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BIOENERGY RESEARCH IN THE UK: STRATEGIC CHALLENGES 
Research drivers
The UK and EU Government policies for decreasing reliance on fossil fuels and reducing greenhouse gas (GHG) emissions, particularly the renewable obligations for electricity (ROCs http://www.restats.org.uk/renewables_obligations.html) and transport fuels (RTFO: http://www.dft.gov.uk/pgr/roads/environment/rtfo/), present challenging targets for bioenergy production.  EU targets equate to 20% of all energy (heat/electricity/transport fuels) from renewables by 2020 and 10% of transport fuels from biofuels by 2020.  Increased production of bioenergy from optimised feedstock derived from crops will need to be significantly boosted within a short time frame to meet these targets.

The strategic research required to underpin the development of bioenergy differs depending on the energy conversion process concerned.  In the case of using biomass for electricity, heat and combined heat and power (CHP), the conversion technologies are largely well developed but some optimisation of the feedstock quality is required.  The case for liquid transport biofuels is quite different as currently the conversion technologies are only fully developed for biofuels produced exclusively from sugars/starches (bioethanol) or oils (biodiesel) from food crops such as wheat, sugar beet and oilseed rape (canola).  These “first generation” biofuel crops require high inputs (e.g. nitrates), the energy savings and GHG reductions achieved are minimal and there is direct competition with food production.  In contrast, there is a compelling argument for the use of perennial dedicated energy crops to supply not only biomass for power generation but also ligno-cellulose for “second generation” biofuels based on the following distinct advantages they have in comparison with first generation crops: there is no annual cultivation cycle, they are fast growing with the potential to produce large yields from low fertiliser and pesticide requirements; life cycle analyses indicate higher energy savings and GHG reductions and the energy produced per unit area of land is also greater as all the above-ground biomass is harvested, giving a higher potential to supply the significant volumes of feedstock required.
In the UK, research on perennial biomass crops has been carried out for some 20 years, originally in the main supported by the Department of Trade and Industry (DTI) and Department of Environment, Food and Rural Affairs (Defra), and now, in addition, through research council funded programmes.  In early research efforts, a number of dedicated perennial species were investigated, including the perennial grasses switchgrass, Miscanthus and reed canary grass and the woody species, short rotation coppice (SRC) willow and poplar grown as SRC or single stem.  Of these, the two crops that are now grown commercially in the UK are Miscanthus (Miscanthus x giganteus) and SRC willow (Salix spp).  Their increasing importance is already evident from data taken from applications for energy planting grants which project that the area under cultivation will have risen from less than 300 ha in 2001 to 13,000 ha in 2007 in England alone, and there is clear indication of further expansion in the future.  Bioenergy research in the UK is therefore expected to increasingly focus on these two crops.
Strategic research challenges
To achieve a six-fold increase in overall efficiency and develop viable biofuel production chains, it can be calculated that yields need to double and conversion efficiencies need to increase from 25 to 75%.  Four main strategic research challenges are being addressed in the UK science focus on bioenergy towards these goals:
1. Optimising sustainable biomass yields

2. Optimising biomass composition 

3. Optimising conversion of biomass to bioenergy

4. Optimising land use
Optimising sustainable biomass yields
In order to meet government target aspirations for renewable energy and biofuels it will be necessary to increase total biomass produced sustainably per unit of land.  Clear priorities for plant research are thus achieving these yield gains in perennial biomass crops by optimising carbon fixation and assimilation, crop growth, architecture, phenology and productivity.  However, the positive GHG and energy balances associated with dedicated biomass crops result from the low-input nature of their cultivation and specifically the low use of nitrates.  This poses a specific challenge for yield improvement as gains must be achieved without increasing the requirements for nitrates and other nutrients.  In addition, there are concerns that achieving high yields might result in increased water use, thereby impacting on water availability in regions where biomass crops are grown.  Research aimed at increasing biomass yields therefore has to be conducted within the context of these constraints and include research aimed at improving nutrient use and water use efficiency.  Sustainable yield production will also require durable resistances against pests and diseases as the perennial nature and long cultivation cycles (up to 25 years in the ground) mean that individual genotypes are exposed to challenges of pests and pathogens for long periods of time.  To meet these challenges it is necessary to invest in long term programmes in agronomy, breeding and underpinning genetics/genomics.
Rothamsted Research (RRes) and the Institute of Grassland and Environmental Research (IGER) are the two principle BBSRC Institutes leading research on crop improvement of the two main UK biomass crops.  At RRes, work on willows started at the Long Ashton (LARS) site in the early 1920s and transferred to RRes in 2001 when LARS was closed. Research on energy grasses at Rothamsted started in 1992.  Research on Miscanthus and willows at IGER is more recent but IGER has a long track history of breeding other perennial grasses. Both Institutes have acquired substantial and unique resources, in terms of germplasm, genetic and genomic resources as part of these endeavours.  In particular, RRes maintains the National Willow Collection (NWC), comprising 1300 genotypes and almost 100 of the 300 species known in the genus Salix, together with an extensive set of hybrids, basket and biomass clones.  IGER has a unique collection of diverse Miscanthus genotypes from across the world.  Both RRes and IGER have multi-site trials and populations for genetic and quantitative trait loci (QTL) mapping, including the K8 willow mapping population which contains almost 1000 progeny and which has been grown at two contrasting sites for successive cycles of biomass harvest.
These germplasm and genetic resources support breeding efforts underpinned by genetics and genomics.  In the UK, willow breeding was initially supported at LARS by a consortium named the European Willow Breeding Partnership (EWBP), comprising LARS, Svalöf Weibull AB (Sweden) and Murray Carter (UK).  The EWBP successfully bred eight new biomass varieties (Quest, Beagle, Resolution, Discovery, Nimrod, Terra Nova, Endurance and Endeavour).  In addition, the varieties Ashton Stott and Ashton Parfitt, selected at Long Ashton before the EWBP began, were released in 2001 and 2003, respectively.  On experimental plots, these varieties are characterised by diseases resistance and increased yield (up to 14 ODTha-1yr--1 cf. 8 ODTha-1yr--1).  Breeding has since continued at Rothamsted under Defra funding as the Biomass for Energy Genetic Improvement Network, BEGIN (biomass4energy.org.uk).  IGER runs the equivalent Defra-funded UK breeding programmes for Miscanthus (www.iger.bbsrc.ac.uk/Miscanthus).  Promising Miscanthus genotypes, yielding up to 17 tDMha-1yr-1 are available but, as for the case for willow, commercial yields are well below the potential that could be achieved in the UK (20-25 ODTha-1yr--1) indicating that there is considerable room for crop improvement.

Breeding of willow and Miscanthus faces many challenges.  The very perennial nature of the crops makes this a lengthy procedure.  Moreover, established SRC willow is harvested every three years and it is four years from the initial production of a willow cutting before the first biomass yield can be estimated.  Fortunately, willow can be easily propagated by cuttings but it is also dioceous and sometimes desired crosses cannot be made if only genotypes of the same sex are available.  Miscanthus is harvested annually but maximum yield potential is not achieved until 3-4 years of growth from initial establishment.  Moreover, a major restriction with this biomass crop is that it can only be propagated through rhizomes (which means it take a long time to generate large numbers of plants) or micropropagation (which is very expensive).  Because of these difficulties, conventional breeding is slow and it is essential to utilise genetics and genomics to identify the genes controlling important traits and speed up the selection process. 
Miscanthus genetic improvement is a relatively new activity in the UK and the underpinning genetics and trait mapping has only recently been initiated with plans to increase resourcing of this in the near future.  However, in willows genetic studies have underpinned the breeding for some 15 years, allowing the UK to have an advanced position in this crop.  To underpin the willow breeding efforts the large mapping population (K8) established at two sites has been used to construct a dense genetic map, which currently comprises 156 AFLP and 90 microsatellite markers, spanning 1514 cM, with an average interval between markers of 8 cM.  This genetic map has been aligned to the poplar genome sequence, enabling the identification of positional candidates and the testing of functional candidates. K8 has been assessed for successive biomass harvests.  Several important QTL have been identified notably: three major loci associated with rust resistance; six QTL associated with biomass yield including one major locus associated with the yield components (maximum stem diameter, maximum stem height) and a second associated with shoot number on the same linkage group.  The robustness of the major QTL is indicated by co-location of correlated traits, stability over time and stability over the two sites.  A QTL for resistance to willow beetles was also identified but associations are fairly weak and new crosses were established to map insect resistance.  Markers linked to rust resistance are being used to compare the cost effectiveness of marker-assisted selection with traditional breeding and to screen the NWC.  These rust-linked markers have shown that current varieties carry a common resistance source and efforts to incorporate new sources of rust resistance have been enhanced.  The challenge remains to identify the genes that are responsible for the biomass yield effects of the QTL and utilise these genes in breeding programmes and also to extend this approach to identify fundamental pathways intrinsic to biomass production, partitioning and composition for further yield improvement.
Optimising biomass composition

The efficiency with which plant biomass can be converted into energy is influenced by the composition of the biomass, specifically cell walls (lignin, phenolics, cellulose, hemicellulose), non-structural carbohydrates (e.g. soluble sugars) and inorganic elements such as K and Cl (which cause slagging problems in the boilers).  The optimal composition will depend on the conversion technology and particularly whether it is thermal or biological (enzymatic).  For example, because of its high calorific value, high lignin content is desirable for thermal conversion but not for biological conversion to bioethanol as lignification (and cross linkages in cell walls) reduces accessibility of the cellulose and hemicellulose for fermentation. 

Research on optimising biomass composition will focus on regulation of carbohydrate metabolism and carbon partitioning (which links with research on increasing yields) as well as on the mechanisms regulating the synthesis and deposition of plant cell walls.  These are highly complex and dynamic processes and systems analysis approaches in tractable models such as Arabidopsis will need to be exploited.  However, there is a need to characterise the biomass crops with respect to quality traits and genetic variation in composition, taking advantage of the knowledge already available of key genes e.g. in lignin biosynthesis from models such as poplar.  Research is being conducted in projects such as Supergen (http://www.supergen-bioenergy.net), where variation in composition is being linked with conversion processes.  In addition IGER has well established research programmes in the genetics and molecular biology of crop composition in relation to grassland species.  The DOE roadmap provides an excellent blue print for research in this area, with which UK focus largely concurs.  The UK Universities which constitute a cell wall research community will be linked in collaborative efforts with the Institutes to take this area forward. 
Optimising conversion of biomass to bioenergy 

Converting the carbon fixed by plants into usable energy involves a large number of steps the precise nature of which depends upon the energy conversion process in question. BBSRC research is most relevant to biological conversion which is key to efficient production of biofuels such as bioethanol.  Research should include novel approaches for culturing microbes, high throughput screening and metagenomic approaches for novel enzyme identification.  The DOE roadmap also provides excellent suggestions for research in this area, with which UK focus will largely be in agreement.  However, the UK community is not particularly strong in this area and needs to be built up.
Optimising land-use benefits 
The recent (March 2007 draft) joint Defra/DTI/DFT UK biomass strategy identifies that 750,000 ha of biomass crops will be required to produce the feedstock necessary for a 5% RTFO target plus another 350,000 ha to meet requirements for electricity, heat and CHP production.  This equates to 17% of agricultural land and will constitute a significant land-use change.  Perennial biomass crops are physically different to most current rural land uses and the possible impacts of converting land use to such large scale planting of biomass crops need to be considered.  In particular, unlike arable crops which are mostly annual, biomass crops remain in place for 7-25 years, harvesting cycles can be long (e.g. 1-4 years), harvest is normally winter/early spring and the crops are very tall (3-4 m) and dense.  These factors modify the appearance of the rural landscape and have potential implications for tourist income, farm income, hydrology and biodiversity.

A UK consortium project (RELU-Biomass) funded by the UK Rural Economy and Land Use Programme (RELU: http://www.relu.ac.uk/) is investigating the potential impacts of increasing rural land use under energy crops at spatial scales ranging from the site to the region.  Specifically, RELU-Biomass aim to: (i) assess impacts of increasing land use under willow and Miscanthus cf. arable crops/grassland by comparing rural economics, social acceptability, landscape, water use and biodiversity; (ii) Conduct a sustainability appraisal (iii) Provide scientific framework for optimal location and (iv) Inform policy decisions and provide tools e.g. for Environmental Impact Assessments and Strategic Environmental Assessments. 

Two contrasting farming systems typical of different regions of the UK have been chosen as study areas (i) The arable cropping dominated system of the Midlands and Eastern Counties of England; (ii) A grassland-dominated system more typical of the South West of England.  Both have been classified as being within contrasting geographic, farming and Environmental Zones.  They also contain some of the greater densities of existing energy crop plantings and are likely to see new plantings in the near future.  Biodiversity is being studied in 8 sites in each region and in each crop (i.e. 16 sites in total for SRC willow and Miscanthus) using the same protocols used for the Farm Scale Evaluation (FSE) of Genetically Modified Crops, so that the biodiversity data sets can be directly compared with data from arable farms collected during the FSE experiment.  Hydrology assessments are being carried out on sites used for biodiversity studies, using a physically based (JULES) model. Impacts on landscape character and social acceptance, using GIS-based  landscape visualizations within the framework of stakeholder and focus groups and economic assessments are being made from the farm to the landscape scale.  More recently, the Environment Agency and English Heritage have provided funds to extend this study to appraisal of water quality and soil impacts.
Data from RELU-Biomass so far suggest that impacts of growing energy crops can be positive but that this depends on where the crops are located, e.g. what they replace (e.g. arable crops/ grassland), what the landscape character of the area is, the water availability in the region, and also on the size/scale and arrangement of planted fields.  These studies are crucial in ensuring that development of bioenergy remains a win-win situation and meets both energy and environmental drivers in sustainable land use practices.
Concluding remarks

· Renewables targets set challenges for bioenergy research

· The UK has a strong track record of research on willows and Miscanthus including breeding programmes underpinned by genetics and genomics
· The UK also has a strong plant science community, including cell wall research but the microbial research community needs building up

· Improvements in yield and composition of bioenergy crops are required but have to be truly sustainable and achieved without increasing inputs, which is a significant challenge
· A constant check on energy, carbon and nitrogen balances is needed in making decisions on which energy crop production chains to promote

· Impacts of wide-scale land use change also need to be borne in mind
Possible issues for discussion
· Differences in the main research drivers: e.g. UK bioenergy science is foremost driven by a policy framework of achieving GHG reductions and energy savings 
· Differences in the land area available for energy production from crops: e.g. the UK has insufficient resources to provide all or a majority of its own energy from crops, whereas it might be possible to produce a substantial proportion in the US, Canada
· Differences in the pressure on land-use: e.g. in the UK farmland and urban areas are in close juxtaposition.  Three quarters of our land is managed and the different forms of agriculture shape much of our landscapes.  Land-use needs to be optimised to provide for the delivery of food, energy and other essential environmental services.  Competition for water (used by other forms of agriculture or by urban areas) will also be a key issue.
· How all the above influence the priorities and scope of the research 
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