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Preface

Biomass is becoming a more and more attractive source of “low carbon” chemicals,
materials and fuels. In our future society, the use of biomass will have a key role for
the defossilization of the energy (fuels) and chemical sectors, even if biomass alone
cannot satisfy all human needs. While the use of biomass for the generation of ther-
mal energy (the most primitive one, since man developed the capacity to manage
fire, and less rewarding use) will have a slowly decreasing role (most likely using
residual refractory biomass, more than primary biomass), the biomass exploitation
as source of complex chemicals, materials and special fuels will undoubtedly grow.

As a matter of fact, biomass is an extremely rich raw substance that can be used
as a source of many different molecular compounds and polymeric materials, in-
creasing the profit and reducing the environmental burden of its use. Consequently,
the conversion of primary biomass into syngas (CO + H,), an approach pursued for
decades, is affected by a serious drawback: a complex matter is converted into a C1
molecule (CO), which is then used to build more complex Cn molecules. Such huge
change in entropy in using biomass is energetically questionable, especially if pri-
mary biomass is used to this end. The application of such technology to residual
biomass can be more useful.

The direct use of the complexity of biomass is certainly a much clever approach
to its best exploitation.“Biorefinery” is a concept implemented since a decade for
making the most economically profitable and environmentally friendly use of bio-
mass. Noteworthy, the conversion of the latter into market end products heavily im-
plies catalysis of any kind: homogeneous, heterogeneous, enzymatic, and their
combination in hybrid catalytic systems.

This book aims at giving a quite comprehensive view of the opportunities of-
fered by the implementation of the concept of biorefinery to biomass utilization.

The Introduction, written by Dr. Maria Georgiadou of the EU Commission, sets
the political basis for the technical chapters that follow, some of which have been
written by industrialists deeply involved in the valorization of biomass and imple-
mentation of the concept of Bioeconomy. The intelligent use of Biomass is one as-
pect of the strategic concept of Carbon Cyclic Economy.

In Chapter 1, the transition from the Linear to the Circular Economy is dis-
cussed, and the relevance of catalysis to Biorefinery is presented, while Chapter 2
opens a window over the future of Biorefinery. Chapter 3 presents the production of
a variety of terrestrial biomass according to climatic conditions and soil quality,

Note: This second edition of the book on “Biorefineries” contains some new chapters with respect
to the first edition, and updated chapters present in the first edition. Chapters 3 and 10 are the
same as in the first edition as the authors could not update them due to the pandemic COVID19.
They have only been re-edited for matching the format of this book.

https://doi.org/10.1515/9783110705386-202
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and Chapter 4 introduces the aquatic biomass, which has quite different and spe-
cific properties compared to the terrestrial one.

Chapter 5 deals with the bioconversion of biomass and downstream processing
technologies. Chapter 6 illustrates the pretreatment techniques for the separation of
cellulose, hemicellulose and lignin. Chapter 7 gives a panoramic view of the cata-
lytic conversion of cellulosic biomass into drop-in-fuels. Chapter 8 presents the bio-
routes to lipids from cellulosic biomass. Chapter 9 makes an update of the lignin
valorization, presenting some quite recent high added-value technological applica-
tions. Chapter 10 presents the process of biomass gasification, and Chapter 11 shows
the route from Syngas to fuels and chemicals. Chapter 12 is a focus on the aerobic
(compost) and anaerobic (biogas) digestion of biomass. Chapter 13 presents the ho-
mogeneous conversion of sugars and oils into specialty chemicals, while Chapter 14
shows how heterogeneous catalysis is applied to cellulose-derived platform mole-
cules. In Chapter 15, Hybrid Catalysis, a quite recent approach to biomass valoriza-
tion that integrates bio- and chemo-catalysis, is discussed. Chapter 16 presents
Pickering Emulsions and their use, while Chapter 17 illustrates a case study on bio-
plastics, a hot theme for the future. Chapter 18 closes the book with an assessment
of the suitability of biomass conversion processes by region, analyzing the eco-
nomic, social and ecological contexts.

The 18 chapters of the book show how the implementation of the concept of
biorefinery can valorize biomass and reduce the environmental impact of its use of
biomass. To close the cycle, waste streams (refractory solids or dried sludges) need
to be treated or used. Their utilization for thermal energy production is often well
suited, saving primary biomass for processing and producing valuable goods.

This book only touches CO, utilization as source of carbon for fuels or building
block for chemicals, even in combination with waste biomass. This is another fasci-
nating story, which goes in the direction of man-made carbon cycling! (The inter-
ested readers may go to Ref. 4 in Chapter 1.)

We wish readers will easily go through this book and find answers to their ques-
tions or inspiration for new discoveries.

The authors have made an effort to write the book in a simple manner, so that
beginners may have access to basic concepts. On the other hand, the book contains
enough updated information so that experts may find a good literature summary.
All, enjoy reading!

Michele Aresta, Angela Dibenedetto, and Franck Dumeignil
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Conventional ElectroDialysis
Carbon Fiber

Combined Heat and Power
Cross-Linking Enzyme Aggregates
Carbon monoxide DeHydrogenase
Continuous Stirred-Tank Reactors
Coal to Liquids

Differential Scanning Calorimetry
Deep Eutectic Solvents
Derivatization Followed by Reductive Cleavage
DiHydroxyAcetone
DocosaHexaenoic Acid

Instant Controlled Pressure Drop
Dry Matter

DiMethyl Carbonate

DOXorubicin

Expanded Granular Sludge Bed
Enhanced Oil Recovery
EicosaPentaenoic Acid

Electron Paramagnetic Resonance
ElectroStatic Precipitators
Potential Evapotranspiration
Evapo-Transpiration

Fatty Acids Methyl Esters

Fatty Acids

Fluidized Bed Reactors
FuranDiCarboxylic Acid

Free Fatty Acids
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FT
FUR
FVG
GHG
GLS
GMOs
GPC
GtL
GVL
HAA
HDO
HKL
HMF
HOL
HPA
HPALd
HTR
HVO
ICR
1GCC

IPBES
IPDI
JRC
KL

kt

LA
LCA
LHV
LHW
LIB
LLE
LNCs
LNPs
LS
mcc
MCCA
MDEA
MDQ
MEA
MECs
MF
MFC
MFCs
MOFs
MPVO
MSw
Mt
MTHF

= Abbreviations

Fischer-Tropsch

Furfural

Fruit, Vegetal and Garden

GreenHouse Gases

Gas-Liquid-Solid

Genetic Modified Organisms

Gel Permeation Chromatography

Gas to Liquids

Gamma-ValeroLactone
HydroxyAlkylation/Alkylation
HydroDeOxygenation

Hardwood Kraft Lignin
HydroxyMethyl-2-Furanaldehyde
Hardwood Organosolv Lignin
HydroxyPentanoic Acid
Hydroxyproplonaldehyde

Hydraulic Retention Time

Hydrotreated Vegetal Oil

Internal Circulation

Integrated Gasification Combined Cycle
lonic Liquid

Integrated Photo-BioElectrochemical Systems
IsoPhorone Dilsocyanate

Joint Research Centre

Kraft Lignin

Thousands of Metric Ton (kt/y, thousands of metric tons per year)
Levulinic Acid

Life Cycle Analysis

Low Enthalpy Value

Liquid Hot Water

Lithium-lon Batteries

Liquid-Liquid Extraction

NanoCapsules

NanoParticles

LignoSulfonates

MicroCrystalline Cellulose

Medium Chain Carboxylic Acids

Methyl DiEthanolamine
1-Methyl-3,4-DihydroisoQuinoline
MonoEthanolAmine

Microbial Electrolysis Cells
MethylFurfural

MicroFibrillated Cellulose

Microbial Fuel Cells

Metal-Organic Frameworks
Meerwein-Ponndorf-Verley-Oppenauer rearrangement
Municipal Solid Waste

Millions Of Metric Ton (Mt/y, millions of metric ton per year)
MethylTetraHydroFuran
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MTQ
MVR
MWL
NADH
NCC
ODR
OFMSW
OHPA
oL
OPEX
PAC
PAN
PAR
PBAT
PBES
PBF
PBR
PBS
PDH
PD
PDMS
PDO
PEF
PEM
PEO
PET
PIC
PILs
PKS
PL
PLA
pLNFs
PMDI
PPF
PTSA
PUFA
PV
PVA
PVC
REED
RH
RSP
RTO
RWGS
SAA
SAS
SDGs
SE
SKL

Abbreviations

1-MethylTetrahydroisoquinoline
Methane Volumetric Rate

Milled Wood Lignin

Nicotinamide Adenine Dinucleotides
NanoCrystalline Cellulose

Organic Substance Degradation Rate
Organic Fraction Municipal Solid Waste
Obligate Hydrogen-Producing Acetogens
Organosolv Lignin

Operational cost

Pickering-Assisted Catalysis
PolyAcryloNitrile

Photosynthetically Active Radiation
Poly(ButylenAdipate-co-Terephthalate)
Photo-Bio-Electrochemical Systems
Poly(Butene 2,5-Furandicaboxylate)
Photo-BioReactors
Poly(ButeneSuccinate)

Pyruvate DeHydrogenase
PolyDispersity Index
PolyDiMethylSiloxane

PropanDiOl

Poly(Ethene 2,5-Furandicarboxylate)
Proton-Exchange Membrane
PolyEthylene Oxide

PolyEthene Terephthalate

Pickering Interfacial Catalysis

Protic lonic Liquids

PolyKetide Synthase

Pyrolytic Lignin

PolyLactic Acid

Pure Lignine NanoFibers

Polymeric Methane Dilsocyanate
Poly(Propene 2,5-Furandicarboxylate)
ParaTolueneSulfonic Acid
PolyUnsaturated Fatty Acids
PhotoVoltaic

PolyVinyl Alcohol

PolyVinyl Chloride

Reversed Electro-Enhanced Dialysis
Relative Humidity

Rotating Particle Separators

Reverse TakeOver

Reverse Water Gas Shift

Soaking in Aqueous Ammonia
Sodium Anthraquinone Sulphonate
Sustainable Development Goals
Steam Explosion

Softwood
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SME
SOoL

TAGs
TDR
TGA
TOF
TS
usD
VFAs
VOCs
WB
WGS
WSL
WtF
WtL
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Small and Medium Enterprises
Softwood

metric ton (1000 kg; t/y, ton per year)

TriAcylGlycerols

Time Domain Reflectometry
TermoGravimetric Analysis
Turn-Over Frequency
Transition State

US Dollars

Volatile Fatty Acids

Volatile Organic Compounds
Wet waste Biomass

Water Gas Shift

Straw Soda Lignin

Waste to Fuels

Waste to Liquids
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Maria Georgiadou
Introduction

In a biorefinery, biomass is converted into a wide spectrum of bio-based products
including biofuels, biochemicals, biomaterials, feed, fertilizers, heat and power. Ide-
ally, full-scale, highly efficient and integrated biorefineries allow manufacture of bio-
based products, which are fully competitive with their conventional equivalents.

Sustainable production and cost-efficient use of biomass are key for the comp-
etitiveness of biorefineries. Consequently, diversification of biomass and conversion
flexibility is crucial to the biorefinery realization. Versatile biomass feedstock con-
sists of dedicated crops with low indirect land use change impact, as well as resi-
dues including agricultural and forestry, agri-food and urban organic waste and
immobilized biomass, together with algal and aquatic biomass. Other feedstock
may include biogenic effluent carbonic gas from anaerobic digestion or conven-
tional biofuel production, together with renewable hydrogen. A diverse and flexible
feedstock source sector should be in place to supply biorefineries with feedstock
continuously and cost-effectively. Conversion technologies that can deal with multi-
ple feedstock streams, ultimately through a combination of several processes in an
integrated way, are necessary to provide optimal processing solutions to multiple
and valuable marketable products.

The development of biorefineries is nevertheless driven by economic con-
straints and sustainability criteria. Low-cost operation and efficient use of resources
are the critical requirements for their viability. On the other hand, sustainable pro-
duction throughout the full product life cycle is a necessary condition for the public
acceptance of biorefineries. Standardization, public awareness and eco-labeling are
measures to reassure consumers about the product sustainability or in other words
that the product is used to generate bioenergy at the end of its life (biofuels, bio-
heat, biopower) or it is recyclable, and biodegradable (biochemicals and biomateri-
als). Successful biorefineries should build upon both conditions of low cost and
sustainability identifying the golden equilibrium: they should produce environmen-
tally friendly products with a nearly zero carbon and water footprint, equal or better
properties than their fossil equivalents, and a competitive price. To consider them
as economic activities making a substantial contribution to climate change mitiga-
tion, they should ensure they do not cause significant harm to climate change adap-
tation, sustainable use and protection of water and marine resources, transition to a
circular economy, waste prevention and recycling, pollution prevention and control
and the protection of healthy ecosystems.

The biorefinery concept faces many challenges along the entire value chain
from the feedstock cultivation and harvesting or collection, logistics, pre-treatment

Maria Georgiadou, Senior expert European Commission

https://doi.org/10.1515/9783110705386-001
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and conversion processes, separation techniques, process optimization to life cycle
analysis, sustainability, (new) product specifications, standardization and market
penetration. Only through a multi-disciplinary integration approach, the problems
can be understood and the corresponding research needs can be identified.

Reliable supply of quality biomass feedstock at reasonable prices will determine
the economic viability of biorefineries. Bottlenecks exist as much for the feedstock de-
velopment as for the logistics and supply chains. For example, diversifying feedstock
that can be compatible with conversion processes, developing sustainable agricul-
tural and forestry practices for biomass production including crop rotation and cover-
ing that enhance soil fertility and biodiversity and cultivation in contaminated and
abandoned lands, improving the yield and the properties of the produced biomass,
are some of the challenges of the feedstock supply. Developing logistic systems that
provide continuous feedstock supply, developing cost-effective preprocessing meth-
ods for better storage and transport of feedstock and improving management, trace-
ability and automation of biomass production, are some additional areas where
further research is necessary for a secure and low cost feedstock supply.

The ability to optimize value extraction from the major lignocellulosic biomass
components is another major challenge for efficient biomass processing. Extraction
and fractionation methods are currently used for the pretreatment of biomass, and
may cause significant loss of potential value of one or more biomass components.
Hence, a major research need is to develop processes, which maximize the value
extraction of the three major biomass components, like the organosolv and the
ionic liquid extraction type techniques. In addition, lignin and bio-char valorization
need further investigation.

Improving conversion processes has a direct impact on the overall performance
and efficiency of the biorefinery. Thermochemical, biochemical and chemical catal-
ysis processes are the three generic categories for biomass conversion, which re-
quire still today substantial progressing beyond the state-of-the art for achieving
technological breakthroughs with serious advances regarding the cost-competitiveness
of the end products. Thermochemical processes include gasification, pyrolysis, torre-
faction and hydrothermal liquefaction; they are confronted with product quality chal-
lenges, low overall energy and carbon efficiency, hence underpinning the need for
process integration. Biochemical processes suffer from low yields and overall produc-
tivity, as well as low selectivity, thus making separation and purification of products
expensive and energy intensive. Limiting material loss during the sequential process-
ing, developing robust biocatalysts (enzymes and yeasts or bacteria) capable of work-
ing at high concentrations, as well as improving downstream processing for cost and
efficiency, will have a large effect on the biorefinery’s economic feasibility. The role
of systems biology and synthetic biology is central for cost and time optimization of
the biocatalyst design. Chemical catalysis is the process used most often in all indus-
trial chemical technology applications. However, developing novel, highly stable,
readily available and low-cost catalysts, that can treat oxygen-rich biomass feedstock
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and be at the same time multi-functional, is the major research challenge in this field.
Furthermore, combining biocatalysts and chemical catalysts looks promising for per-
formance improvement.

Aquatic biomass, in particular micro and macro algae constitute valuable and
critical feedstock for biorefineries and perhaps the only economically feasible way
to valorize it. Today problems exist with the biomass growth and harvesting as sen-
sitivity to environmental conditions and very slow light harvesting efficiencies are
major challenges. Moreover, the lipid extraction for further processing suffers from
low yields and purification issues.

The success of “tomorrow’s” biorefineries depends heavily on business, techni-
cal and process integration. Business integration is key to integrate new biorefi-
neries with existing business and establish cross-sectorial synergies between the
value chains. Technical integration is necessary to optimize the value chain for all
different stakeholders, multiple feedstocks, multiple products and multiple process-
ing. Process integration is essential to obtain optimal use of mass, energy and water
within the overall processing while still maximizing production. Main challenges
encompass the requirement of new business models, of new biorefinery value
chains and of new recycling methods, process control systems and process analysis
methods.

Assessing the sustainability of the biorefinery concept spans over the entire
value-chain, from the feedstock production to the use of the end product and covers
three pillars: environmental, economic and social. Life cycle assessment is a stan-
dardized approach that addresses most of environmental impacts (greenhouse gas
emissions, primary energy consumption, water use), while other important issues
(direct and indirect emissions from land use, biodiversity, transition to a circular
economy, waste prevention and recycling) should be also included. Life cycle cost-
ing and social life cycle assessment could be adopted to address economic and so-
cial impacts (profit aspects, rural development, job creation, re-industrialization,
public acceptance). Integration of tools and impacts is crucial for a systemic ap-
proach but valid sustainability criteria for the production of biomass and all types
of bio-based products along with standards and universal certification schemes are
vital for public appreciation of biorefineries. While sustainability requirements will
initially restrict feedstock availability, on the other hand will ensure long-term security
of supply minimizing the environmental impact.

Europe is leading in science and technology for most of the processes relevant
to the biorefinery concept. However, innovation and market up-take of biorefineries
depends on overcoming major challenges related to the bio-based products. Bio-
fuels and similarly biochemicals and biomaterials that replace their fossil equiva-
lents are not yet cost-competitive while new bio-based products are difficult to
introduce into a market where limited demand exists. Up-scaling of biorefineries re-
quires high capital investment costs and financing of high risk technologies is very
difficult restricting further deployment (valley-of-death). The relevant European
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regulatory framework is not sufficiently stable or holistic. Further research and devel-
opment is necessary for improving the performance and the cost-efficiency of the
underlying technologies and the feasibility of the value chains. Market and
socio-economic research can facilitate assessing the consumer behavior, identi-
fying promising business areas and positioning new products into markets.

Establishing integrated and sustainable biorefineries has the potential to re-
spond to EU policies for tackling climate and environmental-related challenges and
to the new sustainable and inclusive growth strategy for transforming the EU into a
fair and prosperous society, with a modern, resource-efficient and competitive
economy with no net emissions of greenhouse gases in 2050 decoupling economic
growth from resource use. This is the core of the European Green Deal for the Euro-
pean Union and its citizens," an integral part of this Commission’s strategy to imple-
ment the United Nation’s 2030 Agenda and the sustainable development goals.?

The COVID-19 pandemic has affected the entire European Union and the world.
Integrated biorefineries could contribute to kick start the European economy and
foster sustainable and resilient growth if their deployment would be part of the
Commission’s comprehensive plan for European recovery® and seek support through
NextGenerationEU,” the emergency European Recovery Instrument for raising financ-
ing on the financial markets and channeling it through EU programs to support the
economic restart.

Developing integrated and sustainable biorefineries involves translating re-
search and innovation results into the European economy, increasing cross-border
cooperation of scientists, continent-wide competition of researchers, building of
critical mass and coordination in the field and improving the collaboration between
private and public research and innovation. This could contribute to the European
Research Area® uptake for building a common scientific and technological area in
Europe for integrated biorefineries toward a more competitive associated European
industry. Furthermore, technology and skill development could receive support
from Horizon Europe, the EU research and innovation framework programme for
2021-2027.

1 https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1576150542719&uri=COM%3A2019%
3A640%3AFIN

2 https://sustainabledevelopment.un.org/post2015/transformingourworld

3 https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52020DC0456&from=EN

4 https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32020R2094&from=EN

5 https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52020DC0628&from=EN
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However, achieving “tomorrow’s” biorefineries in Europe requires better inte-
gration, more flexibility and improved sustainability. Their feasibility will be driven
by the extent to which they can address societal challenges and needs, like energy
security, competitiveness and growth, as well as climate, environment and resource
efficiency. Their commercialization potential is increasing, implying significant eco-
nomic growth and job creation. However, their full deployment will depend on
whether they aim at sustainable products of high quality that can be competitive in
European and global markets.

Maria Georgiadou
Senior expert
European Commission®

6 All views expressed herein are entirely of the author, do not reflect the position of the European
Institutions or bodies and do not, in any way, engage any of them
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Michele Aresta, Angela Dibenedetto and Franck Dumeignil

1 Transition from the linear to the circular
economy. The role of biorefinery and
catalysis

Abstract: The linear economy model is not sustainable for a long time yet, due to the
finite natural resources and the negative impact of the gigantic production of waste,
typical of the linear model, is producing on natural compartments (atmosphere, water
and soil) and climate. The need of shifting to a circular economy closer to nature (use
of renewable-C more than fossil-C) is becoming more and more urgent. Circular econ-
omy and bioeconomy share the basic concepts of C-recycling and waste reduction. The
correct use of renewable carbon brings about the concepts of using biomass and indus-
trial C-recycling. Biorefineries will play a key role in future circular economy.

1.1 The black spots of the linear economy
and the disruptive circular economy

The linear economic model has been adopted by humans at increasing intensity
since the end of 1700s, favored by the industrial development that has steadily
pushed people away from the agriculture-based economy and nature. However,
consumerism has dominated our world during the last six decades, based on the
false belief that the Earth resources were inexhaustible and enough for all. In such
a view, even the timespan of goods became an unnecessary attribute: short-living
goods were privileged with respect to long-lasting ones. With the massive introduc-
tion of plastics, extraneous to nature, after 1940s, the use once and throw away atti-
tude became more and more popular. After mid-1950, the use of plastics grew
exponentially (today we use 360" Mt/y of various plastics) and the throw-away atti-
tude became global, reaching industries, collective services and individuals. With
time, plastics have replaced metals, glass and wood, pushing people away from the
circularity of nature (nature does not produce waste) and producing huge amounts
of wastes that will impact soil, water and biosystems for decades as such materials
are extraneous to natural cycles. If in an agriculture-based economy people were
educated to thrift and re-use residues (landfilling was not an extended practice,

Michele Aresta, IC?R Ltd, Tecnopolis, Valenzano, 70010 IT, e-mail: michele.aresta@ic2r.com
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fresh vegetable and garden residues were generally dispersed in soil, bringing back
carbon and other nutrients to it, glass and metals were recovered and re-used, wood
was used as energy source and ashes were used and finally added to soil), the in-
dustrial economy has changed such attitudes. Industry is more intensive than
nature: consumption was, thus, encouraged, and maximizing profits at expenses
of all other values has been the driver during the last decades.

Need of stepping from the linear...
Take...Use...Dispose

RESOURCE EXTRACTION DISTRIBUTION

Figure 1.1: Linear vs circular-economy, and CCS vs CCU. Reprinted by permission
from Springer [4] (2021).

However, the linear economy (Figure 1.1, top) has produced mountains of waste of
all kinds (solid, liquid, gaseous) and damages to fragile ecosystems, even reducing
biodiversity. The ever-growing emission of CO, is an example, and the carbon cap-
ture and disposal (CCS) technology, which was suggested for reducing its atmo-
spheric level, is aligned with the linear economy model: fossil-C is extracted, and
CO, is produced and disposed.

1.1.1 Linear vs circular economy

The circular or cyclic economy (bottom part of Figure 1.1) makes more sustainable
solutions and long-lasting products available, (Table 1.1) while by-products and
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residues are recovered and reused for manufacturing new goods. Such practice
makes better use of natural resources, while reducing their up-take, and leaving
them available for future generations.

Table 1.1: Comparison of linear and circular economy. The table can be read horizontally (through a
row) and vertically (through a column).

Linear economy

Pros & cons

Circular economy

Pros cons

Natural resources

They are used only

Natural resources are

. . . the extracted materials

are one time; They are extracted and used, have several lives
continuously not replenished but at the end of life,
extracted goods are recycled

.
Residues of Goods have a single Residues are recycled Recycled residues are
processes short life secondary raw materials
are considered as
waste

Waste is disposed

Disposal sites are
scarce,

and leaching of toxic
substances pollutes
the environment

Residues are not
considered waste.
Waste is reduced, or
even not produced

A cascade of technologies
can be exploited for stepwise
downgrade use

For disposal,
waste needs to be
transported to the
suited site

Transport of waste may
generate a strong
environmental impact

Residues may or may
not need
transportation

Reuse of secondary raw
materials can be set up at
the same industrial site
where they are produced:
clustering of processes can
avoid long distance transport

Disposal of waste
is a cost

In general, there is no
benefit from disposal

Secondary raw
materials have a value

There is a profit from
recycling goods

Disposal sites
may leach toxic
compounds

Leaching may pollute
water, soil and air,
reaching plants,
animals and humans

A final end-of-lives
waste is anyway
produced, in general,
this can be inert

Finally a non-usable waste is
produced. Disposal of such
waste has a cost but the
amount is much lower

- printed on 2/13/2023 12:19 AMvia .

The circular economy can even open the way to new manufacturing activities and
generate new jobs. Interestingly, recycling is the extension of a production cycle in
which the extraction of raw materials is replaced by the dismantling of the used
goods, which in a sense is a kind of mining from a different environment than
nature, that may even represent a higher level of complexity. As an example, let us
consider recovering all single elements present in a hand phone, which can contain
up to some 28 different elements: such matrix [1] is not at all simpler than a natural
ore! Just to know, one billion hand phones contain, citing the most abundant, 15
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000 tcy, 3000 ta;, 3000 tge, 2000 ty;, 1000 tgn, 100 ta, and 20 tpg i 1a. As of today,
on the Earth, there are more handphones than people. Figure 1.2 correlates value and
timespan of goods in a linear or circular economy frame. Single use of natural resour-
ces, (A) produces a single time profit for a short-lived product.

anpug

»

Time

Figure 1.2: Value and lifetime of raw materials according to the linear economy (A) and the circular
economy (B and C represent the case of recycling to the same function or to lower quality products,
respectively). Reprinted by permission from Springer [4] (2021).

Recycling can generate profit n times for the same natural resource that has several
lifes (B) or for a cascade of products (C) of decreasing value. Case (B) is relevant to
goods like metals that can play the same function n times. Case (C) is relevant to
those goods that with recycling do not recover the original properties. This is the
case of plastics or paper: plastics used for food packaging will not recover the re-
quired properties when recycled and will be used for making goods with lower pu-
rity requirements (e.g., packaging); recycled white document paper will be used for
making common writing paper, or newspaper paper or cardboards because recycled
fibers do not have the resistance and quality of the original material, neither the
same whiteness. Water can, in principle, be recycled n times, but reaching the
grade of drinking water requires numerous treatments that must guarantee the ab-
sence of toxic products and dangerous microorganisms. Most recycled water is used
for watering or for domestic (non-drinking) and industrial uses. Recycling carbon
follows case B in Figure 1.2, as gaseous CO, can be easily separated from liquid and
solid potential pollutants and even from gaseous noxious species at the desired
extent.

In several cases, recovery of goods and recycling is less expensive (economi-
cally and energetically) than using fresh raw materials. However, recovery and recy-
cling of goods meet the sustainability principles, extend the availability of natural
resources, produce less waste, lower the environmental burden of anthropic activi-
ties and may sustain the development of our society without (or with much less)
damages to planet Earth.
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1.2 The need to shift to circular economy

Which are, thus, the drivers for the big shift from linear to circular economy?

The necessity of moving away from the linear economy is dictated by two key
issues: the limited availability of natural resources and the impact off anthropic ac-
tivities are causing to the environment. An example is given by the use we have
made so far and are actually making of fossil-C: since over two centuries, humans
are burning fossil-C (coal, oil, LNG) and discharging CO, into the atmosphere (the
effect is that the CO, atmospheric concentration has grown from 275 ppm of the pre-
industrial age to actual 410 ppm). For how long can we go on like that? Table 1.2
gives the estimated reserves of coal, oil and gas and the time (calculated for the
case we used only the considered fuel for all anthropic activities) we can use them
considering the future growth of energy consumption [2]. However, we can continue
to burn fossil-C and emit CO, for a very limited time (maybe 70-100 years) not only
because of the scarcity of resources, but essentially for the impact such trend is
causing on natural compartments and climate. The average planet temperature has
grown by 1.5 °C with respect to 1990, and international agreements put a limit at 2 °
C for avoiding a non-return point.

Noteworthy, setting a limit for the temperature increase means [3] setting a
limit to the amount of CO, that can be emitted and, thus, to the amount of fossil-C
that can be burned. However, two strict mandatory limitations exist that we must
take into serious consideration for guaranteeing a safe planet for next generations:
scarcity of resources and the impact on the environment our lifestyle is causing.

Looking at the future from the point of view of wise C-management brings two
options: i) use of C-free primary energy sources such as solar, wind, hydro, geother-
mal (not considered in this book) instead of fossil-C, and ii) a solution based on the
correct use of renewable-C. This latter option brings in turn two alternatives: a) re-
cycling of carbon through CO, utilization in the chemical and energy industries,
and b) wise use of biomass. The latter option is the subject of this book; the former
one is only summarized in this chapter; for an extended discussion, the reader can
reach references [4, 5].

The intelligent use of biomass can, thus, contribute to alleviating the environ-
mental burden of the chemical and energy industries. Biomass is made from atmo-
spheric CO, and is considered as a zero(quasi)-emission source of goods and
energy. At the end of their life, either goods or fuels derived from biomass end on
producing CO,. Ideally, the amount of CO, emitted will be used for producing the
biomass again: the cycleis only apparently closed. The key issue is that the combus-
tion [6] has a rate that is some 1000-10 000 times higher than the fixation of CO,
[7] and this generates an atmospheric accumulation of CO, within the utilization
time. Biomass alone cannot satisfy the needs (of goods and energy) of our society; it
is only a complement, still important, to other primary energy sources.
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As already noted, in a circular economy frame, a used good is not a waste, but a
source of materials and parts that will have a new life; used goods are not unuseful
dead bodies, they are precious donors. We need to change our attitude toward the
way we use goods, and this will not be easy. However, the most difficult task for
the implementation of the “recycling” strategy will be to educate people to change
their attitude from use-once-and-throw-away to use-take-care-store-reuse, to con-
sider any good as long-lasting more than just made for one or few days’ life. Educa-
tors must be formed, first! International programs operate in this direction. The
change must go through four key sectors, namely: economy, ecology, politics and
culture. If we want to save resources, we have to target longevity of produced goods
and re-circulation of their usable parts at the end of their life. This new attitude is
already producing changes in our world at least at the level of regulations. As an
example, we wish reporting the change that is going on in the IT market which
must obey a number of sustainability-oriented criteria that cover all phases of the
product life cycle: material sourcing and manufacturing; use and re-use; and re-
covery and recycling. Such criteria impose that: i) IT products must have replace-
able batteries, to avoid disposing a good just because the battery is off; ii)
reusability of devices must be assured; iii) spare parts must be available for atleast
three years after the product is off production; iv) products must be upgradable; v)
parts of a device must be recyclable and interchangeable; and vi) used products
must be returned to the factory instead of being disposed. These directions go op-
posite to the ones we have been stepping through in the last five-six decades! Con-
sumers must now change their behaviors.

1.3 Circular economy, bioeconomy and biorefinery

The circular economy crosses the path of bioeconomy: they are indeed two comple-
mentary policy strategies. In its 2012 communication, Innovating for sustainable
growth: a bioeconomy for Europe, the European Commission (EC) stated a frame-
work to stimulate knowledge development, research and innovation on the conver-
sion of renewable biological resources into products and energy [8]. Bioeconomy is
defined as the “production of renewable biological resources and their conversion
into food, feed, bio-based products and bioenergy.” The EC launched the circular
economy package in 2015, [9] and in 2018 adopted the so-called circular economy
policy package, [10] defining the circular economy as “an economy where the value
of products, materials and resources is maintained for as long as possible and
where the generation of waste is minimized.” As mentioned in previous paragraphs,
nature does not produce waste; bioeconomy is circular per se: under such point of
view, bioeconomy and circular economy intercorrelate quite intimately. However, the
two strategic approaches are strictly linked and must go hand in hand for an optimized
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use of resources and minimization of waste. They have, in common, key concepts such
as the value-chain approach, sustainability, resource efficiency, the global dimension
and the cascading use of resources. When biomass is used the concept of “biorefinery”
is developed tackling the maximization of resource utilization and the rational use
of production and consumption. Both strategies target C-recycling and both imple-
ment such target through CO,-utilization. All biomasses are made from atmo-
spheric CO, and water under the action of solar light and with the essential
utilization of substances taken from soil. An important part of the C-circular econ-
omy is represented by industrial C-recycling through conversion of CO, into chem-
icals, materials and fuels, possibly under the action of solar energy. The latter part
will be shortly discussed in Section 1.4, and the rest of the book is devoted to illus-
trating the biorefinery concept and its relation to catalysis.

As a matter of fact, bioeconomy already has several different strategic applica-
tions in a variety of industrial sectors (chemical, material, energy). Two of them
are prominent: biofuels and bioplastics. Bioplastics will be extensively treated in
Chapter 17, while biofuels are briefly presented in §1.3.1, with further mention in
other chapters of this book.

1.3.1 Biofuels

Bioenergy (or energy derived from biomass) can be provided by solid (wood), liquid
(bioethanol, biodiesel, others) and gaseous (biogas and biomethane — Chapter 12;
Syngas — Chapter 11) products. The total share of bioenergy in 2018 was around 13.3%
of the world’s total non-fossil-C energy consumption, with liquid and gaseous bio-
fuels covering some 5.1% [11]. Woody materials (see Chapter 10) give the major contri-
bution in the production of heat or electricity, while liquid fuels are the key players in
the transportation sector (road, maritime and avio). Biogas and biomethane (see
Chapter 12) play across heat production (mainly biogas) and transport (biomethane).
The total consumption of liquid fuels (gasoline, diesel, jet-kerosene) in 2019
was around 4 550 Mm® [12]. Today, liquid biofuels represent ca. 3.5% of the total
liquid fuel market. The target is to rise such percentage to above 20% by 2040.
Liquid biofuels can be categorized into three classes, mainly, each with its own
characteristics.
— Bioethanol;
— Biodiesel;
— Drop-in hydrocarbons.

Liquid biofuels can be produced from grown or waste biomass through a variety of
catalytic processes, specific of each class. Mostly, heterogeneous catalysis is used in
such processes, but biocatalysis and hybrid catalysis (integrated chemo-enzymatic)
are gaining a role in such vast and complex field.
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1.3.1.1 Bioethanol

Bioethanol (CH3CH,OH) is usually produced by fermentation of starches and sugars
(mainly C6), a practice known since the Neolithic age. For long time, ethanol for
energy has been produced from sugarcane, beets or maize, competing with food
and feed. These days, second-generation bioethanol is obtained from cellulose, via
deconstruction of the polymeric matrix followed by fermentation of sugars. Bioetha-
nol is produced on a large scale in USA and Brazil and is usually blended with gaso-
line at different extents for boosting octane number, having a better combustion
and reduced CO, emissions with respect to gasoline, even if the risk is that the alde-
hydes that are emitted cause smog formation. The most common blend of ethanol
and gasoline is E10 (10% ethanol + 90% gasoline). Vehicles with adapted engines
(the so-called flexible fuel or flex fuel vehicles) can run on E85 (a gasoline—ethanol
blend containing 51-83% ethanol, depending on country and season). E10 is used
all over the world. The countries where most ethanol is used are USA and Brazil; in
the former roughly 97% of consumed gasoline contains ethanol. The world produc-
tion of bioethanol was some 110.2 Mm® in 2019, with USA producing 58.5 Mm°, Bra-
zil 32 Mm? and EU 5.5 Mm? [13].

1.3.1.2 Biodiesel

Biodiesel is made of fatty acids methyl esters (FAMEs) (medium-, long-chain-car-
boxylic acids) obtained by transesterification with methanol (other alcohols can
also be used) of (tri, di, mono)-glycerides such as non-food oils (rapeseed oil, rape
oil, soybean oil), waste oils including restaurant oils or animal fats. Edible oils
should not be used because they are not economic. Biodiesel can be blended in any
ratio with fossil-C—derived diesel. In the production of biodiesel from natural matri-
ces, one has to avoid using large volumes of polyunsaturated Fatty Acids which
might cause problems to engines as they can originate gums and solids during burn-
ing due to the polymerization of (poly)unsaturated molecules. The world production
in 2019 was around 40 Mm?, led by Indonesia (7.9), USA (6.5) and Brazil (5.9) [14].

The used blends are in the interval B100 (pure biodiesel)-B10 (10% biodiesel).
The most commonly used blend is B20, containing 20% biodiesel.

1.3.1.3 Drop-in hydrocarbons
Such fuels are different from bioethanol and biodiesel. They are obtained from a va-
riety of biomatrices, including waste animal fats and oils, which are submitted to a

hydrotreatment process, that is, a high-temperature hydrogenation. The product is
different from biodiesel and bioethanol and is mainly constituted of medium-long
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chain hydrocarbons. One of the most popular among the hydrotreatment processes
is the Neste NY renewable diesel [15] also known as hydrotreated vegetal oil (HVO),
spread all over the world. Such renewable diesel has better properties than petro-
leum-diesel for what concerns the cetane number (that is higher) and the cloud
point (that can be customized and reach quite low values such as —40 °C). Several
attempts are going on for producing such hydrocarbons, avoiding hydrogenation of
vegetal matrices, in order to reduce risks and costs. The world production of HVO
was ca. 4 Mm® in 2019, with the Finnish Neste being the major player (over 50%)
with the four plants located in Rotterdam, Singapore and Finland (2), having a total
capacity of over 2.5 Mt.

1.4 C-circular economy
1.4.1 C-recycling through CO, utilization

The concept of recycling goods has a central role in the circular economy. Water,
metals, paper and cardboard are recycled since long time and some have reached
interesting rates (50+%), others much less. Recycling carbon is practiced at the in-
dustrial level since the 1860s (see the Solvay process) and actually ranges around
230 Mt/y [4], a large value per se, but still very marginal with respect to the amount
of anthropogenic CO, (35000 Mt/y). If we wish to develop a C-neutral society, we
have to learn from nature, which has developed in million years a perfect balance be-
tween the used and produced CO, (C-Cycle). Such balance cannot be reached by dis-
posing CO, but requires reusing carbon (carbon dioxide capture and utilization
(CCU)). For being used or disposed, CO, must be captured either from point sources
(power plants or industrial sites), a mature technology, or directly from the atmo-
sphere, an emerging approach that still requires much investigations in order to de-
velop low-cost, low-energy options to win the drawback of the low atmospheric
concentration (0.4%) that requires more energy for the separation process, than the
separation from flue gases where the concentration can reach 14-16%. Disposal of
CO, (in terrestrial or marine sites), believed to be able to store CO, generated in the
combustion of all C-based materials available on the planet, and privileged so far
with respect to the utilization option, has several drawbacks as little is known about
the safety of the disposal sites and the permanence time. Large volumes of accumu-
lated solid-hydrate CO, in deep waters (>3 000 m) may be a potential source of high
risk as violent explosions may occur (see the Lake Nyos explosion in 1986 that
caused the death of >1750 people and 3 500 livestock). As a matter of fact, CCS so far
did not exceed 5 Mt/y of disposed CO,, most of it in enhanced oil recovery (EOR). EOR
is not areal disposal technology as the amount of CO, caught by rocks and the perma-
nence are unknown, unpredictable. Nevertheless, it is economically advantageous, as
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it allows the extraction of extra oil, while all other disposal options have an energetic

and economic cost. The main drawbacks of CCS are the fact that it enhances the extrac-

tion of fossil-C for the same amount of energy delivered to utilizers, fastening, thus, the
consumption of natural resources. Conversely, the chemical conversion of CO, affords

a variety of useful, value-added compounds (chemicals, materials, fuels). The utiliza-

tion of CO, as building block, co-monomer for polymers, or source of carbon for fuels,

saves natural resources (less fossil-C is extracted), generates profit and can pay for the
capture and conversion costs, but is not so straightforward to apply.

There are some mandatory conditions for the chemical-bio(techno)logical con-
version of CO, to be carried out on a large scale. As CCU is aimed at reducing the
environmental burden of the emission, the first condition is that any new process
we wish to exploit based on CO, cannot produce more CO, than it converts and
must reduce the CO, emission with respect to processes on stream for making the
same good. Such improvements are not given and must be demonstrated by apply-
ing the life cycle analysis (LCA) methodology to the process or product. In order to
maximize the benefits, it would be wise to engineer industrial sites so that cluster-
ing of processes and an integration of activities is implemented mimicking the na-
ture systemic approach, and new CO,-conversion processes are clustered with
processes in which CO,, and other secondary raw materials are produced, avoiding
long-distance transport.

As already mentioned, CO, can be converted into a variety of compounds, using
many different reactions, that can be categorized into three main classes:

i. Class A, in which CO, is incorporated as such into a new chemical (carbonation
reactions, formation of C-0 and C-N bonds), and the oxidation number of the C
atom remains equal to +4 as in the original molecule. Some of the reactions be-
longing to this class have been exploited so far;

ii. Class B, in which a C-C bond is formed and the oxidation number of the C atom
is reduced to +3; such reactions are limited by the C—H activation barrier;

iii. Class C, in which the oxidation number of the C atom goes from +4 down to —4.
Such reactions will require non-fossil energy and hydrogen that must come
from water. Such option was not exploited so far, being the energy system
based on mainly fossil-C.

Figure 1.3 represents the energy of a number of C1 molecules derived from CO,: with
the exception of inorganic carbonates and some very few organic carbonates (in the
circle), all other compounds are higher in energy and their synthesis from CO, re-
quires energy and even hydrogen that must be C-free.

However, when moving from durable materials such as polymers and other com-
pounds (inorganic carbonates), in which CO, can be stored as such, to intermediates
and fuels, a crescendo of energy demand will be encountered, with the obligation of
using energy sources other than fossil-C (otherwise more CO, will be emitted than
fixed), and using non-fossil hydrogen. Making fuels would allow a larger amount of
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Figure 1.3: Gibbs-free energy (AG®p) of CO, and some other C1-molecules. Organic carbonates and
carbamates lay within the red circle, inorganic carbonates (CO52") are lower in energy and all other
species are higher in energy. In order to convert CO, in any species above it, energy must be
provided to CO,, represented by the red segment in the figure. Often, hydrogen is also needed.
Reprinted by permission from Springer [4] (2021).

CO, to be converted (the fuel market is some 15 times larger than the market of chem-
icals), requiring less complex reaction pathways (onestep vs multistep processes) due
to the simpler molecular structure of fuels.

These issues make the CO, conversion quite complex at a scale that would sig-
nificantly reduce its emission and impact on climate change.

In addition to thermodynamic barriers, the conversion of CO, also suffers of ki-
netic barriers. In order to speed up the reactions and work at the lower possible tem-
perature, catalysts are necessary. However, homogeneous, heterogeneous, enzymatic
and hybrid catalyses play a key role in all CO, conversion reactions, and developing
the most suited (active and selective) catalyst is a fundamental step in such innova-
tive chemistry.

1.4.2 Biomass valorization

The Directive adopted by the European Parliament on April 23, 2009, [16] estab-
lishes “. . . omissis, a common framework for the promotion of energy from renew-
able sources. It sets mandatory national targets for the overall share of energy from
renewable sources in gross final consumption of energy and for the share of energy
from renewable sources in transport. It lays down rules relating to statistical transfers
between Member States, joint projects between Member States and with third coun-
tries, guarantees of origin, administrative procedures, information and training, and
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access to the electricity grid for energy from renewable sources. It establishes sustain-
ability criteria for biofuels and bioliquids . . . omissis” clearly emphasize the role of
bioresources, the only renewable on the planet, and the need to disseminate and po-
tentiate their use.

As a rough estimation, the solar energy that hits Earth is as high as ca. 3 850x-
“10% J/y, with only about 3x10?! J/y being used in photosynthesis. The yearly over-
all energy amount used in anthropic activities in 2018 was 14 000 Mt,. or
0.61x10?' J [17], which is thus equivalent to roughly one fifth of the energy used by
photosynthesis. Thus, theoretically, it would be possible to fulfill all the human-
beings’ energy needs by relying on photosynthesis-derived products (biomass).
Obviously, this is not as simple and straightforward as it is in words, because the
day-by-day real life is very complex and must consider the basic needs of people
(food) and animals (feed), the necessity to sustain ecosystems, the reduced acces-
sibility to wild zones of our planet (which anyway should be preserved), the scarce
energy value of fresh biomass and so on. It is however reasonable to state that a
(significant) part of our goods and energy could be produced through biomass up-
grading in a global, multi-sourced, integrated strategy.

Biomass contains an important diversity of molecular complexities, with a vari-
ety of chemical functionalities. Cellulose is the organic matter, the most abundant
on Earth, accounting for about 40-55% of the total biomass. The quantity of cellu-
lose produced by plants is as high as 50-100 billion tons per year. The second or-
ganic matter most present in lignocellulosic biomass on Earth is hemicellulose that
amounts at 24—-40% of the whole lignocellulosic material, and by lignin which ac-
counts for ca. 18-25% of the total biomass. The so-called lignocellulosic biomass is
thus the most abundant on our planet. Among the other large types of biomass, we
can also cite, for example, the oleaginous plants, with oils in seeds or fruits, and
algae, which also contain a lot of oil (up to 78% of the dry weight, in very special
cases). Vegetals and animals contain a lot of other organic molecules, including
polymeric and non-polymeric ones (chitin, starch, inulin, “sugars,” proteins, etc.)
and even valuable inorganic products.

Efficient exploitation of biomass needs a specific industrial concept, which can
efficiently process various streams through up-to-date concepts and technology,
bridging the gap between biomass production and finished goods, a concept known
as “biorefinery.”

1.4.3 Biorefinery and C-recycling

The development and implementation of biorefinery processes — that is, the sustain-
able processing of biomass to a spectrum of marketable products and energy [18] - is
an absolute necessity and the key to meet this vision toward a bio-based economy,
that is, the use of the available biomass as efficiently as possible and with the lowest
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environmental impact, energy consumption, manufacturing costs and CO, footprint;
the redefinition of the transformation routes, and the change in product specifica-
tions are according to the new process performances and their limitations.

Biorefineries can use various combinations of feedstock and conversion tech-
nologies to produce a variety of products. Most of the early biorefinery concepts
have used limited feedstocks and technologies, solely producing ethanol or biodie-
sel. Such basic concepts thus generally focus on producing biofuels, with the conse-
quence of substantially reducing the added value of the biomass chain. Only a
relatively small fraction of raw materials is used for making chemical products that
have a higher added value. Economical and production advantages increase with
the overall level of integration in the biorefinery. The benefits of an integrated bio-
refinery are mostly based in the diversification in feedstocks and marketable final
products. Continuous developments in the areas of feedstock, and conversion pro-
cesses (biochemical, chemical and thermochemical), and their integration with
powerful downstream separations enable more economical and environmentally
sustainable options for integrated biorefineries. Such an approach also enables
spreading of biorefineries implementation within a wider geographical area in the
whole Europe with adaptation to local conditions and resources. Moreover, accord-
ing to different studies [19] bio-based industrial products can only compete through
biorefinery systems where new value chains are developed and implemented. This
means that new marketable products like high value-added chemical or biochemi-
cal products together with high added-value-specific biofuels can enhance the via-
bility and interest of biomass.

Then, in a rationalized biorefinery, best use of biomass-derived carbon must be
designed, with a minimized amount of wastes, in a fully integrated concept, encom-
passing a whole range of disciplines, and at the core of which catalytic (homoge-
neous or heterogeneous), biocatalytic and thermocatalytic processes are connected
for sake of efficiency (Figure 1.4) [18].

The biorefinery of the future is featured in Chapter 2.

1.5 Perspective of catalysis within a circular-
economy frame

1.5.1 Hybrid systems

For several decades catalysts combinations have enabled the development of
greener processes in terms of solvents, energy, and carbon emissions. Most of these
combinations were realized by combining chemocatalysts with chemocatalysts, or
biocatalysts with biocatalysts. Directly combining chemocatalysts and biocatalysts
was long considered as unimaginable due to allegedly insurmountable process
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Figure 1.4: Example of the high level of integration reached in the EuroBioRef FP7 project.

incompatibilities. Recent literature [20] shows that it is possible to opening un-

precedented perspectives for clean chemical syntheses and paving the way to a

real revolution of the chemical industry in the mid-term.

Hybrid catalysis, comprising the integrated combination of at least one chemi-
cal and one biocatalyst, represents one of the most promising innovations in chemis-
try, especially when both catalysts are combined onto a single multi-catalytic
material. This field being in its infancy, examples are still scarce but pioneering
works in the literature give hope to a very fast development in the next decade [21].

Hybrid catalysis is thus a rapidly expanding interdisciplinary field that builds
on developments from both the field of catalysis and materials science. It covers
several areas, each of them addressing specific challenges:

— First, hybrid catalysis can be used to obtain optically pure compounds. These
molecules are the cornerstone of our modern pharmaceutic research and indus-
try that requires high optically pure compounds to produce drugs that will pres-
ent benefits without counterparts. Hybrid catalysis has the potential to strongly
increase the yields and the optical purity of the final products.

— Hybrid catalysis also appears as an efficient solution for recycling expensive co-
substrates that currently limit the use of many enzymes in industrial processes
[22]. Nowadays, large-scale use of enzymes is limited to the families that do not
need such expensive molecules, or for the production of molecules with very
high added-value to counterbalance these costs. This makes the number of
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available processes importantly reduced in number, especially when it comes to
biomass valorization and bulk chemicals synthesis, where alternative pathways
to fossil fuels are urgently needed. Therefore, this aspect of hybrid catalysis
needs to be more extensively studied to help for the integration of enzymes in
large-scale industrial processes.

— Finally, hybrid catalysis excels at diversifying reactions. By combining at least
two different catalytic species that present their own substrate scope, but also
their operating conditions, hybrid catalysis allows for the transformation of a
broader variety of molecules, especially those coming from biomass [23]. It
presents a high potential for building more diversified biorefineries produc-
ing new molecules that are nowadays inaccessible at large scales.

Hybrid catalysis in the context of future biorefineries will be discussed in chapter 15.

1.5.2 BES and PBES

Bioelectrochemical systems (BES) and photobioelectrochemical systems (PBES)
have emerged as novel technologies for conversion of waste and algae into usable
energy and products [24, 4, 25]. Depending on their applications, working princi-
ples involved, substrate utilization and synthesis of targeted chemicals, they can
be classified into different systems such as microbial fuel cells (MFCs), microbial
electrolysis cells (MECs), BES and PBES systems. Details of such systems will be
discussed in Chapter 15.

The use of the integrated systems as BES or PBES can be considered very attrac-
tive within the circular economy view as their products (H,, CH,, acetate/short
chain fatty acids and alcohols) can be useful for the production of valuable chemi-
cals, materials and energy [26]. The inclusion of BES and PBES systems into the
biorefinery process may have a positive impact as it allows the recovery of an in-
creased amount of energy from biomass, thus [27] reducing the production of
wastes [28] and gas emission. This means that an improvement of the sustainabil-
ity of the biorefinery processes can be achieved.
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2 Biorefineries of the future

Abstract: This chapter is aimed at providing the state-of-the-art and the main char-
acteristics of what is meant today by integrated biorefineries, referring to the most
advanced definitions and classifications. Up-to-date data on existing biorefineries
in Europe and outside have been presented, giving an insight from examples of ex-
cellence in EU. The evolution potential of the “biorefineries of the future” (BOF) in
accelerating the transition to a more sustainable development model, capable to
preserve natural resources and social fabric has been analyzed. Moreover, the tools
for a real and effective implementation of BOF, the most relevant expression of cir-
cular bioeconomy, have been identified.

2.1 State-of-the-art biorefineries definition
and main characteristics

Several definitions of biorefinery have been elaborated in the last decades. Accord-

ing to the US DOE [1], a biorefinery is intended as “an overall concept of a process-

ing plant where biomass feedstocks are converted and extracted into a spectrum of

valuable products” [2].

More specific definition has been elaborated to better define the concept. For
example, according to the definition provided by the Biobased Industry Consor-
tium, biorefineries are “processing facilities that convert biomass into food, food
ingredients, feed, chemicals, materials, fuels and energy using a wide variety of
conversion technologies in an integrated manner” [3].

The main characteristics of a biorefinery are [4]:

— The combined generation of bioenergy and bioproducts (e.g., chemicals, food
and feed).

— A combination of several process steps (e.g., mechanical processes such as
pressing, and thermochemical processes such as gasification, chemical and bio-
technological conversion processes).

— The use of different feedstock from a variety of available biomass.
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All the parts of biomass raw material are then exploited as efficiently as possible
(including by- and co-products valorization deriving from biomass processing), so,
to maximize the economic added value along the whole value chain, while minimiz-
ing the environmental footprint of integrated processes and derived bio-based
products.

Different kinds of biomass including dedicated wood and agricultural crops,
organic residues (both plant and animal derived, and industrial and municipal
wastes) and aquatic biomass (e.g., algae, sea weed, chitin) could be used and then
fractionated into intermediates (i.e protein, sugar, oil, fiber and lignin) and then
further converted in bio-based products by the integration of chemical, biotechno-
logical, thermochemical conversion as well as mechanical treatment.

Several classifications based on a variety of different bases are reported in liter-
ature. Such classifications are based on the technological implementation status or
the type of raw materials converted as well as the type of intermediates/products or
the type of conversion process applied.

IEA Bioenergy Task 42 developed a biorefinery classification based on sche-
matic representation of whole use and conversion of biomass into final products.
“The classification approach consists of four main features that identify, classify
and describe the different biorefinery systems: platforms, energy/products, feed-
stocks, and conversion processes (if necessary)” [5], as descripted in the following
picture (Figure 2.1) that represents the network on which the IEA Bioenergy Task 42
biorefinery classification system is based.

2.2 Existing biorefineries in Europe and worldwide

Biorefineries are already an established reality in Europe and across the world. This
has been the result of deployment of large-scale investments by public and private
companies, depending “heavily on the profit margins of bio-based products and the
successful development and commercialization of new technologies; availability of
local and/or regional feedstock at competitive prices, suitable infrastructure includ-
ing logistics, skilled personal, private and public support services, including utility
companies facilitating financing and permitting, fostered by a supportive policy
and regulatory enabling environment” [6].

In 2018, according to JRC’s publication, “803 biorefineries have been identified
in the EU, of which 507 produce bio-based chemicals, 363 liquid biofuels and 141
bio-based composites and fibres (multi-product facilities are counted more than
once). Of those facilities, 177 are reported as integrated biorefineries that combine
the production of bio-based products and energy Figure 2.2. The location of most
biorefineries shows correspondence with chemical clusters and ports. Generally,
the highest concentration of biorefineries is located in the central part of the EU,

printed on 2/13/2023 12:19 AMvia . All use subject to https://ww.ebsco.confterns-of -use



27

2 Biorefineries of the future

d D ()| (o) Ev=)

*(sasn 10y sujeljsuod Aue Jnoym a)qejieae Adngnd
11oday) [§] paseq si walsAs uoljedyisse)d Alaulalolq gy dsel AS1auaolq y3| ayl YoIym uo SIomiaN 'z 21nSi4

D &0 & EED

L T ) | e e

I ¥ E¥Y h I

e -~ e

R s | ey | Wy | =

Al'l use subject to https://ww.ebsco.contterns-of-use

- printed on 2/13/2023 12:19 AMvia .

EBSCChost



28 —— (atia Bastioli, Cecilia Giardi and Fabio Sagnelli

particularly in Belgium and the Netherlands” if integrated biorefineries are consid-
ered, as shown in the following maps (Figure 2.3) [2].

. Intograiod biorofinorios (bio-based products and onergy) . Non-intogralod biorofinorios

Figure 2.2: Integrated and non-integrated biorefineries in EU [2] (Reproduction is authorized).
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Figure 2.3: Integrated biorefineries in EU per Member States [2] (Reproduction is authorized).

The most used feedstock source for biorefineries in all European countries is
represented by agricultural biomass (i.e., sugars and derivatives as well as oils and
fats streams). In Finland, Sweden and Portugal more than 50% of biorefineries are
based on the use of forestry-derived feedstock. “Marine and waste resources are rel-
evant in some countries but not yet highly exploited in biorefineries: marine-
derived feedstock (like fish oil and macro/micro-algae) is employed by a relevant
number of facilities in France (10 facilities), The Netherlands (6), Spain (5), Ger-
many (3) and Ireland (3) and waste-derived feedstock is especially represented in
Germany (16 facilities), The Netherlands (15), France (12), UK (12), Finland (11),
Sweden (10) and Spain (10)” [2].

Starting from this research activities, aiming at determining the level of devel-
opment of the bio-based industry in the EU and the potential for future growth in
terms of number, location and link with the specific kinds of locally available bio-
mass, in 2021 JRC has developed and published [7] a mapping of the existing chem-
icals and materials driven biorefineries, defined as producing “primarily bio-based
chemicals and/or materials with bioenergy as a side-product” [7]. This also means
that bioenergy (i.e., power, heat/cold, biofuels) focused biorefineries that produce
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chemical co-products are not included. Only commercial, first-of-a-kind and demon-
stration plants were included (TRL 8 and 9) in JRC study excluding pilot plants. “The
database contains information on location, feedstock, platforms, conversion pro-
cesses, and products of 298 existing chemical and material driven biorefineries in the
EU and of 110 chemical and material driven biorefineries outside the EU” [7].

The following graph (Figure 2.4) elaborated in the framework of the JRC study
for the EU chemical and material driven biorefineries reports the geographical dis-
tribution of EU chemical and material driven biorefineries, the developed bio-based
products and chemicals as the type of processed biomass. Figure 2.4 shows that the
most of chemical biorefineries are located in France, Germany, the Netherlands,
Belgium, Finland and Italy while the distribution of material biorefineries seems to be
less geographically concentrated. France, Germany and Finland are the leading coun-
tries in terms of number of biorefineries producing biomaterials and composites.

The product category “other” includes other categories such as agrochemicals,
feed, pharmaceuticals and other bio-based products. Regarding feedstock used, ac-
cording to the JRC study, the above reported map indicates the location of biorefineries
by their feedstock class (agriculture, forestry, marine and waste). A multi-feedstock
category is also available here and presented on the map in gray (Figure 2.4).

Agricultural feedstock is particularly relevant in Italy, Spain, the Netherlands
and Belgium where it takes a large portion in the total number of feedstock classes.
Forestry-based biorefineries have a substantial presence in Northern EU countries
with reference to Finland and Sweden, while waste-based biorefineries appears to be
more present in Germany, France and the Netherlands. The smaller number of ma-
rine-based biorefineries are mainly located in France, Ireland, Germany, the Nether-
lands and Spain.

All in all, the most widely valorized agricultural feedstock categories in the EU
are represented by “oil crops (83 biorefineries) starch crops (77 biorefineries), ligno-
cellulosic crops (52 biorefineries) and sugar crops (51 biorefineries)” [7]. Second
generation feedstock biorefineries are emerging as well even if up to now a signifi-
cantly lower number with respect to first generation is present. (Figure 2.4)

Outside Europe, JRC’s study maps 110 biorefineries mostly located in China (38)
and in the United States (29). Outside the EU, the most relevant feedstock is repre-
sented by C6 sugar coming from agricultural crops, with a less diversified resources
used in comparison with EU biorefineries. “As compared to the EU, commercially
available pathways outside the EU make for a significantly larger share (94.5%) of
chemical and material driven biorefineries. The majority of non-EU biorefinery use
agricultural feedstock in the form of sugar crops (42), starch crops (37), oils crops
(8) and lignocellulosic crops (2)” [7].

printed on 2/13/2023 12:19 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost

2 Biorefineries of the future = 31

Dirop-in commaodity 6%

Distribution of EU refineries by product

Mixed 8%

B chemicals © Materials Smart
R ) 41% drop-in 9%
¢ 4
A
- Restof EU  —
© % CEEC — e
» . Spain - '
-
Italy
L]
5 8" @ ) Austria - —
j‘*% 3 A Belgium Number of refinerles by
. gy o8 5 5 Sweden | E— product category and EU
) « LS b Vi " Finland Member State
3 ¥
:' oy tatis ; Netherdands  E————
‘o we R Germany S
. ¢ A R D France | S

0 40 60 B0 100 120 140 160

L)
o

i ) S DA S mchemicals @ composites and fibers & higuid beofucls  mothers
The grey polnts on the map Indicate that the refinery hes

mane than one product related.
140 Type of biomass processed
120 Number of refineries by feedstock in the EU
100 category and EU Member State
80
60 Secondary,
23%
40
lins
0 l Elmm f Primary,
2 A Y 0 ] & L 3 " 7%
F ST PO
& bc}@ .‘@F‘k\) %’t\'&\ & hf ' o Qg.}o
oF
W agriculture  Wforestry  ®maring  Bother waste

Figure 2.4: Biorefineries distribution in Europe by location, product and feedstock [8] (CC By 4.0).

2.3 Insight from examples of excellence in EU

In Europe, in the last decade, large-scale investments by public and private compa-

nies deal with the creation of new emerging biorefineries focused on:

— Upscaling at industrial level innovative processes (mechanical, chemical, biotech-
nological, etc.) to convert biomass into added value bio-based products (biochemi-
cals, biofuels, food and feed ingredients, biopolymers and related bio-based
products applications, etc.) with reduced environmental impact, increasing pro-
cesses yield, selectivity, productivity and sustainability against state-of-the-art pro-
cesses, by improving and expanding conventional biomass processing facility.
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Such work has required a close cooperation among companies and RTOs to up-
scale the most promising innovative processes for biomass conversion following
the logic of induced incremental innovation.

— Establishment of positive interactions and business models with the primary
sectors to ensure security of sustainable feedstock supply while providing addi-
tional opportunities for farmers and forest owners, including valorization of ag-
ricultural residues and marginal lands.

— Implement advanced technologies for increasing energy efficiency of biorefi-
neries and whenever possible valorizing by- and co-products deriving from feed-
stock processing.

Some of these biorefineries have been realized in the framework of the Bio-based
Industries Joint Undertaking (BBI-JU) program. BBI is a Public-Private Partnership
between the European Union and the Bio-based Industries Consortium (BIC).

Up to 2020, 11 flagships biorefineries [8] have been supported by the BBI-JU pro-
gram acting as a key tool to de-risk innovative investments, spurring cooperation
among partners along the value chain (including primary sector as essential partner
for the success of the new initiatives) while promoting the coverage of the last mile
toward the full-scale implementation of innovation processes and bioproducts in
the bioeconomy domain. Some representative examples are reported differentiated
per type of feedstock, scope of the biorefinery and location (covering Northern,
Southern and Eastern EU Regions), main bioproducts (including valorization of
side-streams and intermediates), main investors and involved partners, achieved re-
sults/impacts. (Table 2.1)

2.4 The future of biorefineries: What’s next?

The global pandemic situation has revealed the worldwide fragilities of the cur-
rent model of production and consumption, based on dissipation of natural re-
sources, relocation of production, disconnection with territories and communities
for the realization of short-range objectives, highlighting a development approach
that is based on the idea of unlimited growth to the detriment of the quality of life
and of the natural and social capital of communities in the context of growing en-
vironmental impact.

In such a context, Biorefineries of the Future (BOF) can highly contribute to
such challenges acting as catalyst for promoting a new sustainable multi-actors and
multi-disciplinary paradigm toward a green and just transition, contributing to the
decarbonization of current model by promoting sustainable production and con-
sumption in the circular bioeconomy framework, in accordance with the main on
force EU policy frameworks: Green New Deal, Next Generation EU, Farm2Fork
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strategy, Bioeconomy Strategy, Circular Economy Action Plan, Missions in Horizon Eu-

rope, Common Agricultural Policy (CAP) reform, Biodiversity Strategy, Zero Pollution

Action Plan, etc.

In this perspective Biorefinery of the future should be conceived by creating “bi-
oeconomy infrastructures” [17] interconnected one each other as well as within the
regional context, enhancing industrial as well as urban — rural symbiosis to maxi-
mize the efficiency in the use of resources and multiply the benefits for the territo-
ries in which they are located. Biorefinery of the Future should then be a place
where integrated and circular value chains are developed for the production, with
low-impact processes, of new biochemical intermediates, biomaterials, bioenergy
and bioproducts with high added value and impact thanks to the integration of agri-
culture, chemistry and the environment, relaunching deindustrialized chemical/in-
dustrial sites and with them the competitiveness of the regional and national
industry.

The creation of this kind of virtuous value chain is based on three fundamental
pillars:

— investments for the renovation of existing infrastructures which are not any
more competitive and/or have been abandoned through the application of inno-
vative technologies and flagship plants in order to regenerate industrial and
rural areas at risk of abandonment, with positive effects on employment and
local economies, and to reduce environmental impacts, while preserving virgin
land from soil consumption and contributing to the reduction of CO, emissions
through the energy efficiency of plants and the enhancement of process waste;

— implementation of agricultural value chain, integrated into the territories and
developed in collaboration with farmers and their associations.

— development/production of bioproducts designed to safeguard the quality of
water and soil and therefore to find a solution to specific environmental, eco-
nomic and social problems, such as the management of organic waste, the deg-
radation of agricultural soils and water pollution, creating a virtuous system
with cascading benefits for the community.

By integrating such elements, it is possible to address 17 SDGs, as shown in the pic-
ture below (Figure 2.5).

Last but not least, BOF should be conceived as Open Facilities which could act
also as catalyst for improving the level of awareness, training and education of new
generations to meet new biorefineries sectors needs and transformations, generat-
ing, through co-creative and inclusive approach, awareness on circular bioeconomy
advantages for public/private partners as well as for citizens while facilitating the
inclusion of young and better trained professionals, owning multi-disciplinary,
managerial and cross-sectoral expertise.

Despite the already well-established examples of pioneer biorefineries in EU, as
described in previous paragraphs, there are still significant challenges to tackle for
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making it real. To do that a critical mass of biorefineries lighthouses as case studies
within different macro-categories (feedstock, biomaterials, business models, etc.)
should be implemented to generate sharable knowledge which can act as a tool for
spurring replication in EU especially in those countries which, despite the high poten-
tial in terms of feedstock and well-established scientific knowledge in the bioeconomy
field, are still lagging behind within the implementation of circular bioeconomy value
chains. Moreover, the capitalization and replication of existing best practices as well
as new implementation of new flagship plants should occur by:

— Fully considering the specificities and vocations of the Regions where future in-
vestments are deployed (development and growth with the territory and not in
the territory);

— Valorizing already existing infrastructures (brown field approach, avoiding soil
consumption) which are not any more competitive and/or have been abandoned
through the injection of innovative technologies;

— Engaging the primary sector as key actor of the value chain by establishing new
business models between farmers through the diversification of their current
production including the economic valorisation of residues and by-products
from the whole value chain as well as through the development of rewarding
schemes, such as carbon farming, supported by accurate monitoring systems;

— Creating networks of lighthouses and living labs in the agricultural sectors inter-
linked with BOF;

— Valorising new untapped promising waste feedstock (such as: unavoidable food
losses from organic fraction of municipal solid waste, that is, OFMSW, civil and
industrial wastewaters, waste oils, waste cellulose from absorbent hygiene prod-
ucts, insects, algae, by-products and wastes from sea products transformation,
CO, from biogenic and non-biogenic processes, agri-food wastes, etc.) as feed for
the biorefineries while creating new socio-economic opportunities along the value
chain and transforming costs into opportunities for territorial regeneration;

— Enhancing the synergy among rural, coastal, industrial and urban areas, over-
coming the competition for resources while adopting a “zero waste” approach
while enhancing circular value chain:

— Promoting Open Innovation initiatives to accelerate a scale-up of innovative sol-
utions in the bioeconomy field developed by start-up and SMEs to accelerate the
scaling-up of the most promising technologies to be integrated within the BOF;

— Promoting the adoption of supportive financial scheme and governance model
(i.e., public-private partnership) acting as key tools to de-risk BOF investments
and promoting the coverage of the last mile toward the full-scale implementa-
tion of innovation processes and bioproducts in the bioeconomy domain.

Moreover, to promote the growth and widespread of biorefineries of future, a num-
ber of non-technical barriers need to be overcome. A clear and stable legislative
framework is an essential element to encourage investments in future biorefineries
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overcoming existing non-technical bottlenecks which include the still insufficient
diffusion of high quality standards for circular and bio-based products, demand
support measures that allow innovative and sustainable products to compete with
existing ones, measures to emergence limiting environmental costs and externali-
ties, promoting the circularity of the economy and the reduction of environmental
impacts (e.g., incentives for activities that contribute to increasing the sequestration
of carbon in the soil, such as the production and use of quality compost). In particu-
lar, a clear framework is highly desirable to be adopted in the future regarding the
following elements:

- End of waste criteria.

— Directives and measures related to single use plastics.

— Regulations designed to promote the development of efficient systems for the
collection of organic waste and the construction of technologically advanced
treatment plants, in order to expand the collection and treatment capacity of
this fraction throughout the national territories.

— Regulations designed to encourage the production and use of quality compost
obtained from the treatment of organic waste and wastewater sludge.

— Quality standards and measures to support market demand, starting from com-
pliance with Minimum Environmental Criteria and the promotion of green pub-
lic contracts, with particular reference to waste treatment, recovery and disposal
systems.

— Development of a legislative framework promoting eco-design and supporting
those products that are designed to reduce pollution and contamination of soils.

To date, knowledge gaps in the assessment of the sustainability of the transition
from fossil-based to circular bio-based and in the comparison of alternative scenar-
ios are present and there is the needs to enhance current existing methodologies for
the environmental/social/economic impacts assessment of BOF including new indi-
cators, methods and concepts which are peculiar of circular bioeconomy value
chains such as climate change, resource use including land, water and marine
space, air/water/soil quality, ecosystems services and biodiversity, costs due to en-
vironmental and social impacts, etc.

All in all, BOF if properly declined in the framework of circular bioeconomy and
appropriately supported by policy and financial mechanisms can represent a valu-
able opportunity for a real acceleration toward sustainable development, with sev-
eral benefits for ecosystems, society and economy.
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3 Terrestrial biomass production

Abstract: The aim of this chapter is to review, evaluate and analyze sustainable
biomass chains for several biorefinery options. The analysis comprises feedstock
production, supply logistics chain including storage, and refers to different re-
gional scales (south, central, northern Europe). This aims at enabling capture of
the geographic specificities in terms of ecosystems, climate variation, land use
patterns as well as resource types, crop management, feedstock handling and as-
sociated logistics.

The identification of areas in Europe suitable for the cultivation of the selected
crops is based on spatial distribution of parameters influencing conditions for culti-
vation (germination, growing, flowering, seed production, etc.). For that purpose,
available climatic data sets, land use-land cover data sets and elevation data sets
were used.

In the Eurobioref project (2010-2016) focus was given on specific non-food oil
crops and perennial crops based on their favorable oil properties for the various
green chemical products dealt in the project. New non-food oil crops were studied
in field trials in Greece and Poland. The selected oil crops are grown in Europe only
marginally, in small plots or in gardens for ornamental reasons. Averaged yields
over the three years of the trial in Greece were 2500 kg ha™ of seeds for castor,
2380 kg ha™* for safflower and 1300 kg ha™ for crambe. Crambe was third in the rank
with seed yields up to 1500 kg ha™" in the small plots in Poland and 1000 kg ha™* in
the 10 hectares demonstration field.

Note: This chapter was only edited by the editors of this book without any update from the authors
due to the inability of the latter because of COVID-19. Its text is, thus, unchanged with respect to
the 2015 version.
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Lignocellulosic crops recorded yields >15 t/ha of dry matter (apart from cardoon
that was unable to survive after 10 years) and around 9 t/ha of dry matter for willow,
confirming their potential to efficiently exploit less favorable lands of Europe.

3.1 Introduction

There is a huge potential for agriculture to support the bio-industries as we move
toward a bio-based economy. Europe is composed of different environments, which
vary with factors like air temperature, rainfall and soil quality. No single plant spe-
cies is optimal for all environments, so identifying promising plant species at an
EU-27 context, enhancing thus biodiversity will be necessary. The most important
driving forces for the selection of the plant species to be grown in the EU are cur-
rently the demand and supply for certain crops and the rules of the Common Agri-
cultural Policy and Renewable Energy Directives. The recent specific policy targets
for biofuels and bioliquids proved to have an important impact on land use.

The aim of this work is to review, evaluate and analyze sustainable agricultural
biomass chains for a biorefinery. The analysis will outline land suitability for grow-
ing several feedstocks, biomass production and logistics including harvesting and
storage and refer to different regional scales (south and central Europe). This will
enable capture of the geographic specificities in terms of ecosystems, climate varia-
tion, land use patterns as well as resource types, crop management, feedstock han-
dling and associated logistics. The feedstock will comprise non-food oil crops and
lignocellulosic feedstocks.

3.2 Land availability

Land availability and sustainability of crop production are recently critical issues of
immense importance. The agricultural land use in the EU is already intensive in
most regions and increased production of crops for non-food uses could cause addi-
tional pressures on agricultural lands and biodiversity, on soil and water resources
and on the food/feed markets. According to latest studies [1, 2] the current available
land is around 13 Mha with only 20% being used, whereas a total area of 20-30 Mha
could be made available for growing energy crops from 2020 to 2030, either because
marginal lands will be used or because agricultural lands will be released due to
agricultural crops’ yield improvements. At the same time, it has been reported that
with the target of 10% biofuels by 2020, 25 Mha will be needed to be cultivated with
crops for biofuels production; 15 Mha will be used for liquid biofuels (biodiesel and
bioethanol), 5 Mha for biogas and 5 Mha for solid biofuels [3]. In all the above sce-
narios, arable lands are also included.
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Considering only abandoned and underutilized lands, a recent study [4] sug-
gests that an area of around 1.35 Mha of land (approximately one third of the area
cultivated for biofuel feedstock production in 2010) could be dedicated for growing en-
ergy crops. This area includes abandoned cropland (~800 000 ha), fallow land in agri-
cultural rotation, most of which is needed for agronomic purposes (~200 000 ha), other
underutilized land within the current UAA but not permanent grassland (~300 000 ha)
and suitable contaminated sites (excluding areas suited only for afforestation).
This study gets along with Copa Cogeca’s recent position on biofuels [5], suggest-
ing that 1.5-2 Mha of land (in some form) remains uncultivated since 2009.

3.2.1 The crops

A wide range of crops are available and can substitute the petrochemical feedstocks
for energy, biofuels and bio-based products. The plant database on the IENICA web-
site [6] lists over 100 plant species, with known or potential industrial applications,
that could be grown in existing farming systems. Some of the species are cultivated
solely for one non-food application (e.g., castor); some have a range of non-food ap-
plications or their by/co-products can be used to add further value to the primary
use (e.g., hemp); some are grown for food purposes and their by-products have non-
food applications (e.g., sunflower, rapeseed, wheat). A wide variety of non-food
crops that could be domestically grown in EU27 countries was studied in the Euro-
pean research project Crops2industry [7]. The crops were allocated in four main cat-
egories, namely: (i) oil, (ii) fiber, (iii) carbohydrate and pharmaceutical, and (iv)
other specialty crops and were evaluated for their suitability for selected industrial
applications, namely oils and chemicals, fibers, resins, pharmaceuticals and other
specialty products.

In the Eurobioref project, focus was given on specific non-food oil crops and
perennial crops based on their favorable oil properties for the various green chemi-
cal products dealt in the project.

3.2.1.1 The oil crops

The oil crops under study were castor seed (Ricinus communis L., Euphorbiaceae),
crambe (Crambe abysinica Hochst ex R.E. Fries, Brassicaceae/Cruciferae), cuphea
(Cuphea sp., Lythraceae), lesquerella (Lesquerella fendlheri L., Brassicaceae/ Cruci-
ferae), lunaria (Lunaria annua L, Brassicaciae/Crusiferae) and safflower (Carthamus
tinctorius L., Compositae). Their selection has been based on their favorable oil
characteristics that did serve the biorefinery concept of Eurobioref. These crops do
not compete with food crops in terms of agricultural lands as they can grow on less
fertile lands, with low inputs (water, nitrogen, pesticides, etc.). In addition, they
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can be grown in rotation with food crops, taking the advantage of being grown in
good agricultural lands and at the same allowing a better management of the agri-
cultural lands, machinery and human resources as well as assuring internal nutri-
ent recycling, limitations of pests and diseases, avoidance of mono-cultures, etc.

The selected oil crops are grown in Europe only marginally, in small plots or in
gardens for ornamental reasons. For most of the crop, yields are reported from the
United States. For certain crops like castor seed and safflower there is already an
established market in Europe with imported oils. Castor seed and safflower are the
only crops that are commercialized for several industrial uses; castor oil is used
mainly in industry for technical polymer (polyamide-11), fragrances, coating fabrics,
high-grade lubricants, inks, textile dyeing, leather preservation, etc., as well as in
medicine. Safflower has been known since ancient times as a source of orange and
yellow dyes and food colorings, and more recently has been grown for oil, meal, bird-
seed for the food and industrial product markets, such as paints and varnishes as
well as for the oil food market.

Crambe is closely related to rapeseed and mustard and thus can be cultivated
with existing agricultural methods and machinery. Crambe production would not
compete directly with domestic seed oils since it would provide a substitute for eru-
cic acid extracted from imported rapeseed. However, there is no broad commercial
outlet for crambe seed; therefore, its commercial deployment depends on the mar-
ket needs.

Cuphea, lesquerella and lunaria still need experimentation on agronomic meth-
ods and plant breeding to improve crop characteristics to allow their industrial ex-
ploitation. The major constraint to the development of Cuphea for industrial uses,
apart from its frost sensitiveness, sequential maturation and release of seeds from
seed pots, is the seed shattering, stickiness and dormancy, which is at present
being studied by plant breeders. Therefore, the highest priority to assure maximum
seed yields is genetic and plant breeding research to obtain determinate flowering
and non-shattering cultivars. Lesqerella is still under experimentation as it is a des-
ert crop not likely to be grown in many parts of the world. At the present time les-
querella seed is not sold on any market and genetic and breeding efforts are
focused on faster growing of the crop — which is perennial but grown as annual in
southern United States — and on the improvement of its yielding capacity. Lunaria
is also at the development stage. Its mechanical harvesting and cleaning of the
seeds is a problem, but the major limitation to progress is the biennial nature of the
plant and its high vernalization requirement. The production potential and agron-
omy of the crop requires further investigation as the crop often does not thrive in
large open fields. Thus, at present, commercial production of lunaria is limited to
seed multiplication for ornamentals.

Adaptability and productivity of crops were tested in field trials established in
Greece and Poland, representing the Mediterranean and Continental environmental
zones, respectively. The crops were grown for three years in field trials along with

printed on 2/13/2023 12:19 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

3 Terrestrial biomass production =— 47

rapeseed and sunflower as reference crops. Castor seed, safflower and crambe have
shown a very good establishment and produced relatively high yields in Greece,
with castor seed and safflower having the leadership, whereas in the cold climate of
Central Europe in Poland only crambe seem to be an appropriate crop.

Following a literature survey [8] and the results of the three-year field trials,
safflower, crambe and castor were selected for further analysis as candidate crops
for a European sustainable agriculture in a short- to medium-term timeframe. Value
chains starting from the oils of such crops and producing high-value monomers,
short fatty acids and fuels have been analyzed.

3.2.1.2 The lignocellulosic crops

The lignocellulosic perennial crops were selected for their low input requirements
making maintenance costs low. Such crops have permanent rooting/rhizome sys-
tems that reduce risk of erosion, which can be an important benefit in some regions.
Grass species are relatively easy harvested and collected — though systems need to
be improved. Short rotation coppice provides near-permanent vegetative cover,
with only short periods every three years or so when the crop has been cut to
ground level. With unintensive chemical inputs and its tall and varied architecture,
coppice can provide important habitat for flora and fauna. However, apart for the
large fields of willow that have been established in Sweden for heat and power pro-
duction, the selected energy crops have barely reached beyond the level of R&D.
According to Cocchi et al. [9], in Europe, solid biomass energy crops cover about 50
000-60 000 ha of land, of which reed canary grass occupies around 20 000 ha
mainly in Finland, willow around 20 000 ha, the half of which located in Sweden
and miscanthus 2 600 ha mainly in the UK and France. Predicting the performance
of perennial crops for over 15-20 years, that is the period used in the economic anal-
yses of the crops, is somewhat speculative, unless long term and reliable data are
collected. Although there have been several sizeable pan-Europe initiatives, there is
little information on crop development from ~4 years onward to the end of crops
life-span at 15-25 years. The lignocellulosic crops studied in the Eurobioref project
were cardoon (Cynara cardunculus L., Compositae), giant reed (Arundo donax L.,
Graminae), miscanthus (Miscanthus x giganteus Greef et deu, Poaceae), switchgrass
(Panicum virgatum L., Graminae), willow (Salix sp, L Salicaceae).

Cardoon was originated from the Mediterranean and then was westerly distrib-
uted. It has been investigated at European level in the following projects: AIR CT92
1089 (Cynara carduculus L. as a new crop for marginal and set-aside lands), ENK
CT2001 00524 (Bioenergy chains) and recently in the BIOCARD project. Being a pe-
rennial rain-fed crop that can be grown in marginal lands, its biomass productivity
is highly variable, depending on the climate and soil conditions, as well as on the
growing period. Therefore, cardoon cultivation still needs investigation over a

printed on 2/13/2023 12:19 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

48 —— Myrsini Christou et al.

longer period before commercial yields are defined. Harvesting of the crop in order
to separate the seeds from the whole plant is still under investigation.

Giant reed is an indigenous species to the Mediterranean basin, but a system-
atic research on the performance of giant reed as an energy crop and its appropri-
ate cultivation techniques was started only in 1997. It is a very promising non-food
crop for central and southern Europe due to its high biomass yield, low irrigation
and agrochemical inputs, high resistance to drought, good biofuel characteristics;
moreover, it can be stored outdoor without major losses. The high biomass yield
potential of giant reed has been confirmed in all trials that have been conducted
throughout Europe. One of the most critical points of A. donax cultivation, which
influences its productivity and economical viability, is the establishment of the
plantation. Giant reed has been investigated in European level in the following
projects: FAIR3-CT96-2028 (Arundo donax network), ENK CT2001 00524 (bioen-
ergy chains) and recently in the EUROBIOREF, OPTIMA and BIOLYFE projects. In
the latter, giant reed was chosen along with fiber sorghum, miscanthus and switch-
grass. Crop cultivation will be at demonstration level (~ 25 ha per feedstock) in order
to demonstrate the whole supply chain, from feedstock sourcing via fuel production
to product utilization. The main result will be the construction of an efficient 2nd gen-
eration industrial demonstration unit with an annual output of about 40.000 tons of
lignocellulosic bioethanol.

Miscanthus originates from East Asia and it was introduced in Europe in the
1930s. Up to now several fields of miscanthus have been established in many south-
ern as well as northern European countries. A number of R&D projects have been
conducted dealing with cultivation, biomass potential, biofuel characteristics, etc.
aspects, as mentioned before. The main reasons that miscanthus has gained interest
in energy market are its high biomass potential, perennial nature, low inputs, high
nutrient and water use efficiency (WUE), and good biofuel characteristics (i.e., low
moisture content at harvest time in spring). Miscanthus has been investigated in sev-
eral EU projects such as: FAIR CT97 1707, FAIR 1392, AIR1 CT92 0294, ENK CT2001
00524 (Bioenergy chains) and recently in the EUROBIOREF, OPTIMA and OPTIMISC
projects.

Switchgrass is native to North America — where it is thoroughly investigated.
Switchgrass is more suitable for central and southern Europe and is characterized
by the following advantages: easy establishment by seeds; high biomass potential;
high competitiveness to weeds once it is well established; high nutrient and WUE;
can be harvested easily with existing equipment, has long harvest window ex-
panded from late autumn to early spring, low moisture content at late harvest, good
combustion qualities of the biomass, high genetic variability. Switchgrass is a very
promising crop for energy production. Management issues such as establishment,
time and frequency of harvest, and nitrogen and fertilization practices affected the
utilization of switchgrass as a bioenergy crop considerably. Switchgrass has been
investigated in European level in the following projects: FAIR 5-CT97-3701 Switchgrass,
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ENK CT2001 00524 (Bioenergy chains) and more recently in the EUROBIOREF and OP-
TIMA projects.

Willow is characterized as an ideal woody crop since it has several characteris-
tics such as high yields obtained in a few years, ease of vegetative propagation, a
board genetic base, a short breeding cycle, and the ability to re-sprout after several
harvests. Willow is best suited for the northern part of Europe and it is grown
mainly in Sweden, the UK, Finland, Denmark, Ireland and the Netherlands. Several
R&D projects have been carried out since 1957 dealing with willow cultivation as-
pects. Since 1991, willow production has been commercialized.

Cardoon, giant reed and miscanthus were tested for their productivity in field
trials established in Greece. The crops were harvested every year in February when
they were in their 9th, 10th and 11th growing periods, respectively. Willow was stud-
ied in Poland in a three-year field. The crops performed well in Greece and Poland,
proving their good adaptability and yielding capacity. Focus was placed on giant
reed as candidate crop for a European sustainable agriculture in a short- to me-
dium-term timeframe.

3.3 Land suitability
3.3.1 Oil crops

The identification of areas suitable for the cultivation of safflower, crambe and cas-
tor in Europe was based on the spatial distribution of parameters influencing crop
growth (germination, growing, flowering, seed production, etc.). For that purpose,
finding available datasets for such parameters was necessary, as well as the classifi-
cation in classes based on specific references available in literature: climatic data
sets, land use-land cover data sets and elevation data sets.

3.3.1.1 Datasets

Climatic datasets are available for downloading at the web-site of the European Cli-
mate Assessment & Dataset project, providing information about changes in weather
and climate conditions, as well as the daily dataset needed to monitor and analyze
these conditions. E-OBS is a daily gridded observational dataset for precipitation,
temperature and sea-level pressure in Europe, available for download at http://eca.
knmi.nl/. After selection, the data included in the downloaded dataset reference
were: daily precipitation and daily temperature (average, minimum, maximum).
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Land use and land cover data were derived from reliable databases, like EEA’s
database and Eurostat. EEA’s Corine Land Cover program provided dataset about
land cover in Europe, classified in specific classes. Corine land cover 2000 data, ver-
sion 16 (04/2012) is available for download at http://www.eea.europa.eu/. Selected
attributes from such dataset refers areas where the crops could be established. More
specifically, arable lands are classified in two main classes: (a) Agricultural areas,
arable land, non-irrigated arable lands and (b) agricultural areas, arable land, per-
manently irrigated lands

The Eurostat’s LUCAS (Land Use/Cover Area frame Statistical survey) dataset
provides information about cover/land use as well as agro-environmental and soil
data identified through on-site observations of spatially selected geo-referenced
points. LUCAS 2009, Land Use/Cover Area frame statistical survey is available for
download at:

http://epp.eurostat.ec.europa.eu/portal/page/portal/eurostat/home.

ETOPO1 is a 1 arc-minute global relief model of Earth’s surface developed by the Na-
tional Geophysical Data Center of the National Oceanic and Atmospheric Adminis-
tration (NOAA) in the United States. Land topography and ocean bathymetry are
included in such dataset. In the further process only land topography data will be
used. 1-Minute Gridded Global Relief Data (ETOPO_1) is available for download at
http://www.ngdc.noaa.gov/mgg/global/.

3.3.1.2 Determination of selection criteria

The selection process for the identification of agricultural areas in Europe suitable for
the cultivation of the oil crops was based on the determination of specific criteria that
influence sowing, germination and growth of the oil crops and finally the production
of seeds and oil. The selection criteria for each crop are presented in Table 3.1.

They are based on literature and detailed below.

Castor seed is a tropical season crop and cannot tolerate temperatures as low as 15 °C.
It needs a frost-free period of 5-8 months and 450-1000 mm of well-distributed rainfall
during the growing season [10]. Previous studies [11, 12] suggested that soil temperature
should be the determining factor for planting. Soil temperature for germination should
be in the range of 18-23 °C but is also possible in the 12-18 °C range. Temperature
should remain below 40 °C during flowering to avoid failure of cross-pollination. The
crop requires 120-140 days from planting to maturity. In this process May was deter-
mined as germination period.

While castor requires adequate soil moisture during pod set and filling, a subse-
quent dry period as the plant matures promotes high yields. Temperatures above 35 °C
and water stress during the flowering and oil formation as well as early harvesting of
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immature plants can reduce the seed oil content [13]. Well-drained, deep (at least 1.5 m)
fertile soils of moderately coarse to fine texture with a pH of 6.0 to 7.0 or slightly higher,
are best suited for castor production. Silt-laden and clayed soil (from pH = 5.5 and up to
more than 8 are tolerated) give good results. The crop will tolerate draught and semi-
arid soils, but the yield is lower [14]. Rainfalls of 1000-1400 mm favors the growth of
the castor crop, while maturation is favored if the rain is followed by a dry period last-
ing a few months.

A similar process was followed for the determination of areas having ecological
requirements suitable for cultivation of crambe. Crambe abyssinica is essentially a
cool season crop but potentially could be a spring crop when grown in the Corn Belt
of the United States [15, 16]. As a winter crop, it showed a good potential in areas of
central and South Italy. Crambe is susceptible to frost and moderately tolerant to
saline soils during germination [17, 18]. Crambe sowing date is a crucial factor that
affects seed yields and oil content [15, 17, 19-21]. As reported by Masterbroek et al.
[19] in several studies it was revealed that high temperatures before anthesis accel-
erated crop development stimulated early flowering and reduced the number of
flowers and seed yields. In the same study it was reported that low temperatures
until July extended the period before anthesis and consequently a high number of
branches was formed. The effect of environmental conditions on seed yield and oil
content may hamper varietal selection; however, such effect does not apply to the
content of erucic acid and glucosinolates. Crambe should be sown in late April
to May when the frost risk has passed in the colder climates of North Dakota, United
States [18]. In the low deserts of the Southern United States the highest yields of
crambe and rape were planted in November, which however had caused plant lodg-
ing, which was partly due to the extended period of growth [17, 21] reported that flow-
ering of rape is inhibited above 27 °C. high temperatures in mid-May led to early
flowering thus reducing plant vegetative growth. However, high temperatures be-
tween end-May —beginning of June may lead to incomplete seed filling [15]. There-
fore, the sowing date is important to avoid high temperatures at the end of the
growing season. The crop requires an average of 54 days from sowing to flowering
(range from 42 to 100 days) [16]. On the whole, sowing time depends on location and
climatic conditions, bus as a general rule advanced sowing favors higher yields [15].
In temperate climates it could be sown from September to November like rape,
whereas in colder climates it is advised to be sown as spring crop in late April or May.
Under favorable conditions two crambe-crops could be harvested in the same year, if
the first crop is sown in early spring and the second about mid-July [15].

The result of the land suitability analyses is the calculation of spatial distribu-
tion of average temperature suitable for seed germination of crambe for two differ-
ent planting dates, April and May.

Safflower is frost-tolerant in the seedling stage withstanding temperatures of
-7 °C, however it does best in areas with warm temperatures and sunny, dry condi-
tions during the flowering and seed-filling periods [22]. Early spring sowing is done
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in April/May in areas which have at least 120 days of frost-free periods, and hot
summers. Planting prior to April 10 usually shows no advantage since cool soil temper-
atures (below 4 °C) prevent germination and encourage seedling blight. Planting after-
May 20 increases the risk of fall frost injury and diseases that reduce seed yield and
quality. The crop may not mature if planted after mid-May [22]. In the temperate regions
of the Mediterranean basin (Greece, Turkey, Lebanon) safflower can be sown either
in October—December as a winter crop, or in March—April as a spring crop [23-27].

Such crop does best in areas with warm temperatures and sunny, dry conditions
during the flowering and seed-filling periods. Yields are lower under humid or rainy
conditions since seed set is reduced and the occurrence of leaf spot and head rot dis-
eases increases. Consequently, this crop is adapted to semiarid regions. Deep, fertile,
well-drained soils that have a high water-holding capacity are those ideal for safflower.
This crop is also productive on coarse-textured soils with low water-holding capacity
when adequate rainfall or moisture distribution is present. Soils that crust easily can
prevent good stand establishment. High levels of soil salinity can decrease the fre-
quency of seed germination and lower seed yield and oil content. Safflower has approx-
imately the same tolerance to soil salinity as barley [22].

Early planting allows the crop to take full advantage of the entire growing season
[28]. Further to that, under water scarce regions as Mediterranean region, spring sown
safflower is more sensitive to water than winter sown safflower. In addition, winter sow-
ing is more preferable to spring sowing in order to meet vegetable oil requirements [27].

For such purpose it was necessary to use dataset of spatial distribution of daily
average temperature in order to calculate the average temperature for three differ-
ent planting dates across Europe. More specifically, it was calculated for potential
planting in October, in April and in early May. The result of the analyses is the cal-
culation of spatial distribution of average temperature suitable for seed germination
of safflower for three different planting dates: October, April and early May.

3.3.1.3 Selection process

The first step of the selection process was to exclude all areas not having climatic data
for all days of the year 2012, like Sicily in Italy and Peloponnese in Greece. This was
decided to avoid wrong estimations or calculations for variables like the total annual
precipitation. All geo-data were plotted using the European Terrestrial Reference Sys-
tem 1989 (ETRS89). To meet the requirements of climatic criteria, concerning the total
precipitation during the growing season and the average temperatures during seed ger-
mination, flowering and seed formation for the crops, it was necessary to calculate the
total precipitation only for the growing season and not for the whole year, summarizing
daily data only for the days of the growing season. Thereafter, topographic data from
global elevation dataset were selected and plotted after ‘masking’ on boundaries of
EU27 + areas with elevation lower than 1100 m.
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Table 3.1: Selection criteria for the oil crops (castor, crambe and safflower).

Parameters Castor Crambe Safflower

Climatic* 1000 mm 2 800 mm 2 Ryot 2380 mm, 800 mm 2 Rygiq 2 380 mm, during
Rtotal 2 300 mm during the growing season the growing season
FFP not2120 days  Tu;, 2 —4 °C, during 16 °C2T,yg2 15 °C, during period
Tmin > 15 °C seedling stage and early of seed germination®

Tmax < 40 °C, during flowering?
period of flowering® 25°C=> Tavg 215 °C, during
main vegetative period

25 °C2T,yg 220 °C, during period
of flowering and seed formation®

Topographic Alt<1100 m Alt<1100 m

Soil SD>0,5m SD>1m
Well drained soils Well drained soils
Texture: loam to Texture: sandy, sandy-
sandy-loam loam, clay-loam, loam

Moderate coarseto 5,5<pH=<8
fine texture

Not tolerant to alkali

soils

Tolerant to semi

arid soils

5,5<pH =<8 or more

pH <5 have to be

limed

Alt<1100 m

SD>1m

Well drained soils

Texture: sandy, sandy-loam, clay-
loam, loam

5,5<pH=<8

*Climatic data (precipitation and temperature) only for the year 2012

Where:

Tavg = daily average temperature, in °C
Riotal = total annual rainfall, in mm

Alt = altitude, in m

SD = Soil depth, in m

FFP = frost free period

Tmin = daily minimum temperature, in °C
Tmax = daily maximum temperature, in °C
Riotal = total annual rainfall, in mm

Intersection between arable lands (CLC) and areas matching the climatic criteria
was also used for selection of arable irrigated and non-irrigated lands with precipita-
tion during growing season suitable for cultivation of safflower, crambe and castor.
The next step of the present work was to include temperature requirements in the

1 Flowering period for castor was determined from day 152 to day 181 (June).

2 Seedling stage until early flowering for crambe was determined from day 305 to day 336 (Decem-
ber) for autumn sowing and 106 to day 136 (15 April to 15 May) for spring sowing.

3 Seed germination period for safflower was determined from day 274 to day 304 (October).

4 Flowering and seed formation period for safflower was determined from day 121 to day 151 (May).
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selection process. To do so, a crucial parameter had to be taken into account: the sow-
ing date of the crops, which is crop-specific.

On the final phase of the present work, previously produced geo-data were ana-
lyzed and the identification of agricultural areas suitable for the cropping of specific
plants was the expected result. Data used in the process were: (i) the spatial distri-
bution of arable lands in EU27 +, where the precipitation level is suitable for crop-
ping of three specific crops (safflower, crambe and castor); and (ii) the spatial
distribution of average temperature suitable for seed germination of all three crops
taking into account case-by-case scenarios about their sowing periods. In such a
way, the combination of selection parameters was activated, providing the opportu-
nity for more detailed determination of lands for cultivation.

Figures 3.1, 3.2 and 3.3 present the arable agricultural lands in EU27 + suitable
for castor seed, crambe and safflower cropping, considering climatic and topo-
graphic parameters, as well as possible scenarios about their germination period as
presented in Table 3.1.

In conclusion, safflower is an annual oilseed crop grown throughout the semi-
arid region of the temperate climates in many areas of the world. Based on its cli-
mate requirements, it can be grown mostly in Bulgaria, Romania, France, Italy,
Greece and Spain.

Crambe is an annual cold-season oilseed crop that belongs to the same family
as rapeseed, thus it can be grown in areas where rapeseed grows. Based on its cli-
matic requirements, crambe can be grown in mostly in Poland, Germany, France,
Romania, Spain, Italy, Bulgaria, Czech Republic, Hungary, the United Kingdom,
Denmark, Greece, Sweden, Lithuania, Slovakia, Turkey, Finland, Austria, Latvia and
Portugal.

Castor is an annual oilseed crop of tropic origin. Based on its climatic require-
ments, castor could be grown in Romania, Spain, France, Hungary, Italy, Bulgaria,
Turkey, Greece and Portugal.

It has to be noted here, however, that although crops may appear suitable to be
cultivated in a range of environments, like castor as north as Romania, there is no
evidence of potential seed and oil yields in these environments, which is a decisive
parameter for the cultivation of the crop in larger scale. Consequently, the maps are
indicative of the potential cultivation of the crops in several European environ-
ments, which has to be supported by appropriate research in the future.

3.3.2 Lignocellulosic crops

Giant reed is a warm-temperate or subtropical species, but it is able to survive
frost. When frosts occur after the initiation of spring growth it is subject to serious
damage [29]. It tolerates a wide variety of ecological conditions. Estimations on the
land suitability for giant reed were based on their main climate requirements and
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Figure 3.1: Arable agricultural lands in EU27 + suitable for cultivation of castor.
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Figure 3.2: Arable agricultural lands in EU27 + suitable for cultivation of crambe.
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Figure 3.3: Arable agricultural lands in EU27 +, suitable for growing of safflower.

existing literature [30]. Giant reed can be grown in the Mediterranean north, Medi-
terranean south, Lusitanian and Atlantic central climatic zones (Figure 3.4).

Earlier trials for growing giant reed in Germany and the UK showed that adapta-
tion of Arundo donax L. in Germany and the UK had not encountered any problems
due to low temperatures over the first winter. This might be an effect of the moderate
air temperatures prevailing in January and February in these regions. However, the
crop did not appear to naturally dry over the winter, or to flower. This may be a poten-
tial problem for growing Arundo donax L. in North European conditions, as there could
be a lack of sufficient nutrients sequestered to the rhizomes for the following year’s
growth. Besides, all the populations, grown in the UK and Germany, did not show as
good growth and yield characteristics as in Mediterranean climatic conditions. Un-
doubtedly, it was mainly owed to the prevailing climate, which was rather unfavorable
for the newly inserted giant reed populations [32].

Giant reed prefers well-drained soils with abundant soil moisture. It can with-
stand to a wide variety of climatic conditions and soils from heavy clays to loose-
sands and gravelly soils and tolerates soils of low quality such as saline ones, too.
Giant reed is classified as a mesophyte or almost a hydrophyte or xerophyte. These
classifications were given because it can survive under very wet but also under very
dry conditions for longer periods. Commonly it is referred as a drought resistant
species because of its ability to tolerate extended periods of severe drought
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Figure 3.4: Crop suitability for the environmental zones of Europe according to Metzger et al. [33].

accompanied by low atmospheric-humidity. This ability is attributed to the de-
velopment of coarse drought-resistant rhizomes and deeply penetrating roots
that reach deep-seated sources of water.

3.4 Crop setting up
3.4.1 Oil crops
3.4.1.1 Soil preparation

Castor: It is essential for castor to have a well-prepared seedbed with adequate
moisture, thus deep ploughing or sub soiling is recommended in light soils whereas
in heavy soils ploughing at 30-50 cm gives better results [10]. Soil preparation con-
sists of deep ploughing, integration of organic fertilization (if available), ploughing
(tillage) with a disc plough or Chisel, earth clump spraying with a cover-crop.
Crambe: They are managed in the same way as rapeseed crops. Machinery used
for tillage, planting, spaying and harvesting Crambe is similar to that used for small
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grains. Soil preparation includes winter ploughing, cultivator, basic fertilization
and harrowing.

In spring 2013, a commercial field of crambe (Crambe abyssinica) was estab-
lished in the north-east of Poland, at the Didactic and Research Station in Lezany
(53°35’ N, 20°36’ E), which is a unit of the University of Warmia and Mazury in Olsz-
tyn (Figure 3.5). The soil was prepared according to good agricultural practice. The
following procedures were conducted before sowing in the spring 2013: ploughing
to a 20-cm depth, harrowing and cultivating (shortly before sowing). Crambe was
sown on a total area of 10 ha.

Figure 3.5: Crambe soil preparation.

Safflower: Soil preparation is carried out in September/October for autumn sowing
and February for spring sowing. It is done when the soil is at an optimum stage, to
ensure optimal ventilation and moisture conditions for seed germination and the
best possible soil fragmentation. The favorable conditions of humidity and ventila-
tion along with the favorable temperature (20 °C) and good crushing of soil are the
basic requirements for quick and uniform germination of seedlings and a normal
development of the crop. This crop is also productive on coarse-textured soils with
low water-holding capacity when adequate rainfall or moisture distribution is pres-
ent. High levels of soil salinity can decrease the frequency of seed germination and
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lower seed yield and oil content. Safflower has approximately the same tolerance to
soil salinity as barley [22].

Soil preparation should be similar to wheat and other small grains cultivation
using the same machines and consists of: winter ploughing, soil cultivation, har-
rowing with a riper, disk harrowing for better soil fragmentation and soil levelling.

3.4.1.2 Sowing

Castor: Castor is sown in March—April (as spring crop) and harvested in October.
The most suitable equipment is the conventional corn sower with a disc diameter
properly modified to fit the castor oil plant seeds. The most appropriate equipment
is the standard corn drill with 6 mm plates and integrated fertilization.

Seeds should be planted 5-8 cm deep but can range from 0.6 cm in humid regions
and up to 2.54 cm in drier areas, depending on texture and condition of the soil. Castor
can be planted with a seeding rate of 11 to 16 kg ha™* and in spacings: 100 cm x 20 cm,
100 cm x 25 ¢cm, 100 cm x 90 cm, 100 cm x 50 cm. Seed densities can vary from 20 000
to 30 000 plants kg ha™'. Special care must be taken to prevent crushing the fragile
seed in the planter box (Oplinger et al., 1990). In the castor large field established
within the Eurobioref project in Madagascar, a plant density of 60 cm x 80 cm was
applied resulting in 18 000 plants kg ha™, at a soil depth of 5 cm. Castor seeds are
large and slow to germinate; emergence of the seedlings may take 7 to 14 days.

Crambe: Sowing time depends on location and climatic conditions, bus as a
general rule advanced sowing favors higher yields [15]. In temperate climates it
could be sown from September to November like rape whereas in colder climates it
is advised to be sown as spring crop sown in late April or May. Under favorable con-
ditions, two crambe crops could be harvested in the same year, if the first crop is
sown in early spring and the second about mid-July [15].

According to Enders and Schatz [18], the recommended seeding rate is 17-22 kg ha’,
which results to 2 500 plants ha™}, because crambe plants are more competitive with
weeds and mature uniformly. Lower seeding rates resulted in lower plant densities but
better yields due to increased plant branching and extended flowering period. Sowing
could be done with mechanical broadcasting or in rows 15-35 cm apart in irrigated
areas where weeds are not a problem and 45-60 cm apart in drier areas. In Italy sowing
density of 50 seeds ha™* with an inter-row spacing of 40 cm showed good results,
whereas inter-row spacing wider than 75 cm could result to plant lodging which makes
harvest difficult [15].

Planting depth is a critical factor in obtaining good crambe yields. Seed should
be planted 0.6 cm deep in humid regions and up to 2.54 cm deep in drier areas.
50 kg ha™! of P,O5 and 90 kg ha™! of K,0 are recommended for basic fertilization.
Crambe also responds to nitrogen fertilizer with approximately 90 to 112 kg ha™ of
actual N recommended [16].
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In the large field of crambe in Poland, seeds at 15 kg - ha™ were sown by drill
and the inter-rows were 12.5 cm (Figure 3.6).

Figure 3.6: Crambe sowing (left) and in the early growth stage (right).

Safflower: In the temperate regions of the Mediterranean basin (Greece, Turkey,
Lebanon) safflower can be sown either in October-December as a winter crop, or
in March—April as a spring crop [23-27]. Early planting allows the crop to take full
advantage of the entire growing season [28].

Early spring sowing is done in April/May in areas which have at least 120 days
of frost-free periods, and hot summers. The crop is frost-tolerant in the seedling
stage, withstanding temperatures of -7 °C, and is typically grown at less than
1100 m altitude. Planting prior to April 10 usually shows no advantage since cool
soil temperatures (below 4 °C) prevent germination and encourage seedling blight.
Planting after May 20 increases the risk of fall frost injury and diseases that reduce
seed yield and quality. The crop may not mature if planted after mid-May [22].

It is reported that summer sown safflower is more sensitive to water than winter
sown safflower; thus, under water-scarce regions as Mediterranean region, winter
sowing is more preferably than summer sowing in order to meet vegetable oil re-
quirements [27].

Sowing is done with the sowing machinery for small grains. Safflower seedlings
are not vigorous. Soil crusting can be a major deterrent to adequate stand establish-
ment. Planting depths of 3-4 cm are optimum. Recommended seeding rates are
from 7-14 kg ha™' of pure live seed. Several densities can be applied, with rows
24 cm apart (9-10 kg ha™! of seeds), 48 cm apart (5-6 kg ha™* of seeds), rows 75 cm
away and 4 cm apart within the row, with pneumatic sowing machine (3-4 kg ha™
of seeds). Usually, it is planted in 15 to 25 cm row spacing. Row spacing greater than
35.56 cm increase air movement and penetration of sunlight into the crop canopy.
This mayreduce leaf disease incidence but can favor weed competition, delay matu-
rity and decrease branching and seed oil content. Narrow rows are best for compet-
ing with weeds and usually result in more uniform stands that mature earlier [22].
In Greece 250 000 plants/ha have been recommended [24, 25].
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In the large field established in Greece (Figure 3.7) several sowing dates were
tested: October, November and March.
Sowing was done with the sowing machinery for small grains.
Several densities were applied.
a. atrows 24 cm apart (9-10 kg of seeds ha™)
b. atrows 48 cm apart (5-6 kg of seeds ha™)
c. atrows 75 cm away and 4 cm apart within the row, with pneumatic sowing ma-
chine (3-4 kg ha™ of seeds)

Figure 3.7: Safflower large field in early growth.

3.4.1.3 Irrigation

Castor: Irrigation is necessary for castor. Depending on the intensity of atmospheric
evaporation and the water retaining capacity of the soil, 600 mm of water during
the growing period of 4.5 months is required. Under normal conditions, 12 to
14 days between irrigations should keep plants from stressing for moisture, but
high temperatures and high winds during the peak growing and fruiting periods
may cause the plants to need more frequent irrigation. Castor requires 20-25 cm
ha™ of water annually to produce high yields. The time of last irrigation is usually
from 1 to 10 September [11].

Safflower: Safflower was significantly affected by water stress during the sensi-
tive late vegetative stage [27]. The highest seed yields of 5220 kg ha™" were obtained
in non-stressed conditions, which according to the author included the following
irrigation schedule: the first irrigation at the vegetative stage, when after 40-50
days from sowing/elongation and branching stage, that is the end of May; the sec-
ond irrigation is at the late vegetative stage, after 70-80 days from sowing/heading
stage, that is in the middle of June; the third irrigation is at the flowering stage, ap-
proximately 50% level, that is, the first half of July; and the fourth irrigation is at
the yield formation stage, seed filling, that is the last week of July.
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In a study [34] it is reported that moderate stress induced an increase in total
lipid content in all lipid classes. However, severe water-deficit induced a sharp de-
crease in the total lipid content. Concerning the fatty acid composition, water-
deficit induced a decrease in their degree of unsaturation expressed by a reduction
in the proportions of linolenic (18:3) and linoleic (18:2) acids and most lipid classes.
Overall, tolerance of safflower toward drought is expressed by structural modifica-
tions, which allow the plants to adjust their membranous fluidity by not only an
appropriate rearrangement of their glycerolipids but also by an adjustment of their
unsaturated fatty acid composition.

3.4.1.4 Fertilization

Castor: Fertilization requirements vary according to location. In general castor re-
sponds well to phosphate application, thus 30-60 kg ha™ are usually applied be-
fore or at sowing. If the soil is deficient in nitrogen then 90 to 135 kg ha™’ of
nitrogen is needed for maximum yields. Depending on the soil fertility, 30-60 kg
ha™! of nitrogen are recommended in two applications; half applied at sowing and
the rest just before the flowering period [11]. When castor follows alfalfa or a heavy
fertilized previous crop, fertilization may not be needed, as it has a strong rooting
system that extracts the nutrients from the soil. In the project trial 150 kg ha™* NPK
fertilizer was used.

Crambe: Fertilizer requirements are like other spring oilseed crops; best results
may be achieved with around 150 kg ha™* applied to seedbeds [6]. Reports of fertil-
izer trials on Crambe are rare, other than to establish whether fertilizers are neces-
sary, and application levels, types and timing must be locally determined. Crambe
can be deep-rooted, and thus draw on soil nutrients at depth [13].

In the large field of crambe established in Poland, before the experiments were
set up, phosphorus as triple superphosphate was applied at 40 kg ha™" P,0s, potas-
sium as potassium chloride at 60 kg ha™! K,0 and nitrogen as ammonium nitrate at
40 kg ha™'. Subsequently, another dose of the same nitrogen fertilizer was applied
as top dressing at 60 kg ha™.

3.4.1.5 Weeding

Castor: Weeding is required just after sprouting as the castor oil plant sprouts are sen-
sitive. It is suggested to apply trifluarine pre-sowing at 3 L ha™ and a few days before
sprouting Round Up (glyphosate) or Basta F1 at 5 L ha™. Weeding: for 2 months Janu-
ary/February. Mechanical or manual harrowing to avoid weeds development. Tro-
phee/Harness 5 L/ha or Adengo 2 L ha™! was used as post-sowing weeding, whereas
during cultivation Fusillade Max 2 L ha™! was applied for the Graminae weeds.
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Crambe: Crambe has been found to be susceptible to Alternaria and Sclerotinia
and a well-timed fungicide application at the mid-flowering stage has had a yield
response (up to 1 t/ha) and may also improve oil content. Fungicide dressed seed
may also beneficial. Plants are susceptible to the same range and pests and diseases
as those of oilseed rape including beet cyst nematode (Heterodera schachtii) [6]. In
the large field of the project spraying with glyphosate at 51- ha™" was applied before
the crambe plantation was set up. Subsequently, immediately after sowing, the soil-
applied herbicide Butisan Star 416 SC was applied at 2.7 L ha™.

Safflower: N levels affected the crop phonological stages from full bloom to ma-
turity as well as the grain filling period. The application of 100 and 200 kg ha™! of N
decreased the number of days required for safflower to reach full bloom compared
with no nitrogen application. In contrast, maturity was delayed with N application,
which caused an increase in the grain filling period by an average of 20%. N fertili-
zation increased seed yield by an average of 19%, the seed weight per plant by 60%,
the number of heads per plant by 32% and the number of seeds per plant by 41%
compared to no fertilization, under rain-feed conditions [24, 25].

In another study [35] it was demonstrated that safflower has the ability to use
residual soil nitrogen efficiently and also to compensate for low plant densities in
low-input farming conditions in temperate climates. The ability of safflower to re-
move N from the soil was also reported [36].

Basic fertilization applied in the field trial was NPK fertilizer: 200 kg ha™* (16-
20-0). The quantity was determined after a soil analysis at several parts of the field.

3.4.1.6 Crop rotations

Castor: Best maize yields are obtained after castor in crop rotation, which confirms
the synergy between a non-edible crop and an edible crop on food production crop-
ping systems [10].

Crambe: Crambe is advised to be grown in four-year crop rotation schemes to
keep insects, disease, and weeds pressure to a minimum [15, 18]. Crambe should fol-
low small grains, corn, grain legumes or fallow, while it can be sown as companion
crop for alfalfa and other biennial or perennial forage-type legume establishment
[18]. It should never follow crambe or other akin crops, such as colza, rape or wild
[15]. Small grains should perform well following crambe. The stubbles of crambe
provide cover for trapping snow, controlling erosion and establishing winter crops
in a no-till production system. In the latter case care must be taken to minimize
stubble disturbance because they break easily [18].

Safflower: Safflower most often is grown on fallow or in rotation with small
grains and annual legumes. Safflower should not follow safflower in rotation or be
grown in close rotation with other crops susceptible to the disease sclerotinia (white
mold). These crops include dry bean, field peas, sunflower, mustard, crambe and
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canola/rapeseed [22]. A crop following safflower should be grown only if there has
been a significant recharge of soil moisture. Very little crop residue remains after
harvesting safflower. Therefore, reduced tillage or chemical fallow after safflower
may help reduce wind and water erosion of the soil. The production practices and
equipment needed for safflower are similar to those used for small grains [22].

3.4.2 Lignocellulosic crops
3.4.2.1 Soil type requirement

A. donax tolerates a wide variety of ecological conditions. It prefers well-drained
soils with abundant soil moisture. It can withstand to a wide variety of climatic con-
ditions and soils from heavy clays to loose sands and gravelly soils and tolerates
soils of low quality such as saline ones, too [29].

3.4.2.2 Soil preparation

Arundo donax has no special soil preparation requirements. Prior to the establish-
ment the field is ploughed, sub-soil tilled, milled and fertilized with basic fertiliza-
tion. In the large field of giant reed the applied fertilizer was an 11-15-15 one and the
application dose was 500 kg/ ha. The furrows for the rhizome planting were opened
with a carried two-strip furrow opener at distances 1.6 m (Figures 3.8 and 3.9).

3.4.2.3 Planting

The establishment is the most critical point of A. donax cultivation and has strong
influences on productivity and economical viability. The two main factors determin-
ing establishment success and costs are the propagation material and the planting
density. Because of seed sterility only vegetative propagation is foreseen for the
commercial production of A. donax.

The large thick-woody rhizomes have to be divided. Each rhizome section
should have 1-3 viable and well-developed buds. Rhizomes should be placed in
rows 1.5 m apart and 70 cm within the row. Then rhizomes have to be covered with
soil in a depth of about 10-15 cm. Care should be taken to ensure that they do not
dry out, especially during the first few weeks.

Planting of rhizomes, whole stems and stem cuttings (Figure 3.10) have been
tested but appropriate machinery for these operations is not yet available [37, 38].
In the tests done so far, the rhizome establishment turned out most promising. The
planting of large rhizome pieces with well-developed buds directly into the field
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Figure 3.8: The furrow opener.

Figure 3.9: Rhizome planting and plants sprouted from Rhizomes.

early in spring in Southern European areas had nearly 100% success [39]. However,
this is a very costly labor-intensive method as this includes digging the rhizomes,
transporting them to the site, keeping them wet for a certain period, cutting them in
smaller pieces and then planting them in the new field.

The in vitro response of A. donax, the evaluation of micropropagation as a com-
mercial propagation technique and the ex vivo acclimatization of macro-propagated
plantlets were studied in the frame of the “Giant reed network.” The study of the
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Figure 3.10: Plants sprouted from whole stem planted on furrows.

suitability of in vitro culture showed that shoots can be propagated satisfactorily
from axillary buds of mature giant reed plants. In addition, the rooting and acclima-
tization results were extremely satisfactory entailing that micropropagation is an ac-
cessible and efficient method for giant reed mass production.

3.4.2.4 Irrigation

Giant reed is reported to be grown without irrigation under the semi-arid southern
EU conditions. Lab experiments conducted by Rezk and Ebany [40] confirmed that
A. donax can endure a wide range of water table levels. However, plants should be
well watered during the first year to ensure a successful establishment. In general,
application of irrigation had a considerable effect on growth and biomass produc-
tion since the plant effectively used any possible amount of water. The irrigated
plants formed denser stands and higher yield [41]. WUE of the giant reed depended
on the irrigation rate applied. The highly irrigated plants tended to use less effec-
tively the water while on the contrary in the non-irrigated treatments WUE was im-
proved. It could be partly attributed the relative stability of the photosynthesis in a
certain range of rate of transpiration and stomatal conductance [33].

3.4.2.5 Fertilization

Before establishing the plantation a sufficient amount of K and P should be incorpo-
rated when the nutrient status of the soil is poor. Because Arundo donax is a peren-
nial high-yielding crop, an amount of 200 kg ha™' of phosphorus is required,
especially in fields poor in phosphorus. As regards potassium, most fields in the
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semi-arid Mediterranean conditions are rich in potassium. However, in poor in po-
tassium soils, potassium fertilization will be needed, since large quantities of bio-
mass are removed every year.

Nitrogen application, in general, in the first year is not required, as it will pro-
mote the development of weeds. However, in poor soils nitrogen applications of up
to 100 kg ha ' may be needed in the first year, early in spring, before new vegetation
emerges. In fertile fields, nitrogen application in the first year has to be omitted.

According to our experience, there are not significant differences in yields be-
tween high (120 kg ha™) and low (60 kg ha™) nitrogen fertilization rates. Annual
applications of 50 kg N/ha (max. 100 kg ha™?) early in the spring, before new vegeta-
tion emerges are considered as adequate.

3.4.2.6 Weeding

Due to huge leaf mass and high growth rates A. donax does not face significant
weed competition from the second year on. Arundo donax can rapidly invade the
area from a few planted individuals. When established, it has a strong ability to out-
compete and completely suppress native weeds. For safe establishment, however,
herbicide application is recommended for the first year. A pre-planting application
of herbicides for broad-leafed weeds could be used.

3.5 Yields
3.5.1 Oil crops

Five oil crops have been tested: Castor seed (Ricinus communis L.), crambe (Crambe
abyssinica L.), cuphea (Cuphea spp. L), lunaria (Lunaria annua L.) and safflower
(Carthamus tinctorius L.). Along with the selected crops, rapeseed, sunflower and
camelina were also grown as reference crops.

Experimental design

Two series of trials were set to study the growth and yields of the selected oil crops,
in Greece and Poland. Greece represents the Mediterranean environmental zone
while Poland the Continental environmental zone (Figure 3.4) covering thus a wide
European territory.

The crops have been cultivated in a farm in Central Greece for three subsequent
growing periods. The experimental field covered a total area of 2480 m? and consisted
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of 24 plots of 100 m? (10 m x 10 m). A randomized complete block experimental de-
sign was applied in three blocks. In each plot, seeds were sown in rows 0.5 m apart.
The field was fallow and before sowing, it was ploughed, sub-tilled and tilled. No
basic fertilization was applied. Irrigation was provided to enable a good establishment
of the seeds. Lunaria, safflower and rapeseed were sown as winter crops in October
and early November. Only in the second year, safflower seedlings failed to survive the
low temperatures of the winter and thus safflower was sown again at the end of March.
Castor, crambe, Cuphea and sunflower were sown as spring crops from end-March to
mid-May. Different varieties of castor have been used each year, coming from France
and Israel. Because of lack of seeds in the 2012/2011 growing season, Cuphea was culti-
vated only in the 2011/2012 and 2012/2013. Crops were harvested from end-June to be-
ginning of October. Important days are depicted in Tables 3.2 and 3.3.

Plant height and seed yields were measured at the final harvest from plant sam-
ples taken from the central area of each plot.

In Poland, three oil plants species crambe, lunaria and safflower have been cul-
tivated for two subsequent growing periods. Spring rape and camelina were also
sown as reference crops. They were sown as spring crops on total area of 3 hectares,
together with recurrences for agricultural machines. A fore crop for all plants was
spring rape. Before sowing ploughing on 20 cm depth, harrowing and soil cultiva-
tion was conducted. During the growth period the crops were mechanically weeded
and fertilized with 90 kg ha™' ammonium nitrate. Crambe and camelina were har-
vested in mid-end July, rapeseed in mid-September and safflower end September.

In spring 2012 a second experiment with two factors in three replications was
established in Didactic and Research Station in Lezany. The first factor was crop
species: Crambe, camelina (Camelina sativa), safflower and spring rapeseed. The
second factor was fore crop: Fallow land, safflower, winter triticale.

Results

Plant heights ranged from as low as 25 cm for Lunaria to as high as 190 cm for saf-
flower (Figure 3.11). Safflower and castor reached an average of 160 and 137 cm
height, averaged over the three years of the experiment and crambe followed with
85 cm, in line with the 150 cm reported for castor and safflower and the 100 cm re-
ported for crambe.

Seed yields ranged from as low as 167 kg ha™ for lunaria to as high as 3180 kg ha™
for castor and 3 015 kg ha™ for safflower (Figure 3.12). Lunaria is the lowest yielding
crop, whereas crambe produced similar yields to rapeseed. Averaged yields over the
three years of the trial were 2500 kg ha™" of seeds for castor, 2380 kg ha™! for safflower
and 1300 kg ha™* for crambe.

Yields of castor were very close to the highest yields reported in literature
(3500 kg ha™') whereas crambe and safflower yields were closer to the minimum
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Figure 3.11: Plant height in three subsequent growing periods.

reported values. More specifically, new genotypes of castor are reported with yields
varying from 1 600 to 2 620 kg ha™" or even 5,140 kg of seeds per hectare [42-44].
Crambe plants are reported to achieve seed yields of 2 300-3 200 kg ha™" in Italy at
32%-37% oil content [15], while in the United States yielding range is of 1 500-2
250 kg ha™' at 27%-35% oil content [16]. Finally, for safflower seed yields of 500-2
000 kg ha™ are reported in the United States, and they could be as high as 3 000 kg
ha™ in irrigated regimes [22]. In Greece seed yield varied greatly among genotypes and
ranged from 923 to 3 391 kg ha™! [23], whereas safflower yields for winter sowing are
within a range of 2 1004 000 kg ha - 1 and 1 310-3 740 kg ha™ for summer sowing in
watered conditions. FAO presents that good rain-fed yields are in the range of 1 000-2
500 kg ha™ and 2 0004 000 kg ha™ under irrigation [27].
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Figure 3.12: Seed yields of crops in three subsequent growing periods.
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As shown in Table 3.4, the oil content of castor seeds was by far the highest of

all crops.

Table 3.4: Oil content of crops from two growing periods.

Oil content (% on seed yields)

Oil content (% on seed yields)

in field trials from literature
Castor 41-52 40-55
Crambe 26-27.1 27-32
Cuphea 19.8 27-35
Lunaria 22-33 30-40
Safflower 23-26.5 35-45
Sunflower 47.2 25-35
Rapeseed 45.6 30-40

In Poland, Lunaria showed a very poor germination and growth, low competitive-
ness to weeds that completely stopped its growth, very slow and late sprouting. As
a result, the plant had very limited plant survival. Safflower showed a fair germina-
tion and growth but seeds fail to mature because the cold and wet summer retarded
plant maturation. In addition, there were attacks by wild animals (roe-deer, deer)
that ate the plants. No yield was acquired.

In contrast to the poor performance of the two previous plants, crambe showed
a very good germination and growth, the plants successfully matured and produced
seeds, although there an irregular maturation occurred which resulted on seed
spill, probably to the high precipitation during the vegetation period. Consequently,
crambe could be considered as the best among the studied plants for the Polish cli-
mate conditions.

Yield of crambe in 2013 in the large plantation was lower than in 2012, mainly
due to late date of sowing what resulted in shorter vegetation of the crop. The
main reason of that was the long winter 2012/2013; thus, field works started on the
beginning of May 2013. Seed yield of 944 kg should be considered as low in com-
parison to rapeseed. However, crambe cultivation enables utilization of land un-
suitable for rape cultivation. Oil in crambe fruits (husks and seeds) amounted to
26.09% d.m.

In the second growing period, experiments included crambe and safflower, as
well as spring rape and camelina for comparison. Safflower proved once again to be
unsuitable for cultivation in polish climate conditions. Only few plants grew. More-
over, the plants didn’t bloom and didn’t produce seeds. Thus, this species will not
be further considered for cultivation (Table 3.5).
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Table 3.5: Yield of the analyzed species (kg ha™).

Spring rape Safflower Crambe Camelina (spring variety)
Fallow land 1340 0.00 1170 1080
Safflower 1330 0.00 1130 1120
Winter Triticale 1920 0.00 1320 1290
Average 1530 0.00 1210 1160

Crambe, camelina and rape had a successful growth, bloomed and produced
seeds. However, in blooming period rape flowers were partially eaten by wild boars.
It is worth to emphasize that camelina and crambe were not damaged by wild ani-
mals. Among the three species the highest yield was produced from spring rapeseed
(1530 kg ha™' on average), while camelina and crambe yielded almost on the same
level. The best yields of seeds were acquired from plots were winter triticale was
sown previously (Table 3.5).

According to the results of the three-year field trials it can be stated that castor
and safflower are the best suited plants to be grown in the Mediterranean agro-
climatic zone, compared to the rest of the crops studied in these field trials. They
grew satisfactorily and produced considerably high seed yields. On the contrary,
safflower proved to be unsuitable for cultivation in polish climate conditions. Only
few plants survived, which fail to bloom and produce seeds. Among crambe, camel-
ina and rape the highest yield were produced from spring rapeseed, while camelina
and crambe yielded almost on the same level. The best yields of seeds were acquired
from plots where winter triticale was sown previously.

After the harvest, a considerable amount of field residues was collected from
safflower and castor that amounted to an average of 7,600 and 3,347 kg of dry mat-
ter respectively for each crop (Table 3.6). The moisture content of the castor field
residues was the highest of all crops (75% on average, due to the high percentage of
leafy material of the crop). Samples from all crops were subjected to fuel characteri-
zation analysis (Table 3.6).

Table 3.6: Field residues from the oil crops.

Amount of field residues Moisture content

(kg of dry matter) (%)
Castor mean 3 347 75
min 2500 74
max 4 600 76
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Table 3.6 (continued)

Amount of field residues Moisture content

(kg of dry matter) (%)

Crambe mean 2078 13
min 1300 13
max 2 800 14

Safflower mean 7 600 26
min 6 400 21
max 9000 31

Cuphea mean 3748 9
min 880 6
max 6 000 12,6

Lunaria mean 1583 9
min 230 9
max 3900

sunflower mean 8 608 45
min 4200 16
max 5800 45

rapeseed mean 5541 25
min 4300 24
max 7 300 26

3.5.2 Lignocellulosics
3.5.2.1 Giant reed

Giant reed was grown for nine consecutive growing periods in a marginal land in
Greece.

Experimental design

An experimental trial using the split plot design was carried out with giant reed.
The factors studied with three irrigation and three fertilization levels, in three repli-
cations. The three irrigation (I) and nitrogen fertilization (N) levels were: I: no irri-
gated, I;: 50% of ET?, L,: 100% of ET®, Ny: 0 kg N/ha, N;: 40 kg N/ha and N,: 120 kg
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N/ha. Irrigation and fertilization rates were uniform during the first growing period
in order to assure well establishment of plants. They differentiated from the second
growing period onward. The experimental field of Arundo consisted of 27 plots of
100.8 m? (12 m x 8.4 m) each. Rhizomes were planted in distances 1.5 m between
rows and 0.7 m along the row.

The irrigation needs for each crop were determined from soil water content and
reference evapo-transpiration (ETO) according to modified FAO Penman-Monteith
method. Soil water content was measured by means of TDR (Time Domain Reflec-
tometry) sensors placed at three depths (15, 35 and 75 cm) for continuous recording
and plastic probes up to 180 cm below ground level for periodical measuring. For
the soil analysis, samples from all treatments were collected and electrical conduc-
tivity, pH, total calcium, organic matter, total nitrogen, phosphorus, potassium,
sodium and chlorine content some important characteristics were measured at
laboratory. Values of each year were compared in order to evaluate the effect of
giant reed growth on soil. In general, a slight increase to electrical conductivity,
pH and calcium concentration was noticed and a considerable increase to phos-
phorus and potassium because of the application of fertilization application. On
the contrary, a slight decrease of organic matter and sodium was recorded. Chlorine
was measured because it is an important factor for conversion process since high
chlorine content of feedstock causes enormous problems in conversion. However, the
soil analysis indicated that chlorine content is low in all treatments.

Climatic data were taken by an automatic meteorological station established in
the field to provide min, max and mean air temperature, relative humidity, wind
speed at 2 and 6 m above ground, precipitation, photosynthetically active radiation
(PAR) and evaporation from a pan A class. A mast was established with two sensors
and tube solarimeters recorded incoming, reflected and net short wave and total
solar radiation.

Growth data were taken at monthly intervals during the first three years of the
plantation and there after only once at the final harvest. Yielding data were col-
lected at harvest. Statistical differences were detected performing ANOVA'’s at the
0.05 p-level. Samples from each harvest were laboratory analyzed for feedstock
characterization (gross and net calorific values, hydrogen, carbon and nitrogen con-
tent, volatile, ash and fixed carbon content).

Results

The height of the plants as it was progressed during the growing period was influ-
enced by irrigation and nitrogen fertilization (Figure 3.13). As anticipated, the
plants receiving the higher irrigation amount were taller than the non-watered
ones, and this superiority was statistically significant at 0.05 p level. The same ap-
plied to plants receiving the medium and high irrigation rate from June onward
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but at the end of the growing period the difference in height was not confirmed
statistically.

Nitrogen fertilization affected the height of the plants as well. Strong differen-
ces (at 0.05 p level) were detected between Ny and the two fertilized treatments
from May until the end of growing period.
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Figure 3.13: Evolution of plant height of giant reed grown in marginal lands during the third growing
period for three irrigation rates and three nitrogen fertilization rates.

Results from the nine-year field trial indicated that growth and yields were still
significantly affected by irrigation whereas nitrogen effect was not pronounced.
Final plant height of giant reed grown without irrigation was around 4 meters
(3.7 m—4.5 m) from the 4th until the 9th growing periods. For the medium and
high irrigation rates it ranged from 5 to 6 meters from the 5th growing period on-
ward (Figure 3.14).

The evolution of the dry matter yields along the growing period were largely
influenced by both irrigation and nitrogen fertilization as early as the first sampling
harvest and it became more pronounced after irrigation and nitrogen fertilization
were differentiated (Figure 3.15). All differences between the non-irrigation and
high irrigation level (Io-I,) were statistically significant at 0.05 p level during the
third growing period. Also, statistical significant differences between the non-
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Figure 3.14: Plant height of giant reed grown in marginal lands during nine growing periods
for three irrigation rates and nitrogen fertilization rates.

irrigation and the medium irrigation as well between the two irrigation levels were
depicted but only in some sampling harvests. The lack of fertilization in most cases
resulted in lower biomass production (statistically significant at 0.05 p level)
compared to the yields of plants that received nitrogen fertilization. Yield differ-
ences between the two nitrogen fertilization rates were slight and without statis-
tical confirmation. Comparisons among the treatments revealed that all irrigated
treatments were more productive than the non-irrigated ones. Furthermore, the
plots receiving the highest irrigation and fertilization rates (I,N, treatment)
proved to be more productive compared to any other treatment, followed by the
plots receiving the highest irrigation and the medium fertilization rates (I,N;
treatment).

When grown at low-input conditions, giant reed reaches full maturity after the
3rd year, and thereafter yields remained at the level of around 7 t ha™* for non-
irrigated plants (Figure 3.16). Yields of medium irrigation were at the level of 15 t ha™,
whereas the high irrigation rate exhibited yields ranging from 16 to 18 t ha™".

Stem fraction of the harvested biomass is around 90% at harvest. Following the
growing season, the stems: leaves ratio is sharply increased from 65% on average
in May to 87% in July, followed by a slighter increase up to 90% until the harvest
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Figure 3.15: Evolution of the total dry matter yields of giant reed grown in marginal lands during
the third growing period for three irrigation rates and nitrogen fertilization rates.

(Figure 3.17). A further increase of stem fraction was also recorded if final harvest de-
lays from February to March, because of leaves falling. In such a delayed harvest leaf
fraction amounted for less than 2% of total harvested biomass on average. Irrigation
resulted in higher stem fraction on total fresh and dry matter in both harvests, Febru-
ary and March.

Moisture content of giant reed is around 50% at the final harvest of the plant. A
progressive decrease of the moisture content is recorded from May to October when
moisture falls from more than 80% to 55% approximately (Figure 3.18). A slight de-
crease is also noticed reaching 45% on average when harvest delays in the season
mainly because of the loss of leaves. Neither irrigation nor nitrogen fertilization af-
fected moisture content.
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Figure 3.16: Dry matter yields of giant reed grown in marginal lands during nine growing periods
for three irrigation rates.
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Figure 3.17: Evolution of stem fraction on total dry matter during the third growing period.
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Figure 3.18: Evolution of moisture content in the harvested material.

3.6 Crop harvesting
3.6.1 Oil crops
3.6.1.1 Castor

The harvest in dry regions is best to begin when all fruits are mature. Harvesting in
Europe starts in October, cutting the spikes off and stripping off the capsules into a
wagon or sled, or into containers strapped on the farmers. Unless the capsules are
dry, they must be spread out to dry quickly. In the tropics, fruits are collected and
spread in piles to dry in the sun until they blacken. In Europe, in North America and
in Australia drying may be accomplished by frost or using chemical defoliants. In
some mechanized countries harvesting is done with a modified wheat header, but
in the United States are used more expensive harvesters, which shake capsules
from plants. For mechanical harvesters it is necessary a relative humidity of 45% or
less for efficient operation. Seed capsules shatter easily in most Cultivated varieties.
Some indehiscent varieties are threshed by ordinary grain thresher. After harvest-
ing, seeds must be removed from the capsules or hulls, usually with hulling ma-
chines if capsules are dry. Percentage of seed to hull averages 65-75, depending
upon the maturity of the seed at harvest [11]. Castor oil is manufactured by running
cleaned seed through the decorticating machines to remove the seed coat from the
kernel. Castor seeds cannot be ground or tempered as flaxseed or soybeans. Pre-
heating may make heavy viscous oil more mobile. Seed is put in ‘cage’ press, and
number 1 oil is obtained, which needs little refining but has to be bleached. Oil re-
maining in the press-cake is extracted by solvent methods and is called number 2
oil, which contains impurities, and cannot be effectively refined. Castor bean oil
can be stored 3-4 years without deterioration [45].
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3.6.1.2 Crambe

After flowering, crambe matures rapidly in one to two weeks. Timely harvest is impor-
tant to avoid high shattering losses. During warm dry weather, the crop should be fre-
quently monitored (daily or every other day) to determine correct harvest stage. Crambe
is physiologically mature when 50% of the seeds have turned brown. According to
Weiss 1983 crambe is ready to be harvested when the majority of leaves have fallen, the
upper part of the stem is yellow and at least 75% of the capsules have turned yellow.
This is usually some 90-100 days after planting. Extensive branching is considered to
be a disadvantage for mechanical harvesting, and although branching may increase in-
dividual plant yield, it may also increase the number of harvested immature seeds.

Crambe can be swathed to dry in the field, but most growers prefer to harvest
Crambe direct with combine headers commonly used with wheat.

In the large field of crambe in Poland, desiccation of the plants was performed
before seeds of crambe were harvested with Klinik 360 SL at 4 1- ha™' to ensure uni-
form ripening of plants. The harvest was performed with a combine harvester in the
fourth week of August 2013 (Figures 3.19 and 3.20). The straw after harvest was left
in the field to enrich soil with organic carbon.

Figure 3.19: Crambe at harvest.

3.6.1.3 Safflower

Safflower is ready to harvest when most of the leaves turn brown and very little
green remains on the bracts of the latest flowering heads. The stems should be dry,
but not brittle, and the seeds should be white and easy to hand thresh. This crop
should be harvested as soon as it matures in order to avoid the seed discoloration or
sprouting in the head that can occur with fall rains [22].

Safflower is ready to harvest when most of the leaves turn a brown color and very
little green remains on the bracts of the latest flowering heads. The stems should be
dry, but not brittle, and the seeds should be white and hand thresh easily. This crop
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Figure 3.20: Crambe seeds.

should be harvested as soon as it matures in order to avoid the seed discoloration or
sprouting in the head that can occur with fall rains [22]. Safflower is an excellent crop
for direct combining since it stands well and does not shatter easily. Direct combining
may require artificial drying or waiting until green weeds are Kkilled by frosts. The crop
can be windrowed to dry green weeds when moisture content of seed is as high as
25 %. The time for harvesting safflower in Europe can vary from early to late September
due to the environmental conditions during the growing season. The combine cylinder
speed should be set low at 550 rpm to avoid cracking seed. The reel speed should be
about 25% faster than the ground speed. To prevent clogging of the machine from
plant residue, the shaker speed must be greater than speeds used for small grains. Air
speed should be sufficient to remove most unfilled seeds, straw and bulls. The combine
radiator and air intake should be checked regularly to avoid blockages from the white
fuzz of seed heads. Accumulations of this white fuzz can be a fire hazard [23].
Safflower harvesting from the large field in Greece is shown in Figure 3.21.

Figure 3.21: Safflower large field at harvest.
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3.6.2 Giant reed

Giant reed forms dense plantations similar to maize and can be harvested when the
plant reaches maturity, and the moisture content of stems is the lowest possible
(45-50%). That is from late winter to early spring, before new growth starts.

To identify the most appropriate agronomic practices for successful introduc-
tion of giant reed into EU agricultural system, the suitability of equipment used for
forage crop harvesting was tested.

The utilization of commonly harvesting equipment could offer the possibility to
increase the working window of machines and therefore a reduction of their unit
cost while, on the other hand, the utilization of equipment still available in the
farms could increase the suitability of introduction of giant reed in agriculture.

To determine the suitability of commonly equipment for giant reed harvest-
ing, a three-rows mower-fodder-loader combining machine (HESTON 7650, 250HP)
(Figure 3.22) generally used for harvesting maize was tested in the frame of the Euro-
pean project FAIR CT96 2028 Giant reed network. During the harvesting, the machine
cuts some giant reed stems oblique. These slanting stumps represent a risk of punc-
ture of tires. Therefore, it could be interesting to utilize a harvest machine with a
larger cutter, to cut all the stems horizontally. Instead, it could be possible to assem-
bly a chain on the tires to prevent the risk of puncture.

Figure 3.22: The three-row mower-fodder-loader combining machine — HESTON 7650 (Source: CETA).
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A three-row CLAAS Jaquar 690cl mower-fodder-loader combining machines was
also used for harvesting giant reed (Figure 3.23) used for maize silage harvest. The
efficiency of this machine was quite high indicating that it should be regarded suit-
able for giant reed harvesting. However, in dense plantations harvesters operated in
a much slower speed and the cutting knives were fixed a height quite high (about
0.5 m) in order to avoid tires puncture problems.

Figure 3.23: The three-row CLAAS Jaquar 690cl mower-fodder-loader combining machine.

After harvesting the biomass was convoyed to the farm, where a storage site was
prepared with used pallets on the floor and walls in order to allow the pile ventila-
tion (Figure 3.24). The pile was covered with PVC film. Samples of the harvested bio-
mass were taken at regular intervals and their weight and water moisture content
were measured.

The storage of the giant reed biomass in piles covered with PVC film allowed to
obtain, after one month of storage a strong decreasing of biomass moisture content:
from 48% (at starting up) to 23% (Figure 3.25). The average of the water content dur-
ing the storage time was about 19%. At the same time, due the microbial degra-
dation of the biomass, a loss of dry matter was observed and determined. The
degradation of giant reed biomass was in the range of 9%, after the first month
of storage, till 18% at the last sampling, in November. The yearly average of biomass
loss was about 15%.
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Figure 3.24: Storage trials of giant reed (Source: CETA).
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Figure 3.25: Influence of storage on the giant reed biomass characteristics (Source: CETA).
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3.7 Fuel characterization

Laboratory analysis of samples from all final harvests of each crop (from small and

large fields) was conducted in CRES laboratory for feedstock characterization. The

following characteristics were investigated:

— Proximate analysis was carried out, to determine moisture, volatile, ash and
fixed carbon content, using a thermogravimetric analyzer.

— Gross calorific value was determined using an oxygen bomb calorimeter.

— Hydrogen content, together with carbon and nitrogen content, were determined
by a microprocessor controlled elemental analyzer.

The dry samples were ground using a Fritch Pulverizette 15’ mill, to pass a 60-mesh
(0.25 mm) screen.

Proximate analysis (moisture, volatiles, ash and fixed carbon content determi-
nation) was performed using a fully automatic thermogravimetric analyzer LECO
TGA-501. The procedure followed is outlined in ASTM D3174-93 and ASTM D3175-
89a (modified procedure for sparking fuels). Ash content was determined at 550 °C.
Gross calorific value measurement was carried out using an oxygen bomb calorime-
ter Parr-1261 according to the procedure outlined in ASTM D3286. Elemental analy-
sis (C, H, N content determination) was carried out using a Perkin Elmer elemental
analyzer according to classic organic elemental analysis techniques.

Theresults of laboratory analyses which have been carried out for the harvested
biomass from all the crops are listed in Tables 3.7 and 3.8 for the Polish trials. In
addition, data from Short Rotation Coppices species are presented in order to com-
pare SRC to the studied crops and crop residues.

As it is shown cardoon, along with the field residues of sunflower, Cuphea and
crambe exhibited the highest ash content in comparison to the rest of the crops indi-
cating that their energy conversion may face problems. Among the oil crops, only
safflower produces field residues with similar ash content the perennial crops stud-
ied in this project. Also, cardoon and sunflower produce the least energy since its
energy content, measured as gross calorific value, is much lower than the measured
one for the rest of the crops and crop residues. Last, nitrogen content for cardoon is
also higher than the other crops which may also have negative effect due to the
higher possibility for NOx formation during energy conversion.

When comparing the four energy crops and the field residues of the oil crops to
SRC, it is obvious that most of the energy characteristics of the three energy grasses
are within the ranges for SRC indicating their high value as energy crops. SRC is
better than grasses if ash and carbon content is considered.
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Table 3.7: Comparison of laboratory analysis results for the four studied non-food crops.

Proximate Gross Elemental
Calorific Value
Volatile Ash (%) Fixed Carbon (kcal/kg dm) C H N
Matter (%) (%) %) (%)
(%)
Castor mean 78.22 7.81 13.98 4144 28.12 3.68 0.38
min 76.90 5.72 12.53 3974 40.97 5.50 0.41
max 80.09 10.58 15.22 4240 43.38 5.53 0.74
Crambe mean 76.24 10.53 13.24 4220 4199 5.45 0.76
min 75.70 9.42 12.66 4060 41.63 5.29 0.75
max 76.77 11.64 13.82 4380 42.35 5.61 0.78
Safflower mean 77.03 5.77 17.20 4324 4494 5.72 0.59
min 75.56 4.95 16.67 4175 44.79 5.64 0.29
max 78.07 7.11 17.60 4454 45,10 5.79 0.89
cuphea mean 75.35 9.79 14.86 4115 41.48 5.69 0.91
min 73.98 8.62 14.66 4106 40.72 5.53 0.83
max 76.73 10.96 15.07 4124  42.25 5.84 0.99
lunaria mean 76.94 8.54 14.52 4201 42.62 5.42 1.33
min 76.23 6.64 13.32 4089 42.40 5.33 1.29
max 77.64 10.45 15.72 4312 42.85 5.52 1.37
sunflower mean 76.01 11.47 12.53 3917 40.46 5.36 0.26
min 74.07 8.45 11.44 3746 39.06 5.23 0.2
max 78.06 14.50 13.24 4024 41.73 5.54 0.45
rapeseed mean 78.09 6.77 15.15 4359 43.75 5.82 0.27
min 78.04 5.48 13.89 4238 43.53 5.77 0.11
max 78.13 8.07 16.40 4480 43.96 5.87 0.44
Cardoon mean 73.62 15.63 10.75 3923 41.76 5.50 1.40
min 72.82 15.05 10.40 3799 39.51 5.13 0.74
max 74.33 16.79 11.23 4102 43.64 6.01 2.05
Miscanthus  mean 81.47 3.05 15.48 4330 45.76 6.29 0.12
min 81.09 2.63 15.43 4217 45.47 6.26 0.10
max 81.85 3.48 15.54 4451 46.05 6.32 0.14

printed on 2/13/2023 12:19 AMvia .

Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

88 —— Myrsini Christou et al.

Table 3.7 (continued)

Proximate Gross Elemental
Calorific Value
Volatile Ash (%) Fixed Carbon (kcal/kg dm) C H N
Matter (%) (%) (%) (%)
(%)
Arundo mean 77.18 4.75 18.06 4267 45.07 5.96 0.64
min 74.81 3.75 16.21 4106 42.44 5.58 0.19
max 78.70 8.85 19.07 4405 46.47 6.25 1.78
Switchgrass mean 78.66 4.93 16.41 4179 44.83 6.08 0.33
min 76.61 2.56 15.42 4024 42,90 5.86 0.11
max 81.09 6.35 17.35 4272 4591 6.47 0.85
SRC* min 80.94 0.52 16.35 4596 48.18 5.71 0.15
max 82.55 1.33 18.26 4711 50.73 5.92 0.57

*An Atlas of Thermal Data for Biomass and Other Fuels. National Renewable Energy Laboratory.

U.S. Department of Energy. June 1995.

Table 3.8: Characteristics of crambe straw in the large field in Poland.

Item Crambe (chemical
weed control)

Crambe (without
chemical control)

Average Crambe cake

Moisture content (%) 14.24 17.56 15.90 7.16
Oil content (% d.m.) 20.30
Higher heating value (MJ/kg d.m.) 18.65 18.66 18.65 23.83
Lower heating value (M)/kg) 15.64 14.96 15.30 21.95
Ash content (% d.m.) 5.93 5.42 5.68 6.41
Volatile matter (% d.m.) 73.35 73.36 73.36 75.39
Fixed carbon (% d.m.) 17.48 17.90 17.69 16.51
N (% d.m.) 6.53 6.99 6.76 3.82
C (% d.m.) 48.24 47.20 47.72 53.85
H (% d.m.) 4.99 4.83 4.91 7.21
S (% d.m.) 0.203 0.173 0.188 0.918
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Angela Dibenedetto
4 Production, uses and LCA assessment
of aquatic biomass

Abstract: This chapter presents the potential of aquatic biomass in a biorefinery con-
test. The various kinds of algae are discussed, their cultivation techniques, harvesting,
drying and processing to chemicals and fuels. An economic analysis of biofuels de-
rived from algae is reported together with some conclusions supported by applying
the Life Cycle Assessment (LCA) methodology to biodiesel production. It is demon-
strated that applying the biorefinery strategy, the value of biomass is maximized.

4.1 Introduction

The increase of the world energy consumption implies an increase of fossil fuels de-
mand and highlights two important aspects to consider: the limited reserve of fossil
carbon and the emission of greenhouse gases generated in the combustion of fossil
fuels. For these reasons, biofuels, produced with quasi-zero CO, emission, are con-
sidered an alternative to fossil fuels at least in the transport sector. Much attention
is paid to bioethanol (which is mixed with gasoline), biobutanol and to fatty acid
methyl esters (FAMEs). The latter, also named “biodiesel,” can be used in mixture
with fossil-C derived diesel. FAMEs are produced by transesterification of lipids
(eq. (4.1)) with methanol (ethanol and butanol can also be used to afford ethyl
and butyl esters, respectively) in presence of a catalyst [1-3].

First-generation biofuels, which have now attained economic levels of production,
have been mainly extracted from food crops including cereals and rapeseeds, su-
garcane, sugar beets as well as from vegetable oils and animal fats using conven-
tional technologies [4]. The use of first-generation biofuels has generated a lot of
controversy, mainly due to their impact on global food markets and on food security,
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especially with regards to the most vulnerable regions of the world economy. This
has raised pertinent questions on their potential to replace fossil fuels and the sus-
tainability of their production [5]. Currently, about 1% (14 million hectares) of the
world’s available arable land is used to produce biofuels, providing 1% of global
transport fuels. Clearly, increasing such share to anywhere near 100% is impractical
owing to the severe impact on the world’s food supply and the large areas of pro-
duction land required [6].

The advent of second-generation biofuels is intended to produce fuels from the
whole plant matter of dedicated energy crops or, even better, from agricultural resi-
dues, forest harvesting residues or wood processing waste, rather than from food crops.

Aquatic biomass is currently considered as an ideal third-generation biodiesel (or
biofuel, in general) feedstock, as does not compete with food and feed crops, does not
require arable land for cultivation, and can grow under enhanced CO, concentration.

Biofuels, in general, are appealing substitute for current petroleum-based fuels,
primarily because of their compatibility with current engine technologies [7].

Biodiesel can be obtained from vegetable oils and animal fats [8], and, as al-
ready mentioned, it can be used in diesel engines blended with standard gasoil or
alone. From an environmental point of view, biodiesel includes several benefits
such as the reduction of carbon monoxide (50%) and carbon dioxide (78%) emis-
sions [9], it is non-toxic and biodegradable, and its use reduces fossil fuels con-
sumption. The interest in the production and use of liquid biofuels from biomass is
not limited to FAMEs. However, based on current knowledge and technology pro-
jections, third-generation biofuels, specifically derived from aquatic biomass are a
technically viable alternative energy source that is devoid of the major drawbacks
associated with first- and second-generation biofuels.

Macro- and micro-algae are photosynthetic organisms, with simple growing re-
quirements (light, sugars, CO,, N, P and K) that can produce lipids, proteins and
carbohydrates in large amounts over short periods of time. These products can be
processed into both biofuels and valuable co-products.

4.2 Classification and cultivation of aquatic biomass
4.2.1 Macro-algae

Macro-algae (seaweeds) are classified as Phaeophyta or brown algae, Rhodophyta or
red algae, and Chlorophyta or green algae based on the composition of photosyn-
thetic pigments. The green macro-algae have evolutionary and biochemical affinity
with higher plants. The life cycles of macro-algae are complex and diverse, with dif-
ferent species displaying variations of annual and perennial life histories, combina-
tions of sexual and asexual reproductive strategies, and alternation of generations.
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The distribution of macro-algae is worldwide. They are abundant in coastal envi-
ronments, primarily in near-shore coastal waters with suitable substrate for attach-
ment. Macro-algae also occur as floating species in the open ocean, and floating
seaweeds are considered one of the most important components of natural materials
on the sea surface [10]. They have been studied for energy production [11, 12]. The
great advantage of macro-algae with respect to terrestrial biomass is their high bio-
mass productivity (faster growth as dry weight ha™ year™ than for most terrestrial
crops). The productivity of natural basins is in the range 1-20 kg m™ year™ dry
weight (10-150 t4y, ha™ year™) for a 7-8-month culture. Interestingly, macro-algae are
very effective in nutrients (N, P) uptake from sewage, municipal and industrial waste-
water. The estimated recovery capacity is 16 kg ha™* day ™ [13]. To this end, macro-
algae have been used for cleaning municipal wastewater [14] (essentially in Europe),
for recycling nutrients and for the treatment of fishery effluents [15] (either in Europe
orinJapan). The latter use has an economic value as macro-algae can reduce the con-
centration of nitrogen derivatives like urea, amines, ammonia, nitrite or nitrate to a
level that is not toxic for fishes allowing the reuse of water, reducing, thus, the cost of
their growth and the water use. The capacity of macro-algae as biofilters or nutrient
uptake [16] has been tested using Chetomorpha linum and other species. In Europe,
macro-algae are grown in experimental fields, and natural basins. They can be grown
on nets or lines and can be seeded onto thin lightweight lines suspended over a larger
horizontal rope [17]. Also, in a colder climate, macro-algae grow at an interesting rate.
For example, in Denmark the Odjense Fiord produces ca. 10 kt per day of dry weight
biomass equivalent to ca. 10 t per year per ha.

Although macro-algae can grow in both hemispheres, the climatic factors may
affect the productivity by reducing either the rate of growth or the growing season.
The Mediterranean Sea has ideal climatic conditions for a long growing season,
with good solar irradiation intensity and duration, and with a correct temperature.
Moreover, along the coasts of several EU Countries (Italy, Spain, France, Greece)
fishponds exist that may be the ideal localization for algae-ponds.

Very interesting is the fact that the photosynthesis of macro-algae is saturated
at different levels of carbon dioxide, ranging from 500 to 2000 ppm [18], that means
that with carbon dioxide concentration up to five times the atmospheric concentra-
tion, under the correct light conditions and nutrient supply, macro-algae may grow
with the same or better performance than they show in natural environments [19].
In general, macro-algae (Figure 4.1) require not very sophisticated techniques for
growing, coastal farms being the most used techniques.

The world market of seaweeds is remarkable. Freshwater aquaculture produc-
tion in 2017 was 102.9 million tons. Roughly 95% of this production was from Asia
[20]. Approximately 1 million tons of wet seaweeds are harvested and treated to pro-
duce about 55,000 tons of hydrocolloids, valued at almost US$ 600 million [21].

The adaptation of macro-algae from wild conditions to pond culture is not
straightforward. Thalli can be cut and used for starting a new culture. In principle,
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Figure 4.1: Selected types of macro-algae.

it is more suitable to cultivate macro-algae using the natural climatic conditions, as
the adaptation to different climates may not be easy.

Very interesting is the use of drift macro-algae (when the production is higher
than the capacity of the ecosystem) which may represent a way to convert a waste
into an energy source. Macro-algae have been used to produce algae-paper and as
soil additives in agriculture. Figure 4.2 shows examples of overproduction of macro-
algae that can be harvested and used as energy source when the economic condi-
tions exist and the CO, emission into the atmosphere will be reduced with respect to
the use of fossil fuels.

O). o

Figure 4.2: a) Red drift algae, b) Sargassum floating in the Venice bay (Picture: www.algaebase.org),
c) Drift ulva spp (CEVA).

4.2.2 Micro-algae

Micro-algae are microscopic organisms and are currently cultivated commercially
as feed for fish around the world in several dozen small- to medium-scale pro-
duction systems, producing from a few tens to several hundred tons of biomass
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annually. The main algae genera currently cultivated photosynthetically (e.g.,
with light) for various nutritional products are Spirulina, Chlorella, Dunaliella
and Haematococcus (Figure 4.3).

Chlorella sp Spirulina H tococcus pluviali Dunaliella

Figure 4.3: Different strains of micro-algae.

Micro-algae can be grown in open ponds or in photo-bioreactors (PBR). The culture in
open ponds is more economically favorable with respect to photobioreactors [22] as
open ponds cost approximately $100 000 per ha in capital costs while photobioreac-
tors cost about $1-1.5 million per ha. However, PBR provide yields that are 3-5 times
higher than open ponds. The latter may rise the issue of land cost and water availabil-
ity, appropriate climatic conditions, nutrients cost and production. Moreover, in the
open pond option other cultivation aspects should be taken into consideration such as
the maintenance of long-term growth of the desired algae strain without interference by
competitors, grazers or pathogens. Noteworthy, the overall production cost deeply de-
pends on the reactor (open or closed) and the quality and duration of the culture [23].

Using open pond systems, the nutrients can be provided through runoff water
from nearby living areas or by channeling the water from wastewater treatment
plants. CO, from power plants or industries could be efficiently bubbled into the
ponds and captured by the algae. Water is moved by paddle wheels or rotating
structures (raceway systems), and some mixing can be accomplished by appropri-
ately designed guides. Typically, micro-algae are cultivated in open ponds (horizon-
tal or circular) as shown in Figure 4.4.

Figure 4.4: a) Raceway ponds, b) Circular ponds.
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Methods to cultivate algae have been developed over the years. Recent devel-
opments in algae growth technology include vertical PBRs [24a] and bag reactors
[24b] made of polyethene mounted on metal frames, reducing the land required
for cultivation.

Using such bioreactors, micro-algae can grow under light irradiation and tem-
perature-controlled conditions, with an enhanced fixation of carbon dioxide that is
bubbled through the culture medium. Algae receive sunlight either directly through
the transparent container walls or via light fibers or tubes that channel the light
from sunlight collectors. Several systems [24 c] with horizontal and vertical tubes,
bags or plates are made of either glass or transparent plastic exposed to sun either
in the free air or in greenhouses (Figure 4.5). Each of them has some peculiar char-
acteristics with advantages and drawbacks. Flat panel PBRs show advantages for
mass production for several algal species. For example, plate PBRs (Figure 4.5) [25]
reache a 6 m> of culture volume on 100 m? of ground area, with a total illuminated
culture surface of ca. 500 m?,

Figure 4.5: Tubular and plate photobioreactors [25c].

Using these kinds of reactors, several micro-algae productions have been set up as
shown in Figure 4.6.

Photobioreactors (PBRs) in comparison to open ponds are more efficient in
terms of quality also if they are more expensive in terms of energy demand and ma-
terial consumption. Interesting is the integrated system proposed by Moheimani
and Parlevliet (Figure 4.7) where a semi-transparent, spectrally-selective photovol-
taic (PV) filter is integrated with a PBR [26].

The production of micro-algae in open ponds depends on the climatic condi-
tions. The solar irradiation and temperature are the most important factors affecting
the farming process and its productivity. These two parameters drive the growing
period and, thus, the economics of the process.

The availability of land and water are the key factors for developing open ponds
cultures. So far, semi-desert flat lands non-suitable for tourism, industry, agriculture,
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(d

Figure 4.6: (a) Chlorella production in Germany, (b) Spirulina platensis production in Hawaii,

(c) Arizona State University Polytechnic Laboratory for Algae Research and Biotechnology, LARB,
(d) Haematococcus production in Negev desert, Israel, (e) Pilot plant at Coyote Gulch outside
Durango, CO, for biofuel production and (f) Flat-plate “acrylic” PBRs, AzCATI.

municipal development were selected also if in such areas the biomass cultivation is
strongly affected by the supply of CO, and water. In fact, either CO, or water becomes a
limiting factor.

In an open pond system, the loss of water is greater than in closed tubular cultiva-
tion or bag cultivation methods. Water can be ground saline water, local industrial
water or water drained from agricultural areas and recycled after harvesting algae. Car-
bon dioxide for algae growth can be distributed using pipelines that transport purified
CO, or directly flue gases from power plants or any other gas rich in carbon dioxide.

Nutrients (N- and P-compounds, micronutrients) represent one of the major costs
for algal growth. The use of sanitized wastewater (sewage, fisheries, municipal and
some industrial waters) rich in N- and P-nutrients is an economic option with a dou-
ble benefit represented by the recovery and utilization of useful inorganic and orga-
nic compounds, and the production of clean water that, finally, can be reused or
discharged into natural basins. Should nutrients be added to water, the biomass
will not produce a “zero-emission fuel” as the production of nutrients bears a large
emission of CO,. Therefore, the use of wastewater rich in N- and P-compounds is a
must growing algae in pounds or PBR. The direct use of flue gases as CO, providers
require that algae should be resistant to the pollutants that are usually present in
the flue-gas stream, namely nitrogen and sulfur oxides. Studies have shown that 150
ppm of NO, and 200 ppm of SO, do not affect the growth of some algal species [27].

Anyway, it must be noted that the resistance to NO, and SOy, is not a common
feature of all algal species, and this may represent a limitation to the direct use of
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Figure 4.7: Photovoltaic (PV) filters integrated with a PBR. Reprinted from Ref 26d, Copyright
(2020), with permission from Elsevier.
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flue gases. Another point that demands clarification is the optimal concentration of
carbon dioxide in the culture, as CO, addition lowers the pH of the medium. Al-
though the response to the pH change generated by the concentration of carbon di-
oxide may be different for the various algal species, operating at pH close to 6 may
in general, strongly affect the algal growth. However, one of the key points in cultur-
ing micro-algae, or algae in general, is to generate the optimal concentration of CO,
in the gas and liquid phase. CO, can be supplied into the algal suspension in the form
of fine bubbles. Drawback of this methodology is the residence time in the pond: it
must be enough to allow CO, to be uptaken. [28a] In general, in this way, a lot of CO,
is lost to the atmosphere and only 13-20% of CO, is usually used. A different method
to supply CO, is the gas exchanger which consists of a plastic frame, which is covered
by transparent sheeting and immersed in the suspension. CO; is fed into the unit and
the exchanger floated on the surface. CO, needs to be in a concentrated form and
25-60% of it is distributed and used. [28a] Also if it is a most effective method, it
presents as drawback the need to use very concentrated and pure CO,, which is
trapped under the transparent plastic frame with very little amount of CO, lost into
the atmosphere. The growth rate of micro-algae is dependent on the temperature and
the season (high growth rate in summer and low growth rate in winter).

Micro-algae may easily adapt to the culture conditions (much better than
macro-algae), also if the several parameters which influence the rate of growth
and cell composition of micro-organisms must be kept under strict control in order
to guarantee a constant quality of the biomass, a parameter particularly important
for biomass exploitation.

Another factor which influences the growth of micro-algae is the irradiation.
Both in ponds and in bioreactors the light availability is of paramount importance.
Shadow or short light-cycles may cause a slowdown of the growth rate, conversely
intense light (as may occur in desertic areas or bioreactors) does not guarantee a
fast growth as may deeply affect the cell functions [29].

Tropical or semi-tropical areas are the most practical locations for algal culture
systems [30]. Before starting to build a culture system (pond or bioreactor) it is nec-
essary to consider all the aspects mentioned above that may affect the stability of
the culture and the growth of micro-algae. For example, the evaporation rate may
represent a serious problem in dry tropical areas. Here, the evaporation rate is
higher than the precipitation rate and this will increase the salt concentration and
pumping costs due to water loss in open ponds that require a correct water manage-
ment [28b]. Conversely, a high precipitation rate can cause dilution and affect the
nutrients concentration and algal biomass. With low relative humidity, high rates of
evaporation occur that can have a cooling effect on the medium [31], while with
high relative humidity and no wind an increase of the temperature of the medium
may occur (even over 40 °C). Finally, a location must be chosen where there is a
constant and abundant supply of water for the mass culture pond systems.
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4.3 Harvesting of aquatic biomass
4.3.1 Macro-algae

The harvesting of macro-algae and plants requires more immediate and not very so-
phisticated technologies. The technique depends on whether the biomass is grown
floating unattached, or attached to a hard substrate. In the former case, the biomass
can be easily collected using a net (as in fishing), in the latter case it must be cut
from the substrate. Automated or manual devices can be used for the collection [32].

Harvesting of macro-algae is carried out in different ways. The manual harvest-
ing (Figure 4.8a) is common for both natural and cultivated seaweeds. Mechanized
harvesting methods (Figure 4.8b, 4.8c), which can involve rotating blades, suction
or dredging with cutters, have been developed.

Figure 4.8: Harvesting of macro-algae.

4.3.2 Micro-algae

Differently from macro-algae, micro-algae, due to their size and, sometimes, fragil-
ity, demand for sophisticated equipment and handling operations. The choice of
harvesting methods, that usually accounts for about 20-30% of the total production
cost, depends on factors such as:

— Type of algae that must be harvested (filamentous, unicellular, etc).

— Whether harvesting occurs continuously or discontinuously,

and affect the
— Energy demand per cubic meter of algal suspension.
— The OPEX and CAPEX costs [28b, 29b,c, 33].

The mainly used technologies with micro-algae are centrifugation, sedimentation,
filtration, screening and straining, flocculation.

Various flocculants have been used, covering a large variety of chemical struc-
tures such as: metal compounds [34], cationic starches [35] and natural polymers
such as chitin [36]. They have been employed not only at the laboratory scale, but
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also at the industrial scale. Such “induced flocculation” may be accompanied by a
“spontaneous- or auto-flocculation” that can be caused by pH variation of the cul-
ture medium upon CO, consumption. For example, an increase of pH may cause the
precipitation of phosphates (essentially Ca-phosphate) which causes flocculation of
algae. Aggregation of algae produced by organic secreted substances [37] or aggre-
gation with inorganic flocculants [38] may also occur that facilitates their sedimen-
tation. Different mechanisms have been observed by using different flocculant in
the harvesting process such as charge neutralization, adsorption bridging and net-
sweeping. (Figure 4.9)
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Figure 4.9: Schematic view of how bio-flocculation occurs. [38 c].

i d

Centrifugation is a very popular technique today, but still it presents some draw-
backs such as the rate of separation and generally is considered expensive and elec-
tricity consuming. It is however, the best-known method of concentrating small
unicellular algae [39]. Benemann recommends in Sazdanoff’s report [40] to use cen-
trifugation after pond settling, and a specific centrifuge (Figure 4.9 and 4.10a)
which has an acceptable energy consumption. Nowadays several algal centrifuge
separators are on the market able to produce an algal concentrate with creamy con-
sistency. (Figure 4.10 b)

Recently, new technologies have been developed that lower the energy con-
sumption [41a]. Most advanced technologies are based on the use of membranes
(tubular, capillary or hollow fiber membranes) that are becoming more and more
popular [41b]. The size of the pore decreases in the order from tubular (5-15 mm)
to capillary (1 mm) to hollow fiber (0.1 pm) and the risk of plugging increases with
the decrease of the pore diameter.
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Figure 4.10: a) Separator centrifuges; b) Algal concentrate.

In order to reduce the cost related to algae harvesting, algal biofilm culture sys-
tems have been developed [42].

Figure 4.11: Biofilm-based algal cultivation systems [43d].

In these systems (Figure 4.11), the algal biomass grows on the surface of specific
panels and harvesting of layers of micro-algae requires less energy as less water
must be removed.

4.4 Composition of aquatic biomass

Aquatic biomass contains several pools of chemicals at different concentration de-
pending on the strain, the physical stresses or genetic manipulation induced on the
organism. Tables 4.1 and 4.2 show the categories of products produced by micro-
algae and macro-algae, respectively.
In general, micro- and macro-algae can be used in different sectors:
- Energy (hydrocarbons, hydrogen, methane, methanol, ethanol, biodiesel, etc).
— Food and chemicals (proteins, oils and fats, sterols, carbohydrates, sugars, alco-
hols, etc).
— Other chemicals (dyes, perfumes, vitamins/supplements, pharmaceuticals, etc).
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Table 4.1: Products from micro-algae.

Class of products Chemicals Applications

Coloring Xanthophylls (astaxanthins and Health, food additive, functional
substances canthaxanthin, lutein, B-carotene, food, feed additive, aquaculture,
and antioxidants vitamins C and E) soil conditioning.

Fatty acids-FA Arachidonic acid-AA, eicosapentenoic Food and feed additives, cosmetics.

acid-EPA, decahexaenoic acid-DHA,
glinolenic acid-GCA, y-linolenic acid-LA

Enzymes Superoxide dismutase SOD, Health food, research, medicine
phosphoglycerate kinase-PGK, luciferase
and luciferin, restriction enzymes

Polymers Polysaccharides, starch, poly-p- Food additive, cosmetics, medicine
hydroxybutyric acid-PHB

Special products Peptides, toxins, isotopes, amino acids Research, medicine
(praline, arginine, aspartic acid), sterols

Table 4.2: Products from macro-algae.

Class of products Chemicals Extraction technology Commercial use
Proteins Pharmacology
Amino acids Phenol-acetic acid- Food industry
water
Lipids Sc-CO,, organic Biofuels, food and
solvent, liquefaction, pharmaceutical
pyrolysis industries
Essential oils Geraniol, geranyl formate or Distillation
acetate, citronellol, nonanol,
eucalyptol
Alkaloids Solvent extraction
Sterols Cholesterol
Pigments: Isoprenoids Solvent extraction

chlorophylls,
carotenoids,
Xanthophylls

Amines Methylamines, ethylamines, Pharmaceutical
propylamine, isobutylamine industry

Inorganic lodides, bromides, sulphates, Pharmaceutical

compounds nitrates, etc industry
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Aquatic biomass can be used as a raw, unprocessed food as they are rich in carote-
noids, chlorophyll, phycocyanin, amino acids, minerals and bioactive compounds. Be-
sides their nutritional value, these compounds have application in pharmaceutical
fields as immune-stimulating, metabolism increasing, cholesterol reducing, anti-
inflammatory and antioxidant agents [43]. Also, polyunsaturated lipids are rich in
omega-3 fatty acids, which have significant therapeutic importance inherent in
the ability to act as an anti-inflammatory to treat heart diseases.

Due to the high product-distribution entropy, the extraction of a single product
may have an economic benefit only in the case in which the product represents several
tens percent of the global dry mass. If it is present at the level of a few units percent,
then it should have a high market value for meeting the economic criteria. As men-
tioned above, the ability of algal organisms to concentrate a type of resource (proteins,
starch, lipids) upon stress may help to reduce the entropy and to increase the concen-
tration of a given product in the biomass. It is worth to say that the different cultivation
approach may affect the productivity, biochemical composition as well as CO, fixation
ability [44]. This issue is particularly relevant when the use of aquatic biomass for
energy purposes is considered. Due to the high cost of cultivation, in case biomass
should be applied as energy source, it should have a high content of energy products
(>40-50%).

4.5 Bio-oil content of aquatic biomass

A great interest is rising today for the use of micro-algae for producing biodiesel,
although this is not the only producible fuel: biogas can also be produced, as well
as bioethanol or bio-hydrogen or hydrocarbons. The quality and composition of the
biomass will suggest the best option for the biofuel to be produced. A biomass rich
in lipids will be suitable for the production of bio-oil and biodiesel, while a biomass
rich in sugars will be better suited for the production of bioethanol. The anaerobic
fermentation of sugars, proteins, organic acids will produce biogas.

Several species of micro-algae are very rich in lipids (up to 70-80% dry weight,
with a good average standard of 30-40%) and this makes a given species-strain suit-
able for bio-o0il production. The highest values are sensitive to the scale of a culture:
they can be reached at the laboratory scale, but not at the pond size. In a commercial
culture, what is important is the productivity of a pond, that means the production
per unit time, and its stability over time (years of cultures, or several cycles).

Table 4.3 shows, as a comparison, the yields (L ha™ y") of fuels for various
types of biomass [45].

Macro-algae, in general, present a lower content of lipids than micro-algae and a
larger variability [2]. The lipid content largely depends on the cultivation technique and
on the period of the year macro-algae are collected [46]. The total lipid content varied
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Table 4.3: Yields (L ha™*y™) of fuels for various types of biomass.

Biomass Yield (Lha™y™?)
Corn 170
Soybeans 455-475
Safflower 785
Sunflower 965
Canola 974
Rapeseed 1200
Jatropha 1890
Coconut 2840
Palm 6000
Microalgae 476250 — 142000

from 1.56% (Jania rubens) to 4.14% (Ulva linza) of dry weight, with the highest values
occurring in spring [47]. These are, thus, key issues to be taken into consideration in
the development of a commercial exploitation of such biomass. Such macro-algae are
not the best candidates for the production of biodiesel.

Comparing micro- and macro-algae, it must be considered that macro-algae are
produced at lower costs than micro-algae. The value of an alga cannot be stated
only on the basis of the amount of lipids it can produce but requires consideration
of other very important parameters such as the quality of lipids (presence of satu-
rated, monounsaturated, polyunsaturated long chains), the possibility of producing
other forms of energy from the residue obtained after the lipid extraction, the poten-
tial production of chemicals. Today, micro-algae are not economically viable as
only source of biodiesel. Therefore, a biorefinery approach that may afford chemi-
cals and fuels may be the winning option.

4.5.1 The quality of bio-oil

Although the algal biomass can be thermally processed to afford an oily product,
the acidity and composition of the liquid are such that its direct use is not suited,
and complex processing is needed before its use. The extraction of lipids will be dis-
cussed in the following paragraphs. Lipids are a mixture containing more than a
single type of fatty acid (FA), most frequently, the lipid fraction of algae (both
micro- and macro-algae) contains a large variety of FAs, with different number of
unsaturation, as shown in Table 4.4. This is an important issue for assessing the
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Table 4.4: Distribution of fatty acids in lipids present in some macro-algae.

Fatty acid Species and percentage of a given compound in the species
Compound Fucus  Nereocystis Ulva Enteromorpha Padiva Laurencia
Number of sp luetkeana  lactuca compressa pavonica  obtuse

Catoms/unsaturated bonds

Saturated 15.6% 27.03% 15.0% 19.6% 23.4% 30.15%
C12/0_>C20/0

Monounsaturated 28.55% 15.84% 18.7% 12.3% 25.8% 9%
Clll/l_)CZO/l

Poly-unsaturated 55.86% 57.11% 66.3% 68.1% 50.8% 60.9%
Ci6/22C16/4s C18/2?

Cis/4s C20/22C26/4

energetic value of a biomass. The number of unsaturation in a FA is important as it
determines the usability of the compound as a fuel. In fact, the optimal conditions
for having a biodiesel with good combustion properties is the presence of zero or
only one unsaturation in the C-chains [48]. Therefore, higher the number of unsatu-
ration, lower is the quality of the biodiesel produced.

Interestingly, an increase of the CO, concentration up to 10% in the gas-phase
during the growing phase can increase the number of unsaturation and can almost
double the total concentration of FAs (from 29.1 to 55.5%) and, in particular, that of
FAs 16:0, 18:1, 20:4 and 20:5 in C. linum [2]. In general, it has been found that the
number of unsaturation may increase with the concentration of CO, [2, 49, 50].

Bio-ail, such as extracted, can be directly used in thermal processes or in com-
bustion, but cannot be used in diesel engines as it presents a Low Enthalpy Value-
LHV (8-12 MJ/kg) and a high viscosity and number of unsaturation. It can be con-
verted into bio-diesel through a transesterification reaction in order to increase to
36 MJ/kg the LHV. This conversion can be followed by a partial hydrogenation in
order to reduce to one the number of unsaturation. All such operations increase the
cost of biodiesel. From the environmental point of view, biodiesel introduces sev-
eral benefits as the reduction of carbon monoxide (50%) and carbon dioxide (78%)
emissions [51], the elimination of SO, emission, as biodiesel does not include sul-
fur, the reduction of particulate. As biodiesel is non-toxic and biodegradable, its
use and production are rapidly increasing, especially in Europe, United States and
Asia. A growing number of fuel stations are making biodiesel available to consum-
ers, and a growing number of large transport fleets use a fuel which contain bio-
diesel in variable percentage. Table 4.5 reports some fuel properties of different
types of bio-oil.
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Table 4.5: Fuel characteristics of different bio-oils.

Density Ash Flash Pour Cetane Calorific value Ref
(kg/L)  content (%) point (°C) point (°C) number (M)/kg)

Algae 0.801 0.21 98 -14 52 40 [52]
Peanuts - - 271 -6.7 41.8 - [53]
Soya bean 0.885 - 178 -7 45 33.5
Sunflower 0.860 - 183 - 49 49
Diesel 0.855 - 76 -16 50 43.8
Biodiesel from - - 103 - 50.9 41.4 [54]

marine fish oil

A new area of application is opening now, that is, the production of avio-fuels.
These may include biodiesel and other molecules derived from different fractions of
the aquatic biomass.

4.6 Technologies for algal oil and chemicals extraction

0il and chemicals can be extracted from the biomass by using a variety of technolo-
gies of different intensity (destructive, semi-destructive and non-destructive) [2, 55].
There is a relation between the softness—hardness of the technology used and the
complexity of the structure of the chemicals extracted. Softer technologies will less
affect complex molecular structures that will be recovered unchanged. Hard tech-
nologies will destroy complex networks of bonds and complex molecules.

As already mentioned, biomass is suitable to produce different products such
as: bio-oil, biodiesel, bioalcohol, biohydrogen, biogas all related to the production
of energy.

The extraction of chemicals from micro- and macro-algae may require different
technologies due to the different size and quality of the cell membrane of the algae.
First, oil from algae cannot be extracted by the more conventional method used in
oilseed processing. Algal lipids are stored inside the cell as storage droplets or in the
cell membrane. The small size of the micro-algal cell and the thickness of the cell
wall prevent simple expelling to release the oil. Depending on the species-strain, the
cell membrane can result to be very hard or elastic, so that crushing of the membrane
is recommended prior to the extraction. Such crushing is quite effective if performed
at low temperature, typically at the liquid nitrogen temperature (183 K). This will obvi-
ously increase the cost of the extracted oil and lower the net energetic value of the
biomass.
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Among the technologies used to produce chemicals from biomass, solvent extrac-
tion with conventional organic solvents (with and without insitu transesterification),
supercritical fluids, mechanical extraction and biological extraction are the most
used.

4.6.1 Fractionation of aquatic biomass

Algal biomass, used in its entirety, has a great potential as it can be converted, ap-
plying the concept of “biorefinery,” into chemicals and energy (Figure 4.12) [56a].
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Figure 4.12: Algal biomass fractionation and co-product generation.

Mostly, algae contain various constituents such as protein (30-40%), lipid
(10-20%) and carbohydrate (5-15%) (Table 4.6) [56—58] and they can be considered
also a source of vitamins and carotenoids [59], astaxanthin, lutein and zeaxanthin, as
reported in Table 4.1-4.2 [60].

Regarding macro-algae, the protein content differs according to species: it is
generally low in brown seaweeds (3-15% on dry weight basis (dw)), moderate in
green seaweeds (9-26% dw), and higher in red seaweeds where it can reach 47%
dw [61]. Macro-algae contain also a high content of carbohydrate up to 76% of their
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Table 4.6: Composition of selected micro-algae (in dry matter basis).

Strains Protein (%) Carbohydrates (%) Lipid (%)
Scenedesmus obliquus 50-60 10-17 12-14
Scenedesmus quadricauda 47 - 1.9
Scenedesmus dimorphus 8-18 21-52 16-40
Chlorella vulgaris 51-58 12-17 14-22
Chlorella pyrenoidosa 57 26 2
Spirogyra sp. 6-20 33-64 11-21
Dunaliella bioculata 49 4 8
Dunaliella salina 57 32 6
Euglena gracilis 39-61 14-18 14-20
Prymnesium parvum 28-45 25-33 22-38
Porphyridium cruentum 28-39 40-57 9-14
Spirulina platensis 46-63 8-14 4-9
Spirulina maxima 60-71 13-16 6-7
Synechoccus sp. 63 15 11
Anabaena cylindrical 43-56 25-30 4-7

dry weight. (U. pinnatifida — 45/52% dw, Saccharina japonica — 51.9% dw, Gracilaria
chilensis — 66.1% dw, and Ulva compresa — 48.2% dw) [62].

Recently, new integrated processes that convert all biomass components into
biofuels and chemicals have been investigated. Laurens et al. [63], describe a new
route to valorizing algal biomass components with an integrated technology based
on moderate temperatures and low pH to convert the carbohydrates in wet micro-
algal biomass (Chlorella and Scenedesmus) into soluble sugars for fermentation,
while making lipids more accessible for downstream extraction and leaving a pro-
tein fraction behind. Such method may offer more co-product flexibility than, for
example, a hydrothermal liquefaction, which converts the whole biomass without
selective fractionation of components.

A different approach has been carried out by Suarez Riuz et al. who have sepa-
rated micro-algal pigments and micro-algal proteins by using an aqueous two-
phase system composed of polyethene glycol and cholinium dihydrogen phosphate
[64a] or polypropene glycol with molecular weight 400 (PPG 400) and various choli-
nium-based ionic liquids [64b].
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4.6.2 Conventional solvent extraction

Solvents, such as hexane, have been used to extract and purify soybean seed oils
and high-value fatty acids. These types of solvent-based processes are most effec-
tive with dried feedstock or with those with minimal amounts of free water. Of
course, when aquatic biomass (which has a high water content) has to be treated,
the cost of drying significantly adds to the overall production cost as it requires
significant energy. A limited number of solvents have been evaluated for large-
scale extraction of algal biomass with some success, but at the time, no effort was
made to determine the process economics or material and energy balances of such
processes [65]. The drying of algae wet pastes for the large-scale organic solvent
extraction may not be economically feasible or sound in terms of energy for
biofuels.

An alternative to the organic solvent-based processes is the extraction by insitu
transesterification [66]. In this approach, and in particular, using heterogeneous
catalysts and methanol as solvent, the bound lipids are released from the biomass
directly as methyl esters and the catalyst can be easily recovered.

4.6.3 Supercritical fluid extraction (SFE)

Supercritical CO, (scCO,) is a gas with liquid (density) properties just above 31 °C,
allowing the fluid to penetrate the biomass and act as an organic solvent, avoiding
the challenges and expense of separating the organic solvent from the final pro-
duct. Literature describes successful extraction of algal lipids with scCO, [2, 67],
and their conversion into biodiesel. The ability of scCO, to operate at low temper-
atures preserves the algal lipid quality during the extraction process, virtually
eliminates the degradation of' the product extracted and minimizes the need for
additional solvent processing (sometimes methanol can be added as co-solvent in
order to increase the extraction yield, by favoring the extraction of polar lipids
from the membrane). In addition, the ability to significantly vary the CO, solvation
power by changes in pressure and/or temperature adds operating flexibility to the
scCO, extraction process that no other extraction method, including organic solvent ex-
traction, can claim [68]. It must be noted that for the scCO, extraction the biomass must
be dried, then the cellular wall has to be broken in order to increase the extraction yield
(it is possible to use liquid nitrogen, eventually coupled to a pressure technique) [69].

Bench scale supercritical CO, experiments on micro-algae have been performed
on Botryococcus, Chlorella, Dunaliella and Arthrospira from which different types of
valuable products have been extracted as hydrocarbons (up to 85% mass of cell
from Botryococcus), paraffinic and natural waxes from Botryococcus and Chlorella,
strong antioxidants (astaxanthin, B-carotene) from Chlorella and Dunaliella, lino-
lenic acid from Arthrospira.
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Supercritical carbon dioxide (scCO,) may substitute the organic solvent as it has
some unique advantages and is considered a good candidate for algae treatment be-
cause it is a non-toxic and fully “green” solvent [43]. Despite the advantages, using
scCO, to extract valuable compounds from micro-algae is not the prevailing technol-
ogy in use even though production costs are of the same order of magnitude as those
related to classical processes. Drawbacks for such technique are: i) the need to use
anhydrous materials (water content below 5%), so that energy should be consumed to
dry the biomass, and ii) after expansion for releasing the extracted products, CO, must
be recompressed. However, the capital and operating costs for a high-pressure
SFE operations currently limits its potential for biofuel production. Over time SFE
applications have targeted added value products, but not yet commodity chemi-
cals. Technology development (e.g., gas antisolvent and subcritical fluid extrac-
tions) and further reduction in costs may lead to processes applicable to biofuel
production.

4.6.3.1 Use of liquid carbon dioxide and gas-expanded liquids as extracting media

Liquid carbon dioxide (I_CO,) can be considered as an extracting medium as it
presents similarity to scCO, and because it has higher selectivity toward the neutral
lipids, while exhibiting a limited affinity to non-neutral lipids [70]. By using liquid
CO, and CO,-expanded methanol, Jessop et al. were able to extract, under moderate
temperature (<35 °C) and pressure (<7.2 MPa), up to 96% neutral lipids (NL) and
free fatty acids (FFA) from micro-algae [71].

All the methods in which scCO, or 1_CO, is used, offer the possibility to extract lip-
ids from micro-algae in presence of only little amount of organic solvents used as co-
solvents, or in absence of flammable, highly volatile or chlorinated organic solvents.

4.6.4 Mechanical extraction

Mechanical treatments, such as ultrasonication (disruption with high-frequency
sound waves) and homogenization (carried out by rapid pressure drops), may be
used to disrupt cell walls and lead to enhanced oil recovery. For example, Pursuit
Dynamics Ltd [72] manufacture a device based on steam injection and supersonic
disruption and claim homogenisation of plant material with very low energy input.
Systems based on sonication process and centrifugation may provide economic sol-
utions for algal lipid recover. Very interesting is the application of the reactive
extraction using ultrasonication or microwaves in order to have a direct one-pot
conversion of biomass into FAMEs [66].
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4.6.5 Biological extraction

Biological methods used to capture, and extract lipids offer low-tech and low-cost
methods of harvesting and lipid extraction. Demonstrations in large open ponds of
brine shrimp feeding on micro-algae to concentrate the algae, followed by harvest-
ing, crushing and homogenizing the larger brine shrimp to recover oil have been
successful [73]. Using crustaceans to capture and concentrate micro-algae appears
to be a promising solution for algae oil recovery.

Enzymatic hydrolysis has been proposed as an alternative to the conventional ex-
traction process (use of solvent) to increase the yield and quality of various compo-
nents from algae [74]. It has been shown that the use of enzymes followed by alkaline
extraction may increase the carbohydrates extraction efficiency, in M. pyrifera, from
46.9 to 69.0% wt [75].

Integrated systems (Figure 4.13), combining bead milling and enzymatic hydro-
lysis, have been used to separate proteins, carbohydrates and lipids of C. vulgaris at
high yield (88% lipids in the solid phase, 74% carbohydrate and 68% protein in the
liquid phase) [76].

% :
'&T g ] o
'}:..\' - . ..9 °
’ O
s [ ] ® . .
.‘/: L‘\." ° Liquid
: , e _
C p‘n‘wvh’ﬂ]:'rnfgar;.\' Bead mill ﬂ.;f@} Enzymatic
ccl hydrolysis
S 2
% by lipase
@ Protcin Solid
® Carbohydrate
Phospholipids

Figure 4.13: Bead milling and enzymatic hydrolysis to obtain lipids, proteins and carbohydrates.
Reproduced from ref. 76 (CC-BY).

The bead mill gives the advantage to disrupt algal cells and recover the water-
soluble proteins in the native form with high-value properties. The enzymatic hydro-
lysis allows to recover the rest of carbohydrates, proteins and lipids without losing
any of the products.

EBSCChost - printed on 2/13/2023 12:19 AMvia . All use subject to https://ww.ebsco.confterns-of-use



4 Production, uses and LCA assessment of aquatic biomass =— 115

4.7 LCA Assessment of aquatic biomass

As already considered in this chapter, different aspects must be considered to eva-
luate the economics and the benefits or drawbacks of aquatic biomass either to
obtain chemicals or biofuels. Life Cycle Assessment (LCA), recognized by the Eu-
ropean Commission [77] as the best tool for assessing the potential environmental
impacts of products and processes, may help to obtain useful information. LCA
has been applied in evaluating macro- and micro-algae biofuels since long [11,
78]. Factors such as system boundaries, temporal units, allocation and type of re-
actors and their maintenance, land use, CO, source and purity, transportation of CO,,
mode of delivering of CO,, source of nutrients, water used, growing- drying- harvest-
ing- processing-technique, quality of lipids, processing of lipids, etc. influence the
LCA output. The whole process for obtaining biofuels from algae is outlined in Fig-
ure 4.14 where the key inputs for the LCA study are listed [79].
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Considering the CO, source (flue gas or pure CO,) has been reported that the produc-
tion cost of produced biodiesel/L for a 109 (t/ha x y) plant, were $0.71 and $0.97,
when flue gas and CO, were used respectively and for a 219 (t/ha x y) plant, these
values were $0.42 and $0.56, respectively [80].

Figure 4.14: Schematic process to obtain biodiesel from micro-algae.
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In a different study [81], for a 100, 000 t/y biodiesel plant (using PBR), the final
cost of biodiesel was £0.8—1.6 per kg biodiesel highlighting that the use of PBR is
not economically viable.

Many studies report that the cost of biofuel produced from aquatic biomass is
much higher than soybean biodiesel [78e]. Interesting is the fact that the use of re-
newable energy could increase the competitiveness of micro-algae oil reducing its
demand of non-renewable energy [78d].

4.8 Conclusions

Wild type of micro- and macro-algae very often are not suitable to produce biodiesel
as they are able to accumulate low amounts of lipids under economically viable con-
ditions. For this reason, a number of selected strains have been tested, some of which
have shown very interesting yield of lipids at the lab scale (>75% dw w/w) but are
very heavily affected by external factors and not suited for growing in large open
ponds. A good average of lipid production for large-scale is around 40-45% dw w/w.
Nevertheless, even at such conditions, micro-algae are not an economically viable
source of fuels. More conveniently, aquatic biomass has to be exploited as a source of
the several compounds it produces, which can be used as fine-chemicals or energy
products. The application of the biorefinery concept to fractionated aquatic biomass
can be of great importance in order to make positive the economic balance. Aquatic
biomass as a third-generation of fuels, might contribute to the production of trans-
port fuels in a significant volume, supposed that the right conditions for its growth,
collection and processing are developed, applying the biorefinery concept that may
make economic their production and use.
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5 Bioconversion and downstream processing
in the context of biorefinery: Principles
and process examples

Abstract: This chapter introduces the principles of bioconversion and downstream
processing and presents some process examples. The development of a biorefinery
process requires the combination of many different steps, such as: biomass genera-
tion, harvesting, transport and logistics, upstream processing, bioconversion,
downstream processing. At the heart of such process is the bioconversion itself, in
which substrates are transformed into different products by microorganisms or en-
zymes. The next important step is the separation of the product(s), which has a
major impact on the overall production costs.

5.1 Introduction

A fundamental challenge in the twenty-first century is the conversion of the indus-
try based on fossil resources and of the consumption-oriented society into a sustain-
able industry and a society based on renewable resources and oriented to saving
and recycling. From a sustainability viewpoint, the renewable carbon inherent in
biomass is vast, making biomass an attractive candidate among alternative and
conventional carbon sources.

On average, non-oily land-plant biomass consists of 75% carbohydrates, 20%
lignin, and 5% other compounds like lipids and proteins [1]. Separation of lignocel-
lulosic plant biomass generally results in three process streams (Figure 5.1): (i) car-
bohydrates, in the form of starch, cellulose, hemicellulose, and monomeric sugars;
(ii) aromatics, in the form of lignin; and (iii) hydrocarbons (lipids or microbial oils),
in the form of plant triglycerides and fatty acids. Compared to terrestrial plants,
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algal biomass contains no lignin but about 10% carbohydrates and up to 75% fats
which offer great potential for, e.g., lipids-based chemical conversion routes [2]
(see Chapters 4 and 14). Proteins might also be part of biomass feedstocks, like in
algae or protein-rich grains, but their percentage content is far too low to create
an economical biorefinery process. Protein-rich residues are usually converted via
fermentation into biogas (energy integration) (see Chapter 12) or are directly used
as animal feed. In general, the cost of biomass increases in the following order:
cellulosic < starch/sugar < triglyceride based biomass, whereas the cost of the con-
version technology goes in the opposite direction [3]. Unlike the petrochemical re-
finery, where impressive arrays of selective, high-yield structural transformations
were developed for the conversion of crude oil or natural gas into an initial set of
simple building blocks and then to thousands of chemical products used by con-
sumers, biorefinery using biomass as raw material suffers from a wide range of
discrete building blocks (sugars, lipids, aliphatic and aromatic building blocks,
proteins, unsaturated compounds, etc.) with limited efficient technologies for
their conversion into added-value products. This technology gap is not the result
of an inherently higher level of difficulty in processing of biomass. Instead, it is
the result of over 100 years of research and development of a chemical industry
focused almost exclusively on the use of highly reduced, fossil oil-based hydro-
carbons, with much less attention to the highly oxygenated, carbohydrate-based
materials. The increased research interest in renewable sources in recent years is
an effort to narrow this technology gap and to develop methodologies for process-
ing renewable carbon as efficient as those available for the transformation of non-
renewable carbon.

One of the major burdens of today’s biorefinery is the energy-demanding degra-
dation of highly complex polymeric molecules into intermediates (monomers) from
which the target products with the desired molecular complexity are obtained. Such
barrier might be overcome by a proper choice and/or engineering of microorgan-
isms able to directly metabolize polymeric substrates and efficiently create mole-
cules (e.g., biofuels, chemicals) in a way that only small alterations of the substrate
and intermediates are required [4]. Hence, replacing fossil oil with biomass-based
fuels means that new bioconversion processes need to be developed to save energy
while converting biomass efficiently, ensuring thereby a sustainable usage of natu-
ral resources. Being almost the last step in biorefinery, bioconversion is important
in determining the overall efficiency of a biorefinery process. Whether biofuels and
bulk chemicals can be produced biotechnologically from renewable resources in the
future will be determined mainly by the availability of the substrates and the pro-
duction costs.

The field of bioconversion of biomass has reached its present industrially
proven level through several waves of technological innovations [5]. Examples for
established bioconversion processes include the production of ethanol, lactic acid,
1,3-propanediol, butanol and, more recently, succinic acid [6, 7]. Still, the high
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Figure 5.1: Biomass as feedstock: basic biomass fractions and components used as raw materials
in biorefineries.

feedstock cost poses a major obstacle to large-scale implementation of such bio-
based productions from renewable resources. Recent research interest has shifted to
replacing traditional food-related feedstocks with non-food-related lignocellulosic
biomass. Many factors like lignin content, crystallinity of cellulose and particle size
limit the digestibility of hemicellulose and cellulose present in biomass [8]. How-
ever, several methods have been developed in order to break up lignocellulosic
based residues into their components to obtain sugars used as fermentable carbon
sources. One of the developed methods is the so called liquid hot water (LHW) pro-
cess using steam to break up lignocellulosic fibers [9]. After enzymatic hydrolysis
the monomeric sugars can be separated and directly used by microorganisms. This
process is more environmentally friendly than those methods, which use either
acidic or caustic substances to promote the decomposition of lignocelluloses [10-12].
For example, researchers have been able to use the residues of wheat straw as a start-
ing material to produce glucose and C5 sugars [13]. This process has been developed
further to a two-step hydrolysis process which resulted in an increase in sugar yield
and also a reduction in toxic by-products such as furfural [14] However, a complete
conversion of the carbohydrates (mainly C6 and C5 sugars) in the hydrolysates of cel-
lulosic biomass is often difficult to realize by pure cultures in typical bioconversion
processes. Intensive system-biological studies to create organisms capable of the
complete assimilation of the hydrolyzed carbohydrate (reviewed in Refs. [15-18]) are
expected to remove such obstacles soon and thereby increase the profitability of the
so called second-generation biorefinery for, e.g., bioethanol production from cellulosic
materials.
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In the future, the so-called third-generation biofuels might be produced from
algal biomass [15]. Unlike lignocellulosic biomass, algae contain starch, cellulose
and lipids but no lignin or hemicellulose. Pretreated algae biomass have been used
as carbon source for anaerobic fermentation for butanol production [16, 17]. It is
worth mentioning that some algal species possess the capabilities to fix CO, from
waste streams [18], making them additionally attractive biomass-based carbon sources.

However, there are many challenges associated with algal biomass, like the
need for enhancement of biomass generation and product titers [19].

In this chapter, we first give a brief introduction to the principles of biocon-
version at both cellular and process levels. The bioproduction of 1,3-propanediol,
n-butanol and organic acids are then used as examples to illustrate the principles
and practical aspects of bioconversion in the context of biorefinery. Emphasis is
also put on the corresponding downstream processing of bioconversion process as
it largely determines the overall bioproduction costs. n-Butanol is an excellent ex-
ample since it can be used directly as fuel or fuel additive or as a platform chemi-
cal in the chemical industry. 1,3-Propanediol is an attractive monomer for new
polyesters such poly-tri-methylene-terephthalate with superior properties [20, 21].
Organic acids such as lactic acids and propionic acid are appealing products for
uses in polymer and food industry, respectively. For more examples of possible
product groups from bioconversion, the reader is referred to reviews in the literature
[5, 22-27].

5.2 Principles and major issues of bioconversion
processes

One of the key principles in microbial conversion processes is coupling catabolism
and anabolism (Figure 5.2). Catabolism is the process of converting complex sub-
strates such as sugars (CH,0), into precursors and intermediates (also called mono-
mers such as glucose), thereby generating bioenergetic molecules in forms of
nicotinamide adenine dinucleotides (NADH) or adenosine triphosphate (ATP) and
reducing power ([H]). The monomers and energy are then used in the anabolic pro-
cess to form complex molecules such as proteins, deoxyribonucleic acid, ribonucleic
acid, and lipids for the synthesis of cellular biomass. The monomers and intermedi-
ates can be also converted into different (fermentation) products for example alco-
hols, organic acids, and amino acids under certain conditions. They are normally the
target products of bioconversion processes. The control of the physiological condi-
tions is critical for an efficient production of the target product since microorganisms
evolved during the evolution primarily for proliferation and survival (maintenance).
The intermediates and energies of a bioconversion process should be well balanced.
Of particular importance for bioconversion is the balances of ATP and the reducing
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powers in forms of reduced nicotinamide adenine dinucleotides (mainly NADH or its
phosphorylated form NADPH) or oxidized ones (NAD* and NADP") in the catabolism
and anabolism.

0)

(CH,0), Biomass

Products
Co,

Catabolism Anabolism

Figure 5.2: Principles of bioconversion at cellular level.
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Figure 5.3: Principles and major steps of bioconversion at process level.

Because intracellular NAD"/NADH are not easy to measure, the concept of balance
of “reduction degree (x)” of substrates, biomass, and products is introduced. The re-
duction degree is the number of electrons which can be released in the oxidation of
an organic compound. For calculating such k value for a compound, by convention to
carbon a value of +4 is attributed, to hydrogen +1, to nitrogen -3, and to oxygen -2.
Such values are multiplied by the stoichiometric coefficient of relevant atoms in the
specific compound and summed up. The total is divided by the number of carbon
atoms to obtain the k value. As an example, the reduction degree of glucose is calcu-
lated in eq. (5.1).
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6.(+4)+12.(+1)+6.(-2) _24

H = B
K (CeH1206) number of carbon atoms 6

=4 (5.1)

How “k” can be used to analyze and optimize bioconversion processes will be illus-
trated later in this chapter. At process level, a bioconversion process consists of
three major steps: upstream processing, bioreaction engineering, and downstream
processing (Figure 5.3). The tasks of upstream processing include the selection and
optimization of biocatalysts (microbes and enzymes), preparation and sterilization
of substrate and medium (nutrients), and finally, seed preparation. Bioreaction en-
gineering is the heart of a bioconversion process that includes bioreactor design
and operation, bioreaction (bioconversion) analysis and optimization, scale-up,
and process control. Downstream processing deals with harvest and biomass sepa-
ration, product isolation, and purification.

Special attention should be paid to the quality of substrates used in bioconver-
sion, especially when they are sorted from pretreatment processes which can leave
or produce several (toxic) by-products which can impair both the bioconversion and
downstream processing. As an example, during the pretreatment of raw lignocellu-
losic materials, chemical which are toxic toward cells are formed. Such by-products
as well as lignin need to be removed before downstream processing, which leads to
increasing complexity and costs of the processes.

Lignocellulosic material and waste streams from the agricultural industry are
commonly used in biorefinery. However, different types of lignocellulosic material
can greatly differ in their composition. For example, beech wood has a lignin, hemi-
cellulose and cellulose share of 20%, 33% and 45%, respectively, while sugar cane
bagasse consists of 20—-42% lignin, 19-25% hemicellulose and 42-48% cellulose
[28]. The kind and composition of lignocellulosic biomass used in biorefinery have a
strong geographical dependence. For example, in northern Europe, hardwood such
as beech or spruce are predominantly used, while in South America sugarcane is
the major raw material. In Asia, rice and residues thereof are a major source of
biomass which typically consists of 36-49% cellulose, 22-33% hemicellulose and
16—17% lignin. A comprehensive overview of different biomass sources and their
compositions can be found in Bilal et al. [29]. Therefore, for each raw material a
unique process has to be established to create the best output, meaning a high
yield of sugars such as glucose (C6) or xylose (C5) from cellulose or hemicellulose.
The pretreatment process can be conducted with a variety of methods, such as:
thermal, acid or alkaline, oxidative, biological or mechanical [30]. For instance,
corn stove and wheat straw are treated with dilute acid, whilst steam explosion is
most suited for hardwood [30]. These treatment methods are necessary to enhance
the enzymatic hydrolysis of cellulose and hemicellulose to produce the sugar
monomers for fermentation. Yet, these methods result in the formation of various
toxic by-products which are inhibitory toward bacterial growth. During acidic
treatment, furfural and hydroxymethyl-2-furanaldehyde (HMF), both inhibiting
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bacterial growth, are formed [31]. Thermal hydrolysis of the raw material normally
leads to a small amount of furfural, but acetic acid is also generated as a by-product,
which is also inhibiting bacterial growth [31]. There are several methods available for
reducing inhibitors, but their application leads to increasing the process complexity
and, thus, to increased costs. Among such methods, we recall: (i) the detoxification
by reducing agents or polymers; (ii) the engineering of microorganisms to make them
more tolerant toward the inhibitors; or (iii) engineering the feedstock in order to mini-
mize its recalcitrance [31].

Sugars produced during separation of biomass into its components, are subse-
quently used as substrates for fermentation. Glucose and xylose are the two most
used monomers, while arabinose (C5) is available in lower amount. Such sugars can
be used as starting substrates for the production of different types of platform mole-
cules [32]. For instance, glucose can easily be converted into ethanol, acetone and
butanol through the ABE fermentation. These three chemicals can further be trans-
formed in a variety of chemicals such as isopropanol from acetone, butadiene from
ethanol and isobutene from butanol [32]. Xylose can be valorized via the xylose-
furfural-arabinitol platform which yields xylitol from xylose and maleic acid from
furfural [32]. Further examples are the lactic acid platform resulting in organic
acids, such as propionic acid, acrylic acid and oxalic acid [32].

Research has been done for using mixtures of substrates, in order to avoid the
separation of sugars. Glaser et al. [33] investigated a B. coagulans strain capable of co-
consumption of xylose and glucose which resulted in a lactic acid titer of 93.7 g L™
with a yield of 0.85 g g™*. Interestingly, the strain showed a higher affinity toward
glucose than xylose [33]. Additionally, several strains such as Escherichia coli, Sac-
charomyces cerevisiae, and Zymomonas mobilis have been engineered to overcome
carbon catabolite repression, meaning the sequential consumption of sugars lead-
ing to a simultaneous consumption of glucose and xylose [34].

The principles and practical aspects of bioconversion are illustrated in the fol-
lowing paragraphs, with three bioprocesses considered in more detail.

5.3 Examples of bioconversion processes
5.3.1 Microbial production of 1,3-propanediol from glycerol

Glycerol, especially crude glycerol obtained as by-product from plant-oil processing
for biodiesel production, is an interesting substrate for bioconversion. Crude glyc-
erol normally contains impurities such as methanol, fatty acids, salts, and heavy
metals and may need to be purified for certain fermentation processes with pure
cultures [35]. Glycerol can be metabolized only by microorganisms that need no exter-
nal electron acceptors but provide internal electron sinks. The degree of reduction (x)
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of typical microorganisms (with an average cellular formula CH; 9O 5Ng »; kK = 4.3) is
lower than that of glycerol (k = 4.67), and therefore, reducing equivalents need to be
released for the balance of reducing power, leading to the production of more reduced
products such as 1,3-propandiol (PDO, k = 5.33) or ethanol (k = 6) [36]. More specifically,
for the production of 1,3-propandiol, glycerol is fermented by a dismutation process
that comprises a simultaneous oxidation and reduction of the substrate to maintain a
redox balance: the reductive pathway (A) yields 1,3-PDO and the oxidative way (B)
channels glycerol into glycolysis pathways leading to different by-products (Figure 5.4).
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OH NAD ATP
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Figure 5.4: Metabolic pathway of glycerol fermented into 1,3-propanediol.

In the reductive pathway (A), glycerol is metabolized into 3-hydroxypropionaldehyde
(3-HPAId) by the co-enzyme B12-dependent enzyme glycerol dehydratase. Subse-
quently, 3-HPAId is reduced to PDO via 1,3-PDO oxidoreductase with consumption of
NADH,. NADH, is generated in the oxidative pathway B. In the oxidative pathway (B),
glycerol is converted into dihydroxyacetone (DHA) by NAD-dependent glycerol dehy-
drogenase. Afterward, DHA is phosphorylated into DHA phosphate (DHAP), cata-
lyzed by the enzyme dihydroxyacetone kinase. DHAP is then converted with
triosephosphate isomerase into glyceraldehyde-3-phosphate (G3P), which is subse-
quently metabolized by glycolytic reactions into pyruvate (as described above). The
2-mol ATP generated is utilized for biomass production (C). For maintenance of in-
tracellular redox balance, pyruvate is further converted into different side products,
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like organic acids or solvents, depending on the type of microorganism. The involve-
ment (selectivity) of individual steps and energy demand varies between the micro-
organisms and with the different cultivation conditions. Conventionally, microbial
production of 1,3-PDO is carried out using a single microorganism, either natural
strains with glycerol as substrate or genetically engineered strains with glucose as a
substrate [37, 38]. The bioconversion of crude glycerol into 1,3-PDO is of particular in-
terest as a part of a biorefinery concept together with either biodiesel or bioethanol pro-
duction (Figure 5.5).

Qil extraction
transesterification
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Oil containing glycerol
biomass P
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»

Biogas plan

Bioreactor

Figure 5.5: Oil plant biorefinery with production of biodiesel, as well as 1,3-propanediol and
butanol from raw glycerol, together with energy integration due to biogas production from waste
streams.

In both cases, glycerol can be obtained as a by-product with impurities as mentioned

above. The microbial conversion of glycerol into 1,3-PDO is always associated with
the production of organic acids as by-product, due to the necessity of balancing the
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reducing power. These results in two major problems: first, organic acids are toxic
and limit cell growth and thus limit productivity of the process. Second, only about
half of the substrate (glycerol) is converted into 1,3-PDO, leading to an incomplete
use of the substrate for the target product. Fermentation with mixed cultures was pro-
posed as an interesting and effective solution to these problems [38]. Using crude
glycerol (80% glycerol, 15% water, 4% fatty acids, 1% sodium salts) as a carbon
source and inocula adapted from a local wastewater treatment plant, 1,3-PDO can be
produced as the main product at concentration as high as 70 g L™" in fed-batch
cultivation with a productivity of 2.6 g L™! h. A high yield between 0.57 and
0.72 mol 1,3-PDO mol ™! glycerol, which is close to the theoretical maximal yield of
anaerobic glycerol conversion, has been achieved [39]. In comparison to 1,3-PDO
production in typical pure cultures, the process developed in our laboratory with
a mixed culture achieved the same levels of product titer, yield, and productivity,
but has the decisive advantage of operation under complete non-sterile conditions.
Moreover, a defined fermentation medium without yeast extract can be used and ni-
trogen gassing can be omitted during the cultivation, leading to a strong reduction of
investment and production costs [39].

5.3.2 Bioproduction of n-butanol

n-Butanol is used as solvent for many organic reactions in the pharmaceutical and
chemical industry. It is also an important precursor for many bulk chemicals like
butyl acrylate. A very promising application is its utilization as gasoline and kero-
sene additive. In comparison to ethanol, butanol has higher energy content, is less
volatile, less corrosive, and less hygroscopic, has a higher flash point. It can be thus
mixed in higher concentrations with gasoline [40, 41]. Therefore, many countries/
companies have made large efforts to make biobutanol a commercial reality. By
2019, China planned to implement 0.21 million tons per year of acetone-butanol-
ethanol (ABE) solvent capacity, which is expected to increase to 1 million tons per
year [42]. British petroleum (BP) and DuPont have been working in collaboration
on a project to improve butanol fermentation [41]. BP has also launched a subsidi-
ary named BP Biofuels to commercialize butanol fermentation on a larger scale.
Other major players in the development of butanol fermentation are Butalco
(Switzerland), Syntec (Canada), Green Biologics (UK), Gevo (USA), Cobalt Technolo-
gies (USA), Tetravitae Bioscience (USA), and ButylFuel LLC (USA). It has been esti-
mated that biobutanol has the potential to substitute both ethanol and biodiesel in
the biofuel market estimated to be worth $17.78 billion by 2022 with a growth
greater than 7% from 2020 to 2025 [43, 44]. However, because of low oil prices and
the uneconomic production costs for biobutanol Green Biologics as well as Cobalt
Technologies have shut down their operations [45, 46]. Other companies mentioned
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above are not operating on its own anymore, e.g., Butalco has been purchased by
the French based company Lesaffre in 2014 [47].

In the last years, extensive research has been conducted aimed at reducing the
cost of feedstock for bioconversion. As a result, merely industrial waste streams have
emerged as the substrate source of choice [48]. Mostly, residues from agricultural in-
dustries such as potato peel, rice straw, lignocellulose, corn stover, coffee silver skin,
and residues of sugarcane [49-54]. However, all such materials need to be pretreated
with various processes. Accordingly, good knowledge of the composition of each of
these materials is mandatory as it can differ significantly from batch to batch. In addi-
tion, also process development and research regarding the usage of C1 substrates
such as CO,, CO, methane, methanol and formic acid is currently ongoing [55].

To penetrate the large biofuel market, biobutanol needs to compete in costs
(priced on energy basis) with ethanol despite its superior fuel properties. Specific
application as a component of aviation gasoline and jet fuel may open a new market
for biobutanol as a fuel additive [56]. Reduction in feedstock cost offers the best op-
portunity, especially when microorganisms like Clostridia species are used for the
bioconversion, since they are well suited for metabolizing sugars derived from cel-
lulosic materials. Indeed, Clostridia have broad substrate ranges (including pen-
tose sugars) and display superior tolerance to typical feedstock inhibitors. Main
commercial challenges for the conventional butanol fermentation have been ex-
tensively reviewed [42, 57, 58]. In general, there is a need for cheaper feedstocks,
for improved fermentation performance, and for more sustainable process opera-
tions in solvent recovery and water recycling.

The cost of feedstock contributes most to the production costs, followed by the
cost for the downstream recovery and purification. n-Butanol titer rarely exceeds
20 g L' due to product inhibition. Therefore, product removal during fermentation,
the so-called in situ removal, seems mandatory. Engineering approaches for im-
proved product separation will be discussed in the downstream processing part
below. An alternative approach to the biofuel market resides on the production of
iso-butanol using a synthetic microbe [59]. However, it is still unclear how robust
and economically sound such a process is at commercial scale and whether it can
accommodate cellulosic feedstocks.

Renewable n-butanol is produced from the fermentation of carbohydrates in a
process often referred to as the ABE fermentation, named after its major chemical
products: acetone, butanol, and ethanol. The ABE fermentation is a proven indus-
trial process that uses solventogenic Clostridia to convert sugars, starches, or hydro-
lysates into solvents [42, 60, 61]. To date, Clostridium acetobutylicum ATCC 824
remains the best studied and manipulated strain [42]. Figure 5.6 shows the general
metabolic pathway from glucose to ABE in Clostridia. Hexose sugars, namely glu-
cose, fructose and galactose, are catabolized to pyruvate via Embden-Meyerhof-Par-
nas pathway. Pyruvate is subsequently converted to acetyl CoA by oxidative
decarboxylation using pyruvate-ferredoxin oxidoreductase. During the formation of
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acetyl CoA, a reduced ferredoxin molecule is formed that further acts as an electron
donor to reduce NAD*/NADP*. The formation of NADH/NADPH is catalyzed by the
enzymes NADH/NADPH-oxidoreductase, respectively. These are key enzymes that
also produce energy-rich molecules for biomass growth.
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Figure 5.6: Metabolic pathway of glucose conversion into acetone, butanol, and ethanol.

Acetaldehyde is then converted to ethanol by acetaldehyde dehydrogenase and etha-
nol dehydrogenase or is converted to acetoacetyl-CoA by acetyl-CoA acetyltransfer-
ase, which is subsequently converted to 3-hydroxybutyryl CoA using dehydrogenase
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enzyme. The product is dehydrated by enzyme crotonase to form crotonyl CoA, which
is later converted to butyryl CoA by a corresponding dehydrogenase enzyme. Pyru-
vate, acetyl CoA, and butyryl CoA are the important precursors for the production of
acids and solvents of industrial interest. Acetic and butyric acids are formed from ace-
tyl CoA and butyryl CoA, respectively, via analogous pathways, with corresponding
acyl-phosphate as intermediate. ATP is generated during the process. Butanol is
formed from butyryl-CoA with butyraldehyde as intermediate, whereas ethanol is
formed from acetyl-CoA with acetaldehyde as intermediate. Reducing equivalents
NADH/NADPH are utilized during this process. Acetone is formed via decarboxyl-
ation of acetoacetate, which is formed from acetoacetyl-CoA. Even though Clos-
tridia are mostly known for n-butanol production from glucose, they are also able
to produce butanol form glycerol as single substrate or in mixture with glucose
[62, 63]. With glucose as the main carbon source, the fermentation profile of most
solventogenic Clostridia is divided into two distinct phases: acidogenic phase, in
which acids and cell biomass are first produced, followed by solventogenic phase,
in which most of the acids are converted to solvents. With glycerol as sole sub-
strate for n-butanol production, no such a generic phase separation is observed
[63]. Interestingly, Clostridium pasteurianum was reported to utilize glycerol and
convert it into 1,3-PDO and butanol as the main fermentation products [63, 64].
Moreover, we have recently demonstrated that the blend of glucose and glycerol
streams favor the highest butanol productivity by C. pasteurianum, and limitation
of either substrate inhibits butanol production [63]. The fermentation stopped and
the cell growth was inhibited after a butanol concentration of 21 g L ! was reached.
Using in situ removal of butanol, cell growth was retrieved and a process with si-
multaneous production of butanol and 1,3-PDO was developed in laboratory scale
and is being scaled up in a pilot plant (see below).

To penetrate the larger biofuel market, biobutanol needs to compete in costs
(priced on energy basis) with ethanol despite its superior fuel properties. Specific
application as a component of aviation gasoline and jet fuel may open a new market
for biobutanol. Reduction in feedstock cost offers the best opportunity especially
since Clostridia are well suited for sugars derived from cellulosic material. Indeed,
Clostridia have broad substrate ranges (including pentose sugars) and display supe-
rior tolerance to typical feedstock inhibitors. The main commercial challenges for
the conventional butanol fermentation have been extensively reviewed [42, 57, 58].
In general, there is a need for cheaper feedstocks, improved fermentation perfor-
mance, and more sustainable process operations for solvent recovery and water re-
cycling. Feedstocks contribute most to the production costs followed by the
recovery cost. n-Butanol titer rarely exceeds 20 g L™ due to product inhibition.
Therefore, product removal within fermentation, so-called in situ removal, seems
mandatory. Engineering approaches for improved product separation are given in
the downstream processing part below. An alternative approach for the biofuel
market resides with iso-butanol using a synthetic microbe [59]. However, it is still
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unclear how robust and economic these processes are at commercial scale and
whether they can accommodate cellulosic feedstocks.

5.3.3 Bioproduction of organic acids

Organic acids are an integral part of the chemical industry. They are usually classi-
fied as bulk chemicals and have a wide variety of applications such as in the chemi-
cal, polymer and food industries [65-68]. Therefore, it is of significant interest to
establish bio-based production processes for this class of chemicals. Organic acids
produced at industrial scale so far are citric acid, succinic acid, acetic acid and lac-
tic acid. For example, lactic acid had a global annual production of 270 000 t in
2019 with an annual market growth of 10% which is attributed to the production of
polylactic acid (PLA) (69). PLA is expected to reach a worldwide market demand of
650 000 t/y in 2025 [70]. However, the example of succinic acid shows that bio-
based production of organic acids is not always a success story. Although a sustain-
able process has been successfully developed and established up to near industrial
scale [71] cheap prices for the petrochemical production of succinic acid due to the
availability of large amounts of cheap shale oil and natural gas make the bioproduc-
tion economically not competitive today and thus out of the market [72].

Nevertheless, research is ongoing regarding the development of bioprocesses
aiming at producing medium chain carboxylic acids (MCCA) such as caproic acid.
Besides MCCAs there is also interest to produce volatile fatty acids (VFAs), which
are organic acids up to 5 carbon atoms such as propionic acid.

One possibility to produce these acids is the use of lactate as a “platform” sub-
strate. Lactate itself can be effectively produced as a major metabolic end product of
carbohydrate by lactic acid bacteria. The advantage of this approach lies first in the
broad substrate spectrum lactic acid bacteria can tolerate, including lignocellulosic
residues of different origin/composition. Second, lactic acid fermentation is a well-
established and optimized process, as many lactic acid bacteria are known to be ca-
pable of producing lactate at high yield with satisfying productivity. For example,
Bacillus coagulans was successfully used to convert residues from wheat straw into
lactic acid at a yield of 99% and a productivity of 3.6 g L™* h™* [73]. One advantage of
B. coagulans is the ability to tolerate different types of real substrate, such as coffee
pulp, municipal waste and gardening residues [74-76]. For example in the case of
municipal waste, it was possible to reach a final lactic acid concentration of 61.1 g L™
with a yield of 0.94 g g™ [75]. This is especially interesting as streams normally con-
sidered as waste such as food residues can be valorized [77].

The glucose-rich residue was converted first to lactate and then to propionic
and acetic acid, leading to a propionic acid yield per glucose of 0.35 g g™".

A similar approach was developed to produce caproic acid from lignocellulosic res-
idues with defined microbial consortia using lactate as an intermediate substrate [78].
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Starting from xylose-oligomers and cellulose generated from beech wood, which was
hydrolyzed by enzymes secreted by an aerobic fungus, lactate is first produced via lac-
tic acid bacteria. Subsequently, a Megasphaera elsdenii strain was added to produce
caproic acid from lactate via chain-elongation mechanism. In this way, it was possible
to gain 1.3 g L™ of caproic acid from 26.8 g L™ of the used carbon source. Thus, accord-
ing to this strategy, lactate generated by lactic acid bacteria can be used as a “plat-
form” substrate and further converted into desired products by adding different types
of bacteria.

However, it should be mentioned that organic acids are in general produced
as a mixture of acids. For example, in the above case of caproic acid, valeric acid
as well as butyric, propionic and acetic acid are generated as by-products, signifi-
cantly complicating the downstream processing.

In order to minimize costs for the overall process, the substrate has to be chosen
by taking into account not only the microorganisms but also the expense for sub-
strate procurement. Besides, the geographical location where the substrate is avail-
able has also to be evaluated to avoid high expense for transport. For example, in
countries largely covered by forests using residues from the lignocellulosic industry
makes sense. Therefore, researchers have been looking into substrates deviating
from carbohydrates, such as proteins or lipids. Models have been developed as to
investigate the product composition when using a mixture of carbohydrates and
proteins as a substrate, for example from the dairy and fish canning industry [79-81].
It was shown for a model substrate of casein and gelatin that the amino acid con-
sumption by an open microbiome is dependent on the protein composition when pro-
ducing VFAs. For example, a higher content of gelatin compared to casein leads to an
increased production of propionic acid [81].

5.4 Downstream processing

The strong link between bioconversion and downstream processing should be al-
ways kept in mind when a biorefinery process has to be established. Conversion of
biomass substrate by microbes is a complex process and many organisms produce a
variety of by-products in addition to the main product which need to be separated.
Prior to the application in chemical or pharmaceutical industry, a bio-product has
to be separated from water, by-products, and other fermentation residues. A clean
product is only obtained by suitable separation and subsequent purification steps.
The term “clean” means that the final product is free of any traces of by-product. As
a matter of fact, many different products are formed during fermentation such as pro-
teins and chemicals or have to be added before the fermentation, like trace elements:
all of the non-desired substances have to be removed in order to achieve the high pu-
rity grade necessary for further utilization. For example, the required propene purity

printed on 2/13/2023 12:19 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

138 —— Ludwig Selder et al.

has to be at least 99.5% (wt. %) to be labelled as polymer-grade. Therefore, products
from bio-based production and subsequent downstream processing have to match
such purity requirements in order to compete with the petrochemical production
methods. Due to the different chemical and physical characteristics of these impuri-
ties many different unit operations have to be employed during downstream process-
ing in order to obtain a pure product. Most interestingly, absence of biocontaminants
is essential if the product has to be transformed using catalysts which can be poi-
soned by by-products of bio-origin (e.g., proteins).

For example, lactic acid can be hydrogenated to propylene glycol with ruthe-
nium as a catalyst. However, trace impurities stemming from fermentation such as
amino acid show to significantly hamper the performance of the catalyst. Alanin
has the effect of a conversion rate reduction because of competitive adsorption on
the catalyst’s surface. At least, this competitive adsorption is reversible. In the case
of sulfur containing amino acids, like cysteine and methionine, the catalyst is irre-
versibly damaged. In addition, proteins block the pores of the catalyst, diminishing
the overall performance of the catalyst [82]. Catalysts which are Ni, Pd or Pt based
are also vulnerable to damage by sulfur containing amino acids originating from
fermentation. Furthermore these three catalytic materials are also mildly influenced
by vitamins such as biotin and thiamine [83]. The two examples above show the
need for elaborating downstream processing operations when producing bio-based
platform chemicals which are subsequently used either in chemical catalysis or in
applications where very high purities are required.

Downstream processing is, thus, one of the most important factors in determining
the overall production costs of the final product. Even if low-priced substrates are effi-
ciently converted into the desired product, downstream processing can make up to
50-70% of the total production costs, mainly due to low product concentration, pres-
ence of impurities (by-products, fermentation residues, etc.), and high energy de-
mands for product recovery [84]. Moreover, each purification step is accompanied
with loss of product which demands the use of simple, robust and effective operations
during downstream processing. Thus, the determination of a reasonable downstream
process is of major economic interest. In the following, the general procedure for the
treatment of a fermentation broth is given, and different downstream processing tech-
niques are explained using the examples for the bioproduction of n-butanol and 1,3-
PDO. Additionally, a method for the purification of propionic acid is also presented.

5.4.1 General scheme of downstream processing
of fermentation broth

After cultivation, the final fermentation broth is a multicomponent mixture requiring
a stepwise recovery and purification of the desired product. In Figure 5.7, the general
procedure to separate and purify a typical product like 1,3-PDO from fermentation
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broth is given. The main constituents of the broth are liquids like water, the desired
product, residual substrate, dissolved salts, and side-products (e.g., other alcohols,
organic acids). Additionally, there are solids, such as cells and cell debris, and undis-
solved proteins. The solid parts require an initial separation step; otherwise, cells and
proteins can cause foaming within distillation [85]. Furthermore, the sugar and pro-
tein complexes may react in a Maillard reaction and cause plaque on heating devices.
The solid-liquid separation is normally performed by centrifugation or filtration. The
chosen method depends on the size of organisms or molecules that should be ex-
cluded [86]. Figure 5.8 shows different filtration types, depending on the compounds
that should be separated. A stepwise filtration might be necessary, to avoid the plug-
ging of fine membrane pores by large molecules or agglomerates [84]. Another way of
separation, which is mainly used in wastewater treatment, is flocculation. Floccula-
tion agents, e.g., chitosan or polyacrylamid, are added to form large agglomerates
with the bacteria, cell debris, proteins, nucleic acids and other broth components.
After a certain flocculation time, the heavy agglomerates sank to the bottom of the
vessel and can be excluded via decantation or by centrifugation [87]. The next step is
the removal of salts, resulting from media components and pH regulation (addition of
a base or an acid). If they remain in the broth, the ions can cause deactivation of cata-
lysts or encrusting on heating devices in the distillation steps. However, if a subse-
quent salting-out process (see below) for product removal follows, this step might be
not necessary. The most common methods applied here are electrodialysis or ion ex-
change chromatography. The main component of fermentation broth is water, since
the desired product is typically produced in a concentration range of 15-150 g L.
The water content can be reduced by evaporation, to minimize the liquid stream
amount, and accordingly pumping capacity in subsequent purification steps. More-
over, the desired product can be separated by extraction or adsorption on active car-
bon or resins. But this requires additional steps for recovery of extractants and
desorption processes, which further increases the process costs. Hence, it should be
utilized only if the amount of other pollutants is low and the product is very valuable.
To achieve a high purification grade of the product (e.g., >99% purity), more purifica-
tion steps are necessary. Mostly, this is performed by distillation/rectification or chro-
matography processes. Figure 5.9 shows a possible process route for the separation
and purification of 1,3-PDO suggested by Kaeding et al. [85], containing all the ex-
plained general steps. The main drawback of many methods is the fouling of filtra-
tion, pervaporation, and electrodialysis units, which require regular maintenance
work and exchange of the membranes. The fouling is caused by plugging of the mem-
branes from residual proteins, salts, or cell debris. In addition to this, electrodialysis
is very susceptible to product loss in the saline effluent. Meanwhile, evaporation and
distillation processes require high energy input, which also increases operation ex-
penses. Therefore, a precise decision of downstream methods is mandatory for an
economical large-scale process, even though different types are possible to achieve
high product purity.
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Figure 5.7: General scheme for the recovery of a typical product like 1,3-pdo from fermentation
broth (according to Xiu And Zeng (84)).
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Figure 5.8: Filtration methods for the exclusion of components with different sizes.

The choice of a suitable method is determined by the highest difference in chemi-
cal or physical properties of the broth components (Table 5.1). Depending on the com-
position of the broth, a combination of more than one process might be necessary.
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Figure 5.9: Flow scheme for separation and purification of 1,3-pdo from fermentation broth
(from Kaeding et al. [85] with permission).

Table 5.1: Downstream methods and different properties of the component that should
be separated (88).

Different properties Methods

Vapor pressure Evaporation, distillation, pervaporation, and gas stripping
Solubility Extraction, absorption, and crystallization

Sorption behavior Adsorption and chromatography

Membrane permeation Filtration and pervaporation

Behavior on field forces Electrophoresis and centrifugation

5.4.2 Downstream processing methods for 1,3-PDO
and n-butanol

Many efforts have been made in recent years to achieve significant reductions in en-
ergy intensity and process costs for separation and purification techniques in bio-
processes. Despite the many investments on the downstream processing of 1,3-PDO,
it is still fairly challenging. The main difficulties are due to the high boiling point
(213 °C) and high hydrophilic character of 1,3-PDO, mostly converted into fine
chemicals and pharmaceuticals, which require 1,3-PDO with a high purity grade
(99.9% or even higher). On the contrary, n-butanol is rather volatile and has a boiling
point of 117.7 °C. However, the low products concentration (around 20 g L) achieved
so far by fermentation, cause high costs for water evaporation and other downstream
processes. Next to this, n-butanol above 5 g L™ usually starts to cause serious microbial
growth inhibition. Therefore, the integration of product recovery in the fermentation
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process (in situ separation) is one option to (i) avoid product inhibition and thus in-
crease product yield and productivity and (ii) save costs for downstream processing by
transferring the product into a solution which can be purified more easily. This shows
that to develop a technically and economically successful biorefinery process, it is im-
perative not only to gain knowledge about the bioconversion, but also to develop engi-
neering concepts for product separation and purification.

5.4.2.1 Evaporation and distillation

Evaporation and distillation processes are common unit operations in downstream
processing. Evaporation comprises the simple technique of heating up a fluid to
such a temperature to evaporate volatile components, normally water. This tech-
nique is generally performed to reduce the water content in a fermentation broth
and thereby increase the product concentration. Distillation (lat. destillare = drip-
ping down) is the partial or complete separation of the components in a liquid mix-
ture by selective evaporation and condensation according to their relative volatility.
Distillation uses a column with a temperature gradient from the bottom to the top of
the distillation column (Figure 5.10). Therefore, in the bottom stripping area the lig-
uid is stripped off the more volatile component and enriched with the less volatile
component(s), whereas in the rectification area the more volatile compound(s) rises
to the top and can be captured as condensate. Depending on the column design and
the composition of the feed stream additional fractions can be collected in the mid-
dle of the distillation column. However, evaporation and distillation require a large
energy input to achieve the high boiling temperatures required. This could be over-
come by employing the so-called reactive distillation, in which a catalytic reaction
step is included within the column to reduce the volatility of the desired product.
Nevertheless, distillation methods are well studied, easy to scale up and offer high
potentials for optimizations with available simulation software [89].

Aqueous solutions with butanol above 7 wt% form a binary heterogeneous
azeotropic mixture, where the vapor phase is in equilibrium with two liquid phases:
a butanol-rich organic phase (up to 70 wt%) and a butanol-depleted aqueous
phase. Both components can be separated by a system comprising two distillation
columns and a decanter. However, the energy demand of a plain distillation process
for butanol separation exceeds the energy content of butanol itself (36 MJ kg™,
which makes such a process unfeasible, meaning that more energy has to be in-
vested than gained [90]. For example, the plain distillation of a fermentation broth
with 5 g L™ requires 79 MJ kg™* [91]. Matsumura et al. [92] used an in situ pervapora-
tion process (see below) with membranes containing oley