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Preface

Technological advances have improved the quality of life throughout the twentieth
century. Although we have been quick to enjoy the benefits of our technological
prowess, we have been slow to acknowledge its negative consequences. Increasingly,
we are forced to confront these negative consequences: climate change, increased
global demand for energy, growing energy insecurity, and continuous exploitation
of limited natural resources. World energy demand is expected to grow by as much
as 50% by 2025, mainly due to increasing demand from rapidly growing Asian
countries such as China and India.

Sustainability must be the foundation for economic growth in the twenty-first
century. We need to redirect our efforts toward bioenergy production from renew-
able, low-cost, and locally available feedstocks such as biowastes and agri-residues.
Such efforts will not only alleviate environmental pollution, but also reduce energy
insecurity and demand for declining natural resources. The most cost-effective and
sustainable approach is to employ a biotechnology option. Anaerobic biotechnol-
ogy is a sustainable technology that generates renewable bioenergy and biofuels
and helps us achieve our environmental and energy objectives. This book is a result
of fine contribution made by several distinguished researchers, and inspiration by
King Bhumibol Adulyade;’s (Thailand) self-sufficiency economy concept.

Information on this subject is limited, and this textbook will be a first reference
for both undergraduate and graduate students, researchers, instructors, consult-
ing engineers, and others interested in bioenergy. The beok is intended to be a
useful resource to both engineering and science students in agricultural, biologi-
cal, chemical, and environmental engineering, renewable energy, and bioresource
technology.

The book does not assume a previous background in anaerobic biotechnology,
although most readers should have a good working knowledge of science or engi-
neering. The first six chapters cover the fundamental aspects of anaerobic processes.
The remaining six chapters focus on applications with an emphasis on bioenergy
production from wastes and agri-residues. Pertinent calculations and design exam-
ples are included in each chapter.

Chapter 1 presents an overview of anaerobic fermentation, including defini-
tions, biochemical reactions, major considerations in an anacrobic system, bene-
fits, limitations, and calculations of the energy generation from various feedstocks.

X1t



XIv Preface

Chapter 2 covers the common metabolic stages of the anaerobic fermentation
of organics and microbiological processes, and aims to provide readers with the
necessary basics of microbiology, biochemistry, and stoichiometry involved in an
anaerobic system. Chapter 3 focuses on the effect of environmental factors such
as temperature, pH, nutrients, and toxicity on the growth of key microbial groups
involved in bioenergy production. Chapter 4 describes the biokinetics of anaerobic
systems and application of mathematical modeling (e.g., anaerobic digestion model
1 (ADM1)) as a tool in design, operation, and optimization of anaerobic processes
for bioenergy production. Chapter 5 covers bioreactor configurations and growth
systems (e.g., attached, granular, and suspended) used in anaerobic processes. Ap-
propriate reactor selection and design for bioenergy production are also addressed.

The modern molecular techniques in anaerobic fermentation and their appli-
cation for the generation of methane, hydrogen, ethanol, and butanol are pre-
sented in Chapter 6. Chapter 7 outlines the selection of a suitable reactor design
and operating conditions for bioenergy production from a sulfate-rich feedstock
without sulfide inhibition. Strategies for sulfide control by converting aqueous
and gaseous sulfides to elemental sulfur are also discussed. The next chapter cov-
ers bioenergy production from residues of emerging biofuel industries, including
feedstocks, biofuel production processes from these feedstocks, stillage and glyc-
erin generation, and anaerobic digestion of these residues. Also covered are water
reclamation/reuse and biosolids disposal issues in biofuel industries. Chapter 9
describes the fundamentals of fermentative hydrogen production, including the
hydrogen production pathway, strategies of obtaining enriched cultures, factors
affecting hydrogen yield, process engineering, and microbiology. In addition, the
concept of a bioelectrochemical-based microbial reactor for hydrogen production
is also covered. The focus of Chapter 10 is development of the microbial fuel cell
(MFC), with emphasis on principles, stoichiometry, energetics, microbiology, de-
sign, and operation. Different pretreatment technologies to enhance hydrolysis of
high-solids feedstocks are discussed in Chapter 11. The last chapter provides an
overview of digester gas production from various feedstocks along with a discussion
of the cleaning requirements and energy use options.

I'acknowledge several people whose sclfless guidance and inspiration positively
impacted my career path and preparation of this book. Bhoj Raj Bhattarai, Dhruba
Narayan Pathak, and Ram Charan Chauhan were my early mentors who introduced
me to science. My advisors Akhilendra Bhusan Gupta, Heinz Eckhardt, and Ju-
Chang Huang taught me the art of waste treatment. Shihwu Sung, J. (Hans) van
Leeuwen, Robert Brown, and Anthony L. Pometto III at Iowa State University
provided an opportunity to work on bioenergy-related research projects for nearly
6 years. Chettiyapan Visvanathan, Chongrak Polprasert, and Preeda Parkpian at
Asian Institute of Technology, Thailand, graciously offered me a home to work on
the book project during the past three summers. Several of my graduate students
at lowa State University assisted me with workout examples and suggestions.
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CHAPTER

Overview of Anaerobic Biotechnology

Samir Kumar Khanal

We are convinced.. . . that socially compatible and environmentally sound economic develop-
ment is possible only by charting a course that makes full use of environmentally advantageous
technologies. By this, we mean technologies that utilize resources as efficiently as possible and
minimize environmental harm while increasing industrial productivity and improving quality
of life (United States National Research Council Committee, 1995).

1.1 Anaerobic Biotechnology and Bioenergy Recovery

Environmental pollution is one of the greatest challenges human beings face in the
twenty-first century. We are also faced with the consequences of climate change,
increased global demand on fossil fuels, energy insecurity, and continuous exploita-
tion of limited natural resources. The traditional approach of pollution control,
which focuses on ridding pollutants from a single medium, that is, transforma-
tion of pollutants from liquid to solid or gas phases and vice versa, is no longer
a desirable option. It has become enormously important to direct research efforts
toward sustainable methods that not only alleviate environmental pollution, but
also ease the stress on depleted natural resources and growing energy insecurity. The
most cost-effective and sustainable approach is to employ a biotechnology option.
Anaerobic biotechnology is a sustainable approach that combines waste treatment
with the recovery of useful byproducts and renewable biofuels. Widespread appli-
cation of anaerobic technology could ease increasing energy insecurity and limit
the emission of toxic air pollutants, including green house gases to the atmosphere.

Figure 1.1 illustrates the potentials of anaerobic biotechnology in recovery of
value-added products and biofuels from waste streams. Carbon, nitrogen, hy-
drogen, and sulfur from municipal, industrial, and agricultural solid and liquid
wastes are converted into value-added resources. These include biofuels (hydro-
gen, butanol, and methane), electricity from microbial fuel cells (MFCs), fertilizers
(biosolids), and useful chemicals (sulfur, organic acids, etc.). The sulfur can be used
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FIG. 1.1. Integrated anaerobic bioconversion processes in recovery of resources from
wastes.

as an electron donor for bioleaching of heavy metals or removal of nitrate through
autotrophic denitrification. Posttreatment efuent can be lagooned or reused for
fish farming, algal production, and irrigation (see Box 1.1).

Box 1.1

Research Need

Due to the concern of endocrine disrupting chemicals (EDCs), e.g., natural
steroidal hormones, pharmaceuticals, and personal care products in human/
livestock wastes, growing fish, and algae for protein in effluent for human
consumption could become a major heath issue. More research is needed to
examine the residual levels of EDCs in the effluent and their potential impact
on aquatic species.

From the perspective of developing and underdeveloped nations, a wider ap-
plication of anaerobic biotechnology has even larger implications, as it would
fulfill three basic needs: (a) improvement in health and sanitation through pol-
lution control; (b) generation of renewable energy for household activities, such
as cooking, lighting, and heating, and running small-scale businesses, for exam-
ple, poultry farming and silkworm raising; and (c) supply of digested materials
(biosolids) as a biofertilizer for crop production. Thus, anaerobic biotechnology



