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1st generation EtOH
Fossil Energy Fraction: 50-70%

2nd generation fuel
Fossil Energy Fraction: 20%

Biofuels: classification

Oxygenates Generation Process
Methanol 2nd Thermal
Ethanol 1st and 2nd Biological or Thermal
Butanol 1st and 2nd Biological or Thermal
Mixed alcohols 2nd Thermal
DME 2nd Thermal

Hydrocarbons
Biodiesel 1st Phys/chemical
Synthetic diesel 2nd Thermal (long term bio)
Synthetic gasoline 2nd Thermal

Hydrogen 1st and 2nd Thermal or Biological

(Bridgewater, 2006)

• A significant proportion of world primary energy demand 
(~ 430 EJ) can be met from bio-sources

• Present motor fuel demand could be met from biofuels 
using 8 – 20% of world arable land resource

• Plant productivity for food has been raised dramatically 
over the past 7,000 yrs of agriculture

• Biofuels from energy crops are needed now to meet the 
challenge of global climate change and energy security

Biofuels and bioenergy



2

Biofuel economics – Sims (2006)

Economics of biofuels c.f. oil

Bioenergy efficiency

Photosynthetic 
Efficiency

O(1%)

Chain 
Efficiency
O(25%)

Solar radiation
100 Wm-2

Useful energy
0.25 Wm-2

Scope for 2-fold
improvement

Scope for 3-fold
improvement

Overall: scope for 6-fold improvement!

Energy Bio/Process Systems modelling

Biorefining

Biotechnology for 
processing

Chemical 
Conversions

Wood chemistry, 
structural biology

Physical/chemical/
Biological 

conversions and 
separations

Thermal engineering
(including 

polygeneration)

Systems  modelling, 
model-based 

innovation, new 
processes
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Biorefinery - aspirations and objectives 

• Next generation biorefinery key to meeting six-fold 
improvement target
– Energy efficiency through 2nd law analysis and optimisation, e.g.

• 75% chain efficiency
• Fossil energy ratio of 10
• Carbon efficiency of 60%

– Carbon efficiency through material balance optimisation and carbon 
sequestration

– Cost optimisation through biotechnology, process intensification
and integration

• Objective: ensure innovation throughout
value chain

FER

E eff

Cost/MJ C eff

Today’s technology

• Drivers: energy and carbon parsimony
• Avoid shaftwork

– Favour heat over work
• Avoid extreme conditions

– Favour ambient processing
• Avoid auxiliary reagents and “useless” waste streams (acid, 

lime, gypsum,…) → supplemented hot water + CBP?
• Optimise breaking and making of bonds

– Preserve biomass fractions; search for high selectivity (enzymes, 
synthetic biology agents, hybrid processes …)

– High specificity of targets, e.g. break lignin-hemicelluose linkages 
through chemo-enzymatic techniques

• Mass intensity: use as much of the material as possible
• Energy integration: optimise heat and work cascades

Insights support rational RD&D and drive technology development

Insights from thermodynamics and chemistry
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Separate LC saccharification and fermentation
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“Ideal” LC SSF or Combined Bioprocess 
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The flexible, modular biorefinery

Variety of raw materials
feedback

preprocessing

CO2

sink

CBP
chemical

thermal

Biochar to land

Variety of products

physical

FACE

Algal 

bioreactors

physicalphysical

FACE

Algal 

bioreactors

Optionality and
global relevance

• Physico-chemo-biotechnological:
– Optimised pre-treatment: harvest to fermenter

• Mission-oriented biotechnology
– Next generation products: higher alcohols and alkanes
– Next generation process specific organisms

• Robust, intensified biorefineries
– Integrated refinery design
– Hybrid (thermal/chemical/bio) processing
– Extracting maximum value from biomass

• Optimise the products against market requirements

Integrate biotechnology, chemistry and engineering

The challenges: achieving the
aspirations
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Timing and viability of second generation

• Separate saccharification and fermentation –
plants being constructed now (pentose utilising 
yeasts, thermophiles, “E coli”)

• Depending on pretreatment methods, Combined 
Bioprocessing requires cellulolytic and 
“xylanolytic” strains (3-5 years) – options to add 
catabolic capability or engineer fermentation 
pathways.

• SSF is an interim solution

Critical factors for second generation

• Need feedstock optimised methods
– Particle size reduction is expensive

• Acid treatment is expensive (acid + neutralisation) 
and corrosive.

• Steam explosion can be effective but requires 
high specification equipment

• Ammonia based methods look interesting but 
require good recovery

• Enzymes difficult to recover (for SSF)

• The ideal pre-treatment process should:
– Remove structural and compositional impediments to 

cellulose/hemicellulose hydrolysis
– Be flexible and adaptible
– Preserve high value fractions

• Technical objectives to
screen for

– Increase accessible surface area
– Improve digestibility/fermentation
– Decrystalise cellulose
– Remove (some) hemicellulose +lignin
– Break linkages + alter lignin structure
– Support carbon and energy parsimony (avoid shaftwork and over-reaction)
– Minimise production of fermentation inhibitors

Preserve value in fractions; enable access to process agents

Pre-treatment of biomass
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Rational approach to pre-treatment 
optimisation
• Devise conceptual and mathematical models
• Devise experiments for optimised information
• Adapt HTT methods to support understanding – composition and 

structure pre- and post-treatment
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model Experimental
design

ExperimentsModel
validation

Wet lab/thermal;
Slow but accurate

Spectroscopy/

Chemometrics (fast)

calibrate

microscopy

calorimetry
Equally applicable to gasification/pyrolysis,
e.g. mechanisms and kinetics of tar creation/destruction

Biotech vision: an efficient consolidated
bioprocess

• Improve lignocellulose degradation
– Better understanding of cellulose/hemicellulose 

degradation
• Structure and function of cellulases/cellulosome
• Engineer for improved performance

– Discover novel and evolve better 
cellulases/hemicellulases

• Integrated and consolidated bioprocess
– Combine enzyme production and fermentation

• Engineer cellulolytic microbe for fuel formation
• Engineer fuel producer for cellulase production

• Link effectively with pre-treatment

PC 1

PC 2

PC 3

PC 4

PC 1

PC 2

PC 3

PC 4

Metabolic engineering for improved C5 and C6 
sugar utilisation – an example

Cellulose

Hemi-cellulose

Cellobiose

Xylose
Xylobiose

Clostridium
thermocellum

Clostridium
thermosaccharolyticum

Ethanol

Acetate

Lactate60oC

Cellulase

Hemi-cellulase

Engineer a single organism that utilises both C5 and C6 sugars
Efficiently degrades lignocellulose
Produces no unwanted side-products (e.g. lactate and acetate)
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New products: metabolic engineering for 
“microdiesel”

Lignocellulose

Glucose Tri-acyl glycerol

Pyruvate

PDC

Acetaldehyde

ADH

Ethanol       + Acyl-CoAs

Low specificity      acyl-transferase

Fatty acid ethyl esters

Actinomycete

New products: Butanol production from C. 
acetobutylicum * 

• Genome sequence 
available (2001)

• Molecular genetics and 
tools established

• Many endogenous 
“depolymerases”

• Redirecting flux to butanol 
achievable, but not trivial

Butanol production from C. acetobutylicum * 
a realisable technical challenge

Cellulose

Butanol

Ethanol

Acetone

Butyrate

Glucose

Pyruvate

Acetyl-CoA

Acetoacetyl-CoA

Butyryl-CoA

Acetate

XylanStarch

?

Cellulose

Butanol

Ethanol

Acetone

Butyrate

Glucose

Pyruvate

Acetyl-CoA

Acetoacetyl-CoA

Butyryl-CoA

Acetate

XylanStarch

?

Cellulose

Butanol

Ethanol

Acetone

Butyrate

Glucose

Pyruvate

Acetyl-CoA

Acetoacetyl-CoA

Butyryl-CoA

Acetate

Xylan

X

X

X

X

X

Starch

?

Cellulose

Butanol

Ethanol

Acetone

Butyrate

Glucose

Pyruvate

Acetyl-CoA

Acetoacetyl-CoA

Butyryl-CoA

Acetate

Xylan

X

X

X

X

X

Starch

?

Process integration: in situ product removal

Alcohol/
offgas to condenser

Starch/sugars/
cellulose

N2Alcohol concentration
post fermentation
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Stripping process

Alcohol poisonous above moderate 
concentrations
But dilute fermenter product is expensive to 
separate

Biotech challenge:
Identify productive, 
metabolically versatile 
thermophile for fermentation

Process alternatives:
Stripping, membranes, two-
phase, micelles, …

High T

In situ extraction: implications for 
downstream butanol separation

Standard 
fermentation 
broth will lie 

here

Beer
Column 
region

In situ
product 
could lie 

here

Beer 
column 
region

High purity 
butanol

In situ product removal can dramatically affect downstream separations

VLE data

Thermochemical platform – maximise
use of biomass

Residues/
Woody biomass

Biochar; ash

Syngas Methanol

H2C4

Alcohols Diesel

Gasoline

Aldehydes

Gasoline

H2
DME

End-use
Acetic Acid

Formaldehyde

+ LC EtOH → ETBE

Integration opportunities!

MeOH + FA → FAME

Longer term:
Direct mild chemo-
biotechnological
conversion

Heat and
Power
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• Key principle is developing competences:
– Small molecule chemistry
– Carbohydrate chemistry
– Lignin chemistry

• High throughput methodologies will be essential 
for a a flexible approach to co-products 
synthesis, e.g. catalysts screening:

Co-product synthesis: capabilities and high
throughput techniques
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Flexible response to
changing markets

Biocompatible catalysts

New Verbund concept

(BASF)
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Biofuels evaluation
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What How

Performance: mixing, ignition delay, combustion
Emissions: characterisation (composition, particle size), toxicology

New opportunities for biofuels

• Practically important 
– processes (atomisation, evaporation, ignition, autoignition…)
– problems (soot burn-out, NOx & noxious gas generation & emission…) 
– challenges (lean burn, stratified charge, drive-by-wire, closed-loop control 

strategies, high pressure versatile injectors)
posed by fuels in ICEs becoming amenable to fundamental experimental and 
computational analysis.

• Much less guesswork about the science of fuels 
• New engine designs:

– GDI engines 
– hybrid and downsized powertrains
– the “more premixed diesel”
– HCCI : Can we ‘design’ a fuel/fuel additive/blend for

HCCI engines?

Can we optimise an aviation biofuel?
 

Summary

• Challenges: preserve energy and carbon in biomass
– Robust, inexpensive processes
– Producing tightly specified, forward-looking products
– Hybrid processes combining best of breed “process agents” (heat, 

organisms, enzymes, catalysts, solvents, ….)
– Integrated approach to physical, chemical, biological and engineering 

challenges

• New type of interdisciplinary research programme
– Science (chemical/bio/phys), Engineering (chemical/thermal/mech), 

Systems (techno-economic, supply chains, sustainability)

Desired outcomes: robust and repeatable processes and 
thriving biorefining industry
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