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T H E  U K  E N E R G Y  R E S E A R C H  C E N T R E  

 
Operating at the cusp of research and policy-making, the UK Energy Research Centre's 
mission is to be the UK's pre-eminent centre of research, and source of authoritative 
information and leadership, on sustainable energy systems. 
 
The Centre takes a whole systems approach to energy research, incorporating 
economics, engineering and the physical, environmental and social sciences while 
developing and maintaining the means to enable cohesive research in energy. 
 
To achieve this we have developed the Energy Research Atlas, a comprehensive 
database of energy research, development and demonstration competences in the UK.  
We also act as the portal for the UK energy research community to and from both UK 
stakeholders and the international energy research community. 
 
www.ukerc.ac.uk
 
 

The Future Sources of Energy (FSE) Theme of UKERC 

UKERC’s FSE research programme is weighted towards networking UK research 
programmes, including carbon capture and storage, fuel cells, solar PV, bioenergy and 
wave and tidal power.  The key objective is to enable and integrate coherent and 
interlocking programmes of world-class research. 
 

The Environmental Sustainability (ES) Theme of UKERC  

Environmental Sustainability is a research and networking theme within UKERC.  The 
over-arching goal of Environmental Sustainability is to develop and demonstrate an 
approach that can be used to appraise consistently the relationships between the 
environment and all fuel cycles.   

http://www.ukerc.ac.uk/
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Executive Summary 
 
This meeting will bring together a wide range of stakeholders – researchers, funders, 
policy makers and industrialists – to identify bioenergy Research Roadmap priorities for 
the UK, as there is no current Research Roadmap specifically tailored for the context of 
the UK.  
 
Our agricultural landscape is complex but limited and the way in which UK-sourced and 
imported feedstock may be deployed for the competing requirements of heat, power and 
liquid fuel is not easily resolved. On the one hand the energy balance of heat and power 
may be much better than that for liquid biofuels, but on the other hand, few alternatives 
for liquid biofuel are available, in contrast to renewable sources of heat and power.  All 
of this highlights the complexity of this area and suggests that such a discussion meeting 
is timely and will produce valuable output that captures the interdisciplinary 
requirements of this topic. 
 
The scope of the meeting is to: 
 

 Develop a clear understanding of the shared priorities for Bioenergy Research in a 
UK context 

 Create a framework document with bullet pointed headings for further 
development 

 Consider the nature of roadmapping and looked at other roadmaps for the USA 
and EU 

 
Our conclusions will be evidence-based and our hope is that ours will be a document that 
helps to guide the UK Research Funding Councils and other UK agencies to 2020, 
ensuring bioenergy is considered in a holistic way. Our Roadmap will be published by 
UKERC and used as a high level document, adding to roadmaps being produced in other 
areas including PV and Wave and Tidal energy. This document will then be developed 
further following the meeting and again put out to consultation. 
 
Preparatory documents for reading prior to the meeting 
 
A large amount of activity has been on-going in the bioenergy area over the last few 
years.  In the UK, several large consortia projects have kicked-off. UKERC was initiated. 
The Biomass Task Force reported and Government responded. BBSRC undertook a 
review and have a new Bioenergy initiative. BP launched a $500 M Energy Bioscience 
Institute.  Much of this activity is summarised in the UKERC Bioenergy Road Atlas 2006. 
 
Here, a small amount of information and some key links have been provided as 
background to the meeting. Please use these as to help guide your thinking before the 
meeting and be prepared to make contributions to developing the roadmap. Our meeting 
should be the beginning, and I hope that some of you at least will be there to develop 
the full document during the summer. 
 
Gail Taylor April 2007 
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1. UKERC Research Atlas Topic:  Bioenergy  
Overview [http://ukerc.rl.ac.uk/ERL0304.html] 

 
Bioenergy has an important role to play in meeting the UK aspirations in renewable 
energy supply for 2010 and 2020. Energy from biomass is complicated since several 
feedstocks (e.g. dedicated bioenergy crops such as willow, or food crops such as Oil seed 
rape, sugar beet and wheat) may be utilised in several conversion processes 
(combustion, fermentation, gasification) resulting in several energy outputs including 
heat, power and liquid transport fuels. It is important that this mixed portfolio of 
bioenergy supply is maintained at this time, ensuring the development of competitive 
and secure biofuels and a firm research base for future large-scale deployments.  
Currently, including biogas from waste, bioenergy contributes more than 80% of all UK 
Renewable Energy (DTI, 2004)1 with several large-scale commercial deployments 
already in progress including bioethanol production and the use of biomass in co-firing 
and dedicated combustion. These are limited however, by low yielding feedstocks, by 
inefficient conversion processes and by poor environmental sustainability, enabling us to 
identify clear short-term research priorities for the UK.  There are powerful, long-term 
environmental, political and economic drivers for the further development of the UK (and 
international) bioenergy sector. Bioenergy development in the UK has been impeded in 
the past largely by the persistent low cost of crude oil and associated policy and 
development barriers. The economic situation has undoubtedly changed and at $70 per 
barrel, many bioenergy operations begin to approach a commercial reality2. We have 
entered a period of sustained high fossil oil prices, with a seemingly long-term upward 
trend and in the future a move towards a more ‘bio-based’ economy where bio-based 
products (including bioenergy) are seen to have a higher value. Much advanced research 
will be necessary to make this move to biofuels, bio-polymers and bio-oils as well as 
other products, over the next two decades3, within the appropriate framework of 
environmental and economic sustainability. 
 
Despite strong multilateral interests in bioenergy R&D within the UK, split broadly 
between the Government departments and the Research Councils (EPSRC-led), there are 
international investments across the full spectrum of research, and combined UK R&D 
activities must be considered to be lagging behind international leaders in this field. 
There is clear strategic vision in Europe4 and the United States5, which is being matched 
by considerable resource investments, not least at the bioscience end of the R&D 
spectrum. The Biomass Task Force11 in a recent review concluded that a reasonable 
assumption would be up to 1 million hectares of UK land dedicated to specialist 
bioenergy crops by 2020. Although it is difficult to predict the prevailing socio-economic 
conditions in the coming decades we would point to three clearly identifiable drivers, 
each of which will increase the attraction of bioenergy.  
 
First, over the next 50 years the reserves of fossil fuels will continue to decline and those 
that remain will be harder to extract; high oil prices will drive R&D in renewable 
substitutes for petrochemicals, to ensure energy security. Secondly, land use 
competition will grow, making dual- or multi-use crops increasingly appealing. For 
example, a single crop is grown for grain, which is harvested for food and then the 
remaining biomass is combusted for heat or fermented to bio-ethanol. In this context the 
development of bio-refineries – based on the model of petrochemical refineries – where 
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raw product (plant material) enters and more than one refined products are generated 
(including heat and power), is a logical ambition for biorenewable petrochemical 
substitution2. Third, atmospheric CO2 concentrations will continue to rise well into this 
Century and the pressure for low-carbon energy solutions with grow alongside the 
increasing global impact of climate change.  
 
A further factor that is likely to increase the economic favourability of bioenergy is the 
decentralisation of power generation through microgeneration (small combined heat and 
power units serving individual homes, businesses or communities). This will help to 
alleviate the need to transport biomass from point of production to large regional power 
stations.  Microgeneration is currently a small contributor to the UK energy economy, but 
with careful development could become a very major one by 2030. No clear strategy 
currently exists in the UK to capture bioenergy from biomass ‘waste’ including municipal 
solid waste (MSW) and agricultural waste and this should be an important future 
priority8. 
 
Research Challenges 
Considerable recent effort in the EU4 and USA5 has addressed the question of future 
research challenges within Bioenergy, with the publication of the Department of Energy 
Roadmap for biofuels5, recent roadmap for lignocellulosic-to-bioethanol roadmap6 and 
the EU Biomass Action Plan9 and Biofuels in the European Union Vision for 203010. In 
general, it seems likely that over a timescale of 10-20 years and beyond, there will be a 
move from an ‘oil-based’ to a ‘bio-based’ economy where natural resources, particularly 
those from green plants, can be used more effectively. This will be driven by a steady 
and long-term increase in the price of crude oil which currently makes bio-processing 
begin to look economically attractive. Many of these bio-processing routes are inefficient 
and still remain costly, both in necessary energy inputs and for environmental impacts, 
including greenhouse gas mitigation potential and other negative effects. Bioenergy from 
biomass can be considered a ‘low quality high volume’ bioresource, whilst bio-polymers, 
oils and other products may be considered as ‘high quality low volume’. The future long-
term research challenge will be to optimise the biorefinery to ensure both types of 
output are possible, as appropriate. 
 
Short term Research Challenge (5 years) 

 Quantify and minimize environmental impacts of bioenergy production systems 
using whole life cycle analysis tools (‘well to wheels’ type analysis) 

 Identify products, co-products and routes for developing future biorefineries 
(bringing together biochemical and thermochemical processes) 

 Improve the efficiency of bioethanol production at pre-processing, hydrolysis and 
fermentation steps, using biological research 

 Improve deployment of CHP in the UK linked to microgeneration 
 Identify optimum land-use strategies for the UK biomass resource and likely 

future use of arable, set-aside and marginal land in a changing climate  
 Develop a UK strategy to capture energy from waste 
 Improve public perception and use of GM technologies for bioenergy 
 Assess the impact of bioenergy imports, including life-cycle analysis 
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Medium term Research Challenge (10 years) 
 Improve total yield of a range of bioenergy crops, including oil seed crops, woody 

lignocellulose and grasses 
 Improve understanding and manipulation of carbon partitioning in green plants 
 Identify new and novel crops; identify new or improved products and new 

bacteria/yeasts from genomic research   
 Develop technologies for second generation biofuels, including woody 

lignocellulose as feedstock and aviation fuels 
 
Long-term Research Challenge (20 years) 

 Large-scale production of second generation biofuels and deployment of 
biorefining complexes 

 

References 
1. http://www.dti.gov.uk/energy/statistics/source/renewables/page18513.html 
2. http://www.sciencemag.org/cgi/content/abstract/sci;311/5760/484 
3. http://www.epobio.net/epobio.htm 
4. http://ec.europa.eu/energy/res/biomass_action_plan/doc/2006_02_08_comm_eu_s

trategy_en.pdf 
5. http://doegenomestolife.org/roadmap/index.shtml; 

http://www1.eere.energy.gov/biomass/publications.html#vision 
6. Breaking the biological barriers to cellulosic ethanol. A joint research agenda. A 

research roadmap resulting from the biomass to biofuels workshop, Dec 2005, 
published by DOE, June 2006. 

7. http://www.biomass.govtools.us/news/DisplayRecentArticle.asp?idarticle=203 
8. http://www.defra.gov.uk/environment/waste/strategy/review/ 
9. http://ec.europa.eu/energy/res/biomass_action_plan/green_electricity_en.htm;  
10. http://www.managenergy.net/products/R1275.htm 
11. Biomass Task Force: Report to Government: October 2005. See 

http://www.defra.gov.uk/farm/acu/energy/biomass-taskforce/ 
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2. Bioenergy for Heat and Electricity in the 
UK 

Gail Taylor, University of Southampton and UK Energy Research Centre 
(A short review prepared June 2006 for the OSI Foresight scanning project in renewable 
energy) 
 

Background – contribution of biomass to UK energy mix 

Bioenergy from biomass is the ultimate source of renewable energy. Biomass may be 
defined as any biological mass recently derived from plant or animal matter including 
material from forests (round wood, cutting residues and other wood brashings), 
dedicated crop-derived biomass (woody SRC energy crops – willow and poplar, grass 
crops – miscanthus, timber crops), dry agricultural residues (straw, poultry litter) and 
wet waste (slurry, silage) food wastes, industrial and municipal waste.  Bioenergy 
derived from these biomass streams is in general, a low carbon technology relative to 
the use of fossil fuels and biomass to liquid conversions. 
 
The UK has a considerable biomass resource, estimated at an annual 20 Mt, that may be 
utilized as a source of renewable energy including for small-scale heat and power 
production using a variety of waste streams, dedicated energy crops and forest residues 
(Biomass Task Force, 2005)1. The Energy White Paper (DTI et al., 2003)2 suggested that 
bioenergy could make an important contribution to the Government’s energy and 
environment objectives, including energy security and the reduction of greenhouse gas 
(GHG) emissions, relative to current practices. It also highlighted the role of bioenergy in 
rural diversification and development. Despite this, attempts by the government to 
stimulate the bioenergy sector in the UK have so far had limited success, although 
recently this market has seen increasing activity in micro-CHP developments and the use 
of biomass to co-fire power stations such as DRAX3. The RCEP report on bioenergy (RCEP, 
2004)4 and Biomass Task Force Report1 attribute the general lack of progress in part to a 
focus on promoting specific technologies without full consideration of the wider market 
and in part to the lack of integration of biomass supply with its utilisation and to issues 
of public perception and planning – a whole systems approach requiring policy incentives 
and investment from several Government departments. 
 
Bioenergy for heat and electricity is complicated since several feedstocks (sources of 
biomass), as identified, may contribute to this output as depicted in Figure 1, for 
electricity generation12. In addition to the type of feedstock, different conversion 
technologies including combustion, thermal and biological routes are all possible.  For 
electricity, bioenergy contributes over 80% of the renewable input11, although for both 
heat and electricity the total contribution to the UK supply is approximately 2.5%. 
Specialist biomass crops include fast growing grasses such as miscanthus (commonly 
known as elephant grass) and coppiced trees – willow and poplar. These crops are 
perennial and may achieve phenomenal yields in ideal conditions producing in excess of 
30 oven dried tonnes per hectare per year (ODTs) – close to the theoretical optimum5, 
although these are rarely observed in commercial-scale operations. Traditional food 
crops such as wheat and rape may also be used for bioenergy. 
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Figure 1: The contribution of bioenergy to the generation of electricity from 
renewables in the UK in 2005 – data source, DTI11. The contribution of 
bioenergy to the total UK electricity supply is approximately 1.5%. 
 
It has been estimated that of the 17 million hectares of UK agricultural land, 
approximately 1 million ha could be available for bioenergy crops in the future and that 
this could provide 8 million tonnes of energy crop1. Large-scale changes in the 
agricultural landscape in the UK may be envisaged if specialist bioenergy crops are 
widely planted. For dedicated bioenergy crops, all science outputs suggest that perennial 
crops are preferable to annual crops with a better energy ratio and more effective 
mitigation of greenhouse gases and yet farming practice is such that this type of 
agronomy may be slow to develop. Alongside agricultural feedstocks, the recovery of 
energy from waste streams should also be considered further since changing legislation 
relating to land-fill will reduce the amount of landfill gas, whilst co-firing of power 
stations such as Drax is a market for biomass use that has developed since 2002 and 
could in future utilise a large amount of dedicated biomass resource from crop supplies. 
 
A further factor that is likely to increase the economic favourability of bioenergy is the 
decentralisation of power generation through microgeneration (small combined heat and 
power units serving individual homes, businesses or communities). This will help to 
alleviate the need to transport biomass from point of production to large regional power 
stations.  Microgeneration is currently a small contributor to the UK energy economy, but 
with careful development could become a very major one by 2030. No clear strategy 
currently exists in the UK to capture bioenergy from biomass ‘waste’ including municipal 
solid waste (MSW) and agricultural waste and this should be an important future priority8 
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and will now be addressed as part of the Government response to the UK Biomass Task 
Force report. 
 

Current Science in the UK 

Annex 1 provides an overview of current funding and scientific expertise in the use of 
biomass for heat and electricity. This Research atlas is being developed within the 
activity of the UK Energy Research Centre and will cover research, development and 
deployment to demonstration-scale (www.ukerc.ac.uk) and reveals a considerable increase 
in science activity in this area in recent years, partly because of the multiple benefits 
likely to arise from increased use of bioenergy, but also because of a small but strong 
and vocal research community. Figure 2 provides an overview of activity illustrating the 
fragmentation across Government Departments and limited coordination. Development 
of the research atlas and coordination events by UKERC should help in future to 
overcome this fragmentation. 

RELU 
Report October 2005 

 
Figure 2: An overview of current activity in bioenergy science in the UK in 2005.  
The BBSRC review of bioenergy7 is in consultation (May 2006), RELU research was 
initiated in 2006, as was TSEC-Biosys10. The seventh European Framework Programme is 
currently being drafted. The Biomass Task Force reported and central Government has 
responded to over 40 recommendations. The USA has finished a major roadmapping 
exercise in bioenergy with an emphasis on lignocellulosic biomass to bioethanol5. DEFRA 
have developed two GINS8, one for miscanthus and one for SRC. The Carbon Trust has 
completed in 2005, an analysis of the bioenergy sector for the UK. EPSRC is coming to 
the end of the first SUPERGEN Bioenergy project9 and DTI has undertaken some 
roadmapping activities, particularly for biofuels. The Bioenergy Funders Forum first 
reviewed UK research in bioenergy in 2000 and is currently working on an updated 
document. 
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Summary of major findings from the Research Atlas 

 The UK bioenergy community has in the past lacked coherence and coordination, 
with several UK funding agencies and research programmes now initiated in 
bioenergy research. These are complemented by significant current activity in the 
USA and EU, particularly in research roadmapping and the development of action 
plans for bioenergy. 

 
 The UK has strength in basic crop science, in particular for food crops. This 

includes breeding, improvement and agronomy as well as increased 
understanding of likely response to global change. However, this has not been 
applied widely to likely dedicated bioenergy cropping systems. On-going research 
within TSEC-Biosys and SUPERGEN-Biomass may address some of these gaps, 
but with limited long-term strategic vision. 

 
 The land resource in the UK is finite. Predictions suggest that by 2020, Europe 

may be food-limited once more because of the impacts of climate change. Much 
remains unknown on how the agricultural landscape will develop in Europe.  Of 
the 17 million ha of current agricultural land, 1 million ha is being suggested as a 
reasonable target for biomass heat and electricity (supplying 8 MT of biomass), 
representing the current amount of land dedicated to ‘set-aside’, but this land and 
that of arable may be required for food and for other bioenergy crops providing 
sugar and oil for liquid biofuels. Currently this predicted land competition remains 
unresolved.  

 
 The BBSRC review7 was undertaken with an expert group to consider the basic 

bioscience research that might is required to enable the bioenergy sector to 
develop in the UK. 

 
 Co-firing of power stations with biomass3 has to date largely relied on imports but 

new regulations demand more dedicated energy crops and this may stimulate 
increased growth of crops within a 25 mile radius of major coal burning power 
stations such as Drax. 

 
 A complex regulatory framework is currently in place to support the development 

on new bioenergy projects. This includes the energy crop scheme, capital grants 
scheme and Renewables Obligation Certificates – more than 17 different schemes 
were identified by the Biomass Task Force and yet poor incentives for heat rather 
than power are apparent. 

 
 The ‘chicken and egg’ concept is well recognised in the bioenergy sector, where 

feedstock or technology may be available but not integrated correctly, reflecting 
the complexity and number of potential bioenergy chains that rely on different 
feedstocks, and conversion technologies and which have spatio-temporal 
limitations. Each chain also has an environmental cost and these may differ 
considerably even when just comparing GHG emissions, hydrology and 
biodiversity. 
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Future Advances to 2050 and beyond 

Combustion technologies for heat and electricity are largely ‘mature’ and so key 
challenges relate to the deployment and integration of these technologies for the future. 
In contrast, bioenergy crops and the supply of high quantity and quality feedstocks from 
a limited landscape remain largely unknown. New crop varieties, the introduction of GM 
technologies and the development of minimum input agricultural systems remain key 
research challenges, as does ensuring landscape-level changes that are environmentally 
acceptable with respect to biodiversity, water resources and GHG balance. By 2020 and 
beyond, gasification and other technologies may be deployed and advanced technologies 
for heat and power generation from green plants may be possible at commercial scale 
using biological rather than thermochemical conversion pathways. One advantage of 
such a change is that land requirements could be reduced although no figures are 
available to confirm this. 
 

1. Key Challenges 

a) Land resource in the UK 
The limited land resource within the UK is a pressing issue in the development of 
dedicated bioenergy crops and also for the multi-purpose use of traditional food 
crops. For example, in future will wheat straw be fermented for ethanol or 
combusted for heat and electricity? Limited land resource is also partnered with the 
behaviour of growers which is driven by financial and regulatory incentives. 
Nevertheless all indications are that bioenergy could potentially contribute up to 7% 
of the UK demand for heat and electricity, but land will become an issue if it is 
deployed for liquid biofuels as this is in addition to this figure.  

 
b) Identification of a restricted number of bioenergy chains 

The complexity of a large number of potential bioenergy supply chains acts to 
prevent large-scale deployment of bioenergy for heat and power. A limited number 
of future bioenergy chains for 2010, 2020 and 2050 would enable clear planning and 
focus to be achieved. 

 
c) Development of better efficiencies within each bioenergy chain 

Although energy ratios for heat and electricity generation from biomass are much 
better than those for biomass to liquid fuels, there are still inefficiencies in the 
system, beginning with the capture of sunlight by the green plant and production of 
lignocelluloses from the process of photosynthesis. Further fundamental advances in 
plant biology are necessary in order for increases in efficiency to be achieved.  

 
d) Integration of policy mechanisms and a regulatory framework linked to long-term 

delivery of Emissions Trading Scheme 
Several Government departments and mechanisms exist to support this fragmented 
activity. Both a capital support programme and ROC for heat have been suggested 
as mechanisms that might provide a step-change incentive for development. Others 
will include more financial incentives for dedicated perennial bioenergy crops and the 
use of CHP in public buildings such as schools and hospitals. Central Government 
and RDA’s must act together to ensure that these mechanisms are put in place. In 
the long term, the European Emissions trading scheme should help to give bioenergy 
a considerable boost, but until the cost of carbon is better understood, the future 
remains uncertain. 
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e) The uncertainty of climate change 

The threat of a changing climate is ever-present. This is an over-arching future 
consideration, for example in determining strategy in crop improvement (Will we be 
growing the right crops in future? What will there yield be? Will we have more pests 
and disease?). Also in determining the balance between heat, electricity and liquid 
biofuels (Will the land resource be better used to grow wheat for ethanol or willow 
for heat?). 

 
f) Biotechnology and the deployment of GM bioenergy crops 

Public perception, understanding and acceptance of biotechnological routes to crop 
improvement may be a key challenge for the deployment of future bioenergy crops. 
On the one hand, technological advances may provide the step change necessary for 
improved yields, whilst, on the other hand, this may not be acceptable to the public. 
Urgent engagement with the public is required to understand this complex area 
further. 

 

2. Key Scientific Advances 

a) Designer crops for bioenergy 
Using the latest biotechnological tools that are not necessarily ‘GM’, better crops for 
bioenergy should be developed. This requires step-change in current thinking that is 
only considering marker assisted selection of willow for pathogen resistance and 
improved yield. Systems Biology now enables us to follow gene, metabolite and 
protein profiles simultaneously and an array of genomic and post-genomic 
technologies linked to molecular genetics can be utilised to provide: 
− High yield crops that require less inputs, thus improving efficiency further. A 

move to perennial (more efficient) and away from annual cropping systems. A 
30% increase in yield will be necessary over the next 10 years for bioenergy 
crops and this should be tractable. 

− Crops with different qualities: increased lignin for calorific combustion, or 
improved oils, starches and sugars for liquid biofuels. 

− Crops with improved resistance to biotic and abiotic stresses that are likely to 
occur in future. 

− Designer microbes and in-situ  degradation of the plant cell wall, for combustion 
or other conversions 

Model bioenergy crops include poplar (for which the DNA sequence and genomic 
resources are already available), maize and now Brachypodium as a model grass, 
which the DOE will sequence shortly. These are important resources for future 
advances. There are only limited germplasm collections for these crops and this 
should be addressed as a future priority. 
Likely to occur: yes in the next 5-10 years 
Future capacity: We have good core skills but these are not being currently applied 
to bioenergy. 
Future applications: bioethanol, biodiesel, heat, power produced efficiently with 
better LCA. 

 
b) New biological processes for bioenergy – microbial and in planta. 
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Many new advances are possible, including hydrogen from green plants through dark 
processes, artificial photosynthesis and other processes that are very much contained 
at the research (laboratory scale) at present. 
Likely to occur for robust commercialisation: high risk-large reward. 
Future capacity and applications: UK capacity is limited in this area, with the 
exception of one or two very strong groups. 

 
c) A land management framework linked to an ecological assessment tool 

Identify optimum land-use strategies for the UK biomass resource and likely future 
use of arable, set-aside and marginal land in a changing climate is required.  We 
need to quantify the environmental consequences of bioenergy crops, developing 
tools for ‘well to wheels’ type analysis. Further research to capture the evidence base 
is required, including for bioenergy crops response to future climates, Some GHG 
data are missing and there are limited ‘tools’ for end-users. The EA has developed 
‘BEAT’ to assess GHG emissions in planning new development in bioenergy but this 
area requires further input. 
Likely to occur: yes  
Future capacity and applications: UK has good expertise as yet not applied to 
bioenergy systems but that may be changing. 

 
d) Development of new gasification technologies and other advances linked to the 

biorefinery concept. 
New technologies for conversion are likely to develop to commercial scale by 2020. 
These will be essential again for improved efficiency but also because they offer the 
possibility of primary, secondary and tertiary uses of green plants as we move 
towards the bio-based economy. 
Likely to occur: yes  
Future capacity and applications: wide ranging potential to utilise low-input 
lignocellulosic crops for CHP and then link this to the extraction of other bioresources. 

 
e) Identification of a limited number of bioenergy chains 

It seems likely that focus on a limited number of bioenergy chains would be useful. 
Which should be chosen? USA roadmapping suggests all future activity will focus on 
improving the quality and quantity of biomass in green plants and also improving all 
biochemical steps in the bioethanol synthesis pathway. 
Likely to occur: yes in both USA and Europe – better coordination required. 
Capacity: Potential good, but no strategic thinking in the UK 
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3. Annex 1: Summary of basic, strategic and 
applied research funding in bioenergy in 
the UK – 2006.  Basic and applied 
strategic research 
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4. Biofuels and the biorefinery concept 
A short review prepared June 2006 for the OSI Foresight scanning project in 
Renewable Energy 

 

Background  

Liquid biofuels may be made from a variety of biomass sources using a number of 
conversion routes to produce several types of product suitable for road and other forms 
of transportation fuel. Fuels include bioethanol, biodiesel and other bio-based products 
such as biobutanol. Feedstocks include oil-based crops such as oil seed rape, which are 
used for the production of biodiesel, and sugar- and starch-based crops such as sugar 
beet, which are used for the production of bioethanol. All lignocellulosic biomass (all 
biomass, i.e. mostly plant cell walls, which have a high carbon content) can be converted 
to liquid fuels through biological processes (esterification, fermentation) or through 
thermochemical routes such as pyrolysis. Hydrogen may also be produced from biomass. 
As with heat and electricity, this complexity may hinder the development of biofuel 
chains, but this may be advantageous to the UK, where identifying a clear 'winner' is 
unlikely, given the complexity, but also the small size, of our agricultural landscape. As 
part of a wide range of measures drawn up by the EC in response to international 
agreements to reduce greenhouse gas emissions, the European Commission has 
introduced the Biofuels Directive, which the UK has committed itself to. This means that 
the UK is moving towards the development of transport biofuels with a target of 5.75% 
replacement by volume of petroleum-based fuels by 201018. It has been estimated that 
liquid fuel demand in the UK in 2010 will be 44.5 million tonnes, requiring 2.56 million 
tonnes of biofuel at that time, providing a carbon saving of approximately 2 million 
tonnes. In the international market, biodiesel (derived commercially from vegetable or 
other plant oils) and bioethanol (derived from fermentation of starch or sugar crops) 
dominate as the most technically feasible and commercialized alternative renewable fuel 
sources. Biodiesel can also be derived from animal fats, grease and tallow, which would 
otherwise be disposed of as waste. 
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Table 3: Summary of commercial activity in biofuel production in the UK, 
May 2006 
 

Name Description Subtopic Funding  Duration 

British 55,000 tonnes per annum (70 
million litres) plant being 
constructed in Wissington, 
Norfolk 

Bioethanol 
production at 
commercial 
scale 

£20 million 
capital cost 
of plant 

Construction 
initiated in 
January 
2006 

Sugar

Greenergy Biodiesel plant at Immingham on 
the east coast of England. The 
plant will initially process 
100,000 tonnes/114 million litres 
of biodiesel per year and is 
expected to begin by the end of 
2006. Preliminary planning and 
design work for a second phase 
to double our biodiesel 
production capacity at 
Immingham to 200,000 
tonnes/228 million litres per year 

Biodiesel 
production at 
commercial 
scale 

Unknown Construction 
to be 
completed 
by end of 
2006 

Wessex Grain Company to 
develop wheat grain as a source 
of bioethanol in the UK. Plant in 
development in Somerset for 
141 million litres bioethanol 
(100,000 tonnes) by 2007 

Green Spirit Bioethanol 
production 

£50 million Construction 
to be 
completed in 
2007 

Fuels  

 
The UK has seen considerable industry 'pull' in the area of biofuels in the last year or so 
following the introductive of the Directive. A summary of some of this activity at May 
2006 is shown in Table 3.  It is also apparent that the current high price of oil and 
likelihood of a sustained high price is having a marked effect on the development of a 
biofuel industry. Bauen1 showed that biofuels begin to become financially competitive 
over $65 per barrel of oil and additional environmental benefits are not even considered 
in such an analysis. For sugar-beet bioethanol development, it is also likely following EU 
deregulation of sugar prices which in the past has effectively inflated sugar prices by 
three times of those on the world market. A summary of UK biomass resource suitable 
for liquid bioenergy production is given in Table 4.  It reveals that it is unlikely that any 
single supply stream will be able to meet the UK commitment to biofuels for 2010.  
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Table 4: Summary of likely potential feedstock availability in the UK, processing 
routes – meeting the 2010 Biofuel Directive 
NB. It should be noted that this is a broad-brush picture painted for the purpose of this 
short review and a further complete analysis of UK potential feedstock supply should be 
encouraged, considering new perennial crop systems and second-generation biofuels. A 
review by the National Farmers' Union14 provides broadly similar figures. 
 

Crop type Harvest Feedstock Percentage Fuel Biofuel 
fraction area  of current proposed 

(100 ha) crop area (million 
tonnes) 

Oil seed rape Seed oil 459 +102 % 0.7 Crushing and 
esterification of the oil 
to biodiesel 

Wheat Straw    Breakdown, hydrolysis 
and fermentation of 
lignocellulose to 
bioethanol 

Wheat Grain 346 21 % 0.8 Breakdown, hydrolysis 
and fermentation of 
starch to bioethanol  

Sugar beet Sugar 202 +202 % 0.83 Breakdown, hydrolysis 
and fermentation of 
sugar to bioethanol. A 
recent suggestion is the 
formation of biobutanol 
from this route 

Waste oil/fat – - - 0.1 Biodiesel 

 
Current agricultural practices in the UK suggest that the main sources of liquid biofuels 
in the near future will be bioethanol, derived from wheat grain and sugar beet, combined 
with biodiesel from oil seed rape and also oil waste products. For dedicated cropping 
systems, analysis reveals that approximately 1 million ha of agricultural land would be 
required to meet the 2010 biofuel target (separate to those requirements highlighted for 
biomass for heat and power) for the UK, and that this would require more than doubling 
the agricultural land dedicated to oil seed rape production, and doubling the recovery of 
wheat for bioethanol. In Table 4, the equivalent of 0.8 million tonnes of fuel produced 
from wheat grain is currently exported from the UK in most years, and so it would be 
useful to link this to bioethanol production, as proposed in new developments, rather 
than export. Any more than doubling of oil seed rape production is unlikely to be feasible 
since this might require the use of 'set aside' land, with implications for a loss of 
biodiversity and further intensification. This implies that the UK can, in theory, make the 
Directive commitment by 2010 if commercialisation is successful, as seems likely. In 
general, it should be acknowledged that the use of annual crops for liquid biofuels 
provides a poor energy balance and efficiency compared to the use of perennial crops, 
with their lower inputs and higher biomass yields per hectare. The use of annual versus 
perennial should be considered in much greater detail in future, following recent US 
analysis, with annual crops seen only as a 'short-term fix'5. 
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Current status of research 

In general, research dedicated to biofuels in the UK is fragmented and extremely limited, 
but core expertise to address some of the issues highlighted below is extremely good. 
 

Fundamental plant biology and crop science 

It is clear from the analysis above, that any technology available to increase crop yield in 
current and future climates should be of value to the future development of the biofuel 
industry. More importantly, improving plant quality, for example, by increasing sugar 
content or starch content and decreasing protein content, will enable efficient process 
and extraction for biofuel. 

 The UK has good expertise in crop science and plant improvement, but it is only 
being applied in a limited way to bioenergy cropping systems. 

 The UK has excellence in fundamental plant science research, but it is only being 
applied in a small way to address specific bioenergy quality and quantity traits 
(e.g. different oil quality for better processing in oil seed rape). 

 GM technologies and non-GM biotechnology may provide the step-change 
necessary for future improvements, but the public acceptance of these 
technologies is still uncertain. 

 

Industrial microbiology  

New enzymes, plant-based enzymes, new microbes and better fermentation are 
examples of how the processes for biofuel production could be improved. We have good 
expertise in microbiology, but this is not being largely applied to the production of 
biofuels. 
 

Environmental impacts 

In the UK and Europe, one of the key drivers for investment in biofuels is environmental 
– meeting our commitment to Kyoto and more generally wishing to develop carbon-
neutral technologies is of high strategic importance. Therefore considerable emphasis is 
needed to assess the whole-lifecycle carbon costs of all of the technologies considered 
above. Currently, there is some discrepancy and contention between different studies to 
assess the greenhouse gas balance of a variety of bioenergy cropping systems. At the 
point to crop harvest, the greenhouse gas or carbon costs are very dependent on what 
the bioenergy crop might be replacing. There are large carbon savings, for example, if 
winter wheat is replaced with oil seed rape, but these savings are more than trebled if 
trees or grasses (perennial crops) are grown instead (Pete Smith, Aberdeen University, 
personal communication). If conversion and production are considered, again lifecycle 
analysis may give contrasting results. Current research tools are now available to ensure 
correct full lifecycle analysis and these must be linked to policy developments to ensure 
that environmental as well as economic drivers are considered in any regulatory 
framework. 
 

Conversion technologies 

Engineering technologies for bioethanol and biodiesel are more or less available 'off the 
shelf'. However, inefficient and expensive pre-treatments, enzymes and chemicals are 
involved in these processes that form the challenge for future research. 
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5. The Future challenge for 2050 and beyond 
Future developments and the necessity for step-change research discovery: 
making the biorefinery work 

Although technically possible to meet the 2010 Biofuel Directive target from domestic 
feedstock resources, it is unlikely that this target can be achieved with current cropping 
systems. This is because of farm-scale considerations, where crop rotations determine 
farm-scale plans, and also because of spatial limitation, in growing sugar beet, for 
example. It also assumes an extra 1 million hectares of agricultural land will be available 
for this activity, while this amount of land is also being considered to grow dedicated 
biomass bioenergy crops for heat and power. This scenario also assumes that no further 
demand for biofuels will occur and yet all energy analyses suggest that this is unlikely. 
Although imports of bioethanol and biodiesel will contribute to our net requirement, in 
the long term, with full lifecycle analysis, this may not be environmentally sustainable, 
although this needs to be clearly quantified and regulated. 
 
In contrast, the UK has a considerable lignocellulosic biomass resource. Lignocellulose is 
the intimate mix of plant biomass that constitutes the cell wall – a complex material 
largely consisting of lignin and cellulose. Several million tonnes of forest residues (waste 
wood) may be available in the UK each year, for example, and of this, only 
approximately 1 million tonnes is currently recovered and utilised. Other lignocellulosic 
resources – for example, 0.2 million tonnes per annum of wheat straw, forest 
arboricultural waste of 1–2 million tonnes – are also available. Dedicated lignocellulosic 
biomass crops include woody short-rotation coppice (SRC) willow and poplar, and 
miscanthus grass. These crops, unlike conventional annual crops such as oil seed rape, 
are low-intensity, low-input crops with a much improved greenhouse gas balance along 
with other environmental benefits such as enhanced biodiversity. All research analysis 
suggests that perennial crops will be favoured over annual crops since they have a 
greater seasonal capture of solar energy and, again, produce biomass without the 
complications or reproductive yield. 
 
Linked to this and given limitation on land resource and the concept of enhanced 
efficiency, in the future plants may be used more generally as part of the bio-based 
economy, as we become less dependent on the oil-based economy. Plants are the 
ultimate source of renewable sustainable bioproducts and this extends way beyond 
simply using plants for energy. High-quality, low-volume chemicals will be harvested 
alongside that of energy. Several such conversion routes are possible, but the basic 
feedstock for all second-generation biofuels will be lignocellulosic8.  Step-wise research 
challenges linked to this development are necessary, and currently it is extremely 
difficult to extract and process lignocellulosic feedstocks efficiently. Several bottlenecks 
exist and some are identified below2, 5, 8. 
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Figure 3: A conceptual biorefinery with lignocellulose feedstock being used for 
lignin to energy to combustion through thermochemical process, pulp recovery 
for paper, gasification for gaseous fuel and biological processing for bioethanol. 
Other fuels are also possible.  
 

Key scientific advances necessary for the biorefinery to work 

Challenge: better use of available feedstock 
Plants cell walls are lignin and cellulose. These complex structures are still far from being 
understood and key to their utilisation for bioenergy will be new research on 
understanding construction and deconstruction. Linked to this, a key scientific challenge 
is to make hydrolysis and fermentation reactions effective.  
Likely to occur? Up to five years – tractable and could occur over a five-year timescale 
 
Challenge: new designer feedstock and microbial processes for breakdown 
Fundamental biosciences must be utilised to develop new and novel plants with different 
plant characteristics. For example, a new generation of bioenergy plants with enhanced 
sustainability, yield and altered composition; high-lignin plants for pyrolysis and 
gasification; high-cellulose plants for bioethanol; plants that breakdown easily. This 
requires a systems biology approach linking biology to phenotyping to high-throughput 
computing. New microorganisms and biological routes to plant breakdown are required. 
Novel discoveries to improve hydrogen production from plants may also be possible. 
Likely to occur? 5–10 years – heavy investment by the US, and BP has just announced 
the creation of its new Bioenergy Centre to be funded either in the UK or the USA. 
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Challenge: better technologies for assessment of lignocellulose and breakdown 
processes 
A cross-cutting interdisciplinary approach and new technologies are required to visualise 
plant cell walls, microbial systems and their functioning. New computing developments 
will be necessary to enable the biorefinery concept at all levels, from modelling microbial 
function to predictive experiments through to systems engineering and moving to pilot-
scale and commercial plant. 
Likely to occur? More speculative, but possible 10+ years.  
 
Challenge: Imported versus home-grown and sustainable liquid biofuels 
Land resource in both the UK and EU will limited our net contribution to biofuel supplies. 
Estimates vary but all suggest that we cannot be self sustaining in liquid biofuels without 
a major impact on agricultural land and food supplies. Import of liquid fuel may involve 
destruction of native forests or other environments with a loss of ecosystem services. A 
major challenge will be to ensure a sustainability framework for the global deployment 
and exploitation of biofuels as a commodity. 
Likely to occur? International environmental protocols and agreements do exist, but 
are often ineffective e.g. Kyoto, although some exceptions exist e.g. Montreal Protocol. 
This will require a major international research and policy effort. 
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Appendix  
Analysis of the evidence base for comparison of greenhouse gas emission and energy 
balance of several contrasting bioenergy conversion routes (from Rowe et al., in press). 
 
Table A1: Greenhouse gas emission and energy ratio of biomass production of 
utilisation 
 

Fuel source  GHG 
emissions 

Author Energy ratio 
/MJMJproduced input

g C eq. MJ–1 
of biomass 

SRC willow 0.19(a) 11(a) Heller et al. (2003)  
    

SRC Willow 
 

1.7–2.7(a) 17–20(a) Dubuisson and Sintzoff 
(1998)    

    

SRC willow and poplar 1.3(a) 28.57(a) Matthews (2001)  
    

SRC willow - 21(a) Börjesson (1996)  
 Reed canary grass - 11(a)

    

SRC willow 1.36(a) - Lundborg (1997)  
    

Miscanthus  0.512(a) 35.86(a) Bullard and Metcalfe 
(2001)  Switchgrass 0.629(a) 28.97(a)

Reed canary grass 0.89(a) 20.4(a)

    

SRC willow 0.13(b) 13(b); 55(c)  Keoleian and Volk 
(2005) 

    

Combined heat and power 
(small-scale) from gasification 
of SRC willow 

1.23(d) 10.34(d) Adapted from Elsayed 
et al. (2003)  

Electricity from gasification of 
SRC willow 

2.04(d) 6.21(d)

Electricity from pyrolysis of 
SRC willow 

4.13(d) 3.11(d)

Electricity from combustion of 
SRC willow  

6.54(d) 2.73(d)

  

Electricity (large-scale) from 
miscanthus 

7.09(d) 3.68(d)

 
(a) Values for harvested crops (chipped or baled) 
(b) Values for production and gasification of willow for power generation 
(c) Values for willow at farm gate 
(d) Values for production and utilisation for power generation 
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Table A2: Greenhouse gas emission in carbon equivalents and energy ratios of 
the production of bioethanol and biodiesel 
 

Fuel type/source/energy source 
used for production 

GHG 
emissions 

Author Energy ratio 
/MJMJproduced input

g C eq.MJ–

1of biomass 

Sugar beet - 12(a)

Wheat - 

Powlson et al. 
(2005)  7.2(a)

Oil seed rape - 4.49(a)

    

Bioethanol/maize 2.64 to 
9.38 

1.2 to Seungdo and 
Dale (2005) 1.9 

    

Lundborg 
(1997)  

Ethanol/grain/fossil fuel 23.18 - 

Ethanol/forest residues/waste heat 1.64 - 
 

Biodiesel/oil seed rape 4.09 -  
    

Elsayed et al. 
(2003)  

Biodiesel/oil seed rape 11.18 2.29 

Ethanol/wheat straw 3.54 –35.71 
 (4.1)(a)

 
Ethanol/sugar beet 10.91 2.02  

Ethanol/wheat 7.91 2.16 
    

Bioethanol/wheat/natural gas and grid 
electricity 

11.99 1.55 Mortimer et 
al. (2004)  

Bioethanol/wheat/natural gas combined 
heat and power, with steam turbine 

11.99 1.67 

Bioethanol/wheat/natural gas combined 
heat and power, with gas turbine 

8.99 2.47 

Bioethanol/wheat/straw fired combined 
heat and power, with steam turbine 

3.82 –14.28 
(2.41)(b)

Bioethanol/sugar beet/natural gas and 
grid electricity 

12.81 1.21 

Bioethanol/sugar beet/natural gas 
combined heat and power, with steam 
turbine 

10.63 1.47 

Bioethanol/sugar beet/natural gas 
combined heat and power, with gas 
turbine 

5.99 2.78 

–1.92  Bioethanol/sugar beet/straw-fired 
combined heat and power, with steam 
turbine 

–29.72 
(8.45)(b) (2.64)(c)

 
(a) Excluding credit for electricity and acetic acid production from by-products 
(b) Excluding credit for electricity exported to grid 
(c) Excluding credit for exported electricity and lime 
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