioenergy crop systems would have a very different environmental
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footprint if one has displaced species-rich primary forest, while the other has
displaced abandoned, degraded agricultural land.

It is therefore necessary to identify potential environmental impacts, to prior-
itise on those particularly important (which may differ from place to place), to
quantify them using indicators that are both locally appropriate and are consistent
with national reporting frameworks [40], and compare them against some form of
baseline or reference system.

2 Major Environmental Impacts of Bioenergy Crops

There is a very wide range of environmental impacts from any change in land use,
and these vary greatly from place to place. Bioenergy cropping is no exception.
Here the major impacts are discussed, but this list is far from exclusive and
inevitably does not address detailed variation.

2.1 Competition for Land

The main ecosystem service provided by bioenergy cropping is the provisioning of
fuel; the greater the energy yield of the fuel per unit hectare, the greater the
ecosystem service. Yield varies between crops, soils, climates and management,
with sugar cane, sugar beet and oil palm generating the highest yields of biofuel
per unit area [41]. Evidence is accumulating that actual yields of ethanol and
biodiesel from biofuel crops globally is typically less than has been reported on the
basis of individual sites; there seems to be a yield gap between what can be
achieved and what is often achieved in practice [41].

An important potential problem of growing bioenergy crops is that it might be
at the expense of producing something else, in particular food. There is consid-
erable concern that as the global need for food increases [42], agricultural land has
been transferred from food to bioenergy production, which may result in indirect
loss of primary forest for further food production [43]. It is not at all clear how
such indirect impacts should be estimated [29].

In general, bioenergy crops that produce sugars give a high yield per unit area,
and bioenergy from food crop species give low yields. Second generation crops are
intermediate, but can be grown on land unsuitable for food production (Table 4)
[44]. While there have been several attempts to analyse and model how much land
might be available for bioenergy cropping (e.g. [45]), they, like all such models,
have very high uncertainties associated with fluctuations in markets, technologies
and policies. It is therefore unwise to rely on such forecasts for detailed planning;
better simply to accept that competition between provisioning of food and of
bioenergy threatens both food and energy security, and should be avoided wher-
ever possible. One way is to utilise those elements of agro-ecosystems not
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providing food, such as growing crops on degraded and abandoned land. This is
not a global solution in itself; Cambpell et al. [46] estimate that less than 8% of the
global energy demand can be generated this way. However, bioenergy can also be
generated from mixed cropping systems, from crop, forest and urban wastes, either
as biomass or biogas [43] (Table 1) and, potentially, from algae, that is highly
productive per unit area (Table 4).

2.2 Climate Regulation

Bioenergy crops have the potential to improve the regulation of climate through
reductions in GHG emissions, by drawing upon atmospheric carbon dioxide, as
opposed to carbon dioxide that has been fossilised and buried for millions of years
as coal, gas and oil. Whether or not such potential is being realised is a highly
controversial issue. The two most important issues are the potential loss of carbon
from soil and vegetation as a result of conversion of land to bioenergy cropping
from other sources, and the GHG balance once the cropping system is established.

Carbon is stored in both soil and standing vegetation; the amount of carbon
released during land use change depends on soil condition (the more the organic
matter in the soil, the higher the level of carbon) and the previous land use (the
greater the biomass of vegetation, the greater the carbon). Land clearance can
result in influencing regional climate directly, and the subsequent oxidisation of

Table 4 Bioenergy crops ranked on the basis of land use and nitrogen intensity to harvest 1,000
GJ energy; there is much variation and uncertainty in these figures, which is why some have been
ranked together even though the mean estimated values differ slightly [44]

Land use intensity (ha/1000
GJ)

Rank Nitrogen Intensity (kg N/1000
GJ)

Rank

Algae 0.3 1 1,100 11
Sugar Beet 1.9 2 460 8
Sugar Cane 2.3 2 110 2
Oil Palm 3.0 4 440 8
Miscanthus 4.2 5 210 5
Willow 5.3 6 90 1
Corn 4.9 6 490 8
Sweet

Sorghum
6.1 8 390 7

Switchgrass 6.5 8 300 6
Birch 6.8 8 160 3
Poplar 7.2 8 160 3
Grain

Sorghum
16.2 12 1,000 11

Rapeseed 16.5 12 1,400 12
Soybean 20.2 13 3,900 13
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carbon in the soil can go on for over 50 years. This loss of carbon, the so-called
carbon debt, needs to be repaid by GHG savings through the reduced use of fossil
fuels before there is a net beneficial effect on climate regulation. The conversion of
peaty tropical forests may take over 400 years of biofuel production before there is
a net gain [47], Additional carbon debts can be incurred as the infrastructure and
processing of the plant are constructed. By contrast, the use of degraded agri-
cultural land carries little or no carbon debt, and the use of perennial crops is likely
to result in carbon sequestration as the soils become richer in organic matter.

GHGs are released when the fuel is used to produce energy. They are also
released during the manufacture and distribution of fertilisers and pesticides,
during the cultivation of soil and other farming operations, and during the distri-
bution of the crop. The greenhouse gases nitrous oxide (N2O) and methane (CH4)
are much more potent than CO2. N2O has a CO2 equivalent value (CO2e) of 296
and can be released from the soil during cultivations, and by the manufacture of
inorganic fertilisers. Those crops with a high nitrogen requirement, e.g. oil seed
rape and maize, release more N2O, potentially outweighing the benefits of savings
in carbon [48]. Methane is 23 times as potent a greenhouse gas than CO2, and is
released during the breakdown of forage in the guts of livestock, and from their
slurries and manures. Bioenergy production may reduce methane emissions, partly
by using organic wastes (including livestock manures) as feedstocks for anaerobic
digestion and potentially by bioenergy cropping replacing livestock as a use of
lower grade agricultural land.

As stated above, the standard approach to estimate GHG emissions is life
cycle analysis (LCA). For example, Adler et al. [49] used simulation models to
compare GHG emissions for a range of bioenergy crops and cropping systems in
Pennsylvania. They found that all systems provided net GHG savings, with N2O
production as the largest source of GHGs, and the displacement of fossil fuel
providing the greatest sink of GHGs. The biggest savings were to be made by the
second generation crops, switchgrass and poplar: these had the highest biomass
yield, displacing more fossil fuel.

2.3 Nutrient Cycling

Food production entails the incorporation of nutrients by plants, to be passed on
into the human diet. High levels of agricultural production have been achieved
using chemical fertilisers, the manufacture of which is energy-intensive, releasing
GHGs. Nitrogen and other nutrients may be lost as residues of the crop, as live-
stock manures and slurries and as food wastes. Such nutrients are either resources
for future plant growth or potential sources of atmospheric pollution. Excess
nutrients can be lost to the atmosphere and water courses, giving rise to GHG
emissions and eutrophication. Soil disturbance can give rise to erosion and sedi-
ment loss and loss of phosphorus into watercourses, also resulting in eutrophica-
tion. Therefore, the environmental footprint of bioenergy crops is improved when
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the use of chemical fertilisers is low, soil disturbance is avoided and the risk of
losses of nitrogen and phosphorus are minimised.

Nutrient requirements for first generation crops grown for energy can differ
from the equivalent food crops, as the desired levels of protein may differ, but they
are still high compared with other bioenergy crops ([44]). SRC and Miscanthus
have low nitrogen requirements per unit energy (Table 4) because they typically
need fertilisation only during establishment, depending on soil conditions etc.
Levels of nitrate leaching are high during soil disturbance during planting and
grubbing up, but these are offset by low levels during the 15–30 years of growth
and cultivation [50]. It is possible to plant SRC in locations which can use nitrogen
leached from crops located upslope, thereby improving water quality. Sugar cane
also has low requirements (Table 4), which may be reduced further as some
varieties can obtain nitrogen from associated bacteria [51].

Plant residues, livestock manures and slurries, food wastes can be used as
biofuel, and the digestates and ashes left after fuel production returned to the land,
recycling some of the nutrients. It has been estimated that unused crop residues
could account for over 3% of the EU’s energy consumption [52], although the
harvesting of residues over the medium term can reduce soil carbon. Also, there is
scope for using treated sewage as a fertiliser of bioenergy crops because they do
not enter the human food chain.

2.4 Water Footprint

Rising populations, increasing demands for agriculture and changing climates are
all putting pressure on global freshwater supplies. Indeed, water shortages are
more likely to limit global food production than land shortages in the coming
decades [53]. The water footprints of bioenergy crops are therefore an essential
component of their environmental impact.

Gerbens-Leenes et al. [54] recently reviewed the water footprints of major
bioenergy crops on a national basis. Not surprisingly, different crops varied in how
much water they required per unit of energy, with sugar beet, sugar cane and
potato being particularly efficient. It takes a mere 1,400 L of water to produce 1 L
of ethanol from sugar beet, compared with 9,800 L of water to produce the same
amount of ethanol from sorghum [54]. These values are far higher than for fossil
fuels and non-biological renewable energy sourses [55]. If crop yields are high,
water footprints tend to be low, and vice versa [54]. There is a great deal of
variation between countries (Fig. 4), and by implication, much more variation
within countries.

Second generation crops also have very variable water footprints. Field trials
indicate that Miscanthus can reduce drainage by over 30% compared with maize
cropping in Illinois [56]; there is evidence that SRC takes more water than arable
crops, and about the same as woodland, but the data are too limited to be con-
clusive [57]. Such results are hardly surprising; water utilisation is a function of
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evapotranspiration, which in turn is a function of leaf area and length of growing
season. Some plants found in arid areas, e.g. Agave, use crassulacean acid
metabolism that makes them particularly efficient in water use and of potential
value for bioenergy production [58].

Overall, the impact on water supplies depends on the previous land use, the
scale of change and the choice of crops. A large scale switch from arable crops to
perennial bioenergy crops is likely to result in increased water demand.

2.5 Biodiversity Conservation

The impacts of bioenergy cropping on biodiversity need to be considered at
different scales: the biodiversity within the crop, the biodiversity of the landscape
and catchment, and biodiversity at wider scales [13].

Biodiversity within the crop depends on the choice of crop and how it is
managed as well as the environmental context. In general, the greater the structural
complexity of the crop and more similar to pre-existing semi-natural or natural
vegetation in the area, the greater the biodiversity.

The biodiversity of the first generation crops is similar to that of the same crops
used for food or fodder, with differences due to different levels of fertilisers and,
especially, herbicides and pesticides. The crop itself can have an impact on bio-
diversity, for example, if there is the potential for gene flow with wild relatives

Fig. 4 Lowest national value (light blue), weighted-average global value (mid-blue) and highest
national value (dark blue), of the water footprint for ten crops used to produce ethanol. Units in
m3 of water required to produce 1 GJ of energy from ethanol. Redrawn from [54]
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[13]. It is also possible to design biodiverse plant assemblages as feedstocks,
notably species-rich grass mixtures that can support invertebrates [7].

In temperate second-generation crops, the more complex the structure the
greater the biodiversity, thus SRC willow stands hold higher densities of birds than
SRC poplar, while mixed stands have higher densities still [59]. In the UK, SRC
willow holds more individuals and more species of birds than arable and grassland
fields in the same landscapes [61], while the denser and structurally simpler
Miscanthus supported around the same numbers of birds as nearby grass and
arable fields, albeit with a slightly different balance of species [62].

Weed control is often required to reduce competition from the ground vege-
tation with the crop. However, the ground flora is at the bottom of many ecological
food chains, and hence strategies are needed to maintain productivity without
removing this important food source for invertebrates, mammals and birds. In
arable crops, this can be achieved using unsprayed areas [22] or selective herbi-
cides [63]. In perennial crops, the most severe competition is during establishment,
and ground vegetation may be allowed, or even encouraged, subsequently [59],
although it will not thrive if the crop canopy is too dense. SRC plantations are
often rich in invertebrates, but some of these are pests, which may result in the use
of insecticides. This should be minimised so as not to impact the other species, and
also to facilitate biological control of insect pests by natural enemies [59].

The same principles apply to bioenergy crops in the tropics; greater structural
and temporal diversity enhances biodiversity as long as it mimics the conditions
found by those species already in the landscape at least to some extent. As in
temperate regions, much depends on what the bioenergy crop replaces, and the
landscape in which it is placed. However, temperate landscapes have typically
been highly transformed for agriculture, with the more biodiverse areas usually
protected from further development. In the tropics, this process of transformation
is still proceeding, with biodiversity being lost largely through loss of habitat but
also through increased conflicts between human and conservation interests and
the spread of invasive plants. Indeed, the potential for some second generation
bioenergy crops to be invasive is, unfortunately, high [59]; trees of the genus
Prosopis planted for biofuels have now invaded over 4 million ha in Africa, with
serious consequences for biodiversity, as well as for water supplies and agri-
culture [60].

In Asia, the current generation of bioenergy crops are thought likely to increase
pressure for land use change, and do not provide good quality habitat compared
with land covers they are thought likely to replace [64]. Plantations of palm oil
support only half the numbers of vertebrates as primary forest, and fewer than
secondary forests, as they tend to be even-aged monoculture stands [65]. While
bird species number can be improved by retaining an understory [66], the strategy
of retaining forest fragments in plantations is less effective for conservation of
biodiversity than the protection of whole forests [67].

At the landscape scale, the spatial arrangement of crops can make a difference
to species richness and abundance. Biodiversity tends to be greatest at the edge of
temperate second generation bioenergy crops, where they abut other habitats
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including farmland, hedgerow or woodland. Therefore, biodiversity is increased by
a mosaic of bioenergy crops and other land uses, with rotations and, ideally, a
diversity of clones of bioenergy crops [59]. Such management brings diversity to
the landscape which, in general, increases the biodiversity of agricultural land-
scapes [39, 68]. Thus, for example, the use of marginal land in mid-western USA
for second generation bioenergy crops is thought likely to enhance bird species
richness, while its use for arable bioenergy crops is likely to reduce bird diversity
by reducing the diversity of habitats [69].

At wider scales, the concern is the loss of biodiverse habitats to make way for
bioenergy cropping, directly or indirectly. Thus, the rapidly increasing areas of
palm oil are accelerating deforestation and species loss in southeast Asia [70], and
there are concerns that increased cultivation of sugarcane may lead to deforesta-
tion in Brazil [71].

3 Towards More Sustainable Bioenergy Cropping

Of the many potential environmental impacts of bioenergy production, two are
particularly important at the global scale, one potentially positive and the other
potentially negative. The positive impact is the replacement of fossil fuels by
renewable energy, that should result in reduced GHG emissions, reducing the rate
and severity of climate change [72]. The negative impact is that major expansion
of cropped land to make way for this increased production may influence climate
and water regimes, will be at the expense of biodiversity, landscape quality and
cultural heritage, and may release a great deal of GHG emissions. The perfect
bioenergy cropping system, therefore, is productive in net energy terms per unit
area; has low requirements for water and nutrients across the life cycle; provides
habitat for biodiversity; and can grow on low grade, carbon poor soils, and can
therefore be grown on degraded and marginal land.

At the field and farm level, the environmental impacts will depend largely
upon the choice of crop, what the crop will replace, crop management and the
land use context. The most damaging direct impacts will typically result from
the loss of carbon through disturbance of soils and pre-existing vegetation and
the use of invasive bioenergy crops; indirect impacts arise if new land is brought
into production. Benefits can be realised if the crops support native biodiversity,
and are sited so as to intercept excess nutrients running from other areas of land.
Delivering such benefits often requires taking landscape structure into account.
Milder et al. [73] draw upon the ideas of landscape ecology to suggest guiding
principles for obtaining environmental benefits from fitting bioenergy cropping
into landscapes; they include promoting spatial heterogeneity and landscape
connectivity to increase biodiversity and to make it easier for plants and animals
to move between habitat patches; land suitability, including use of degraded
land; low input, perennial and mixed species systems. These principles apply to
different extents depending on the scale of farming [73], and they are most likely
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to be successful if applied in partnership with local stakeholders [74] supported
by knowledge exchange.

At larger scales, the major challenge is to address the trade-offs between bio-
energy production and other forms of land use, and how to manage them using
policies and other instruments. These need to be realistic about how much energy
is likely to be produced without competing directly with food production or
resulting in large-scale loss of primary forests. For example, it has been concluded
that around 1.5 million hectares of Miscanthus, SRC willow and poplar could be
grown in England and Wales on land less suitable for food production, yet this
large area would only deliver 2.6% of UK’s energy needs by 2020 [75]. As we
have seen, there may only be enough abandoned and low-grade agricultural land
available for biofuel crops to supply around 8% of current global energy demand
[46]. Furthermore, the expansion of bioenergy cropping in some parts of the world
may prove unsustainable under future climates [76]. Clearly, bioenergy cropping
can only ever be part of the energy mix.

While bioenergy cropping has the potential to deliver environmental harm, it is
becoming clear that it can deliver environmental and economic benefits. For the
benefits to be delivered, bioenergy production systems should be analysed using
different approaches according to the need, combing risk assessments, experi-
ments, holistic analyses and monitoring. Furthermore, bioenergy cropping should
be seen as part of a wider strategy for the efficient use of land, energy, food, water
and natural resources, and such a strategy must address demand as well as supply,
and needs to be tailored to the land management systems already in place.
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Key Issues in Life Cycle Assessment
of Biofuels

Anoop Singh and Stig I. Olsen

Abstract The production of sustainable bioenergy is a challenging task in the
promotion of biofuels for replacing the fossil based fuels to get cleaner environment
and also to reduce the dependency on other countries and uncertainty of fuel price.
One biofuels might be very attractive for heat production and not so attractive for
electricity and transport purposes. The commercial-scale production of biofuels
requires careful consideration of several issues that can be broadly categorized as:
selecting biomass, cultivation technology, growth inputs (nutrients, water, etc.) and
biofuel conversion technology. The life cycle assessment (LCA) is a tool that can be
used effectively in assessing various biofuels for their sustainability and can help to
policy makers to choose the best biofuels for specific purpose. Allocation method is
very important in assessing the sustainability of biofuels as different allocation
methods responded differently. The present chapter is an effort to highlight the key
issues to consider in conducting an LCA for biofuels.

1 Introduction

The increasing industrialization and motorization of the world has led to a steep rise
for the energy demand, especially fossil fuels [1]. Global total primary energy supply
has almost doubled since 1974, rising to 1,200 mtoe in 2007 in which fossil fuels
accounted 80% share including 34% oil alone [27]. The global CO2 emissions from
the fuel consumption have increased by 88% since 1974 and rose to 29.4 Gt of CO2 in
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2008, of which 22% is emitted by transport sector [28]. The fossil fuel reserves are
becoming exhausted and found major greenhouse gas (GHG) emissions contributor
on the consumption offossil fuels to fulfill the energy demand [42, 50, 58, 59, 73] that
leads to various environmental challenges including climate change, receding of
glaciers, rise in sea level, loss of biodiversity, etc. [21]. Increasing energy demand
leads to an increase in crude oil price that directly affected to global economic
activity [23]. A worrying statistic is that global production of oil and gas is
approaching its maximum and the world is now finding one new barrel of oil for every
four it consumes [2]. All these concerns related to energy security, environment and
sustainability have led to a move toward alternative, renewable, sustainable, efficient
and cost-effective energy sources with lesser emissions.

Renewable energy can play a crucial role in dealing with energy security,
eco-friendliness and climate change issues at global and national levels [50, 51,
62–64, 70]. Renewable and carbon neutral biofuels are necessary for environmental
and economic sustainability. Hence, as an alternative to fossil fuels, biofuels have
been portrayed as a future leading supplier of energy sources that have the ability to
increase the security of supply, reduce the vehicle emissions and provide a steady
income for farmers.

The life cycle assessment (LCA) of biofuels is the key to observe their sustain-
ability. There is a need to conduct LCA of biofuels production system on the basis of
their local conditions, as one biofuels cannot be sustainable for all geographic
locations, due to variations in resource availability, climate, environmental,
economical and social conditions, policies, etc. Therefore, LCA can be used as a tool
to assess the sustainability of various biofuels for different locations. Various LCA
studies varies in defining the various criteria, such as, scope and goal, system
boundary, reference system, allocation method, etc. The present chapter is an effort
to highlight the key issues that could be kept in mind to conduct an LCA of biofuel
production system to get a more holistic perspective of their sustainability.

2 Necessity of Biofuels

The fossil fuels accounted major share in the global primary energy consumption
and the fossil fuels use is now widely unaccepted as sustainable fuel due to
depleting resources and higher emission of GHGs in the environment that already
have exceeded the ‘‘dangerously high’’ threshold of 450 ppm CO2e [56]. This
leads to develop abatement techniques and adopt policies to promote those
renewable energy sources which are capable in sequestering the atmospheric CO2,
to minimize the dependency on fossil reserves and also to maintain environmental
and economic sustainability [5, 50, 51, 63, 64]. The recent research activities are
intensively focused on renewable fuels in order to fulfill the increasing energy
demand and to reduce the fossil fuels consumption and dependency either in order
to provide local energetic resources and or as a means for reducing GHG emissions
to reduce the climate change effects [60, 61].

214 A. Singh and S. I. Olsen



The biomass-based fuels can be a possible solution for all these issues related to
energy production and consumption, as they are renewable by nature, and there are
possibilities to use them for heat, electricity and transportation fuel, with little
change to current technologies and have significant potential to improve sustain-
ability and reduce GHG emissions [7]. An increasing number of developed and
developing countries found biofuels as a key to reducing reliance on foreign oil,
lowering GHG emissions and meeting rural development goals [16, 48]. Several
biofuels were proposed to displace fossil fuels in order to eliminate the vulnera-
bility of energy sector [37, 45, 50, 51, 63, 64]. Research on improving biofuels
production has been accelerating for both ecological and economical reasons,
primarily for its use as an alternative to petroleum-based fuels [50]. In recent
years, the use of liquid biofuels in the transport sector has shown rapid global
growth, driven mostly by policies focused on achievement of energy security, and
mitigation of GHG emissions [26].

3 Importance of Sustainability

Sustainable development can be defined as, the fulfillment through the optimal
use of any available source within a production system. Energy conversion,
utilization and access underlie many of the great challenges associated with
sustainability, environmental quality, security and poverty [37, 38]. World
Commission on Environment and Development defined the term ‘sustainability’ as
‘‘the development that meets the needs of the present without compromising the
ability offuture generations to meet their own needs’’ [66]. Sustainability assessment
of products or technologies is normally seen as encompassing impacts in three
dimensions i.e. social, environmental and economic [13]. These three dimensions
form the backbone of sustainability standards. To replace the fossil fuels with
biofuels, there is a need to maximize the environmental and social value of biofuels
that is also important for the future of biofuels industry and market potential depends
on being cost competitive with fossil fuels (Fig. 1). These three interrelated goals
must stay in balance for biofuels to remain sustainable.

The sustainability of biofuels production depends on the net energy gain fixed
in the biofuels that depends on the production process parameters, such as land
type where the biomass is produced, the amount of energy-intensive inputs and the
energy input for harvest, transport and running the processing facilities [22],
emissions and their production cost. The most used indicators to measure the
biofuels sustainability includes life cycle energy balance, quantity of fossil energy
substituted per hectare, co-product energy allocation, life cycle carbon balance and
changes in soil utilization [57].

Gnansounou [18] suggested that due to the multi-dimensional impact of biofuels,
the sustainability impact assessment of policies is as relevant as the sustainability
assessment of production pathways and regulatory impact assessment. Sustainability
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evaluation of biofuels is a multicriterial problem; the main indicators for a sustain-
able biofuels are pointed out by Silva Lora et al. [57] as follows:

• To be carbon neutral.
• Not to affect the quality, quantity and rational use of available natural resources.
• Not to have undesirable social consequences.
• To contribute to the societal economic development and equity.
• Not to affect the biodiversity.

The major factors that will determine the impacts of biofuels include their
contribution to land-use change, the feedstock used, and technology use and scale
of production. In order to ensure net societal benefits of biofuels production,
governments, researchers and companies will need to work together to carry out
comprehensive assessments, map suitable and unsuitable areas, and define and
apply standards relevant to the different circumstances of each country [46]. The
sustainable biofuel production is directed by environmental impacts (direct and
indirect), economic viability including societal and political acceptance. Yan and
Lin [69] revealed that the interactions among various sustainability issues make
the assessment of biofuel development difficult and complicated. The complexity
during the whole biofuel production chain generates significantly different results

Environmental

GHG emission
Carbon stocks changes

Air,water and soil quality
Water use
Biodiversity

Social

Employment
Land issues

Food security
Small holder integration
Impact on communities

Economic

Cost effective
Energy security
Self sufficiency

Financing

Sustainable 
Biofuel

Fig. 1 Economic, social and environmental aspects of sustainable biofuels (Adopted from [29])
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due to the differences in input data, methodologies applied, and local geographical
conditions. The LCA can be used as an effective tool for addressing environmental
sustainability issues.

4 Life Cycle Assessment

LCA is a tool to assess the environmental impacts and resources used throughout a
product’s life cycle and consider all attributes or aspects of natural environment,
human health and resources [37] and can be defined as a method for analyzing and
assessing environmental impacts of a material, product or service along its entire life
cycle [32]. The complete life cycle of the biofuels includes each and every step from
raw material production and extraction, processing, transportation, manufacturing,
storage, distribution and utilization of the biofuel. In addition, the life cycle stages
can have harmful effects or benefits of different environmental, economical and
social dimensions, due to these facts; the complete fuel chains from different
perspectives is of crucial importance in order to achieve sustainable biofuels [40].

The LCA methodology can be useful to acquire a comprehensive knowledge of
the environmental impacts generated by industrial products during their whole life
cycle [10]. LCA has been the method of choice in recent years for various kinds of
new technologies for bioenergy and carbon sequestration. LCA is a universally
accepted approach of determining the environmental consequences of a particular
product over its entire production cycle [44].

Various scientists have employed LCA on biofuel production systems [4, 17,
19, 36, 54, 72] and some useful results considering the factors (e.g. biomass,
technologies, use, system boundary, allocation, reference system, etc.) affecting
the outcome of the analysis have been obtained [63]. Gnansounou et al. [19]
also stated that monitoring reduction of GHG emissions and estimations of
substitutional efficiency with respect to fossil fuels is subject to significant
uncertainty and inaccuracy associated with the LCA approach.

Reinhard and Zah [54] distinguished the two main approaches of LCA, i.e. the
attributional and the consequential approach; both approaches differ with respect
to system delimitation and the use of average versus marginal data. Attributional
LCA describes the environmentally relevant physical flows to and from a life cycle
and its subsystems, while consequential LCA describes how environmentally
relevant flows will change in response to possible decisions [12]. Attributional
LCA is limited to a single full life cycle from cradle to grave and consequential
LCA is not limited to one life cycle, it uses system enlargement to include the life
cycles of the products affected by a change of the physical flows in the central life
cycle. The co-production has to be treated by applying allocation factors in
attributional LCA, while in consequential LCA allocation is avoided as marginal
data is used instead of average data in attributional LCA. Marginal data is
represented by the product, resource, supplier or technology, which is the most
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sensitive to changes in demand and economic value criteria are used to identify the
marginal products [12, 54].

Zah et al. [71] suggested two assessment steps to conduct a LCA of a biofuel,
i.e. the modeling of the life cycle inventory (LCI) by quantifying all relevant flows
of materials and energy along the value chain and the environmental impact
assessment that evaluates the impacts of all materials and energy flows. For an
LCA of biofuel, cultivation is the most relevant step followed by the processing of
the biofuel, and transport of the fuel is of minor importance [71, 72].

LCA of biofuel production system requires a careful design regarding the goal
and scope definition, choice of functional unit, reference system, system bound-
aries and appropriate inventory establishment and allocation of emissions in
products and byproducts. The main problems associated with an LCA study is
summarized in Table 1. Larson [39] describes four input parameters to cause the
greatest variation and uncertainties in LCA results of biofuel production, namely:
climate-active plant species (species with ability or otherwise to adapt to climate
change); assumptions about N2O emissions; the allocation method for co-product
credits; and soil carbon dynamics.

4.1 Goal

The first step of LCA is to define the goal of the study. The goal is very important
as the method depends on the goal which can influence the result of the study and
provide an incorrect conclusion. The goal should unambiguously state the pro-
posed application of the results, including the reasons for conducting the study and

Table 1 Main problems associated with an LCA study (Adopted from [52])

LCA steps Problem

Goal and scope • Functional unit
• Boundary selection
• Social and economic impacts
• Alternative scenario (reference system) considerations

Inventory analysis • Allocation
• Negligible contribution (‘cutoff’) criteria
• Local technical uniqueness

Impact assessment • Impact category and methodology selection
• Spatial variation
• Local environmental uniqueness
• Dynamics of the environment
• Time horizons

Interpretation • Weighting and valuation
• Uncertainty in the decision process

All • Data availability and quality
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the intended audience (to whom results are intended to be communicated). Wenzel
et al. [67] stated that goal definition should answer the following three questions:

1. For what will the results of the LCA be used?
2. What decisions can be made on the basis of the LCA?
3. What is the nature and extent of these decisions?

The main goal for LCA of biofuels should be to evaluate the environmental
impacts of the system and to quantify the ecological benefits from the replacement of
the conventional or reference system. The results of such study can be utilized by
policy maker and consumers to determine the optimum eco-friendly biofuel [63].

For an LCA study of biofuels, the goal can be defined as; the goal of the LCA
is to identify options for improving the environmental performance of biofuels.
The results of the study will be used to develop best process for biofuel pro-
duction. The industrialist and policy maker will be able to analyze the effects of
replacing the fossil-based fuels, changes in their processes (technology), inputs
and product composition on the total environmental impact. The information
generated from the study, can be used to prioritize different measures for pro-
motion of biofuels that can improve the environmental performance from energy
consumption.

4.2 Scope

This step establishes the main characteristics of an intended LCA study and can be
defined as temporal, geographical and technology coverage, coverage of economic
processes, coverage of environmental interventions and impact categories, the
mode of analysis employed and the overall level of sophistication of the study in
relation to its goal. The scope should be sufficiently well defined to ensure that the
breadth, the depth and the detail of the study are compatible and sufficient to
address the stated goal. LCA is an iterative technique, therefore, scope may need to
be modified while the study is being conducted due to collection of additional
information [20].

For a study of algal bioethanol production in Denmark, the scope can be
described as to identify processes those requires improvement to make the pro-
duction system more sustainable (economically and environmentally) to replace
the fossil-based fuels. The data used in the study is representative of the present
state of technology in Denmark. The study uses the most recent data available
from 1990 to 2010. The study time is 12 person-months and a large proportion of
that is devoted to the collection of representative data of the most important
cultivation, harvesting, ethanol production, recycling of waste and upgrading
processes.
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4.3 Functional Unit

The functional unit describes the primary function(s) fulfilled by a product system,
and indicates how much of this function is to be considered in the intended LCA study
[20]. The functional unit depends on the goal of the study and for biofuels studies
must be expressed in terms of per unit output (i.e. kWh or km) basis. Functional unit
must be defined as closely as possible to the end-use of the product and must be in SI
system. For transport services the functional unit ought to be expressed in ‘per km
distance travelled’ (per tkm or per pkm) and should not be expressed in ‘unit energy at
fuel tank’ (per MJ); as mechanical efficiency varies from one fuel to another and from
one engine type to another [19, 63] and for residential or industrial services, func-
tional unit could be 1 kWh electricity or heat.

4.4 System Boundary

Different system boundaries among various studies of biofuel production have
caused considerable variation in LCA estimates since they vary not only according
to start and end points (e.g. well to tank and well to wheel) but also over space and
time in a way that can dramatically affect energy and GHG balances [9].
A uniform and clear determination of system boundaries should accurately
estimate the possible environmental impacts other than GHG emissions between
LCA for biofuels and conventional fuels [15]. Initial boundaries of the system are
determined by the goal and the scope of the analysis and inputs/outputs in the unit
processes are linked within the boundaries of the system [63].

The main ambition of most LCA study of biofuels is comparing biofuels with
their fossil substitutes. The utilization stage is very crucial because the final energy
produced from tank for a given end-use (transport/heat/electricity) depends on the
combustion performances of that engine using that fuel [19, 49, 64]. Researchers
used different system boundaries to compare environmental impact of biofuels
with fossil fuels, e.g. the ‘well to tank’ system [14, 41], and ‘well to wheel’ or
‘cradle to grave’ system [49, 65]. Inconsistency of system boundaries in LCA
analysis of biofuel production system through omission of the production of
various inputs and utilization could cause a significant variation on the results of
LCA study. To understand and manage the energy efficiency of renewable energy
sources and related GHG emissions, the whole system should be considered [47].

Ekvall and Weidema [12] concluded in the ‘‘system boundaries and input data
in consequential LCI analysis’’ study that the boundaries of the system investi-
gated should ideally be defined at the point where the consequences are so small,
or the uncertainties so large, that further expansion of the boundaries will yield no
information that is significant for any realistic decision. In addition to the system
enlargements caused by displacement, the system must include the consequences
induced by co-products [54]. The consequences driven by co-products stemming
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from multifunctional processes are important to consider them in defining the
system boundaries. Ekvall and Weidema [12] have defined rules for system
enlargement driven by multifunctional processes.

The ‘well to tank’ approach is sufficient only for comparing various technol-
ogies for biofuel production, while ‘well to wheel’ (cradle to grave) is the best
approach for comparing utilization among different biofuels and/or with fossil
fuels. System enlargement by multifunctional processes can avoid consequences
caused by co-products of biofuel production system.

4.5 Reference System

The choice of reference system influences the results of LCA study; therefore it is
important to choose an identical reference system to the conventional system which
is targeted to replace with biofuels. The goal of the study determines the choice of the
reference system, e.g. whether biofuel is intended to replace conventional transport
fuel or coal for heat and electricity. A detailed description and impact analysis of the
reference system is mandatory for comparing the results.

System analysis is possible by comparing the biofuel system with a targeted
(conventional) reference system which is limited to a fossil fuel system, in most of the
biofuel’s LCA studies. In some cases misconceptions have been noticed, as in the
case when co-products from the biofuel production system replace an existing
product whose GHG balance is significantly different. In such case, a reference
substituted product should be defined. The same applies to the case when the
production of feedstock for biofuels uses land that was previously storing carbon
such as forests or grasslands. In this case, a ‘‘previous land use’’ baseline should be
taken under consideration for the determination of carbon emissions due to land-use
change [19]. The fossil reference system that used for the comparison of results
obtained in LCA of biofuels also produces the same products/services from fossil
reference system.

4.6 Inventory Analysis

In the Inventory analysis step, the product system(s) is defined, which includes
setting the system boundaries, designing the flow diagrams with unit processes,
collecting the data for each processes, performing allocation steps for multifunc-
tional processes and completing the final calculations [20]. A LCI is a process of
quantifying energy and raw material requirements, environmental pollution for the
entire life cycle of a product, process, or activity [55]. The inventory analysis
requires data on the physical inputs and outputs of the processes of the product
system, regarding product flows as well as elementary flows. Such data are mostly
collected on a case-by-case basis, with the help of the companies involved.
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In addition, there are a number of public data bases, which are used more gen-
erally, e.g. ecoinvent database, ELCD database, ETH database, BUWAL/SAEFL
database, etc. [20]. The outcome of the inventory analysis is the inventory table,
which is used in the impact assessment as an input.

LCA studies based on non-local inventory data may show inaccurate results,
basically due to the potential differences in the environmental performance of the
regions [6]. In order to account for these potential differences and apply inventory
data in the form most suitable to the local conditions, de Eicker et al. [10] has
summarized the following characteristics to generate an inventory database
identical to local conditions:

• All processes must be addressed individually, as unit processes of the life cycle
of the product, instead of a cumulative LCI where all steps are aggregated into
one single dataset.

• All datasets should be clearly documented and include all details, in order to
have a maximum transparency in the database.

• The database should provide different alternatives for the same product, related
to technological variations.

The inventory analysis requires very extensive data. The outcome of the study
totally depends on the availability and quality of the datasets. So that, there is a
great need to collection of standardized data, especially for background processes.
The main steps of inventory analysis include data collection and estimations,
validation of data and relating data to the specific processes within the system
boundaries. After the initial data collection, of which the source should be clearly
declared, the system boundaries can be refined as a result of decisions on exclusion
of sub-systems, exclusion of material flows or inclusion of new unit processes [63].
The validation of data as a mean of data quality improvement or the need for
supplementary data would improve the outcome of the analysis [34]. In support of
that statement, Monti et al. [41] mentioned that external data from the scientific
literature should be obtained for inventory enhancement and accurate represen-
tation of the system.

4.7 Impact Assessment

Onn and Yusoff [43] defined life cycle impact assessment (LCIA) is a method used
to derive the environmental burdens from selected stages of the product or service.
LCIA is structured in classification, characterization, normalization and weighting.
Impact assessment establishes a relationship between the product or process and its
potential impacts on human health, environment and sources depletion [55]. ISO
developed a standard for conducting an impact assessment entitled ISO 14042,
LCIA [31]. The first three steps (i.e. selection and definition of impact categories,
classification and characterization among others) are mandatory steps for the
determination of impact categories. Each impact category corresponds to an
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important environmental problem (e.g. eutrophication, depletion of non renewable
energy resources, ozone depletion, etc.). Characterization sorted all inventory data
into different impact categories according to their effect on the environment. The
inventory data within each category will be multiplied by a characterization factor
to differentiate the substances according to their severity as substances may have
varied severity. Normalization enables assessing the relative contribution of the
product’s impacts to overall contribution of existing impacts [33]. A normalized
score for a certain impact category is obtained by determining the ratio of the
category indicator result of the product and that of a reference system [24].
Weighting represents the relative importance of each impact and calculated by
multiplying all normalized impact categories with each weighting factors [33].

There is no standardized list of impact categories [30]. Guinée et al. [20] has
tabulated most of the impact categories in the ‘Handbook of LCA’. Wu et al. [68]
in a LCA of maize stover bioethanol considered global warming, carbon monoxide
(CO), volatile organic compounds (VOCs), nitrogen oxide (NOx), sulfur oxide
(SOx) and particulate matter with diameters smaller than 10 micrometers (PM10).
Monti et al. [41] in their LCA on energy crops fractionated human and environ-
mental toxicity into various classes (i.e. human, fresh water, marine and terrestrial
toxicity) and they did not include photochemical oxidation.

Most of the LCIA practices use European database to establish the character-
ization, normalization and weighting value, however, using European database for
LCA practice outside the Europe might not be able to reflect the actual environ-
mental scenario of that region. Therefore, it is essential to create a local database
of normalization and weighing values by using the pollution data collected from
the local area. This will provide a more representative value of pollutant loads
when applied in LCA studies of that area and enhance the accuracy of the results
obtained in the studies.

4.8 Allocation

Allocation is the process of assigning to each of the functions of a multiple-function
system only, those environmental burdens associated with that function [3].
Reap et al. [52] defines allocation as a procedure of appropriately allocating the
environmental burdens of a multi-functional process among its functions or prod-
ucts. Allocation step is one of the determining steps that how much of the envi-
ronmental burdens caused by the multi-functional process should be apportioned to
each product or function. The inappropriate allocations could lead to incorrect LCA
results. Ekvall and Tillman [11] mention eight allocation procedures that they
considered fair or reasonable based on the procedures underlying perspectives.
Curran [8] reviewed allocation approaches and concluded that no single method
provides a general solution.

ISO [31, 33] recommends, avoid allocation when possible either by dividing the
unit processes into sub-processes (substitution approach) and gathering the
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required environmental burden data and/or by expanding the product system
boundaries to include additional functions related to the co-products. The substi-
tution approach can be a fundamentally sound method which increases the scope
of LCA; it is not generally used if the main process does not include for
co-products, by-products or residues. If allocation cannot be avoided, allocate the
environmental burdens of each product based on their underlying physical rela-
tionships (e.g. carbon, energy, mass, volume, etc.). If allocation based on physical
relationships cannot be done, allocate the environmental burdens of each product
based on other relationships (e.g. economic value). However, this method is not
useful because prices are determined for a number of market factors that are not
related to the energy content [63].

Kim and Dale [35] in their study of ethanol production from various feedstocks
(i.e. dry and wet milling, soybean oil, soybean meal from soybean milling) adopted
an expanded system approach. They concluded that this approach could be used to
compare the environmental burdens associated with ethanol to those associated
with fossil fuel. However, this approach would be over elaborate for an LCA study
in which the goal is to compare the environmental burdens between different
ethanol production technologies. Gnansounou et al. [19] stated that the net GHG
emissions of ethanol production may vary with allocation method adopted (mass,
energy or carbon content or economy), with carbon content being the most
favorable and economy being the least favorable.

The choice of the allocation methodology is essential for the environmental
impact assessment. Since environmental benefits are the main reasons for
considering biofuels, it is important to grasp this and give special attention on
allocation in LCA studies of biofuels.

4.9 Interpretation

Interpretation is the step in which the results of the analysis and all choices and
assumptions made during the course of the analysis are evaluated in terms of
soundness and robustness, and overall conclusions are drawn. The main elements of
the interpretation phase are an evaluation and analysis of results and the formulation
of the conclusions and recommendations of the study [20]. ISO 14043 (2000E)
defines Interpretation as a systematic procedure to identify, qualify, check and
evaluate information from the results of the LCI and/or LCIA of a product system,
and present them in order to meet the requirements of the application as described in
the goal and scope of the study. It can be regarded as containing procedural steps
(e.g. completeness check) as well as numerical steps (e.g. sensitivity check).
The procedural approaches include all types of analyses that deal with the data and
results in relation to other sources of information, like expert judgements, reports on
similar products, intuition, reputation of data suppliers, etc. The numerical
approaches explore the data in different ways, to produce different types of ‘smart’
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data reduction that provides an indication of reliability, key issues, discernibility,
robustness, etc. [25].

Reap et al. [53] concluded that in interpretation, the aggregation is the domi-
nating problem and weighting or valuation of inventory or impact data is required
to produce a single figure of merit. Unfortunately, weighting and valuation
introduce subjectivity, subjectivity that is not always satisfactorily handled by
current methods in decision science. Inaccuracies and variability inherent in
modeled systems result in a high degree of aggregated uncertainty before reaching
to the interpretation step and making good decisions under this potentially severe
level of uncertainty is challenging.

5 Conclusions

LCA is a tool to define the environmental burdens from a product, process or
activity by identifying and quantifying energy and materials usage, as well as
waste discharges, assessing the impacts of these wastes on the environment and it
also evaluates the opportunities for environmental improvements over the whole
life cycle. The goal, scope and system boundaries should be defined well and a
functional unit should be expressed in an output based on energy associated with
energy systems. Well to wheel system is recommended for the assessment of
biofuels production system. Allocation by substitution or expended system or on
the basis of carbon content is recommended. Thus, an LCA of biofuels will help in
accessing their sustainability and adopting the policies for their promotions.
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