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1 Introduction

As noted by the science journalist Robin Williams, “The 20th century was the century of physics, the 21st cen-
tury will be the century of biology”. Knowledge of biological systems started firstly with observation or doc-
umentation, followed by understanding, then finally utilization or biomimicking. Whilst humans have been
employing bioprocesses since as early as 7000 BC (as evidenced by Neolithic fermentation jars), our detailed
understanding of biological processes in terms of genomics, metabolomics, and proteomics is very recent.

For a production process to be economically viable, the availability of the feedstock, the unit operations and
the product must be understood. Lower value products (e.g. livestock feed), bulk commodities (e.g. sugar) or
products with a number of competing sources (e.g. electricity) require scale, low cost feedstocks (e.g. sourced
from broad-acre, agri-waste or animal tissues), and either low cost or efficient unit operations (e.g. high yields,
low utility requirements). Higher value biomolecules (e.g. enzymes; biopharmaceuticals) can bear higher cost
feedstocks (e.g. from fermentation) with higher cost intensity unit operations (e.g. centrifugation, spray drying
and chromatography). Figure 1 shows some examples of biomass feedstocks or products and their associated
value as a function of cellulose and hemicellulose content. Their abundance inmany forms of biomass and their
attractiveness for fuel drive down their price, but there is substantial opportunity for further value adding.

Figure 1: Correlation of dry weight cellulose and hemicellulose content to value in $ per ton. Note that the x-axis is loga-
rithmic.

Biomass is inherent and, in the vast majority of cases, nontoxic as biological processes create products which
serve as feedstocks for other processes (with notable exceptions, such as venoms and pathogens, representing
extremely low percentages of the total global biomass). Hence, a well-engineered bioprocess should be “benign
by design”. Bioprocess engineering is defined as the design and development of processes for the manufacture
of products from biomass or via biological processes.

By using the inspiration offered by biological systems, bioprocess engineering should strive for creating
circular processes where everything other than the end product can be a feedstock for another process. The
inspiration to address many of society’s current challenges using biology has spawned the area of biomimetics,
where an engineered biological system aims to mimic the inherent advantages of natural biological systems.
An example is where humans look to biology for examples of biofixation of carbon dioxide (CO2). CO2 is taken
Thomas J. Rainey is the corresponding author.
© 2016 by Walter de Gruyter Berlin/Boston.
This content is free.
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from a gaseous phase and converted into biomass and biological compounds (e.g. carbohydrates, lipids, DNA,
protein), then this biomass is reused as feedstock for products such as transport fuel, energy, polymers, food,
food additives and fine chemicals. Whilst such systemsmay have inherent inefficiencies, if the net environmen-
tal impact is zero, then the economics may be improved through scale and smart engineering. Industry must
findways to achieve deep decarbonization of how energy, food and products (polymers, drugs, etc.) are created,
that is, to stop the reliance on fossil fuels. Biomass processing coupled to innovative downstream processing
provides one significant opportunity to decarbonize human society.

Use of life cycle analyses (LCAs) can provide insights for making long term decisions on sustainable pro-
cesses. For example, the biopharmaceutical industry has one of the highest waste to product ratios of any in-
dustry (kg waste generated per kg product produced) compared to the oil and gas industry which has the
lowest waste to product ratio. This high waste ratio is caused by the extensive use of disposables and cleaning
requirements warranted in the manufacture of a biopharmaceutical. One option to improve the sustainability
of bioindustries (refer Figure 2) is anaerobic digestion to produce bioenergy from organic byproducts, rather
than chemical treatment or off-site disposal. Other examples include the recycling of nutrients or isolation of
fractions from waste streams for other purposes such as carbon-fiber production from waste lignin.

Figure 2: Block diagram of a bioprocess for the manufacture of a purified biomolecule via fermentation. The stage of
product concentration and purification represents approximately 50 to 80% of total processing costs.

This chapter will consider which biomass feedstocks are most suited for the manufacture of bioproducts
(e.g. bioenergy, chemicals, vaccines) via appropriate bioprocess engineering unit operations. For example, a low
value biomass (chippedwood) requires simple, low cost and large scale unit operations whilst the manufacture
of a high value bioproduct (e.g. a biopharmaceutical or functional food) utilizes a larger number of smaller scale
and high cost unit operations to achieve appropriate purities. The chapterwill consider upstreamprocesses (the
creation of the biomass), down-stream processes (the separation of the target biomolecules or value adding
stages (refer Figure 2 for a sample flow diagram) and finally present some examples of the creation of products
from biomass.
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2 Upstream bioprocesses

Upstream biomass generation can be in “open” or “closed” systems, where open systems are traditionally
utilized for the generation of food and energy crops using agricultural or cropping processes, whilst closed
systems are routinely characterized by monocultures (e.g. bacterial, yeast) achieved via the use of sterile pro-
cedures with defined or semi-defined media.

2.1 Open systems

Food, forestry and energy crops are typically based around sugars, starch and lignocellulosic material. Harvest-
ing operations for many food industries involve leaving some nonfood material in the field (e.g. stubble from
grain or leaves from sugarcane) while the harvested material is separated into (i) food and (ii) nonfood mate-
rial. The greater the chemical complexity of the nonfood material (e.g. lignocellulosics), the more challenging
is the processing and value adding. Similarly timber is harvested, sawn to produce lumber and the residue is
chemically complex which results in much of it being burned (Section 4.1). Notwithstanding, open systems can
produce high value materials – an example is provided in Section 4.5.

Typical sources of biomass from open systems:
– Food agriculture

– Sugarcane industry

– Grain industry

– Fruit and vegetable

– Other agriculture

– Cotton

– Dedicated energy crops (e.g.miscanthus)

– Forestry

– Timber

– Bark

– Woodchip

– Leaves, branches, stumps
The products from biomass are wide (in order of increasing value):
– Electricity

– Buildingproducts

– Transport fuels

– Food

– Pulp and paper products

– Newsprint

– Photocopier paper

– Tissue

– Niche materials (e.g.microfibrillated cellulose)
Typical upstream operations include:

– Planting
– Crop maintenance (e.g. fertilizing, spraying, pest control)
– Harvesting
– Transportation
– Coarse separation of the plant into different components (e.g. grain from husk and bark from the timber)

by mechanical processing
– Combusting part of the feedstock may occur to assist upstream processing (e.g. sugarcane)
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2.2 Closed systems

For closed systems biomass is composed of cells which may, from an engineering perspective, be considered as
a highly organized molecular factory, see Figure 3. Our modern understanding of cells is not perfect clones of
the same cell, but rather colonies of interacting cells with specialized functions.

Figure 3: Upstream or BIOREACTION section: Selection and conversion.

Deloitte Touche Tohmatsu [1] reports that global fermentation industries are valued at over US $ 127 billion
per annum made up of ethanol (87% of value) with the next two largest groups being amino acids (8.7%) and
organic acids (2.8%). The projected annual growth to 2020 (excluding alcohols) for fermentation products is
6.5%, in which the highest growth area is polymers.

The primary characteristics of a cell are the cell membrane (or plasmamembrane), cytoplasm and organelles
and the nuclear region. The similarities between all cells are:

1. Cell membrane

2. Contains DNA

3. Composed of the same basis chemicals: carbohydrates, proteins, nucleic acids, minerals, fats and vitamins

4. All cells regulate the flow of nutrients and wastes that enter and leave the cell

5. All cells reproduce and are the result of reproduction

6. All cells require a supply of energy

7. All cells responding to stimuli are highly regulated by elaborate sensing systems

Biomolecules come from a vast number of sources:

– From all types of cells imaginable

– Synthesized (peptides and oligos)

Biomolecules have an even larger number of applications, in increasing value:

– Livestock feed

– Human food and beverage

– Function foods e.g. enhanced foods

– Nutraceuticals e.g. amino acids, proteins

– Finechemicals

– Enzymes
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– Biopharmaceuticals e.g. vaccines, monoclonal antibodies, gene therapy agents

Typical upstream unit operations include:

– Medium formulation

– Sterilization

– Cellculturing

– Propagation

– Biomass production

– Metabolite biosynthesis

– Aggregation/ harvesting

– Hydrolysis

– Biotransformations

One of the main actions for bulk biomass and cell cultures is the reduction of water content. The composition
of a typical cell is 70% or more water with the other mass (dry weight) consisting of the molecules outlined
below (Table 1).

Table 1: Moisture contents of biomolecules.

Class % dry weight Constituents

Protein 55 amino acids
Carbohydrates 10 sugars
Lipid 9 fatty acids, glycerol, phosphate
RNA 20 purines, pyrimidines, phosphate, and

ribose
DNA 3 purines, pyrimidines, phosphate, and

deoxyribose
Small molecules 3 metabolic intermediates and

inorganic ions (e.g. metals ~1%)

Big, glycosylated, complex molecules are more likely to be sourced from biomass, whilst smaller, simpler
molecules are likely to be generated by synthetic means (Table 2).

Table 2: KPIs of cellular systems for rDNA protein production.

Key
Performance
lndicator

E. coli Yeast lnsect Plant Mammalian

High μ 4 3 0.5 0.5 0.5
Expression Ieveis 4 3 1.5 1.5 1.5
Low-cost media 4 4 0 1 0
Protein folding 1 1.5 3.5 4 4
Simple
posttranslational
processing

0 2 3 4 4

Complex
posttranslational
processing

0 0 0 2 4

Low proteolyic
degradation

1.5 2 3 3 3

Secretion 0 3 3 4 4
Safety 3 4 4 3 2
Sealability 4 3.5 3 2 2.5
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Posttranslational
processing
required (e.g.
glycosylation)

26 21.5 25 25.5

Posttranslational
processing and
secretion NOT
required (e.g.
glycosylation)

21.5 21 15.5 15 13.5

3 Downstream bioprocesses

3.1 Overview of downstream bioprocesses

Downstream processing refers predominantly to the physical and chemical processing to extract, purify then
concentrate the target molecule from the water and biomass created in the upstream stage. The processing of
the bulk feed material (e.g. whole cells suspended in cell culture) must ensure that an appropriate chemical
structure and biochemical activity is maintained whilst ensuring the entire process is economically viable. The
process must have sufficient yield and appropriate capital and operating costs.

The level of processing depends on the difficult degree of purification, the intended use of the final product
and the final required specification. Industrial fuels, chemicals and materials will generally require fewer pro-
cessing steps than a product that will be consumed by humans or animals. Even within human use products,
the level of bioprocessing increases as the therapeutic use of the molecule increases (i.e. administered intra-
venously rather than orally and must have a specific efficacy rather than general effects). For example, some
food supplements may be simply dried and milled, whilst a biopharmaceutical may undergo a dozen or more
downstream unit operations to achieve the required purity and sterility.

The principal aims of downstream processing are to:

– maximize target product/biomolecule yield

– minimize the number of unit operations (because product loss occurs at each purification step)

– minimize processing time and cost

– maintain biomolecule activity/integrity by preventing degradation (due to temperature, pH, chemical reac-
tions, enzyme hydrolysis, shear, UV degradation, etc.)

– ensure product quality in terms of specified product composition and reproducibility (i.e. no variation be-
tween doses, batches or during storage)

– provide a product with an acceptable concentration, volume, and guaranteed activity

– provide a safe product that is, for example, free of toxins (endotoxins/lipopolysaccharides), viruses, chemical
contaminants and pathogens

– where required, uses a validated process such as a current Good Manufacturing Process (cGMP)

The aims of downstream processing can be counterproductive, with a compromise or economic optimization
being required. For example, whilst chromatographymay provide a fast and single unit operation for the purifi-
cation of a recombinant protein, it may result in a cost impost which is unacceptable (due to equipment, resin,
buffer media, and operating costs). As a further example, if the aim is to create a high purity and high biolog-
ical activity enzyme, more unit operations contribute to achieving a higher purity but often reduce biological
activity through increased opportunity for degradation and denaturation.

Downstream processing is routinely utilized for the manufacture of food supplements, nutraceuticals and
biopharmaceuticals. Biopharmaceuticals represent a new generation of therapeutics of rapidly increasing im-
portance: in 2002 the total pharma market was US $ 390 billion, of which biopharmaceuticals accounted for
7% (US $ 27.3 billion); in 2005 it was 12% (US $ 70.8 billion); in 2010 about 50% of drugs in development were
biopharmaceuticals [2]; in 2013 it was estimated to represent around 20% (approximately US $ 199.7 billion)
with the predicted biopharma market in 2020 as high as US $ 490 billion [3]. The global nutraceuticals product
market was US $ 142.1 billion in 2011 and is expected to reach US $ 204.8 billion by 2017, with ingredients for
the nutraceutical industry valued at US $ 33.6 billion [4]. The functional food and beverage market reached US
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$ 93 billion in 2011. Figure 4 shows how the value of a biomolecule increases via additional processing and
as the therapeutic requirements increase in complexity. That is, small batch size therapeutic proteins for low
frequency disease states and gene therapy molecules are much more expensive to make than large production
runs of vaccines and monoclonal antibodies.

Figure 4: Value in US $ per kg (x-axis) versus indicative difficulty to produce different products sourced from biomass
and biomass-derived sugars. As the requirement for high purity increases, so too does the number of unit operations re-
quired to produce the final product. Note that the x-axis is a logarithmic scale.

3.2 Downstream bioprocessing unit operations

Listed below are the most common unit operation employed in downstream processing. This is not an exhaus-
tive list, nor does it detail the specifics of each unit operation as this is left for other text books dedicated to these
topics. The list provides an indicative ranking of unit operations from cheapest to most expensive on a $/ton
processed basis. The first few unit operations (coarse size separation, comminution and biomass dewatering)
are the only unit operations routinely used for biomass energy applications as further processing is usually
too expensive. To make a food supplement or high purity biomolecule injectable a large number of these unit
operations may be required.

Typical downstream1unit operations include:
1. Coarse size separation: sieving, sorting, sizing decks
2. Comminution: crushing, grinding, milling
3. Biomass dewatering: centrifugation, gravity separation, flocculation, rotating drum
4. Cell lysis/disruption or liberation: homogenization/pressure, chemical cell wall rupture
5. Extra-cellular product concentration:
(a) Mechanical: tangential flow filtration, centrifugation
(b) Evaporative: spray drying, freeze drying
6. Purification:
(a) Ultrafiltration
(b) Chromatography
(c) Precipitation (e.g. via the use of salts)
(d) Extraction (e.g. liquid-liquid)
(e) Crystallization
(f) Dia-filtration/dialysis
(g) Sterile filtration
7. Stabilization/formulation/vialing/dosing/packaging

3.3 Specific processing considerations for biomolecules

Improving the economics of the production of a biomolecule is not only about the upstream volumetric yield
(i.e. grams of biomolecule per liter of cell culture) and upstream specific yield (i.e. grams of biomolecule per
gram of biomass) but also:

– time yield, for example, grams per hour of production time (bioprocessing plants are expensive to construct
and operate, hence efficient utilization is paramount for a profitable biomolecule production process),

– bioactivity (i.e. percentage of biomolecules that are biologically active),
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– cell and product substrate yield e.g. grams of cells and/ or secondary metabolites produced per gram of glu-
cose or other fermentable sugar consumed (or more generally, the yield of carbon in the product compared
to the carbon source used),

– cell and product macro-/micronutrient yields e.g. where the creation of cells and/ or secondary metabolites
depends upon the presence of a particular additive being in the growth media, the efficient use of this
additive is vital for a process to be economically viable, and

– maintaining acceptable yields and bioactivities for all downstream unit operations.

Asmentioned in Section 3.1, aims of downstreamprocessing are sometimes counterproductive, especially from
an economic perspective. For example, when making a dietary supplement processing the biomolecule to a
purity that is fit for purpose may be more economically viable than achieving the highest purity possible. This
point is emphasized by the example nutraceutical product chondroitin presented in Section 4.2, where the profit
after tax for the “value adder” (stage in the supply chain where the target biomass is isolated) equates to 36%,
compared to 9% for the manufacturer and 16% for the retailer (refer Figure 5).

Figure 5: Coumaryl, coniferyl, and sinapyl lignin [12].

Generally, as purity requirements increase for a biomolecule, so too does the number of unit operations
(or processing stages) employed. Additionally, certain unit operations or processes may destroy the target
biomolecule, including:

– Shearing e.g. pumps and mixing

– Hydrolysis or the cleavage of molecular bonds e.g. via enzymes

– Inhibition via oxidation or chelation with metal ions

– Irreversible aggregation/ precipitation

– Extremes of pH

Hence, bioactivity yield refers to both retaining the target molecule as well as the biological activity of the
molecule (i.e. the amount of the molecule that it is present and that can perform its function). Table 3 shows
the relationship between the number of stages or unit operations and the percentage bioactivity yield.

Table 3: Overall bioactivity (%) for multiple stage processes.

Percentage (%) bioactivity
yield at each stage

After 3 stages After 5 stages After 10 stages

99 97 95 90
95 86 77 60
90 73 59 35
80 51 33 11

3.4 Chromatography

Chromatography has been singled out as a unit operation of specific interest for themanufacture of higher value
biomolecules. It is particularly important in the biopharmaceutical industry, however is not widely utilized in
other process industries due to its batch-wise nature. Chromatography separates mixtures into components by
passing a fluid (i.e. mobile or pumpable phase containing molecules in suspension) through a bed of adsorbent
(i.e. stationary phase), followed by elution of the target molecule.

8

http://rivervalleytechnologies.com/products/


Au
to

m
at

ica
lly

ge
ne

ra
te

d
ro

ug
h

PD
Fb

yP
ro

of
Ch

ec
kf

ro
m

Ri
ve

rV
al

le
yT

ec
hn

ol
og

ie
sL

td
DE GRUYTER Forde et al.

Of particular importance within a bioprocessing context is High Pressure Liquid Chromatography (HPLC).
The choice of the stationary phase and consequently the type of chromatography depends on the nature of
the solutes and process goals. The column is the mechanical device which holds the adsorbent in place and is
normally rated to a specific operating pressure. Separation is achieved on the basis of:

– Charge (ion exchange or IE; most common in the area of protein purification)

– Size

– Hydrophobicity

– Affinity (highly specific molecule to ligand adsorption/ desorption).

Chromatography uses the following mode of operation:

1. Equilibration (washing of the column with equilibrating/ running buffer)

2. Sample is loaded (with associating binding to the adsorbent)

3. Washing to remove contaminants until absorbance returns to base line

4. Elution (recovering the target molecule)

5. Cleaning/ regeneration

The process is then started again until the adsorbent no longer provides an acceptable performance, which
could be overpressure due to clogging or compression of the adsorbent, a reduction in binding capacity (g
target/mL adsorbent) or lack of specificity for the target biomolecule.

The Key Performance Indicators (KPIs) of chromatography are:

1. Retention factor: used to describe the migration rate of an analyte through a column. It should not be too
slow so as to impact cycle time nor too fast so as to result in low binding capacity or low purity. It is also
known as the capacity factor.

2. Selectivity factor: describes the degree of separation between molecules.

3. Resolution: a combination of the degree of separation between the peaks eluted from the column (selectiv-
ity), the ability of the column to produce narrow, symmetrical peaks (efficiency) and the amount (mass) of
sample applied. It is defined as the distance between peak maxima compared with the average base width
of the peaks.

4. Partition coefficient: concentration of analyte in the stationary phase divided by the molar concentration of
the analyte in the mobile phase. It is also known as the equilibrium constant.

Scale up of chromatography is achieved by firstly optimizing the purification scheme on the laboratory scale,
then increasing one of the following parameters (in order of approximate preference): column diameter (cm),
column volume (L), sample load (g), and finally volumetric flow rate (l/hr). The following should be endeav-
ored to be kept constant: bed height (cm), linear flow rate (cm/h), and sample concentration (g/l). A common
scale-up issue is increasing pressure drop with increasing linear flow rate leading to chromatography medium
(i.e. the solid adsorbent) deformation. Hence, industrial chromatography systems are routinely less than 1.0
min height. Liquid distribution across large bed diameters is also a key challenge for scale-up (i.e. prevention
of channeling, ensuring an even binding density throughout the bed, complete washing and elution of the
column).

3.5 Stabilization and formulation

Selecting the correct stabilization and formulation for biomolecules is vital as suitable vialing, labeling, dosing
and packaging is critical for storage, distribution and at the point of use. Maintenance of the structural integrity
of biomolecules, and in particular therapeutics, is essential for its physiological and pharmacological efficacy.
Biomolecule stabilizing strategies include:

1. Native structure stabilization (excipients/molecular engineering)

2. Prevention of aggregation (excipients)
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3. Avoid or block unwanted hydrophobic surfaces (excipients and avoidance of headspace) and

4. Reduce shear forces (avoid having a headspace)

The most common long term storage options for biomolecules are in solid form (e.g. freeze drying/lyophiliza-
tion) or liquid form. For freeze drying, excipients are added to protect biomolecules during freezing/ drying
and thawing/rehydrating. For freeze drying, molecular mobility is drastically reduced thereby preventing or
reducing the majority of the deactivation mechanisms: oxidation, aggregation, hydrolysis (breaking down of
the chemical structure), and deamidation (nonenzymatic covalentmodificationwhich occurs to asparagine and
glutamine). One negative of freeze drying is that liquid buffer needs to be added to re-suspend the dry powder
before administration.

Liquid solutions of biomolecules are commonly a formulation with excipients in a pH buffered. A key lim-
itation of liquid solutions is the requirement for continuous refrigeration until the point of administration (e.g.
a cold chain requiring a storage temperature of 2–8 °C; freezing generally damages biomolecules due to cre-
ation and melting of solid ice crystals). Excipients are auxiliary substances used in suspensions with examples
including buffering agents, isotonicity modifiers, preservatives, stabilizers and complexing agents. Table 4 pro-
vides additional information on excipients. The use of excipients can be a delicate balance between achieving
maximum shelf life, maximum bioactivity and minimum pain for the recipient (e.g. pain can result if the salt
concentration is either too low or too high). Crystallization is another stabilization method but used for niche
applications in the areas of formulation of proteins for X-ray crystallography, pharmaceuticals, and antibiotics.
Crystallization operates at low temperatures to minimize thermal degradation and prevent resolubalization
with associated high concentrations of the biomolecule being required. Optimization of crystallization condi-
tions performed via empirical experimentation as phase diagrams and kinetic info are usually not available for
new and novel biomolecules. Crystals are ultimately recovered via centrifugation or filtration.

When choosing the vial and packaging options, consideration must be given to the light sensitivity of the
molecule, diffusion of small molecules/gases and heat/ cold through the packaging, usability at point of use,
recyclability of the packaging, packaging weight, and packaging cost.

Table 4: Examples of excipients and associated purposes.

Excipient Purpose Example

Buffering agents Target pH maintenance Sodium phosphate (PBS, pH 7.4),
sodium bicarbonate, sodium citrate,
sodium acetate.

Isotonicity modifiers Minimize cell damage and pain Glycerin (16mg/ml), sodium chloride
(7mg/ml), Target osmolality of 285
mOsmol/kg.

Preservatives Antimicrobials Phenol, m-cresol, methylparaben,
chlorobutanol, benzyl alcohol, sorbic
acid, potassium sorbate, benzoic
acid, chlorocresol. Crystal growth is a
main issue.

Stabilizers Impart stability to particles or the
entire suspension

Metal ions (zinc, calcium), salts,
organic molecules. May be used to
induce crystallization.

Complexing or for- mulation agents Create stable complexes or particle
formulations

Protamine sulfate (also inhibits
protease activity). Wetting agents,
surfactants, colloids, electrolytes,
viscosity modifiers.

3.6 Mechanical considerations: Pumps, valves, piping, mixing

Biomolecule manufacturing plants have unique requirements in terms of selecting the correct mechanical
equipment and materials of construction. For example, pumps and valves are a major source of contamina-
tion in bioprocesses. Ball valves and centrifugal pumps that are static and not continuously in operation will
generate “dead” areas where water, process liquid or biofilms can accumulate. The US Food and Drug Admin-
istration (FDA) notes that firms should install a drain from the low point in equipment housing.

Pumps can burn out and parts can wear resulting in direct contamination (e.g. metal shavings) and failure
has the potential to disrupt a process, resulting in contamination via dead zones in the process equipment.
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Consideration needs to be given to shear forces and pressure changes imposed during pumping of cells and
bioproducts suspensions. This pressure change issue is of concern to viable cells pumped through heat ex-
changers external to a bioreactor. Rotary or positive displacement pumps (as opposed to centrifugal pumps)
are almost exclusively used in pharmaceutical/biotech industries, utilizing electrical drives with mechanical
seals or magnetic drives. Specific examples of rotary pumps include:

1. Gear pumps. These pumps are comparably continuous, produce nonpulsating flow and they are good for
viscous material.

2. Lobe pumps. Uses rotating lobes to direct the flow. These pumps reduce shear effects, can drive large solids
and slurry-laden media, are suitable for high viscosity liquids, have high efficiency, are corrosion resistant,
and have high reliability.

3. Diaphragmpumps. These pumps arewell suited for sterile/ aseptic applications as the diaphragmseparates
the pump chambers and the pumped material. They can be air or hydraulically driven.

4. Screw pumps. Twin screw pumps are generally more reliable and result in fewer blockages (as opposed to
single screw), however, metal-on-metal wearing is a source of contamination.

5. Piston pumps. Used for very accurate pumping and dispensing of awide range of fluids.May only have one
moving part hence reduces change of blockages or valve failures. Well suited to corrosive and aggressive
media; suitable for high discharge pressure applications.

The valve closingmechanismmust be isolated from the contents of the pipe, that is themechanical mechanisms
must be isolated from the process fluid. Diaphragm valves are most commonly used in bioprocesses, such as
diaphragmvalves (or pinch valves) andweir-type diaphragmvalves. Diaphragmvalves canwear andultimately
fail during service and so routine inspection is required as well as replacing the diaphragm. Ball, butterfly and
plug valves are commonly used on the utility side to reduce costs (e.g. chilled water, cooling water, hot water,
steam), but are not ideal for liquids that contact the process fluid.

Bioprocess facilities should have no “dead-legs”, which refers to areas that do not experience constant pro-
cess flows (e.g. t-sections off the main pipe run that end in a blind flange). A design rule commonly used is to
ensure that the unused portion of a pipe is not greater in length than six diameters of the unused pipe mea-
sured from the axis of the pipe in use for hot circulating streams (75–80 °C). For colder systems (65–75 °C) any
dead-legs have potential for the formation of a biofilm and should be eliminated or have special sanitizing pro-
cedures. Bioprocess facilities should have no threaded fittings. All pipe joints should utilize sanitary fittings
or be butt welded. A firm’s procedures for sanitization, as well as the actual piping, should be reviewed and
evaluated during the design stages.

For mixing, shear and power considerations are of primary concern. The main mechanical device selection
relates to the impeller. Two common types are:

– Flat bladed/Rushton impeller: exhibits higher shear, higher mass/energy transfer. Normally suited to bac-
teria, yeast and the preparation of suspensions and buffers.

– Marine impeller: lower shear. Better suited for mammalian cell cultures.

Surfaces in contact with process fluids must be constructed from easily cleaned materials of construction (e.g.
stainless steel 316; appropriate polymers) and be resistant to the temperature variations and cleaning chemicals
used in the process. Copper and copper alloys should not be used; nor should polymers that generate pyrogens
(fever-producing agents).

4 Sample bioprocesses

4.1 Bioenergy

Replacing fossil fuel based energy with renewable energy is essential to minimize global warming. Around
10% of global energy needs are derived from bioenergy [5]. Bioenergy takes many forms however. Traditional
burning of fiber (e.g. from wood) for household heating and cooking remains the largest form of bioenergy
generation worldwide. Bioenergy is a major contributor to renewable electricity and transportation in many
countries, such as Australia. The main bioenergy bioproducts considered here are electricity, biogas, ethanol,
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biodiesel and biocrude oils. This subsection elucidates the relationship between feedstocks, the bioproducts
and the processes to make them.

Although wind, hydroelectricity and solar power are significant sources of renewable energy, bioenergy
is likely to remain a key technology for achieving greenhouse gas reduction targets. Biomass is well suited
for producing liquid fuels for combustion in reciprocating engines used for transportation. Unlike many other
forms of renewable energy, liquid biofuels can be blended with the existing transportation fuel supply and
delivery infrastructure, allowing a gradual transition to a renewable fuel supply. It is the only renewable energy
technology which has the potential to be carbon negative by absorbing carbon dioxide out of the atmosphere
and returning some of it to the soil in the form of solid residue (char).

First generation biofuels involve edible feedstocks and are produced by conventional processes. These feed-
stocks are generally sugars (e.g. sugarcanemolasses), starches (corn/maize) and vegetable oils that can be read-
ily converted into liquid fuels. These raw materials have been cultivated by mankind for thousands of years as
a food source and consequently have also been explored in depth as a fuel source. To this end, first generation
feedstocks are grown on arable land. Using arable land to make a fuel feedstock renders it incapable of pro-
ducing food, and thereby reducing food supply and potentially increasing world food prices. This situation is
known as the “food versus fuel” debate.

Further to this, first generation feedstocks are limited in their potential supply and their environmental
credentials. Regrettably, a small proportion of the expansion of first generation biofuels comes as a result of
deforestation to grow biofuel crops. This deforestation can also lead to soil erosion, increased levels of fertilizer
application and emissions of nitrous oxides and chemical run-off.

Second generation biofuels have the potential to overcome many of the negative issues associated with first
generation biofuels. They aremade from inedible feedstocks, which are oftenwastes from other processes. Typ-
ically these are lignocellulosic materials from wood and agricultural and other waste from agriculture (grown
on arable land), urban centers or industry. They greatly increase the availability of the feedstock supply and
have improved environmental credentials. However, second generation biofuels require large research and de-
velopment costs to commercialize.

Third generation biofuels have a distinct advantage over first and second generation biofuels in that the
feedstock does not require arable land. The ability to use nonarable land, in principle, allows for potentially
large enough volumes to replace the fossil fuel supply if other constraints could be overcome. Further, the use
of wastes or byproducts from other industries is a common characteristic for third generation biofuels. It was
originally envisaged that algae would use industrial wastewater to provide the nutrients for microorganisms
with a high lipid content. Third generation biofuels have an inherent problem – if grown in open ponds, a
large water supply is required with associated mass transfer challenges (e.g. high energy, high capital cost
equipment). If grown in photo-bioreactors, the highwater requirements can be overcome, but at present, capital
costs are high.

4.1.1 Ligno-cellulosic wastes

Ligno-cellulosic waste is produced by numerous industries:

– Forestry sector waste. This includes material which comes from sawmill operations (e.g. bark and saw dust),
logging (stumps) or plantation forestry maintenance such as thinnings (i.e. branches). This material is most
commonly burned in a boiler for steam or electricity generation.

– Pulp and paper industry black liquor. In order to make white papers, the industry takes woodchips, adds
chemicals and dissolves the natural brown resin, lignin. In this process, the lignin is dissolved in the chem-
icals to form black liquor which must be burned as an economic and environmental measure. In doing so,
the combustion of the lignin and incidental carbohydrate in the black liquor makes it a green energy source.

– Sugarcane industry waste. Sugarcane is harvested and crushed to extract the juice which contains the sugar.
The fiber that is left behind is known as bagasse and the leaves left in the field are known as cane trash.
Bagasse is most commonly used for steam and electricity generation in the factory but the electricity can
also be exported for use in the community [6–[10].

– Other agricultural waste. The waste of many other agricultural industries is left in the field, such as straw.
Some fruit and vegetable wastes are potential sources for bioenergy through anaerobic digestion.

The chemical composition of a ligno-cellulosic feedstock affects the potential bioproduct and the amount of
energy produced. Compared to fossil fuels, biomass contains large amounts of moisture and oxygen which
reduces the energy conversion efficiency.

12

http://rivervalleytechnologies.com/products/


Au
to

m
at

ica
lly

ge
ne

ra
te

d
ro

ug
h

PD
Fb

yP
ro

of
Ch

ec
kf

ro
m

Ri
ve

rV
al

le
yT

ec
hn

ol
og

ie
sL

td
DE GRUYTER Forde et al.

Apart from water, the most abundant chemical in ligno-cellulosic material is cellulose, which is a polymer
of glucose, and has the formula (C6H10O5)n. The proportion of cellulose in biomass can vary widely up to 90%
in cotton, although 20–60% ismore typical for wood andmost agricultural crops. Cellulose can be broken down
into its monomers by biological or chemical hydrolysis routes. However, accessibility of the cellulose depends
on chemical composition and structure of the biomass.

Hemicellulose is a random polymer of five and six carbon sugar monomers which is more prevalent in
agricultural crops than in wood. The sugar monomers include glucose, mannose (C6), xylose, and arabinose
(C5). Hemicellulose is readily broken down under acidic or basic conditions, as occurs in pulp production
during paper manufacture.

Lignin is a complex hydrophobic polymer composed of linked aromatic rings. Lignin provides the plant
with a rigid structure and protects it from microbial attack. It inhibits fermentation and since it contains aro-
matic groups, when partially combusted it can produce toxic emissions. Its removal is necessary to allow fer-
mentation to second generation biofuel and for the remaining cellulose and hemicellulose to be almost white
andmalleable, which is a requirement for white paper production. It is present in wood 25–40%, and sugarcane
15–25%[11] although other grasses contain almost no lignin (this is apparent by their color and lack of rigidity).

There are three primary ligninmonomers: p-Coumaryl, Coniferyl and Sinapyl alcohols (see Figure 5). These
monolignins differ in their reactivity due to the number of methoxy sites and each monolignin is present to
varying extents in softwood, hardwood and grasses.

4.1.2 Urban center waste

The main potential feedstocks from urban centers are:
– Municipal solid waste. Although this material contains significant amounts of plastics from fossil fuels, it

has a high proportion of ligno-cellulosic content. This occurs due to the high amount of cardboard packaging
society uses. Developed countries typically use over 100 kg of paper per capita each year.

– Recycled fiber. The lignin content of this feedstock depends on whether it is generated from office waste
(white papers) or household waste which includes boxes, which still contains significant amounts of lignin.

– Sewage contains a very high organic content on a dry basis, although it has very high water content which
is eliminated in many processing routes as conversion efficiency would be too low.

4.1.3 Regional considerations

The availability of a feedstock depends on a variety of factorswhichmust be assessed on a case by case basis. An
approach to measuring the potential availability of feed-stock is provided by Kosinkova et al. [13]. Kosinkova et
al. used Australia, which was investigated as being a microcosm to demonstrate some of these issues as shown
in Figure 6. These considerations include [14, 15]:

Figure 6: Distribution of bioenergy feedstocks in Australia.

– Local population size. Is the region a significant urban center or an agricultural area?
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– The climate. Is the temperature better suited to forestry, agricultural fiber or a tropical crop such as sug-
arcane?

– Availability of water. Agriculture and algal cultures benefit from an abundance of water supply.
– Logistical and political considerations. How does the waste management supply chain operate?
– Availability of local infrastructure to export material. E.g. electricity transmission lines, ports, roads, rail-

ways.

4.1.4 Processes and energy bioproducts

The feedstocks are matched to the bioproducts by the conversion processes.

Combustion to produce electricity
The oldest biomass to energy conversion process is simple combustion. Fiber is a form of hydrocarbon, and so
burns in the presence of oxygen provided there is an ignition source. This is the basis for traditional household
cooking and heating. Industrially, biomass is fed into the furnace of a large industrial boiler to generate steam
and electricity via a turbine. The generalized formula for combustion is:

Fuel + oxygen + nitrogen → water + carbon dioxide + nitrogen (+ carbon monoxide) ,
where carbon monoxide is produced as a result of incomplete combustion.

Anaerobic digestion to produce biogas
Microorganisms break biomass down in the absence of oxygen in a series of steps which produce methane and
carbon dioxide. Lignin is a problem for the initial degradation step, and so it is not suitable for wood. Apart
from this, the process can be used for grasses, sewage, delignifiedwaste (e.g. waste paper), abattoir waste, some
householdwaste, fats and oils. The process can be tailored to themoisture content of the feedstock andmultiple
feedstocks can sometimes be used.

Fermentation to produce fuel ethanol
Ethanol can be used as a liquid fuel and is particularly well suited for blending with petroleum gasoline. The
conversion of sugars (sucrose, glucose) to ethanol involves converting glucose into ethanol and carbon dioxide
through the action of microorganisms, namely

C6H12O6 → 2C2H5OH + 2CO2 .

Transesterification to produce biodiesel
Vegetable and animal oils consist of triglycerides which are reacted with methanol or ethanol in the presence
of an acid or base catalyst in order to produce biodiesels. Glycerol is a byproduct of this reaction. The conver-
sion to fatty acid methyl esters (i.e. FAME) is necessary to reduce the viscosity and improve atomization and
combustion efficiency.

Thermochemical conversion to produce electricity or liquid fuel
This is a family of routes which involve subjecting biomass to elevated temperatures in a tightly controlled
oxygen environment (Figure 7). Gasification occurs with a limited amount of oxygen present. Carbon monox-
ide and possibly carbon dioxide and carbon are produced, but these molecules react with water to produce
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hydrogen. The high temperatures result in high conversion efficiencies. Apart from hydrogen, the syngas can
be used to produce methanol or liquid fuels (diesel) by the Fischer–Tropsch process [16].

Figure 7: Thermochemical conversion pathways.

Pyrolysis occurs at more modest temperatures in the absence of oxygen and water. The conditions can be
varied to target different products but generally bio-oil, solid char and volatile gases (e.g. methane) are pro-
duced. Flash pyrolysis, whereby the biomass is heated within just a few seconds, achieves better yields than
slow pyrolysis.

Liquefaction occurs at lower temperatures but high pressures are required. Liquefaction results in increased
oil yields compared to pyrolysis, but the main advantage is that the process is highly tolerant of water and no
pre-drying is needed, unlike in pyrolysis. The main disadvantage is that the equipment tolerant of these high
temperatures and pressures is expensive.

Table 5 shows typical matching of the feedstock to the process and bioenergy product. Sugars and starches
are well suited for producing fuel ethanol, while combustion is best suited for drier lignified biomass. However,
lignified biomass can be used to produce ethanol via second generation technology or converted via thermo-
chemical processing. Urbanwastes and oils are well suited to anaerobic digestion and thermochemical process-
ing but oils are also used for biodiesel.

4.2 Nutraceutical example: Chondroitin

Chondroitin sulfate is an important structural component of cartilage and provides resistance to compression.
Chondroitin sulfate is used as a supplement for treatment of osteoarthritis and is believed to help draw water
and nutrients into the cartilage, keeping it spongy and healthy.

Chondroitin is a naturally occurring biomolecule found in the body and is a sulfated glycosaminoglycan
(GAG) attached to proteins as part of a proteoglycan (hence the need to remove proteins during downstream
processing via proteolysis). Made traditionally from shark cartilage, shark is considered a less sustainable
source of chondroitin due to declining shark populations, hence bovine (cow) sources are more widely used.
As a result, demand exists for “clean” sources of bovine chondroitin from a known and traceable source. An
example process for the manufacture of chondroitin sulfate is presented in Figure 8.
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Figure 8: Block diagram of a bioprocess for the manufacture of 99.5% purity chondroitin sulfate.

It must be noted that the effectiveness of chondroitin and the combined use of glucosamine/chondroitin
for osteoarthritis remains unclear; some studies have found chondroitin reduces pain more than a placebo,
however several newer studies have found no improvement in pain with chondroitin; some evidence exists
that chondroitin supplements slow cartilage breakdown or repair damaged cartilage from knee osteoarthritis
[17]. Studies have found that glucosamine and chondroitin supplements may interact with the anticoagulant
(blood-thinning) drugwarfarin (Coumadin). Overall, studies have not shown any other serious side effects [18].

Typical doses of chondroitin sulfate for osteoarthritis are 200–400 mg two to three times daily or 1000–
1200mg as a single daily dose; when applied to the skin in a creamfor osteoarthritis typical doses are 50 mg
chondroitin sulfate/g for up to 8 weeks [19]. Due to feedstock limitations, chondroitin sulfate sourced from
shark cartilage is around five times the cost of chondroitin sulfate from bovine trachea.

As an example of an alternative chondroitin containing product in the area of functional foods, dried whole
beef tracheas containing high levels of naturally occurring glucosamine and chondroitin retail for approxi-
mately AU$ 51/kg retail finished product.

In Figure 9, the upstream process may be considered the “Producer” and “Processor” whilst the down-
stream process is represented by the “Value adder” (concentration into an impure bulk), and “Manufacturer”
(purification). The retailer may then package the final purified product. As can be seen, the profit after tax (PAT)
for the upstream sections is negligible whilst for the value adder PAT equates to 36%, for the manufacturer 9%
and for the retailer 16%.
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Figure 9: Graph showing the costs for producing chondroitin sulfate at various stages in the value chain. SG&A: Selling,
General and Administrative Expenses. COGS: Cost of Goods Sold: the costs of making the products to be sold later. PAT:
Profit after tax [20].

4.3 Fermentation example: Fermentation products from ligno-cellulose

Given the abundance of ligno-cellulose and its availability as a co-product from industrial processes such as
sugar milling, it is an attractive potential carbon source for industrial fermentations to produce a range of fuels
and industrial chemicals. The majority of existing industrial microbial fermentation processes use glucose de-
rived from corn starch or sucrose from sugarcane (in the form of molasses or cane juice) as the carbon source.
To use ligno-cellulose as the feedstock, it is necessary to break down the constituent polymers to fermentable
sugars, such as the conversion of cellulose to glucose [21, 22]. The challenge in the approach to use ligno-
cellulosicmaterials arises from the recalcitrance of the feedstock. A major role of ligno-cellulose in nature is to
provide mechanical strength to plant materials and resist degradation, meaning that significant time and en-
ergy is usually required to break it down. Further, once degraded, the economics of the fermentation processes
would be maximized if all product streams (C5 and C6 sugars as well as lignin) could be utilized to generate
products. To use all available sources of carbon means that multiple or highly adaptable processes are required
(for example using microbes that can utilize both C5 and C6 sugars simultaneously) [23].

The overall process for the production of fermentation products from lignocellulose usually first involves a
pretreatment step to mechanically and thermochemically degrade the material and separate the fibers, as well
as degrade some carbohydrate polymers. This step converts the fibrous dry material to a liquid formwhere the
remaining constituent polymers are accessible to enzymes for the second step of saccharification to generate
fermentable sugars such as glucose or xylose. These sugars are then available as a carbon source for microbial
fermentation to generate the desired end product chemical that must then be isolated and purified. Various
purification and fractionation steps may be required during the entire process to isolate various constituents
depending on the specific carbon source required for the fermentation and the need to remove microbial in-
hibitors such as furfural and phenolic compounds that may be produced during pretreatment [24].

The improvement of the overall process is an ongoing area of research and numerous options are being
examined to increase process efficiency and reduce costs. The aims and goals of this research include reducing
the temperature and overall severity of the pretreatment process to reduce the required energy, cost and levels
of production of inhibitorymolecules; the combination of enzymatic saccharification and fermentation into one
step; the utilization of microorganisms that can both produce carbohydrase enzymes and ferment the resulting
sugars to products in a so called consolidated bioprocess; and the use of microorganisms that can utilize both
C5 and C6 sugars to produce the desired fermentation product.

4.3.1 Novel pretreatment strategies

Typical pretreatment strategies usually employ a mechanical milling step to reduce particle size followed by
a chemical modification step using dilute acid or alkaline hydrolysis along with further mechanical process-
ing such as steam explosion [24]. Processes such as dilute acid hydrolysis typically employ temperatures from
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120 to 210 °C and lead to significant hydrolysis of xylan to xylose as well as making cellulose available for
enzymatic saccharification. Often such pretreatments lead to the formation of unwanted compounds that can
inhibit the subsequent fermentation [24]. One approach to reduce the severity of the pretreatment and therefore
reduce both energy costs and byproduct formation is to use co-solvents. Ionic liquids have been investigated
for this purpose [25, 26] as well as acidified glycerol [27, 28], where increased enzymatic digestibility has been
observed with increasing concentrations of glycerol. An ammonia-based process to expand the fiber in a pro-
cessed termed AFEX™ has also been developed (for example see [29–[31]). A direct comparison of dilute acid,
ionic liquid andAFEX™pretreatmentmethodswas performed using corn stover [32]. The study found that sim-
ilar ethanol production metabolic yields were observed for all three methods although the required enzyme
combinations varied considerably to achieve the yields and the need for additional nutrient supplementation,
which was not required after AFEX™ pretreatment. AFEX™ is being developed and commercialized by the
not-for-profit companyMBI in collaboration with Michigan State University. The technology has been tested in
collaboration with Deinove using specific Deinococcus bacteria in a simultaneous saccharification and fermen-
tation process that achieved high levels of utilization of the available sugars [33].

4.3.2 Use of specific ligno-cellulose fractions

Once glucose can be generated from cellulose, it should be compatible with existing fermentation processes
that utilize glucose derived from conventional sources, depending on the presence of inhibitory compounds.
Industrial fermentations based on C5 sugars such as xylose and arabinose are not currently common in indus-
try given that glucose or sucrose are generally more available feedstocks. Unlike cellulose that only generates
glucose upon degradation, hemicellulose is a heterogeneous polymer that produces a range of both C5 and
C6 (pentose and hexose) sugars and as such represents additional challenges for full utilization of the avail-
able sugars. Overall, to fully utilize the available sugars in ligno-cellulose, strains that can co-metabolize both
C5 and C6 sugars are required. Ethanol production using Saccharomyces cerevisiae is one of the world’s old-
est and largest bioprocesses with cellulosic ethanol production now entering commercial scale manufacturing
[34]. Furthermore, this yeast is the basis for extensive metabolic engineering toward new chemical products
[35], with some in commercial production (for example see the development of the farnesene process by the
company Amyris). As such, S. cerevisiae has been a popular organism for the development of strains that can
use C5 sugars such as xylose aswell as glucose [36, 37]. These engineered strains must match the robustness
of existing industrial ethanol strains and further, must ideally be tolerant of inhibitors and other constituents
found in ligno-cellulosic hydrolysates, such as high levels of salt from pretreatment chemicals. For example, it
has been shown that the presence of chloride and sulfate salts with sodium, potassium and ammonium cations
reduced biomass growth, ethanol production and glucose consumption as well as reduced xylose utilization
in the presence of sodium chloride in a S. cerevisiae strain capable of co-utilization of glucose and xylose [38].
An acetic acid reduction pathway to generate ethanol has also been integrated with C5/ C6 co-utilization in an
S. cerevisiae strain [39].

Overall, S. cerevisiae has been extensively engineered to use a variety of carbon sources and generate a wide
range of products [35] and remains a key platform organism in industrial biotechnology. Nevertheless, a range
of other organisms have also been explored for similar aims, including Escherichia coli [40], Rhodococcus opacus
[41] and Zymomonas mobilis [42].

Lignin is a significant constituent of ligno-cellulose and presents numerous challenges for use associated
with its natural role in providing protection andmechanical strength to biomass. It is also a heterogeneous and
noncarbohydrate based polymer, meaning the breakdown products aren’t as readily utilized by microorgan-
isms as glucose from cellulose. Lignin is generated at large scale in the pulp and paper industry and would
be a major co-product from a future ligno-cellulosic ethanol industry. Lignin can be utilized by microorgan-
isms for growth and metabolism offering a possible route to convert this challenging but highly available and
cheap material to both biomass and chemical products. It has been known for some time that organisms such
as white rot fungi are able to degrade ligno-cellulose using a suite of enzymes that break down lignin and en-
hance the availability of the carbohydrate polymer fractions to enzymatic saccharification [43]. Themain classes
of ligninolytic enzymes include lignin peroxidases, manganese-dependent peroxidases and laccases and these
enzymes have been widely studied for the biocatalytic degradation of lignin [44, 45]. These enzymes can be
isolated and used as biocatalysts to degrade and modify lignin although a collection of different enzymes are
usually required in concert to achieve degradation. The use of enzymes has so far mostly been targeted at en-
hancing the pretreatment of biomass to isolate cellulose for breakdown to glucose [46].

As well as using isolated enzymes to transform the lignin polymer and associated monomers, the use of
whole cell microorganisms and the manipulation of in vivo metabolic pathways for the degradation and as-
similation of lignin derived chemicals is emerging as an option to generate specific products [44]. Lignin asso-
ciated monomers such as ferulic acid and vanillic acid can be metabolized in vivo to protocatachuic acid and
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on to beta-ketoadipic acid and acetyl-CoA for incorporation into the TCA cycle and other pathways such as
for fatty acid and isoprenoid synthesis. This channeling or funneling of a variety of lignin derived chemicals
towards acetyl-CoA has been proposed as a solution to the problem of heterogeneity of the lignin substrate
[47]. In this example, a specific strain of the bacterium Pseudomonas putida that is naturally able to catabolize
aromatic molecules was used. Both lignin model compounds and heterogeneous lignin derived material could
be converted tomedium chain length polyhydroxyalkanoates. The samemicroorganism has also beenmetabol-
ically engineered to produce cis,cis-muconate, an adipic acid precursor, from both the lignin model compound
p-coumaric acid and a biomass-derived lignin stream [48]. The yield obtained on the model compound in fed-
batch fermentations was 13.5 g/l and over 15 times what was achieved in shake flask cultures. Using the lignin
stream in shake flask cultures produced 0.7 g/ l of product at a molar yield of 67% from the p-coumarate and
ferulate substrates that were detected in the substrate. This work represents an encouraging first step towards
further development of the process in bioreactors and additional improvements as both the lignin stream and
microbial degradation metabolic pathways are further understood and optimized.

An assessment of fourteen bacteria, including the P. putida strain described above, that secrete ligninolytic
enzymes was performed to assess the formation of molecules that could be used for industrial applications
such as fuels, chemicals and materials [49]. This work provided information on particular species that could
not only break down lignin but also metabolize the breakdown products to biomass and compounds such as
polyhydroxyalkanoates, particularly in nitrogen limited conditions.

4.3.3 Consolidated bioprocessing

As seen above for the consolidated bioprocessing of lignin directly to products using a single organism and
process, the same concept can be applied to the processing of the cellulose and hemicellulose biomass fractions.
There are two general strategies for the generation of microbial strains that can both break down ligno-cellulose
to sugars and then convert them to chemical products. Such organisms generally do not exist in nature and so
one must either endow the ability to produce cellulolytic enzymes on an existing production strain [50] or
engineer a strain that already produces cellulolytic enzymes to be able to generate the product of interest [51].

There are many examples in the academic literature of where consolidated bioprocessing has been demon-
strated, but commercial reality remains to be achieved due to cost, yield, efficiency and scalability issues in
addition to the challenge of heterologous expression of cellulase enzymes [52]. An important and immediate
application is the conversion of cellulose to glucose for the subsequent production of ethanol [53–[55]. The
production of ethanol in this way builds on the existing and extensive ethanol biofuel industry. Making an
established product such as ethanol is less risky than developing both cellulose degradation and engineering
newmolecule production at the same time. The relatively low selling price of ethanol as a fuel compared to pro-
ducing higher value commodity or specialty chemicals means that commercial success for this concept remains
challenging however.

For reasons related to the co-utilization of hexose and pentose sugars, the utilization of hemicellulose in a
consolidated bioprocess represents an additional challenge over and above the conversion of cellulose [56]. As
well as requiring an organism that can produce relevant hydrolase enzymes (such as xylanases) and generate
an industrial chemical product, the organismmust also readily metabolize C5 and C6 sugars. The susceptibility
of hemicellulose to degradation during acidic pretreatment steps, however, may alleviate the need for extensive
enzymatic degradation. Nevertheless, the conversion of hemicellulose has been reported. One example involves
the generation of succinic acid in an engineered strain of E. coli [57]. In this case, endoxylanases and xylosidases
were selected for their suitability in a consolidated bioprocess, for example to have good activity at the ideal
growth temperature of the bacterium. Enzyme production levels were optimized but secretion was found to be
a limiting factor. Integration of the xylan utilization capability into an E. coli succinate production strain enabled
the production of this industrially important chemical from xylan.

4.3.4 Commercial applications

With an established and large-scale ethanol biofuel industry, particularly in the USA and Brazil using corn and
sugarcane feedstocks respectively, there has been significant industrial focus on generating commercial value
from the ligno-cellulosic co-streams such as corn stover and bagasse. The large volumes of ligno-cellulosic
biomass that could be available from these industries and others (including forestry) coupled with the lack
of competition with human or animal food make this feedstock attractive despite the challenges of accessing
the fermentable sugars. To this end the world’s major enzyme producing companies and research scientists
backed by substantial government support have made significant progress in the development of improved
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cellulose enzymes. Along with pretreatment and process innovations, the first large-scale cellulosic ethanol
production facilities have emerged. These facilities include Beta Renewables plant at Crescentino in Italy that
has the potential to process 270 000 tons per year of biomass and generate up to 60 000 tons of ethanol. The
first cellulosic ethanol facility in the USA was established in Iowa in 2014 by the POET-DSM joint venture [58].
It has the capacity to process 770 tons of biomass per day (281 050 tons per year operating 365 days per year)
and generate 20–25 million gallons (60 000–75000 tons) of ethanol per year. There exists significant scope for
expansion of both the number and size of cellulosic ethanol production facilities once the technology and costs
are fully established and proven. In 2015 there were 195 fuel ethanol plants with a mean production capability
of 75 million gallons per year per plant according to U.S. Energy Information Administration statistics [59].

In Brazil GranBio is using sugarcane straw and bagasse at a facility in Alagoas and has the capacity to gen-
erate 82 million liters (65 000 tons) of ethanol per year. GranBio has also established a partnership with the
chemical company Rhodia around using similar approaches for the production of n-butanol [60]. Research and
development towards the production of 1,4-butanediol from ligno-cellulose has also been disclosed by the com-
pany Genomatica [61]. This work involved engineering E. coli for co-fermentation of C5 and C6 sugars, strain
engineering towards 1,4-butanediol production from this feedstock and development of a fermentation pro-
cess. A range of different hydrolysates from different processes and biomass types were also tested. Using a
concentrated (700 g/lmonomeric sugar) and clean hydrolysate, a 1,4-butanediol titer of 119 g/l and productiv-
ity approaching 2.5 g/ l/h could be achieved.

Overall, ligno-cellulosic biomass represents a significant resource for the future manufacture of liquid fu-
els and biochemical. The recalcitrant and heterogeneous nature of the material along with variations in com-
position between and within plant species raises many challenges for its economic and scalable use. These
challenges also raise many opportunities for advancements in plant biotechnology for new biomass types, im-
proved pretreatment technologies and the development of newmicrobial strains and fermentation processes to
utilize as much of the available biomass and generate chemical products in the most efficient and cost effective
manner.

4.4 Biopharmaceutical example: Monoclonal antibodies

The rise of biopharmaceuticals has been unprecedented since the turn of the 21st century. Today biopharma-
ceuticals constitute around 20%of the global pharmaceuticalmarket, having a growth rate above 8%per annum
which is double that of chemical pharmaceuticals. Current biopharmaceutical revenues are estimated to be $
163 billion [62]. Overall, biopharmaceuticals are the highest value biomolecules being produced from indus-
trial processes but they also have a higher cost of manufacture than any other class of industrial biomolecules.
Manufacturing costs are comparatively high for several reasons: facility outlay costs, regulatory compliance,
lengthy processing times, low yields, expensive raw materials, costs of skilled staff and short market life cy-
cles (e.g. competition from generics). In the case of the facility outlay, the costs to build a biopharmaceutical
manufacturing facility start at $ 200–500 million and can take up to five years to complete depending on the
nature of the facility and the biomolecules to be manufactured within the facility, whilst comparable chemical
pharmaceutical facilities cost in the order of $ 30–100 million.

The potential for disruptive process innovation in the biopharmaceutical sector is very high. However, the
limitations are the cost-of-entry to develop and deliver a disruptive process which fits into existing facility
designs, meets project budgets, project timelines and complies with regulatory requirements for validation,
characterization and manufacture. Because of these limitations there is a constant cycle of reassessment of
processes and investment in exploring new technology within the existing manufacturing landscape. Overall,
process advancements have proven to be largely conservative and predominantly driven by project require-
ments to meet production needs and product quality. This has especially been the case for mammalian cell
derived biopharmaceuticals which represent the highest cost biomolecules currently manufactured within the
biopharmaceutical sector.

For mammalian cell derived biopharmaceuticals themain innovations have come from:

Improvements to cell lines through metabolic engineering

Metabolic engineering can improve consistency of fermentation, reduce media complexity and improve prod-
uct yields and quality. For example, engineering the inclusion of glutamine synthetase allows a condensation
reaction of glutamate and ammonia to form glutamine. For some cell lines – such as murine myeloma cells,
there is no intrinsic glutamine synthetase and so engineering the cell line with glutamine biosynthetic capacity
removes the challenges of glutamine supplementation to the media such as glutamine depletion/limitation or
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deamidation post-formulation of the media or during the course of fermentation. Such cell line developments
produce clones with higher specific productivities for antibodies (exceeding 50 pg/ cell/day) compared to the
undeveloped base cell lines (less than 10 pg/ cell/day).

Molecular biology improvements to the DNA vector

Improvements to the vector allow greater consistency of insertion into the host genome, thereby producing
more stable clones and better transcription initiation. Stability is particularly important for mammalian cell
lines such as murine and hamster cell lines as a large percentage of the genome (around 30%) is composed of
transposable elements that potentially can rearrange and insert into different regions of the genome. Industrial
cell lines are qualified and validated to be stable for the duration of the manufacturing run (from vial thaw,
through seed train expansion, to beyond the cell age seen at the end of the production cycle). Depending on the
nature of the process, this can be up to 120 days where a cell line must remain consistent in terms of stability
and productivity.

Process analytical technologies (PATs)

PATs allow novel real-time monitoring of fermentation metrics and metabolism that provide greater elements
of control and understanding of upstream processes. Greater uptake is now occurring for PATs that are prov-
ing to be fit-for-purpose for biopharmaceutical manufacture with the most pre-eminent being near infrared
spectroscopy. Regulators are now setting in place guidelines for the use of PATs with a strong desire to see the
uptake and implementation of PATs to improve consistency and quality of manufacture.

Biomass media and feed-media development

Media and feedstocks are typically highly complex formulations and always provide the greatest increase in
yield and quality metrics in simple batch and fed-batch fermentations. Due to regulatory constraints against
the use of animal-derived materials (which may contain biological hazards such as bacteria, viruses, prions
and endotoxins), industry has a preference for protein-free media with optimized concentrations of amino
acids, salts, co-factors, vitamins and lipids, despite the high costs associated with GoodManufacturing Practice
(GMP)-certified formulations.

Typical yield increases from first generating a single stable clone to selection of the media and optimizing a
feed strategy for batch fermentation are between two to tenfold for biopharmaceuticals. For fed-batch antibody
processes of 10–21 days duration, titers in the range of 1–5mg/l are common, but yields as high as 10–15 g/l
have been reported. The advantages of optimized media include consistency of upstream biomass generation,
the biopharmaceutical is safer (less contamination fromdifficult-to-purify animal products), the quality ismore
easily planned and controlled in the final product (referred to as quality by design orQBD) and the productivity
of the biomass is higher. The focus of media development is to maximize the total viable cell density for as long
as possible, which leads to significant biomass increases in fed-batch cultures. In conjunction with high specific
productivity from engineered clones, economically viable processes can be established from relatively small
bioreactor volumes. Optimizedmediawill improve specific and volumetric yields aswell as “time yields” (e.g. g
product/hour of fermentation), a performancemetric of interest for facilities that have capacity or fermentation
volume limitations.

Single-use bioreactors (SUBs)

The advent of SUBs represents a novel, disruptive technology for the generation of upstream biomass to pro-
duce biopharmaceuticals. The single-use bioreactor technology utilizes a sterilized disposable plastic bag as the
bioreactor vessel which is then held in a temperature controlled jacketed support frame. SUB systems are com-
plete, including all mixing, aeration and exhaust requirements (i.e. impellers, spargers and exhaust filters are
integral to the sterilized disposable bags). The SUB systems are expensive – nowadays approximating the costs
of cheaply sourced steel, but are considered to be economical when factoring all aspects of the pharmaceutical
upstream process. This includes:

– Production time considerations – sterilization using steam-in-place systems are not required and so
turnaround times are improved

21

http://rivervalleytechnologies.com/products/


Au
to

m
at

ica
lly

ge
ne

ra
te

d
ro

ug
h

PD
Fb

yP
ro

of
Ch

ec
kf

ro
m

Ri
ve

rV
al

le
yT

ec
hn

ol
og

ie
sL

td
Forde et al. DE GRUYTER

– Batch loss and facility down-time due to contamination is greatly reduced

– Flexibly designed facilities, which can be open-plan as SUB systems can be portable within a facility and
therefore accommodate upstream and downstream changes or whole process differences for different bio-
pharmaceuticals manufactured within the same facility. This decreases the costs of building a rigid facility
which can be expensive to modify for evolving process requirements, and

– Because the scales of the SUB technology are relatively small (usually 50 to 2000 l); the technology is more
congenial for expansion by scaling-out rather than scaling-up, which simplifies operational expansion as
the systems are the same and the complexities of different equipment at different scales are eliminated

The SUB systems have the potential to be disruptive technology for the expensive and intensive biopharma-
ceutical workflow by allowing small operations and biotech start-ups to operate in niche areas and compete
with large pharma at a greatly reduced cost. An example of niche manufacturing is monoclonal antibodies
developed to Phase I levels by start-up pharmaceutical companies using wave-induced motion bioreactors.

Wave-induced motion bioreactors were first described by Singh [63] and utilize the disposable, flexible and
sterile plastic bag (cellbag) with controlled headspace gassing supported on a rocking thermo-regulated plat-
form. The rocking platform is responsible for a distinctive undulating wavemovement created in the bioreactor
cellbag. This different, low-shear, mass and energy transfer mechanism ensures good off-bottomsuspension, ef-
ficient nutrient distribution and a high oxygen transfer from a large surface mixing area.

Cell growth is controlled by adjusting the rocking rate, the rocking angle, the fill level, headspace aeration
rate and headspace gas composition. Customized and more complex systems have been described that con-
trol cell growth with nutrient feed controls, integrated perfusion and online monitoring-feedback controls of
dissolved oxygen (DO) and pH (controlled via O2, CO2 and base addition) [64, 65].

Wave-induced motion bioreactors can be used as a process bioreactor on a range of different cells for both
stable and transient systems, or as a unit operation for biomass expansion for seeding process bioreactors and
high-density cell banking. Though simple in design and operation, the performance characteristics have been
demonstrated to be distinct – but similar – to more complex stirred tank bioreactors [66]. Simple changes such
as the percentage of CO2 in the headspace can control the pH of the media or potentially alter the pH outside
of a normal operating range. The hydrodynamic flow (mixing and shear behavior) is not necessarily the same
in different sized cellbags or with different media volumes. However, there is generally a high mass transfer
coefficient (kLa), that is unusually steady over a broad range of operational parameters (the kLa is reported
to be as high as 20–30/h at operation ranges from 20–30 rpm, 7.5° [67]). The kLa can be simply manipulated
by changing the rocking angle, rocking rate and, to a very superficial extent due to the large surface area of
exchange, the headspace gassing. As such, most operational conditions for the wave-induced motion bioreac-
tors can be achieved in a short amount of time and manipulated simply; for example, it is known that subtle
changes in the percentage of CO2 in the headspace can elicit the effect of either stripping or enriching the pCO2
as desired to influence the media pH in a reasonable timeframe of just over 10 min for a 50 l bioreactor without
any other control system for the pH [68]. Furthermore, scaling can be readily achieved when considering the
media: cellbag ratio and adjusting for differences in the hydrodynamic flow changes for different sized cell-
bags and different media volumes. The “kLa fixing” to match different scales typically requires manipulation
of the integral power density via aeration and/ or agitation rates, with smaller media volumes having higher
kLa values and requiring less power for kLa fixing. A smaller media to cellbag ratio is predicted to have higher
kLa values and more readily become influenced by the power terms (rocking angles and rocking rates) and gas
velocity (headspace gassing). Successful and simple scaling therefore allows a smaller fermentation model to
be established to reduce the costs associated with development and characterization.

For monoclonal antibody production, a small-scale model system using a wave-induced motion bioreactor
of 10–50 l media can be used as an affordable development platform to establish a process to then scale to kLa
fixing anywhere up to 500 l. Using a perfusion system, a continuous cell culture process can be established at
a very modest scale whereby biomass is retained in the wave-induced motion bioreactor, while new culture
media is continuously added at approximately one (1) bioreactor volumeper day and culture supernatant is
removed at the same rate to keep the bioreactor volume constant. In this respect a 10 l scale-down perfusion
model can be used to economically develop a Phase I process. When scaled to a modest 100 l wave-induced
motion bioreactor, the operation in perfusion mode from day 7 to day 21 (14 day perfusion) is equivalent to
operating in batch or fed-batch at a scale of 1400 l. If a conservative 1 g/ l volumetric yield is achieved from
such a process and assuming a low 30% yield from downstream unit operations, such a process could produce
approximately 400 g of monoclonal antibodies and therefore be suitable to initiate Phase I investigations at a
greatly reduced cost.
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4.5 Novel material example: Cellulose nanofibers

4.5.1 Manufacture and properties of cellulose nanofibers

Cellulose is the most abundant natural polymer on earth. The fundamental building block of cellulose in all
ligno-cellulosicmaterials is of crystallites of 4–5 nm in diameter. Thus, given the degree of polymerization of
cellulose, the natural organization of cellulose in all ligno-cellulosicmaterial is as cellulose nanofibers [69]. Cel-
lulose nanomaterials are produced by breaking down ligno-cellulosicmaterial, either partially or fully, into the
constituent nanofibers.

The terminology around cellulose nanofibers is still in flux. Broadly the materials may be divided into
two classes, based on crystallinity and aspect ratio. Cellulose nanocrystals or nanocrystalline cellulose are
treated with acid to hydrolyze the cellulose. Mechanical treatment, to break down the structure produces 5–10
nm diameter, low aspect ratio cylinders of crystalline cellulose. Microfibrillated cellulose (MFC) or cellulose
nanofibers are high aspect ratio material, often only partially separated, produced by combining mechani-
cal treatment, typically with a chemical pretreatment to reduce the energy required for separation. Cellulose
nanofibers are typically more heterogeneous than nanocrystalline cellulose, both in the average fiber diameter
for a given batch and the distribution of fiber diameters [70].

In the rest of this brief discussion, the focuswill be on the applications of cellulose nanofibers. A characteris-
tic of this class of material is that it can bemade from almost any ligno-cellulosic material including hardwoods
and softwoods [71] andmany different non-wood fibers [72] and grasses [73], including a variety of agricultural
residues. It is generally considered that for optimal separation of fibers into cellulose nanofibers, all or most of
the lignin should be removed prior to processing [74].

Many differentmethods can be used to separate the startingmaterial into cellulose nanofibers, including ho-
mogenization [75], grinding [76], ball milling [77] and refining. The common elements are applying shear force
to a low consistency (often around 1%) suspension.Without appropriate pretreatment, the energy consumption
required to fully separate the starting material into nanofibers in a homogenizer is very large, perhaps up to 20
000 kWh/t, thus leading researchers to investigate more energy efficient ways to treat the fibers or developing
pretreatments to reduce energy consumption by enhancing separation efficiency. Currently available pretreat-
ments include enzymatic treatment [75], carboxymethylation or TEMPO assisted oxidation [78]. Pretreatment
typically also produces more uniform fibers.

4.5.2 Applications of cellulose nanofibers

Applications of cellulose nanofibers can be broadly divided into additive applications and sheet and/ or film
applications.

Cellulose nanofibers have been widely investigated as a reinforcing fiber in composites. Matrices inves-
tigated include petrochemical derived matrix materials such as polypropylene [79]. However, the use of
bioderivedmaterials such thermoplastic starch [80] or PLA [81] tomake all biocomposites, seems to be themost
promising approach. The fibers do not require additional treatment to compatibilize themwith the biopolymer
matrix and the final product is renewable and biodegradable. Adding only 5 wt.% of cellulose nanofibers to
PLA, increased tensile strength and elastic modulus by almost 25% [81]. Cellulose nanofibers can also be added
directly to the matrix in twin-screw extrusion [81], where wood pulp fibers cannot, as they are three orders of
magnitude larger.

Cellulose nanofibers also show considerable promise as an additive in conventional papermaking. Cellulose
nanofiber addition improves both wet and dry strength and increases the ratio of wet to dry strength [82, 83],
while reducing permeability and increasing sheet resistance to drainage [84]. Sheet strength was doubled [83]
by using a combination 50–100mg/g of nanofibers and 5mg/g of PAE, a polymeric strength additive.

The improvement in mechanical strength is because the aspect ratio of the cellulose nanofibers is much
higher [85] than all hardwood and many softwood fibers. The strength of short fiber nonwovens such as paper
typically increases with aspect ratio and is only controlled by fiber length if the diameter is constant. Higher
aspect ratio increases the efficiency of stress transfer within the network, by reducing the importance of load
build up from the ends of the fibers [86].

Sheet or film applications include as membranes, as barrier layers and for substrates for flexible electron-
ics [87], which will not otherwise be discussed here. Standalone sheets are formed from suspensions either by
filtration [70, 88, 89] or casting [90]. Casting is extremely time consuming and is not likely to be a commer-
cially viable solution for large-scale production. Filtration can be time consuming due to the dimensions of the
nanofibers [89]. The small size of the fibers means that the filtration conditions must be carefully selected in
order to retain the nanofibers on the filter media. In addition, as the filter mat forms, the small size of the pores
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in the structure reduces the flow through the filter mat. Sheet preparation time can be significantly reduced by
using high solids content to minimize water to be removed, combined with filters with large mesh openings to
minimize filter resistance [70, 88]. The addition of small amounts of polyelectrolytes such as CPAM and PAE
will also further improve the drainage speed [91, 92]. Methods of application of nanofiber layers onto substrates
include filtration [93], spray coating [94] and contact coating [95].

One of the most interesting commercial possibilities for the use of cellulose nanofibers is as a barrier layer.
Paper as a packaging material has significant weaknesses. The fibers are hydrophilic and make a network with
high porosity composed of large micron sized pores, which pose little barrier to water or gas transport. Up
until now, paper based packaging requiring excellent barrier properties has been made as polymer compos-
ites or laminates, with the paper providing the stiffness and the polymer materials or layers controlling the
permeability. However, such composite materials are difficult to recycle. Cellulose nanofiber barrier layers are
effective, firstly, because the nanofibers typically form a denser network than sheets made from conventional
wood fibers. Sheet densities ranging from 780 kg/m3 to 1400 kg/m3 have been reported, in comparison to the
density of cellulose of approximately 1500 kg/m3. Secondly, the flow rate through a structure of a given poros-
ity, for a given pressure drop, will scale with the size of the pores, which in turn scale with the fiber diameter.
Reducing the fiber diameter by three orders of magnitude and increasing the network density, reduces the
network permeability to close to that of typical polymer laminate layers, while remaining fully compatible and
recyclable with the packaging.

Because the cellulose is hydrophilic, cellulose nanofiber layers typically have poorer resistance to water
vapor transport. Cellulose nanofiber layers of 35 grams per square meter (gsm) had water vapor transmission
rate (WVTR) of 215 g/ m2/day/ m compared to low density polyethylene (LDPE) which had WVTR of 100 g/
m2/day/ m [90]. TheWVTR could be reduced to below that of the LDPE film by either adding mineral filler or
an additional coating of cooked starch [90], neither of which would be expected to affect the recyclability of the
film. In contrast, the oxygen permeability is more than two orders of magnitude lower than either low or high
density polyethylene [96] and is only slightly worse than specialist barrier polymers such as EVOH. Treatment
with TEMPOmediated oxidation to produce uniform, very lowdiameter nanofibers has been shown to produce
excellent oxygen barrier properties even with a film thickness of only 0.4 μm[95]. The wide range of application
modes and the ability to tailor the barrier performance suggests products are likely to be commercialized in
the near term.

Applications of cellulose nanofiber sheets as ultrafiltrationmembranes have been demonstrated [93]. The ex-
periments prepared membranes by filtering nanofiber suspensions through a support layer, followed by press-
ing and conventional drying. Membrane layer grammage ranged from 5 to 30 gsm, using commercial MFC,
with some of the larger fibers removed and the layer density estimated from other studies is expected to be
780 kg/m3 [92]. Porosity and pore size were also tailored by adding silica nanoparticles. The results showed
that MFC alone produced a porous structure with the pores too large for conventional ultrafiltration, but that
addition of 10% byweight of silica nanoparticles reduced both the average size and dispersion of the pore sizes,
producing amembrane that performed adequately for higher end ultrafiltration applications, although the per-
formance still needs further improvement compared to commercial membranes. Themajor possible application
of the material is as an ultrafiltration membrane, separating based on size.

Another application has recently been demonstrated in oil-water separation. Oil-watermixtures are ex-
tremely heterogeneous, ranging from fully or partially separated phases to dispersed emulsions. However, even
well-emulsifiedmixtures will typically have a particle size in themicron range. So the pore size required for size
separation is much higher than for ultrafiltration applications, and separation is often only gravity driven. As
well as size exclusion, separation is also engineered by chemical compatibility, i.e. by using the hydrophilicity
of the cellulose or by modifying the cellulose fibers to make them hydrophobic [97], oleophobic or oleophilic.
Pore size has been increased compared to conventional sheets by freeze drying partially separatedMFC, where
the energy consumption in fibrillation was reduced so as to only partially separate the fibers [97]. This process
has been shown to produce sheet materials with density as low as 0.002 kg/m3 [97]. This field of research is
still in development.

It has been the intent of this brief survey to highlight the potential of cellulose nanofibers as a renewable,
recyclable nanomaterial, which can greatly extend the property space achievable with conventional renewable
fiber materials.

5 Conclusion

Dramatic increases in the demand for energy and products over the past decades with an associated require-
ment for lower greenhouse gas (GHG) emissions has led to the need to revisit the feedstocks and processes that
society uses to generate power, fuels and goods. The consumption of fossil fuels has resulted in a number of
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negative environmental outcomes, including acid rain,water contamination and globalwarming. The challenge
is to utilize low cost feedstocks to create products and energy in ways that are technically, environmentally and
economically viable. Hence, there exists an urgent need for the development of innovative, flexible, efficient
and low emissions technologies that utilize low cost feedstocks.

Future works can utilize computer based process modelling to rapidly consider and optimize a huge range
of feedstock-unit operation-product combinations for meeting the future needs of society. Such work will high-
light knowledge gaps that need to be filled with regards to physical data, reaction kinetics, rates of reaction,
plant design and quality/ composition requirements for creating the highest value products for the lowest cost.
For example, algae offer the opportunity to biosequester carbon via the creation of biochar from a pyrolysis pro-
cess, however, may firstly require the creation of several higher value biomolecules to be economically viable.
Conversely, the co-processing of low cost feedstocks such as bagasse, green wastes, and/ or coal can provide
feedstock reliability and economies of scale.

Bioprocess engineers can address the major challenges facing the development and application of new in-
dustries by:

– Addressing the limited data on the kinetics of complex reactions involved in processing biomass and co-
processing of mixed feedstocks

– Higher capital and operating costs that represent obstacles for adopting these technologies

– Restrictive and continually more constraining emissions to air requirements to ensure that industry is sus-
tainable

– Rapidly changing operating environments which will require industrial facilities to be flexible with regards
to feedstocks due to dramatic changes to commodities prices, changes to regional and global climates, and
extreme weather events

– Life cycle analysis/quadruple bottom line analysis (economic, environmental, societal, GHG)
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