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Preface

Bioenergy is one of mankind’s most important natural en-
ergy sources. It dominated energy supply until the indus-
trial revolution and still plays an important role in many
countries. Today around 10 percent of the world’s primary
energy is derived from the use of biological materials. Its
potential is far beyond the present use even when we re-
strict development to observe a “food first” principle and
nature conservation objectives.

From a technology point of view, bioenergy is a versatile
fuel as it can be converted to all final energy forms such as
electricity, thermal energy or fuel. Contrary to many other
renewable energy sources it can be stored for a long time.
It is a local energy source which is available practically ev-
erywhere in different forms except for very harsh climatic
conditions. In addition, when properly utilized, bioenergy
is a highly sustainable energy source.

By nature biomass and bioenergy are strongly coupled
to ecosystems and both are closely linked to biodiversity
and development issues as well. Because of these link-
ages, bioenergy cannot be evaluated only from a technology
or energy supply point-of-view, but requires a multidisci-
plinary approach to estimating its utilization. This book
seeks to provide a multidisciplinary, “whole-picture” view
while at the same time identifying advances in the different
fields of bioenergy research and technology development.

Measures to reduce energy demand growth and the pro-
motion of bioenergy and other renewable energy sources
are nowadays cornerstones in climate and energy security
agendas around the world. Support for bioenergy is also in
many countries part of policy packages for promotion of ru-
ral development with intentions to improve energy access,
increase employment, and stimulate positive development
in agriculture and forestry. In this respect, bioenergy must
be a part of any serious green energy economy agenda.

The use of biomass for cooking, space heating, and light-
ing in developing countries presently accounts for roughly

80 percent of global bioenergy use. However, recently a
rapid increase in interest in other biomass uses for en-
ergy has emerged as countries contemplate steps to ad-
dress concerns about energy insecurity and climate change.
These so-called “modern” biomass uses for energy are so
far mainly restricted to the burning of municipal organic
waste, straw, wood and forest industry by-flows to provide
heat and electricity, anaerobic digestion of organic waste
to produce biogas, and the use of conventional agriculture
crops such as cereals, oil seeds, and sugar crops to produce
biofuels.

However, the technologies used for converting biomass
to fuels, heat and electricity continue to develop and can be
expected to change the way we produce and use bioenergy
products. Especially, emerging options for converting lig-
nocellulosic biomass into refined solid, liquid and gaseous
fuels gives access to new feedstock resources. New produc-
tion systems for lignocellulosic biomass offer a broadened
resource base. Perennial grasses and trees grown in short
rotations (both coppice and single-stem plantations) rep-
resent new feedstock supply options in agriculture. Sim-
ilarly, technology development in planting, silvicultural
treatments and biomass extraction support an increasing
biomass harvest from forests. This development will not
the least be important in the case of biofuels for transport,
which hitherto have been produced based on either easily
degradable organic waste or food/feed crops. While differ-
ent types of organic waste can be relatively cheap feedstock
sources, cultivated feedstocks cost more and the ones used
today make up a substantial part of the total production
cost of such biofuels.

In addition to technological development and new types
of feedstock for biomass, there are several other factors that
contribute to the utilization of biofuels such as renewable
energy related standards mandating the use of certain types
of biofuels as well as tax incentives and other measures
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associated with low carbon fuels policies, which also limit
the carbon intensity of biofuels.

The society’s “footprint” on Earth will inescapably ex-
pand in order to provide food, energy and materials for
an increasing human population. Yet, society expects that
emerging bioenergy systems should reduce impacts caused
by the existing - primarily fossil - energy systems, and
that policies are developed to address risks associated with
bioenergy implementation. Much attention is being di-
rected to the possible consequences of land-use change
(LUC), referring to well-documented effects of forest con-
version and cropland expansion into previously unculti-
vated areas, possibly resulting in biodiversity loss, in-
creased greenhouse gas emissions and degradation of soils
and water bodies. There are also concerns about risks
for negative social and economic impacts, including land-
use conflicts, human rights violations and food-security
impacts.

The management of natural resources to provide needs
for human society while recognizing environmental bal-
ance is the challenge facing society. As for other human
activities, governance of bioenergy development is much
about balancing trade-offs between partly incompatible
environmental and socioeconomic objectives. There are
currently several initiatives to develop sustainability cer-
tification systems. These may hedge against some of the
undesired consequences of expanding bioenergy systems
and promote a positive development where implemented
effectively. Complementary to sustainability certification,
there is a need to develop competitive business cases that
are efficient along the entire bioenergy supply chain, from
feedstock production to energy markets.

The policy challenge for those wishing to utilize the
planet’s bioenergy potential is complex. One clear prin-
ciple is balance striking the proper balance between spe-
cific energy and food needs, and more broadly between
socioeconomic development and environmental sustain-
ability goals. This challenge is fraught with uncertainties:
we cannot readily know if and to what extent the delicate
web of biodiverse life would be disturbed under different
utilization scenarios; and we do not know if social changes
in diet and family formation or international efforts to sig-
nificantly alleviate poverty and hunger will succeed in en-
abling greater use of bioenergy of certain kinds and on
certain scales. Risks embedded in these uncertainties are
large, leaving many researchers unsatisfied with our sta-
tistical ability to estimate them. When policy confronts
“wicked problems” like these, it is common to counsel that

we observe a precautionary principle in our actions and
aspirations. This second principle also has a large role in
shaping policy options. For example, “food first” and other
scenario evaluation approaches exemplify this thinking.
Several chapters in this book contribute to this understand-
ing, indicating that research has come a long way recently
in helping us to understand the bioenergy opportunity in a
precautionary manner.

Itis also important that policymakers consider the bioen-
ergy opportunity in an integrated manner as part of a mul-
tiprong strategy. There have never been “perfect’” or “silver
bullet” solutions in the energy field and we must be careful
not to examine bioenergy in a rarefied light which would
undermine its consideration altogether simply because we
want an outcome free of any risk. Precaution should lead
us to minimize the magnitude of adverse impacts while
also balancing the need for social change sufficient to
meet our pressing challenges of energy security and cli-
mate change. Precaution, balance and integrated thinking
are cross themes of this book and serve as guideposts for
its contribution to discussions of policy design and imple-
mentation.

This book offers an authoritative overview of opportuni-
ties and challenges associated with bioenergy utilization.
In addition to up-to-date and detailed information on key
issues for biomass supply and conversion to energy, the
book discusses conditions for the mobilization of sus-
tainable bioenergy supply chains and outlines governance
systems to support this mobilization.

The idea for this book came from the Publisher when
John Wiley & Sons established a new journal, the Wiley
Interdisciplinary Reviews: Energy and Environment,
which publishes review-type articles by authoritative
authors. This book is based on selected articles from this
journal. The initial vision and effort of Tony Carwardine
from Wiley was decisive for starting this book project.
He is now retired, but he provided helpful inputs into the
shaping of the book.

The Editors would also like to thank Peter Creaton,
Dan Finch, Ella Mitchell, Peter Mitchell, Faith Pidduck,
Kerry Powell, and Prachi Sinha Sahay from Wiley for
their valuable help during the different phases of the book
process.

Peter D. Lund
John Byrne

Goran Berndes
lacovos A. Vasalos



Contents

About the Editors

Preface

PART I: PROMISING INNOVATION IN BIOMASS CONVERSION

1

10

11

Metabolic Engineering: Enabling Technology for Biofuels Production
Mitchell Tai and Gregory N. Stephanopoulos

Hydrolysis and Fermentation for Cellulosic Ethanol Production
Charilaos Xiros, Evangelos Topakas and Paul Christakopoulos

Lipid-Based Liquid Biofuels from Autotrophic Microalgae: Energetic and Environmental
Performance
Lucas Reijnders

Catalytic Pyrolysis of Biomass for Transportation Fuels
Angelos A. Lappas, Kostas G. Kalogiannis, Eleni F. lliopoulou, Kostas S. Triantafvllidis
and Stylianos D. Stefanidis

Integrated Biomass Hydropyrolysis and Hydrotreating: A Brief Review
Martin Linck, Larry Felix, Terry Marker and Michael Roberts

Transportation Fuels from Biomass via Fast Pyrolysis and Hydroprocessing
Douglas C. Elliott

Biomass Gasification for Synthesis Gas Production and Applications of the Syngas
Reinhard Rauch, Jitka Hrbek and Hermann Hofbauer

Hydrogen Generation from Biomass Materials: Challenges and Opportunities
Pravakar Mohanty, Kamal K. Pant and Ritesh Mittal

Production of Renewable Hydrogen by Reformation of Biofuels
Paraskevi Panagiotopoulou, Christina Papadopoulou, Haris Matralis and Xenophon Verykios

Fischer-Tropsch Conversion of Biomass-Derived Synthetic Gas to Liquid Fuels
Andreas Helland Lillebo, Anders Holmen, Bjorn Christian Enger and Edd Anders Blekkan

Critical Factors for High Temperature Processing of Biomass from Agriculture and Energy Crops
to Biofuels and Bioenergy
Stelios Arvelakis and Emmanuel G. Koukios

ix

xi

11

33

45

57

65

73

93

109

131

149



vi

Contents

12

13

14

15

Second-Generation Biofuels: Why They are Taking so Long
Daniel J. M. Hayes

Separation Technologies for Current and Future Biorefineries—Status and Potential of
Membrane-Based Separation
Lan Ying Jiang and Jia Ming Zhu

Catalysis at Room Temperature: Perspectives for Future Green Chemical Processes

Frank Leung-Yuk Lam, Michael C. L. Li, Rock S. L. Chau, Rick A. D. Arancon, Xijun Hu and Rafael Lugue

Co-Firing of Biomass with Coal in Thermal Power Plants: Technology Schemes, Impacts,
and Future Perspectives

Emmanouil Karampinis, Panagiotis Grammelis, Michalis Agraniotis, loannis Violidakis

and Emmanuel Kakaras

PART II: CHALLENGES AND SOLUTIONS FOR BIOMASS SUPPLY

16

17

18

19

20

21

22

23

24

25

26

27

28

Bioenergy and Land Use Change—State of the Art
Goran Berndes, Serina Ahlgren, Pal Bérjesson, and Annette L. Cowie

Forest Energy Procurement: State of the Art in Finland and Sweden
Johanna Routa, Antti Asikainen, Rolf Bjorheden, Juha Laitila and Dominik Réser

Options for Increasing Biomass Output from Long-Rotation Forestry
Gustaf Egnell and Rolf Bjorheden

Recovery Rate of Harvest Residues for Bioenergy in Boreal and Temperate Forests: A Review
Evelyne Thiffault, Ariane Béchard, David Paré and Darren Allen

Forest Bioenergy Feedstock Harvesting Effects on Water Supply
Daniel G. Neary and Karen A. Koestner

Best Management Practices for Forest Bioenergy Programs
Daniel G. Neary

Principles of Nutrient Management for Sustainable Forest Bioenergy Production
Donald Mead and Charles Smith

Crop Coefficients of Jatropha (Jatropha Curcas) and Pongamia (Pongamia Pinnata) Using Water

Balance Approach
Kaushal K. Garg, Suhas P. Wani and A. V. R. Kesava Rao

Brazilian Sugarcane Ethanol: Developments so far and Challenges for the Future

Arnaldo Walter, Marcelo Valadares Galdos, Fabio Vale Scarpare, Manoel Regis Lima Verde Leal,
Joaquim Eugénio Abel Seabra, Marcelo Pereira da Cunha, Michelle Cristina Araujo Picoli

and Camila Ortolan Fernandes de Oliveira

The Climate Benefit of Swedish Ethanol: Present and Prospective Performance
Pal Borjesson, Serina Ahlgren and Géran Berndes

Performance of Small-Scale Straw-to-Heat Supply Chains in Norway
Helmer Belbo and Bruce Talbot

Transport Sector in Ireland: Can 2020 National Policy Targets Drive Indigenous Biofuel
Production to Success?
Egle Gusciute, Ger Devlin, Fionnuala Murphy and Kevin McDonnell

Prospects for Domestic Biofuels for Transport in Sweden 2030 Based on Current Production
and Future Plans
Maria Grahn and Julia Hansson

163

193

209

233

251

273

395

411

419

431



Contents

vii

29

30

31

32

Land and the Food-Fuel Competition: Insights from Modeling
Sylvia Prieler, Giinther Fischer and Harrij van Velthuizen

The Impact of Biofuel Demand on Agricultural Commodity Prices: A Systematic Review
U. Martin Persson

How do Sustainability Standards Consider Biodiversity?
Oskar Englund and Géran Berndes

A Global Survey of Stakeholder Views and Experiences for Systems Needed to Effectively and
Efficiently Govern Sustainability of Bioenergy

Inge Stupak, Jamie Joudrey, C. Tattersall Smith, Luc Pelkmans, Helena Chum, Annette Cowie,
Oskar Englund, Chun Sheng Goh and Martin Junginger

Index

447

465

483

507

535



PART I

PROMISING
INNOVATION IN
BIOMASS
CONVERSION






Metabolic Engineering: Enabling
Technology for Biofuels Production

Mitchell Tai and Gregory N. Stephanopoulos

Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge MA, USA

ENGINEERING THE FUTURE OF BIOFUELS

The past few years have introduced a flurry of interest
over renewable energy sources. Biofuels have attracted at-
tention as renewable alternatives to liquid transportation
fuels. There are numerous potential advantages over fossil
fuels: sustainable supply, diversification of energy sources,
energy independence and security, rural development, and
reduction in greenhouse emissions.! However, achieving
adequate scale requires a tremendous effort in research and
development beyond what has thus far been achieved. The
field of metabolic engineering is well suited to develop
the future technologies that will give us widespread, cost-
effective, and sustainable transportation fuels.

Metabolic engineering is the improvement of cellular
activities by manipulation of metabolic networks through
the use of recombinant deoxyribonucleic acid technology.?
Interdisciplinary advances in metabolic engineering have
yielded powerful strategies and methods to understand and
manipulate whole metabolic pathways with confidence.’**
To date, numerous efforts have successfully engineered
and optimized metabolic networks to produce high-value
targets for use in the pharmaceutical and fine chemicals
industries.” However, attention is now being turned to-
ward commodity-scale processes, which require both cost-
efficiency and robustness.'

Currently, the most prevalent biofuels are ethanol pro-
duced from corn or sugarcane and biodiesel produced
from vegetable oils. Under current production processes,

however, neither biofuel is economically competitive or
well integrable into existing petroleum-based technologies
and infrastructure.® Two developmental challenges under-
pin these shortcomings: (1) the need for a better feedstock
and (2) the need for a better fuel. However, these chal-
lenges also represent key opportunities to develop the next
generation of biofuel technologies. A central element in
these technologies will be the use of metabolic engineer-
ing to develop the biological platforms that produce these
biofuels.

Engineering for Improved Feedstocks

For the past few years, production of ethanol from corn and
biodiesel from vegetable oils has been increasing rapidly.
Last year, the United States production capacity of corn
ethanol exceeded 13 billion gallons per year (bgy), ap-
proaching 10% of the national gasoline demand.” Mean-
while, global biodiesel production is approaching 5.0 bgy,
with a majority coming from Europe.®

However, production of these biofuels from plants like
corn or rapeseed also competes for arable cropland needed
for food. This adds undesirable price sensitivities between
biofuels and food and has already shown adverse effects on
food prices. Transforming forests or existing cropland can
also sometimes have the effect of increasing greenhouse
gas emissions, counteracting the carbon emissions benefit
of biofuels.”

Advances in Bioenergy: The Sustainability Challenge. First Edition. Edited by Peter D. Lund, John Byrne, Giran Berndes and lacovos A. Vasalos.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
Originally published in: WIREs Energy Environ 2012, 1: 1-10 doi: 10.1002/wene.5
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The primary cost for producing biofuels is the cost of
the feedstock: 60% in the case of corn ethanol and 80% for
soybean biodiesel.'™!" Even with gains in process yield,
current crop-based feedstocks will still limit the overall
profitability of biofuels. Currently, upward of half of the
production cost of these biofuels needs to be supported by
government subsidies.®

The next generation of feedstocks will need to have
lower land requirements and lower production cost, yet
maintain high production capacity to bring biofuels closer
to economic viability. Metabolic engineering allows us to
bridge the feedstock gap by enabling the utilization of
cheaper and more sustainable substrates by introducing
catabolic pathways and optimizing metabolic networks for
the conversion of feedstock to fuel. Indeed, yield optimiza-
tion has been a critical aspect of virtually all biochemical
engineering processes in recent history. Metabolic engi-
neering of organisms toward this end only serves to con-
tinue this tradition, pushing yields beyond what is natu-
rally observed. Furthermore, microbe-based biofuel pro-
duction also reduces the cropland requirements compared
to crop-based methods, decreasing competition with food
production.

Engineering for Improved Fuels

Although new feedstocks are explored, a simultaneous
search continues for the next generation of fuel types. Cur-
rent biofuels have some persistent disadvantages that limit
their incorporation into existing infrastructure.

Ethanol, although widely produced, has relatively poor
fuel characteristics. Ethanol is hygroscopic, capable of ab-
sorbing water, which can lead to corrosion. The energy
content is also low, containing only 70% of the energy per
volume of gasoline. Also, as ethanol is produced by fer-
mentation, the resulting beer is dilute, containing roughly
10% ethanol. Subsequent distillation to separate the ethanol
is very energy intensive.'?

Biodiesel is a better fuel, but also has some disadvan-
tages. It is not well suited for use at low temperatures
because of a high cloud point, and still often requires large
quantities of petroleum-derived methanol as part of its pro-
duction. It also has only 89% of the energy content of its
analog, petrodiesel.!!

Current biofuel characteristics limit their integration into
existing infrastructure. Because of this, there is a high tran-
sition barrier to adoption of biofuels, and both ethanol and
biodiesel are often blended only at low concentrations into
conventional fuels.

Development of better fuels that have high energy den-
sity and can be integrated into existing pipelines and en-
gines will be needed if biofuels are to be more widely

adopted and have a reasonable hope to replace fossil fuels.
Through metabolic engineering of production pathways,
alternative products can be made that have characteristics
closer to their petroleum equivalents, easing the barrier for
adoption. These alternatives range from slight modifica-
tions to existing metabolites, to new pathways that create
naturally unique compounds. These naturally rare products
will also require extensive pathway engineering and opti-
mization to achieve effective production capacities—one
of the central strengths of metabolic engineering.

TOOLS OF METABOLIC ENGINEERING

To understand how metabolic engineering plays a role in
biofuels development and how it takes an interdisciplinary
approach to problem solving, it is important to first un-
derstand its main strategies and tools. The strategies of
metabolic engineering can be compartmentalized into three
steps: (1) understanding, (2) designing, and (3) engineer-
ing the metabolic network. Each of these steps uses tools
and technologies adopted from a range of disciplines. An
overview of the strategies of metabolic engineering can be
found in Figure 1.1.

i

Under Staf'id the Metabolic Network

Omics Technologies, Bioinformatics,
Metabolic Flux Analysis

i ﬁesign the Metabolic Network

Computational Systems Biology,
Neural Networks, Elementary Mode Analysis

3 2110qeIe|y

Eﬂglneer the Metabolic Network

-

Synthetic Biology, Genetic Engineering,
Strain Improvement

Buusauibu

Figure 1.1 Strategies of metabolic engineering revolve around
the understanding, design, and engineering of metabolic networks
and pathways to produce desired molecular products from bio-
logical platforms. These strategies employ techniques and tech-
nologies from a range of disciplines, from omics technology to
synthetic biology.
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Understanding the Metabolic Network

The first step in metabolic engineering is to understand the
complex network of enzymatic reactions that compose a
cell’s metabolism. In addition to the enzymology of partic-
ipating enzymes, this requires information on the structure
and behavior of the pathways that connect these enzymes.
Knowledge of the pathway chemistry and stoichiometry al-
lows us to calculate theoretical yields, which are often used
as benchmarks for pathway engineering efficacy. Compre-
hensive systems-level data about these complex networks
is acquired through omics technologies and bioinformatics.
Omics technologies involve using genomic, transcriptomic,
proteomic, or metabolomic data to quantity the system
behavior of the cell along various functional axes (e.g.,
growth, tolerance, productivity).'” Bioinformatics is the
method of extracting biological meaning by identifying
significant patterns, motifs, and connections within these
large, complex data sets. These techniques enable us to de-
velop a systems-level perspective on cellular activity and
an understanding of important contributing networks.*

As an example, metabolic flux analysis derived from
metabolomic data allows us to observe the flow of mate-
rial through cellular metabolic pathways. Like a material
balance, these fluxes describe the distribution of material
throughout the cell’s metabolic network and can help iden-
tify branch points and competing pathways relevant to our
desired product. Fluxes also help to determine the degree of
engagement of various enzymes in the pathway, allowing
us to identify rate-limiting steps and control points.’

Because any biological manipulation will rarely ever
produce only an isolated response, it is important to ob-
serve the system-level response of our engineering efforts.
Using bioinformatics and omics technologies allows us to
understand the interactions, connections, and responses be-
tween different parts of the system to predict and control
the metabolic network.

Designing the Metabolic Network

Once we have sufficient understanding of the organism and
its cellular activities, we are then able to develop and design
specific strategies to obtain our desired product. Although
we can introduce, remove, or otherwise modify pathways,
identifying the most effective actions a priori can help save
much time and effort. Modern methods to do so are found
in the field of computational systems biology.

A main goal of computational systems biology is to
reconstruct cellular networks in silico, which can model
the behavior of the cell. Starting with a cellular model, one
is able to simulate and characterize how possible pathway
manipulations will affect the system overall. Evaluation of

these changes can help identify the ideal genetic targets
that will maximize our objectives.

One such method of evaluation is called elementary
mode analysis, which uses a systems engineering approach
to decompose metabolic networks into uniquely organized
pathways that can be used to evaluate cellular phenotypes,
metabolic network regulation, network robustness, and net-
work fragility."* As an extension, neural networks can also
be used to make sense of exceptionally difficult systems
and to subsequently predict future behavior.'*

Engineering the Metabolic Network

Once targets and pathways are identified, the next task is
to implement these changes in vivo. This involves genetic
manipulation of the host organism using molecular biol-
ogy. The term synthetic biology describes the systematic
approach to pathway manipulation through standardized
biological components for the purpose of increasing their
programmability and robustness.'> Under this framework,
genetic elements are modularized to simplify the process
of genetic engineering. These elements can then be used to
introduce new genes, knockout existing genes, or modify
existing deoxyribonucleic acid sequences. Modules can be
built up to produce whole pathways and can also be rear-
ranged to optimize expression.

Numerous nonrational techniques are also available that
extend the reach of traditional strain improvement: high
throughput screening, directed evolution, gene shuffling,
and combinatorial engineering. These techniques increase
the efficiency of strain improvement by sampling a much
larger phenotypic search space, opening up the possibil-
ity to select for changes in less-intuitive or distal targets.
An interesting example is the use of transcriptional engi-
neering to achieve phenotypic diversity.'® This technique
involves mutagenesis of transcription factors to produce
global changes in the transcription and expression of genes
in the cell, which would not be feasible through isolated
point mutations.'”

Finally, optimizing to maximize flux through the produc-
tion pathway is often the most difficult engineering task.
Tuning the expression of genes many times is necessary as
intermediates and cofactors need to be balanced within the
pathway. Furthermore, troubleshooting the pathway often
involves alleviating any number of potential bottlenecks
that may impede flux, such as competing pathways, lack of
enzymatic driving force, cofactor imbalances, insufficient
enzyme activity, unbalanced enzyme expression, transport
issues, enzyme regulation, and toxicity.

Because of its interdisciplinary nature, metabolic engi-
neering will be limited to the available tools and technolo-
gies of the fields from which it draws. However, as the



6 Advances in Bioenergy

Cellulose/ Hemicellulose/
cellodextrin xylan .
- -4—— Single-enzyme pathway
~4—— Multi enzyme pathway
Glucose Xylose
< Production of existing biofuels
< Production of higher chain alcohols
Y Y
[
L 4 ;
Glyceraldehyde - ) <— Production of fatty acid derivatives

3-phosphate <—<—— Xylulose

M Isobutanol
LA L 2-Methyl-1-butanol
Ethanol 4 < Pyruvate —»——» 2-Keto acids — » »
: | | 3-Methyl-1-butanol
‘ | 1-Propanol
¥
Acetyl-CoA | - Acetoacetyl-CoA —» -+ n-Butanol
4
v Fatty acid ethyl esters

Triglycerides ¢ 4 Acyl-lACP ———»—»

Alkanes

Fatty alcohols

Figure 1.2 Metabolic network of biofuel production pathways and intermediates for the conversion of feedstocks to fuels (bold text):

current biofuels (+—), higher chain alcohols (<

). lignocellulosic fermentation (¢

), and fatty acid derivatives («—). Engineering the

desired biofuel pathway requires maximizing flux through the relevant nodes while minimizing metabolite flux to competing branches.
This can involve tuning expression of intermediate reaction steps, deletion of competing pathways, or manipulation of distal enzymatic

or regulatory targets.

state of the art progresses and development improves at the
interface of these related disciplines, metabolic engineers
will have increased power to evaluate, design, and manip-
ulate cells to produce the desired products that will be in
demand in the future. These abilities will most certainly

be necessary for the development of the next generation of
biofuels.

METABOLIC ENGINEERING ENABLES
BIOFUELS DEVELOPMENT

In the following section, we will review various re-
searches that attempt to address these biofuel challenges
and how metabolic engineering is central to enabling these

technologies. A schematic of relevant metabolic pathways
for biofuels production can be found in Figure 1.2.

Production of Higher Chain Alcohols

Because ethanol has several undesirable fuel properties,
higher chain alcohols have received attention as possible
fuels. For example, n-butanol has 20% higher energy con-
tent than ethanol. In addition, it is more hydrophobic and
thus less susceptible to inducing corrosion.'® Tradition-
ally, butanol is produced through refining petroleum or
from acetone-butanol-ethanol fermentation. The ability to
robustly produce higher chain alcohols represents a step
toward biofuels with characteristics approaching that of
gasoline.
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Utilizing metabolic engineering, pathways for the pro-
duction of higher chain alcohols have been introduced
into organisms such as Escherichia coli.'" The use of
the model bacteria allows for the study and efficient de-
velopment of novel pathways. Two pathways have re-
cently emerged to successfully produce C4 or C5 alco-
hols: coenzyme A (CoA)-mediated and nonfermentative
pathways.

The CoA-mediated pathway involves utilizing the native
pathway of the butanol-producing organism, Clostridium
acetobutylicum. Introduction of five Clostridium genes into
E. coli is sufficient for production of n-butanol from acetyl-
CoA. However, initial titers were at best about 1 g/L, which
is much lower than the 10 g/L typically produced by native
n-butanol producers.'”

More recently, extensive engineering of the pathway has
led to insights into maximizing the production through
this pathway. Three major bottlenecks were discovered
that could be alleviated by (1) balancing the expression of
upstream and downstream enzymes, (2) balancing cofac-
tor utilization and generation, and (3) engineering driving
force to increase flux toward the product.”’-*' Indeed, these
bottlenecks seem to be recurring obstacles in many efforts
to engineer high production pathways. After addressing
these bottlenecks, titers of 30 g/LL could be achieved at
about 70% theoretical maximum yield.*

The second pathway utilizes a creative nonfermentative
approach, producing C4 and C5 branched chain alcohols
from intermediates in the amino acid metabolic network.*?
The introduction of a 2-keto-acid decarboxylase and an
alcohol dehydrogenase allows the conversion of a variety
of 2-keto acid metabolites found in amino acid synthesis
pathways into their analogous branched chain alcohols:
1-propanol, isobutanol, n-butanol, 2-methyl-1-butanol, 3-
methyl-1-butanol, and 2-phenylethanol. Branched chain
alcohols have higher octane numbers than their straight-
chained counterparts, making them better fuels. This pro-
cess has the advantage of avoiding CoA-mediated chem-
istry, while also leveraging the wealth of understanding
from decades of research on metabolic engineering for
amino acid production. As such, they were able to obtain
isobutanol production of over 20 g/L at 86% of the theoreti-
cal maximum yield.*> Optimization of cofactor imbalances
produced strains that achieved 100% theoretical maximum
yield, suggesting some of the same bottlenecks may exist
in this alternative pathway.”

Fermentation of Lignocellulosic Material

In the search for improved feedstocks. the push toward
cellulosic biofuels is a clear choice. Cellulosic biomass
eliminates the need to compete with food crop production

as an estimated 1.3+ billion dry tons per year of biomass
is potentially available in the United States.”* Two issues
highlight how metabolic engineering can enable industrial
utilization of this feedstock: xylose utilization and cellulose
utilization.

Because hydrolysis of lignocellulosic biomass results in
20-30% carbohydrates in the form of xylose, utilization of
pentose sugars is one of the first steps toward efficiently
using cellulosic materials. Saccharomyces cerevisiae, the
most productive of ethanologenic organisms, cannot fer-
ment xylose; it lacks the ability to convert xylose into xy-
lulose, although xylulose is metabolized within the pentose
phosphate pathway (PPP). Transferring the xylose reduc-
tase (XR) and xylitol dehydrogenase (XDH) enzymes from
Scheffersomyces stipitis (formerly Pichia stipitis) enables
the growth of yeast on xylose and production of ethanol.”®

However, growth and production are considerably
slower than on glucose, and significant amounts of xyli-
tol are often produced. Xylitol is the intermediate of the
XR/XDH pathway, and most understand this to result
from differences in cofactor specificity between reduced
nicotinamide adenine dinucleotide phosphate (NADPH)-
dependent XR and nicotinamide adenine dinucleotide
(NAD)-dependent XDH.?® The cofactor imbalance has
been addressed in two different ways: use of (1) xylose
isomerase pathway or (2) protein mutagenesis to switch
cofactor specificity.

Additional factors to the limited productivity are the
lack of dedicated pentose transporters, low PPP flux, and
inability for the cell to identify xylose as a fermentable
sugar.”?” However, more recently, progress has been made
in these areas through additional metabolic engineering
strategies: introducing heterologous xylose transporters,
overexpressing PPP enzymes, engineering cofactor speci-
ficity, and evolutionary engineering (for a comprehensive
review see Matsushika et al.).>®

Cellulose on the contrary is a polysaccharide composed
of f(1—4) linked glucose molecules. Enzymatic digestion
is most commonly used to break these chains down into free
glucose molecules. However, this process is somewhat in-
efficient, requiring a separate enzymatic unit operation. To
improve the efficiency of this process, recently, cellodex-
trin transporters from Neurospora crassa were introduced
into S. cerevisiae allowing for utilization of cellobiose,
cellotriose. and cellotetraose.”® Upon cellodextrin uptake,
p-glucosidase breaks down cellodextrin into monomeric
glucose, allowing for immediate catabolism. When coupled
with enzymatic digestion, this process improves utilization
efficiency and allows for the simultaneous saccharification
and fermentation of cellulose.

Because of its preference for glucose, S. cerevisiae will
natively repress the utilization of alternative substrates as



