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EXECUTIVE SUMMARY 

 
1. The aims of this study are to review the literature and summarise the 

information available on the energy generation potential, greenhouse 
gas and energy balances, air quality and associated environmental 
impacts and economics of a wide range of biomass energy 
technologies.   The specific objectives of the study are as follows: 
• to review existing studies on the aspects of biomass energy 

mentioned above and assess them in terms of their relevance to 
Scotland, 

• to highlight information deficiencies and indicate the level of 
uncertainty associated with the current results, 

• to make recommendations on any further studies that may be 
needed and what information they are likely to yield, and 

• As far as possible, based on the available information, to make 
recommendations on the best options for a sustainable bioenergy 
industry in Scotland. 

 
2. The study is set in the context of biomass energy development as part 

of a portfolio of renewable energy systems that could be exploited in 
Scotland to reduce GHG emissions and contribute to future energy 
security.  In relation to other renewable energy sources, biomass has 
several advantages including its use as a potential source of heat as 
well as electricity, its ability to produce energy continuously without 
problems of intermittency and its ability to stimulate the rural economy, 
due to more extensive supply chains than most other renewable 
energy technologies.  Potential drawbacks in relation to other 
renewable energy technologies include the costs associated with the 
production of certain feedstocks, the often dispersed nature of biomass 
resources which can make supply chains more challenging to manage, 
and the low energy density of biomass feedstocks (relative to fossil 
fuels) which increases transportation and storage requirements. 

 
3. A range of policy measures, at European Union, United Kingdom (UK) 

and Scotland scales have encouraged the growth of the renewable 
energy sector in Scotland, although biomass has played a relatively 
minor role so far.  There is increasing recognition however, that 
biomass could make a significant contribution to energy supply in the 
UK, generally, and Scotland, specifically.  This is reflected in the 
number of reports and studies published on this topic in recent years. 

 
4. Updated estimates of Scotland’s available wood resources for 

bioenergy, including those from forestry and the timber-processing 
industry, have recently been published (FREDS, 2005; SDC, 2005) and 
continue to be refined (FCS 2006).  There is also a potentially 
significant resource that could be available from secondary processing 
industries (recycled wood), but estimates of the amount that would be 
available for biomass energy use still need refinement.  The 
information on the availability of other feedstocks for bioenergy, such 
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as straw and animal slurry, is less precise, although these are 
expected to play only minor roles in the development of Scotland.  
Among the purpose-grown energy crops, short rotation coppice (SRC) 
is believed to hold the most potential, but limited commercial 
experience with its cultivation in Scotland means that it is difficult to 
predict yields with any great accuracy and there is still much doubt 
surrounding the economics of SRC in Scotland. 

 
5. Biomass feedstocks are generally regarded as carbon neutral in that 

they emit the same amount of carbon dioxide (CO2) during combustion 
as they absorb during their growth cycle.  During the utilisation cycle of 
a biomass feedstock, however, a range of processes, from the 
production and application of fertiliser used in cultivation to the 
transportation of the final product, emit CO2 and other GHGs, such as 
nitrous oxide (N2O) and methane (CH4), both of which have stronger 
global warming effects than CO2.  Additionally, there are energy costs 
associated with biomass energy technologies since fossil fuel 
resources are utilised throughout the lifecycle of the fuel.  Life Cycle 
Assessment (LCA) is used to calculate total primary energy inputs from 
depletable energy resources (energy balances) and the total GHG 
balance during the complete life cycle of a biomass energy feedstock. 

 
6. The results of any given LCA studies are specific to the individual 

questions addressed by each study.  In the case of biomass energy 
technologies, they are specific to the particularities of the biomass 
feedstock chain in question and, thus, cannot be applied universally.  
Evaluation of the relevance to Scotland of existing LCA studies which 
determine GHG and energy balances for biomass energy technologies 
indicates that there is a considerable body of existing work that could 
be modified without major difficulty for Scottish conditions.  There are, 
however, some key uncertainties in LCA studies that need to be 
addressed.  These include the lack of transparency of GHG and energy 
balance data of baseline fossil fuel systems, which hinders comparison 
with biomass energy technologies, as well as uncertainties associated 
with N2O emissions from fertiliser and carbon sink/source dynamics of 
bioenergy systems.  To enable meaningful comparison, GHG and 
energy balances for conventional and other energy technologies would 
have to be prepared for Scotland by modifying existing LCA studies.   

 
7. Despite the lack of LCA studies designed specifically to reflect Scottish 

conditions, the following broad conclusions are drawn: 
 

 Biomass heat, electricity and combined heat and power (CHP) 
technologies result in considerable GHG emissions and depletable 
energy savings relative to fossil-fuel based systems (savings can 
be over 90%, depending on the systems being compared). 

 GHG emissions and depletable energy savings from other 
renewable electricity and heat technologies, such as heat from 
solar heating panels and electricity from wind and hydro, are 
generally in the same order as those from biomass energy 



 

 iv

technologies.  Differences between renewable technologies are 
small relative to the substantial savings gained by replacing fossil 
fuel technologies. 

 Estimated GHG emissions and depletable energy savings of more 
advanced gasification and pyrolysis systems are greater than those 
of combustion-based systems but are not yet proven commercially. 

 The GHG and energy balances of transport biofuels are heavily 
influenced by the source of the energy used in the production 
process, and by the end-use of by-products (rape meal from 
biodiesel production and distillers’ dark grains from bioethanol 
production).  The use of straw-fired CHP systems and by-products 
in co-firing, results in significantly improved GHG and energy 
balances than the conventional approach to biofuel production 
based on fossil fuels and the sale of by-products for animal feed. 

 
8. Air quality impacts of biomass energy technologies were addressed by 

reviewing both combustion and life cycle emissions, and by analysis 
based on projected changes in combustion emissions under two simple 
scenarios for heat/electricity, and two simple scenarios for transport 
biofuel consumption to 2020.  The following conclusions were drawn: 

 
 The fossil fuel that biomass energy technologies replace is very 

important in determining whether air pollution emissions increase 
or decrease.  Displacement of coal results in significant reductions 
in SO2, as well as reductions in CO, PM, NOx and NMVOCs 
emissions, whereas displacement of oil tends to lead to decreases 
in SO2 emissions, but increases in other emissions such as PM or 
NOx.  Substitution of natural gas with biomass, on the other hand, 
generally leads to increases in emissions of all major pollutants. 

 Although emission of some pollutants is determined by fuel 
characteristics, the choice of electricity/heat generation 
technology, including abatement systems, can also have a 
significant impact on non-greenhouse emissions and, in some 
instances, the technology can be more relevant than fuel 
characteristcs. 

 There are substantial gaps in reliable emission data for biomass 
combustion for energy.  This is especially true of PM2.5, PAH, 
VOC, ultra-fine and trace element emissions. 

 Compared to LCA work on GHG and energy balances, very few 
studies on air pollution life cycle emissions have been conducted.  
Moreover, there have been no comparative studies that employed 
a fully transparent methodology for estimating these emissions 
and there are no studies that can be taken as being 
representative of Scotland. 

 LCA studies that present results in terms of summed 
eutrophication and acidification impacts, often report that biomass 
systems based on energy crops are at a disadvantage to 
equivalent oil and gas-based systems, although there is less 
difference with forestry residue systems. 
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 There is much inconsistency regarding combustion emissions of 
transport biofuels in the literature.  For biodiesel, the main trends 
in light duty vehicles are reduced particulate (PM), carbon 
monoxide (CO) and hydrocarbon (HC) emissions and slightly 
increased NOx emissions in relation to fossil diesel.  For low-blend 
bioethanol, there appear to be no significant changes in emissions 
of NOx and HC, although PM emissions are significantly 
decreased while acetaldehyde emissions are greatly increased in 
relation to petrol.   

 LCA studies for transport biofuels produced from purpose-grown 
crops invariably report that biodiesel and bioethanol have greater 
eutrophication and acidification impacts than fossil diesel and 
petrol. Fertiliser emissions of NH3 contribute heavily to this trend.   

  
9. A review of impacts on water quality, soils and biodiversity was also 

undertaken.  These impacts can be beneficial, neutral or negative, 
according to the crops grown and the land-use they replace (in the 
case of energy crops), and may also depend on the intensity of 
extraction, in the case of agricultural residues 

 
10. The early stage of biomass market development means that there are 

relatively few studies available on the economics of biomass energy 
technologies in Scotland, although there are some noteworthy 
exceptions for the biomass heat sector.  There have been a number of 
UK-wide studies published in recent years, from which the following 
conclusions were derived: 

 
 Heat production is, on the whole, more favourable economically 

than electricity production and small-scale commercial and industrial 
heat (although not domestic-scale), in particular, seems to provide 
the best economic returns. 

 In areas away from the gas supply, wood fuel already competes well 
with fossil fuel alternatives. 

 Biomass electricity is currently more expensive than wind electricity, 
but less expensive than less-mature technologies such as wave and 
solar power. 

 The carbon abatement costs of biomass heat systems are much 
lower than those of biomass electricity systems and than those from 
other renewable heat technologies.  

 The carbon abatement costs of transport biofuels are high in 
comparison to other biomass end-uses.  The carbon abatement 
costs are, however, dependent upon carbon balances, and 
improvement of carbon balances by using renewable sources to 
provide necessary energy inputs, and using co-products to provide 
further energy, will result in lower carbon abatement costs. 

 
11. Integrated LCA and economic studies of the biomass energy 

technologies likely to be of greatest relevance to Scotland are 
required for different biomass uptake scenarios, involving different 
allocations for heat and electricity schemes of various scales.  Such 
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work would provide data on economic aspects, such as carbon 
abatement costs, which are specific to Scottish conditions.  
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1. INTRODUCTION 
1.1 THE NEED FOR NEW ENERGY SOURCES 
 
Climate change, brought about by increasing atmospheric concentrations of 
carbon dioxide and other heat-trapping greenhouse gases, has been 
described by the UK’s Chief Scientist, Sir David King, as “the most severe 
problem that we are facing today - more serious even than the threat of 
terrorism” (King 2004). Present carbon dioxide concentrations stand in excess 
of 370 parts per million (ppm), whereas pre-industrial concentrations were in 
the region of 280 ppm (IPCC 2001). The burning of fossil fuels is the primary 
cause of increased carbon dioxide concentrations, thought to be responsible 
on a global scale for up to 80% of annual emissions. International recognition 
of the global impact of increasing CO2 emissions has come in the form of the 
Kyoto Protocol to the United Nations Framework Convention on Climate 
Change, which sets a target for reducing emissions by 5.2% of the 1990 
emissions rate by the 2008-2012 period and came into effect in February 
2005. Alternative, carbon neutral energy technologies will be key to reducing 
greenhouse gas emissions. Among these, the so-called renewable energy 
technologies are important and include wind, marine energy, hydropower, 
solar energy, geothermal energy and energy from waste, as well as biomass 
energy (FREDS 2005a).   
 
Allied to the need to cut emissions of greenhouse gases is the need to ensure 
a sustainable energy supply in the future, which is not possible by relying 
exclusively on finite fossil fuel resources, especially in the face of continuously 
increasing energy demand. Oil production is expected to peak at some time in 
the near future, although there is considerable debate as to exactly when this 
will occur (Kopelaar 2005). In Scotland, North Sea oil production peaked in 
1999 and is expected to decline at a rate of 7% per year. As for natural gas, 
the North Sea’s production is currently declining at a rate of approximately 2% 
annually (UKOAA 2005). Renewable energy resources will help form part of a 
portfolio of technologies that will safe-guard future energy security. 
 
Most experts agree that because of the different characteristics of renewable 
energy resources, a mixture of different technologies will be necessary to best 
meet Scotland’s energy demand (Scottish Affairs Committee 2005). 
Renewables (including hydro) currently provide only about 9% of Scotland’s 
electricity (Scottish Executive 2005), so the short to medium term future 
energy mix will consist of both renewable and conventional sources.  Biomass 
will be one of the energy options contributing to this diverse portfolio and 
understanding the relative benefits and trade-offs associated with its utilisation 
is essential for strategic exploitation of its potential. 

1.2 POLICY FRAMEWORK 

1.2.1 European Union 
 
Biomass energy is currently being promoted through a range of national and 
international policies and incentives.  On a European Scale, the EU recently 
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launched its Biomass Action Plan, where targets were set to effectively double 
the area dedicated to energy crops by 2010 (EC 2005). The reform of the 
Common Agricultural Policy has decoupled payments of subsidies to 
individual crops in favour of the single farm payment scheme which allows 
farmers greater flexibility in what crops they choose to grow, with energy 
crops included among these. This may facilitate realization of the Biomass 
Action Plan goals. The reformed CAP includes a special payment for energy 
crops and the possibility of growing energy crops on set-aside land (EC 
2003a).  Further support from the EU comes from the directives on 
renewables, which set a target of 22.1% renewable electricity by 2010 and 
biofuels, where the EU set an indicative target of a 5.75% biofuel share of the 
transport fuel market by 2010 (EC 2001, 2003b).  The establishment of the 
European Union Emissions Trading Scheme (ETS) has also created a market 
mechanism by which carbon dioxide emissions can be traded, providing a 
strong economic instrument to support the production of renewable energy, 
including that from biomass. 
 

1.2.2 United Kingdom 
 
On a UK level, several initiatives are in place to promote the development of 
biomass energy systems. From a climate change perspective, the UK 
government has set a greenhouse gas emission target of 12.5% reduction of 
1990 greenhouse gas emissions by 2008-2012, contributing to an overall 8% 
reduction target for the EU under the burden sharing agreement (Smith et al. 
2000).  The main incentive, however, has been the Renewables Obligation 
Order in the UK and north of the border, the Renewable Obligations Order for 
Scotland (2002). These orders commit energy utilities to provide a specific 
and increasing proportion of electricity from renewable sources, with penalties 
for non-compliance.  Further support for biomass energy has been generated 
by the establishment of several grant schemes including the Defra Energy 
Crops Scheme and Bioenergy Infrastructure Scheme (Defra 2003, 2004), and 
the DTI-sponsored Bioenergy Capital Grants Scheme, for which a new round 
of applications has just been announced to support biomass heat and CHP  
schemes (UK Government 2006).  As far as transport biofuels are concerned, 
the UK government recently announced plans to introduce a Renewable 
Transport Fuel Obligation which will require major oil companies and 
importers to ensure 5% of their fuel sales come from renewable sources by 
2010 (Department for Transport 2005.)   
 
The publication of the Biomass Task Force Report (2005) led by Sir Ben Gill 
resulted in a series of recommendations which have been instrumental in the 
development of the biomass sector in England and Wales in the last year.  
These recommendations included the introduction of a large capital grants 
scheme for biomass and CHP boilers, removal of the bureaucratic 
arrangements in co-firing and the requirement that all new government 
building and refurbishment consider fully the use of biomass heating.  The UK 
government published a response to the Task Force report in April 2006, in 
which it outlined the actions taken and to be taken to meet the 
recommendations set out in the report (UK Government 2006).  Although the 
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Biomass Task Force was aimed at England and Wales, the government 
response included an Annex outlining the action being taken to develop and 
support the biomass industry in Scotland. 

1.2.3 Scotland 
 
In Scotland, the Scottish Executive has set the target of generating 18% of its 
electricity from renewable sources by 2010, and aims for 40% by 2020 (Finnie 
2003). Biomass energy spans several policy areas.  These include, among 
others, the Scottish Sustainable Development Strategy (2005b) and the 
Scottish Climate Change Programme, published in 2006, in which the Scottish 
Executive made the commitment of  reducing its carbon emissions by 2.7 
million tonnes by 2010 (Scottish Executive 2006).  Additionally, Scotland’s 
Green Growth strategy (Scottish Executive 2005c) highlighted the new 
business opportunities arising from the development of the renewable energy 
sector, including biomass.  The revised Scottish Forestry Strategy, soon to be 
issued for consultation, and the recently published The Forward Strategy for 
Scottish Agriculture: Next Steps (2006) define the relative contributions the 
forestry and agriculture sector can make to mitigating climate change, and 
emphasize the opportunities that will arise from the development of the 
biomass energy sector in Scotland. 
 
The Scottish Executive has, through its Forum for Renewable Energy 
Development in Scotland (FREDS), established the Biomass Energy Group 
(BEG) to advance the development of biomass energy technologies in 
Scotland (FREDS 2005b). The FREDS BEG group made a series of 
recommendations in the 2005 report Promoting and Accelerating the Market 
Penetration of Biomass in Scotland, many of which have already been 
implemented.  This included the establishment of a Bioenergy Network, which 
has now been set up and is being coordinated by Scottish Renewables Forum 
(Scottish Renewables Forum 2005). 
 
Although there is still a low market penetration of biomass energy in Scotland, 
much is being done on the policy front to guide the sector forward.  In its 
efforts to develop the biomass industry in Scotland, the Scottish Executive is 
currently seeking to produce a Biomass Action Plan by the end of 2006, 
develop a Renewable Heat Strategy by the end of 2007 and develop a 
support scheme for biomass heat and CHP projects (UK Government 2006). 
 

1.3 BIOMASS: ADVANTAGES AND DRAWBACKS 
 
Biomass energy is assumed to be carbon neutral in that the combustion of 
biomass fuels liberates the same amount of carbon dioxide that plants absorb 
during photosynthesis. In reality, however, there will be carbon emissions from 
fossil fuel input during the life cycle of the fuels and there may be additional 
emissions of other greenhouse gases such as nitrous oxide (N2O) from, for 
example, fertiliser use, so that biomass energy is not completely carbon 
neutral.  The carbon costs of individual technologies vary, therefore, according 
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to their specific production, processing and transport requirements (see 
Chapter 4). 
 
Compared to other renewable energy sources, biomass has several potential 
advantages: 
 

 It is controllable and its use can be adjusted to meet demand; 
 It is a potential source of heat as well as electricity and can thus be used 

as an option to ease the strain on the National Grid, especially in more 
inaccessible areas; 

 Biomass can be used to produce energy continuously and therefore does 
not have the same problems of intermittency associated with other 
renewables such as wind; 

 Biomass technology is flexible and can be applied at a variety of different 
scales; 

 Biomass involves much more complex supply chains than other 
renewable energy systems, possessing the potential to create many jobs 
and hence stimulating rural development. 

 Biomass provides an opportunity for energy costs to be recycled within 
the regional economy, rather than distributed over an extended fossil-fuel 
supply chain. 

 In many cases, biomass can provide an economic alternative to fossil 
fuels, particularly under current high oil prices. 

 
There are, however, some potential disadvantages associated with the 
utilisation of biomass in relation to other renewable energy sources: 
 

 Biomass fuels have relatively low energy density compared to fossil fuels 
such as coal, which increases the energy costs for transport of raw 
material; 

 Many biofuel resources are dispersed and the logistics of their utilisation 
can be difficult; 

 Like fossil fuel sources, biomass sources have costs associated with 
them such as transportation and processing costs. 

 Biomass installations tend to be more capital-intensive and require more 
space than their fossil fuel equivalents. 

 Biomass is less convenient than some fossil fuel alternatives, such as 
gas. 

 
As fuels that require burning, biomass energy feedstocks may also have an 
impact on regional air quality, with obvious implications for smokeless zone 
legislation in urban areas.  In addition, there may also be emissions arising 
from the application of fertilisers, such as ammonia which may have further 
acidification impacts, or from the plants themselves, such as VOCs from 
forestry sources (Chapter 5).  Increased production of biomass feedstocks will 
in many cases involve the need for land to be allocated specifically to their 
production.  Not only will this mean increased competition with other land 
uses, but it may also mean increased environmental impacts in response to 
land use change.  The tillage requirements of transport biofuel crops, for 
example, could lead to increased risk of soil erosion.  The net environmental 
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impacts, however, will depend on the land use system which is being 
replaced. 
 
Some of the drawbacks associated with biomass energy can be overcome, 
however, through development of the biomass fuel supply chain and strategic 
utilisation of resources.  In a recent report, the Royal Commission on 
Environmental Pollution (2004) identified the primary reasons for the slow 
uptake of biomass in the UK: 
 

 Excessive focus by the government on high-technology electricity 
generation; 

 No co-ordination among grant schemes; 
 Lack of facility for sharing information. 

 
The main difficulties associated with the utilisation of biomass for energy in 
the UK have therefore been policy-related rather than fuel-related. The 
FREDS report (2005) identified a series of actions that would help to promote 
biomass market penetration in Scotland.  These include: 
 

 Review of the level of support needed to encourage energy crop growers; 
 Increased support of the innovation and development of the biomass fuel 

supply chain in Scotland. 
 Improved government commitment to public sector support, especially for 

infrastructure and CHP plants. 
 Improved regulatory framework where planning guidance to support 

biomass development would be revised and where planning authorities 
issue clear and unambiguous guidance. 

1.4 REPORT AIM AND STRUCTURE 

1.4.1 Aims 
 
The last few years have seen an upsurge in the number of reports addressing 
different facets of biomass utilisation for energy.  The 2004 Royal Commission 
on Environmental Pollution (2004) report presented a general overview of 
different biomass sources, conversion systems, environmental impacts and 
costs, while the Carbon Trust published an analysis of the economics of 
different biomass options for the UK (Carbon Trust 2005).  A report by Bauen 
et al. (2004) proposed a strategy for the generation of electricity from biomass 
sources up to 2020, while the potential of biomass for renewable heat was 
recently reviewed in a report by AEA Technology (2005).  More specific 
reports have assessed the greenhouse gas impacts of different bioenergy 
systems (Elsayed et al. 2003) and the environmental impacts of biofuel crop 
systems (Turley et al. 2003). Additionally, reports published over the last two 
year have investigated the potential for the development of the wood fuel 
market for heat in Scotland (SDC 2005, Rippengal 2005), as well as the 
potential for production of biodiesel from rapeseed (Booth et al. 2005) and an 
analysis of the biomass options of most relevance to Scotland (Towers et al. 
2004). Besides these, there have been several publications in the scientific 
literature addressing several environmental aspects of biomass energy, 
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including life cycle assessments studies of the global warming and air 
pollution impacts of biomass systems.  The aim of this document is to review 
and summarise the available information on utilisation of biomass for energy 
and to assess the findings of these studies in light of their applicability to 
Scotland. 
 
This report is the product of a scoping study on different facets of the 
production and consumption of biomass for energy in Scotland.  In particular, 
the focus is on the energy generation potential, greenhouse gas balance, 
environmental impact, with special reference to air quality, and costs 
associated with different biomass energy options for Scotland.  The report has 
the following specific aims: 
 

 To review studies on the aspects of biomass energy mentioned above 
and assess them in terms of their relevance to Scotland. 

 To highlight information deficiencies and indicate the level of uncertainty 
associated with the current data. 

 To make recommendations on what further studies are needed and what 
information they are likely to yield. 

 As far as is possible based on the available information, to make 
recommendations on the best options for a sustainable bioenergy industry 
in Scotland. 

 
This report does not provide detailed new analyses of the economics or 
environmental impacts of biomass production and utilisation, but does review 
the data already available and present it in a manner that favours comparison 
between different biomass options, and with other renewable and 
conventional energy generation technologies. 

1.4.2 Structure 
 
This report will be divided into an executive summary and seven chapters, as 
follows: 
 

 Chapter 1 is an introductory chapter, providing information on the various 
drivers for adoption of biomass as an energy source.   

 Chapter 2 introduces the various biomass sources that have been 
suggested as suitable for Scotland. Information on their properties as 
fuels and issues related to their use for energy production will be 
presented here 

 Chapter 3 provides Scottish-specific information on the current and future 
availability of individual biomass sources as well as specific constraints 
associated with their utilisation in Scotland. 

 Chapter 4 provides a critical review of existing studies which evaluate the 
total primary energy inputs and total greenhouse gas emissions 
associated with different biomass sources of energy.   

 Chapter 5 assesses the impact of different biomass systems on air 
quality and other environmental parameters such as water quality, soil 
structure and biodiversity.  
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 Chapter 6 provides an overview of the economics of biomass energy 
systems, including costs to producers, plant economics, delivered costs of 
heat/electricity, carbon abatement costs and available grants and credit 
systems for the promotion of bioenergy in Scotland. 

 Chapter 7 presents the conclusions of the report, highlighting where 
further information is necessary for each of the topics covered in the 
report.  Where sufficient information exists, recommendations will be 
made to inform policy makers in the Scottish Executive on potential 
strategies to promote the rational utilization of Scotland’s biomass 
resources. 
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2. BIOMASS SOURCES, END-USES AND 
CONVERSION TECHNOLOGIES 

2.1 BACKGROUND 
 
In this report, the term ‘biomass’ is used to refer to any organic matter 
available on a renewable basis, including that originating from forestry, 
agricultural crops or animal sources.  The biomass sources used to generate 
energy will be referred to as ‘biomass feedstocks’.  Some biomass feedstocks, 
such as wood, can be converted directly into useful energy, while others need 
to be processed into fuels such as bioethanol or biodiesel that can in turn be 
combusted to produce energy.  In this report, the term ‘biofuels’ refers only to 
transport biofuels. The energy produced from biomass feedstocks, be it used 
to generate electricity and/or heat or used in transport, is termed ‘bioenergy’. 
 
Globally, there are hundreds of different possible biomass feedstocks, many 
of which are not suitable for establishment in Scotland.  Crops such as sugar 
cane and palm oil are major biomass feedstocks in Brazil and Indonesia 
respectively, but are not suited to the Scottish climate.  This report will focus 
therefore on feedstocks that are already in place, or possess the potential to 
establish in Scotland.  A summary of biomass feedstocks of relevance to 
Scotland, including an analysis of strengths and weaknesses and 
recommendations for the development of each biomass production chain was 
recently provided by Towers et al. (2004).  The biomass feedstocks covered in 
this report are limited to those in the Towers et. al. report.  Municipal solid 
waste, sewage sludge and other other waste feedstocks besides those listed 
above are beyond the scope of this study. 
 
In general terms, biomass feedstocks can be divided into three broad 
categories:  1) wood and woody residues from forestry and wood-processing 
industries, 2) agricultural residues and by-products and 3) purpose-grown 
energy crops.  It is possible to generalise further and state that there are three 
major energy end-uses of biomass feedstocks:  1) heat, 2) electricity/CHP and 
3) liquid transport fuels.  Many feedstocks can have more than one end-use, 
such as tallow, that can be burned to generate heat or can be esterified to 
produce biodiesel.  There are multiple pathways by which biomass feedstocks 
can be converted into their end-products, with significant variations in 
efficiency, costs and practicality.  The production pathway selected can 
influence key environmental variables such as greenhouse gas emissions or 
air quality, so an understanding of the diversity of fuel production pathways 
facilitates interpretation of subsequent chapters on greenhouse gas emissions 
(Chapter 4) and environmental impacts of bioenergy production systems 
(Chapter 5). 
 
A Note on Fuel Properties  and Units Used 
 
There are several properties of biomass feedstocks that influence their 
potential as fuels, the most important being their net calorific value (amount of 
heat energy released upon combustion of a given quantity of feedstock) and 
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moisture content.  If a biomass feedstock has a high moisture content, 
considerable energy will be expended to dry the feedstock for effective 
combustion.  It is therefore desirable that moisture content be as low as 
possible.  To facilitate comparison, calorific values will be expressed, 
whenever possible, on an oven dry tonne (odt) basis, where moisture content 
is taken to be zero.  
 
 In this report, calorific values of solid fuels will be expressed in terms of GJ 
(Gigajoules)/odt, where one GJ equals 1 x 109 J (joules) or 1x103 MJ 
(megajoules).  Energy generation will be addressed in terms of watts, with a 
watt being defined as the transfer of 1 joule of energy over the period of 1 
second.  One watt-hour is defined as the maintenance of a production rate of 
1 Watt over a period of 1 hour (RCEP 2004).  To convert from MW to MWh yr-

1, it is necessary to multiply by 8760 (the number of hours in one year), 
although this assumes that the maximum amount of energy possible was 
generated during that year.  To be accurate, this figure needs to be multiplied 
by the load factor, which is the ratio of the amount of energy produced in a 
given period of time to the amount possible for that period. This varies 
dramatically among different end-uses. Table 2.1 introduces the major 
conversion factors used in this chapter and in the next chapter of this report.  
 

Table 2.1:  Important Conversion Factors Used in this Report 
  
Convert from: Convert to: Multiply by: 
GJ KWh 277.8 
Metric tonne oil 
Equivalent (mtoe) 

KWh 11 630 

MW MWh yr-1 @ 100% load 
factor 

8760 

Units:  Mega (M) = 106, Giga (G) = 109, Tera (T) = 1012, Peta (P) = 1015, Exa (E) = 
1018 

 

2.2 BIOMASS FEEDSTOCKS 

2.2.1 Wood Fuels from Forestry and Wood Processing Industries 
 
Background 
 
In the European Union, woody biomass accounted for 3.2% of the total 
primary energy production in 2004 (EC 2005). Much of this was used for 
space heating in Northern European countries with well developed district-
heating schemes, but wood and wood products can also play an important 
role in generating bioelectricity.  Wood and wood residues can be co-fired with 
coal at utility stations and therefore could provide considerable environmental 
benefits without needing to alter power station infrastructure.   
 
Woody biomass feedstocks can be obtained from a wide range of sources, 
including low-grade timber from forestry thinning and clearfell, forestry 
residues, arboricultural arisings from municipal tree and woodland 
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management processes, sawdust and offcuts from sawmills and recycled 
wood from processing/manufacturing facilities.  Although some of these 
products are sought after by competing markets (e.g. pulp, paper and 
chipboard), there is often a surplus of the resource that can be exploited to 
generate heat/electricity.  In the case of arboricultural wood, for example, it is 
estimated that 10-18% of arboricultural arisings in the UK end up in landfill 
sites (SDC 2005).  It is possible therefore that the opportunity to sell forest 
arisings could make forest management more economically viable. 
 
Combustion of wood generates heat that can be used directly for small-scale 
domestic heating or medium-scale district heating, or can be used to generate 
electricity on larger scales.  The form of the wood needs to be adapted to the 
appliance it will feed into. Current heating systems are available that utilise 
whole logs, wood chips, wood pellets or wood briquettes. Logs are typically 
used in open-fires, closed stoves and mutually-fed boilers.  Wood chips are 
used to fuel automatically fed boilers of set specifications and range in size 
from 0.5 cm to 5 cm2 (SDC 2005).  Wood pellets, ranging in size from 5-40 
mm in length with a diameter of 5-12 mm, are produced by compressing 
shavings and sawdust in a pellet mill and are becoming increasingly popular 
in several European countries, most notably in Austria and Sweden.  
 
Properties 
 
The calorific value of dry wood (<15% moisture) is 17-22 GJ odt-1 and is 
therefore comparable to most other biofuels, but substantially lower than that 
of fossil fuels such as coal, which has a calorific value of approximately 30 GJ 
t-1 or crude oil which has a calorific value of 45.5 GJ t-1. Moisture content 
varies largely with the origin of the wood product and, in the case of forest 
residues, on the time of year at which they are harvested.  The moisture 
content of freshly harvested wood tends to be between 50-60%.  Most sawmill 
co-products have a moisture content similar to harvested wood (50-60%), 
although treated timber (e.g. kiln-dried) and recycled material can have a 
moisture content as low as 15%. For most current small-scale applications, 
30-35% is an acceptable normal moisture content standard, although larger-
scale schemes can accept much higher moisture content (Forestry Comission 
Scotland, personal communication).   Pellets must have a moisture content of 
8-10% and require dry sawdust produced either from kiln-dried timber or from 
woody material that has been broken down to sawdust and artificially dried. 
Table 2.2 summarises some important properties of a selection of the fuels 
introduced in this chapter. 
 
Generic advantages and constraints 
 
An attractive feature of wood and woody residues is that they represent a 
resource that is already available as a co-product of other industries, and do 
not therefore need to be planted. In that sense, there are no establishment 
costs involved.  On the other hand, there are considerable harvesting and 
transportation costs that need to be accounted for.  Removal of residues from 
forest floors may lead to associated negative environmental impacts such as 
soil damage (see Chapter 5).  In cases where woody biomass is planted for 
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energy purposes, there will be additional impacts arising from afforestation.  
These include reduction in groundwater supplies through increased rainfall 
interception and reduced groundwater recharge rates as well as possible 
increases in acidification and nitrification impacts due to scavenging of 
atmospheric pollutants by forest canopies (Allen and Chapman 2001). 
 
Recycled wood from the manufacturing industry is often mixed with processed 
materials that may introduce contaminants (e.g. heavy metals or chlorinated 
organic compounds) that could jeopardize their use as feedstocks and 
necessitate their incineration under the Waste Incineration Directive (WID).    
 

Table 2.2:  Properties of selected biomass feedstocks used for 
heat/CHP/electricity production 

 
Feedstock Moisture 

content (%) 
Net Calorific 

Value  
(GJ odt-1) 

Ash  
(% db) 

Sulphur 
(% db) 

Chlorine 
(% db) 

Reference 

Straw 7 - 15  
 

16.9 - 19.8 1.6 - 12 0 - 0.4 .04 - 1.1 Towers et 
al. 2004 

Poultry litter 
(average) 

39.7 19.1 17.5 0.6 0.3 Towers et 
al. 2004 

Wood fuel 
(harvested 
softwood) 

15 - 60 17.9 - 21.7 0.5 <0.08 0.18 - 0.36 Towers et 
al. 2004 

Bark 45 - 65 18.5 - 23 2 - 3 <0.05 0.01 - 0.03 EBN 2003 
Short rotation 

willow 
40 - 60 18.4 – 19.2 1.1 – 4.4 0.02 - 0.1 0.01 - 0.05 EBN 2003 

Reed Canary 
Grass 

15 – 20 
(spring 
harvest) 

17.1 – 17.5 6.2 – 7.5 0.08 - 0.13 0.09 EBN 2003 

 
 
The classification of wood arisings as waste is currently an area of much 
debate, with the key issue being whether wood residues are a product of the 
activity or whether they have been discarded.  Forestry residuesand untreated 
sawmill co-products are not currently treated as waste amd are tthus excluded 
from the WID. For forestry arisings and recycled wood products, there are 
also issues of fuel heterogeneity that makes them less suitable for utilisation 
in small-scale heat plants.  Pellets provide a more consistent, convenient and 
energy-dense fuel although they are more expensive.  As pellets a processed 
fuel, there are additional primary energy inputs required for their production. 

2.2.2 Agricultural Residues and By-products 

2.2.2.1 Straw 
 
Background 
 
Cereal straw, a co-product of grain and seed production, has been used to 
generate heat or electricity at a number of scales.  On average, one part straw 
is produced per part of grain produced, although this depends very much on 
the crop variety. Cereal straws are usually baled for handling and storage.  



Chapter 2:  Biomasss sources, end-uses and conversion technologies 

 14

The dimensions of the bales are typically 1.2 m x 1.3 m x 2.4 m and each bale 
weighs between 450 and 500 kg.  Provided the straw is dry when baled, it can 
be stored outside for significant periods of time without deterioration in quality 
or excessive losses of dry matter resulting from microbial respiration (DTI 
2005).   
 
Straw can be co-fired with coal or used directly to generate electricity/heat.  
Recently, the Elean plant in East Anglia, established in 2000 and utilizing 200, 
000 tonnes of straw per year, became the world’s first power station to 
produce electricity exclusively from straw (Bioener 2005). It is the Danes, 
however, that have made the most notable advances in straw bioenergy 
production, with Danish utilities being obliged to co-fire straw. This has led to 
considerable technological advances for more efficient energy conversion, 
including the design of systems which minimize fouling of combustion 
chambers and the development of straw pellets that allow for greater fuel 
standardisation and improved energy density (Pedersen 2005).   
 
Properties 
 
The chemical composition of straw varies with the crop, but the DTI (2005) 
report an average gross calorific value of 15 GJ t-1. Compared to other 
biofuels, cereal straw has a high ash content that can foul the boiler system 
and must be disposed of, presenting additional costs. Straw also has relatively 
high chlorine content (0.75%) and potassium content (0.5-2%). The 
concentration of chlorine can be reduced, however, by leaving the straw to lie 
for longer before harvesting, effectively allowing rain to wash out the chlorine 
(Centre for Biomass Technology 2002). As straw is usually harvested dry, its 
moisture content is usually below 20%. 
 
Generic Advantages and Constraints 
 
Straw has the advantage of being produced from traditional crops and 
therefore does not require farmers to develop new crops. However, there are 
several difficulties associated with the storage and burning of straw. Straw is 
usually harvested over a 70-day period in the summer / autumn and must be 
stored for the remainder of the year. The chemical constituents of straw, 
especially its high chlorine concentration, can lead to problems with corrosion, 
slagging and fouling in the combustion chamber. If co-fired with the coal, 
chemical interactions with coal constituents can exacerbate these effects. 
Another complicating factor with straw utilisation is that there may be 
competition for use as animal feed or bedding or as a means of improving soil 
organic matter content (Smith et al. 2000). 

2.2.2.2 Dry Poultry Litter 
 
Background 
 
Dry litter, especially poultry litter, can be burnt to generate heat and/or power.  
Litter is a mixture of different substances with poultry litter being a 
combination of chicken droppings and the bedding material from broiler 
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chickens.  At the Eye Plant in southeast England, horse bedding and chicken 
feathers are added to the poultry litter mix before it is combusted to generate 
electricity.  Traditionally, poultry litter is disposed of by spreading over the 
land, for use as a fertilizer.  This, however, has implications for water quality, 
as some of its constituents may leach out into adjacent watercourses.  Use of 
poultry litter to generate energy, may, therefore, provide environmental 
benefits, but this depends upon the source of nutrients used to replace the 
poultry manure on the field. 
 
The UK has been at the forefront of power generation from chicken litter with 
four plants currently in operation:  Eye, Glanford, and Thetford in England and 
Westfield, in Fife, Scotland.  Although it is possible to co-fire poultry litter with 
coal, there are few examples of this described in the literature.  
 
Properties 
 
Dry manures have relatively low energy content, with the exact value 
depending on the litter moisture content, which is usually between 20-50%. 
The DTI (2005) cites an average gross calorific value of 8.8 GJ t-1 for poultry 
litter. The average ash content is also relatively high at 17.5% (Towers et al. 
2004). 
 
Generic Advantages and Constraints 
 
Like forest residues, animal litter represents a resource that is readily 
available, without the need to allocate land specifically for its production. Like 
other by-product fuels, however, poultry litter availability is susceptible to 
fluctuations in the market of the main product (in this case poultry) and is thus 
an inherently a less stable fuel source. Utilisation of dry litter to generate 
energy may yield environmental benefits, as the traditional method of 
disposing it is spreading on land as a fertilizer, which can lead to leaching into 
water courses. On the other hand, its withdrawal from land application may 
lead to poor soil fertility or equally high leaching losses if replaced by other 
organic residues or mineral fertiliser. Furthermore, if replaced by mineral 
fertiliser, there is a significant energy (fossil fuel carbon) cost associated with 
producing the additional mineral fertilizer that may offset any benefits of using 
the poultry manure as a feedstock. There are also worries about trace 
concentrations of arsenic and other chemicals that could have adverse effects 
on health (Christen 2001).   
 

2.2.2.3 Wet Manures (Slurries) 
 
Background 
 
Wet slurries or manure can be processed by anaerobic digestion (AD) to give 
a biogas that can be used to generate heat and/or electricity.  The main driver 
for this is environmental, being heavily motivated by concerns about reducing 
pollution arising from spreading slurries on land, as well as associated issues 
of odour control. The high water content of wet slurries means that large 
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amounts of energy are required to burn them, rendering them inefficient for 
power production through combustion. Under anaerobic conditions, bacteria 
digest organic matter in the absence of oxygen to produce a gas consisting of 
methane (40-60%) and carbon dioxide, with a liquid digestate as a co-product.  
This is processed into an organic fertiliser and recycled onto agricultural land. 
This biogas can then be used to generate heat and/or electricity or, 
alternatively, can be used as a transport fuel. Anaerobic digesters vary greatly 
in complexity, ranging from simple covered lagoons to batched digestors for 
municipal solid waste. 
 
The main feedstock for anaerobic digestion is pig slurry, but cattle slurry can 
also be utilised. Anaerobic digestion is usually used to provide heat/electricity 
on a farm-scale rather than on a larger scale. In Europe, however, community-
level scales have become increasingly popular, where farmers pool their 
manure resources into a central anaerobic digestion plant. In the Dutch 
province of Frysland, a farming cooperative is using anaerobic digestion to 
supply power to a community of 25,000 people (Gorter 2005). 
   
Properties 
 
The calorific value of biogas is 18-22 MJ/m3 (Towers et al. 2004) with resulting 
methane concentrations and biogas yields varying according to the kind of 
slurry that is used. Pig slurries produce biogas with the highest methane 
content although chicken slurry gives highest yields of biogas. 
 
Generic Advantages and Constraints 
 
AD systems can bring environmental benefits related to recycling potentially 
polluting slurry/sludge.  Application of manures on land could lead to 
significant ammonia emissions, for example, which could be mitigated through 
use of manures as fuel.   They are, however, very expensive and labour-
intensive to run and there are very few examples in the literature of plants that 
have proved economically sustainable. 

2.2.2.4 Animal By-products 
 
Background 
 
Once an animal is slaughtered, meat and offal are removed, with the 
remaining material being referred to as ‘animal by-products’. These by-
products represent a substantial fraction of the body weight of slaughtered 
animals and are further processed at animal rendering plants. The melted 
animal fat from these operations is referred to as tallow, while the solid protein 
fraction is usually ground into a powder such as meat meal or meat and bone 
meal (MBM).  Both of these products from the rendering industry have 
potential as feedstocks for bioenergy production, with MBM currently used for 
electricity production and tallow for both electricity and biodiesel production.  
In the UK, tallow is already being used on a commercial scale to produce 
biodiesel at the Argent plant in Motherwell (see section 3.2.4.1). 
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The MBM industry suffered greatly following the BSE crisis and currently a 
significant proportion of MBM in the UK is destroyed (Towers et al. 2004).  
The disposal of MBM is a costly process and the opportunity to generate a 
new market for this material through energy would provide the industry with a 
much-needed boost.  The EU animal by-product regulation 1774/2002 splits 
animal raw material into three groups:  1) high risk material, including 
transmissible spongiform encephalopathy suspects, 2) medium risk material 
presenting a risk related to disease or residues of veterinary drugs 3) low risk 
material derived from animal parts fit for human consumption.  Risk material is 
used as process heat in rendering plants, with the material of interest for 
biodiesel production being low-grade, non-risk material (Hamelinck et al. 
2004).   
 
The use of tallow for fuel in the United Kingdom is now a subject of strong 
debate, but current UK guidance is that combustion of tallow does come 
under the Waste Incineration Directive (Defra 2005). This differs from the 
situation in 22 of the 25 EU countries, which have decided against applying 
the WID to tallow as this would incur considerable economic and 
environmental impacts, with plants having to adopt fossil fuels to replace the 
tallow they would usually burn (PDM Group 2005).  The EC has 
commissioned a study to determine how member states apply WID to tallow 
combustion and investigate whether tallow should be taken out of the scope of 
the WID, the results of which will be published in 2006/7 (UK Parliament 
2006). 
 
Properties 
 
Meat and bone meal has a gross calorific value of 18.6 GJ t-1 (DTI 2004), 
being similar therefore to that of other dry biomass feedstocks while tallow has 
a calorific value just over 90% that of fuel oil.  There are slight technical issues 
that need to be addressed for tallow use in biodiesel production, relating 
primarily to its high viscosity.  This usually requires ensuring that tallow is kept 
at high temperatures so as to not interfere with plant performance.   
 
Generic Advantages and Constraints 
 
In the UK, MBM and low-grade tallow are readily available at negligible costs, 
as they have few competing industries, although MBM has recently begun to 
be used in the cement industry (see Chapter 3).  Besides the possible 
classification as a waste discussed above, the issue of public perception may 
be a constraining factor in the use of tallow, as animal by-products are still 
associated with BSE and their utilisation for energy seen as risky (Towers et 
al. 2004).   

2.2.3 Purpose-Grown Energy Crops 

2.2.3.1 Short Rotation Coppice (SRC) 
 
Background 
 



Chapter 2:  Biomasss sources, end-uses and conversion technologies 

 18

Short-rotation coppice (SRC) is viewed as one of the most promising energy 
crops to meet renewable energy targets in Europe.  Coppicing is an old 
silvicultural management system where trees are planted close together and 
cut back after one year to encourage the growth of multiple stems from the 
base. Most of the coppice grown so far in the UK has been willow (Salix spp.), 
but there has been an increasing amount of interest in growing poplar 
(Populus spp.) for energy as well.  The stems are cut every 2-4 years, 
depending on the growth rate of the site and the managed woodland is cut on 
a rotational basis, guaranteeing a steady supply of coppice. Willow has an 
average harvesting cycle of about 4 years and an average willow coppice can 
be harvested for up to 20 years. There are two main methods for harvesting 
SRC willow:  direct cut and harvesting cut.  In the former method, coppice is 
cut and chipped in one operation while in the latter, coppice is cut and 
transported and stored for subsequent chipping. 
 
Like other biomass feedstocks, SRC can be used to produce heat and/or 
power at multiple scales.  Sweden has made the most noticeable advances in 
growing willow as an energy crop, with over 15000 hectares planted (Verwijst 
2005).  In Sweden, harvesting is done during the winter when the ground 
freezes over using conventional heavy machinery.  In Scotland, however, 
winter frosting is not common and lighter machinery is necessary as use of 
the heavy machinery can lead to soil degradation.  Poplar has less frequently 
been trialled than willow and is more difficult to grow since it is not easily 
propagated from cuttings (RCEP 2004). 
 
Fuel Properties 
 
SRC willow has a similar calorific value to other wood fuels, but may contain 
more bark and water at the time of harvesting, with a typical moisture content 
of 40-50% (Towers et al. 2004).  Ash, sulphur and chlorine content are similar 
to other woody fuels. 
 
Generic Advantages and Constraints 
 
Willow grows well on most soils except those prone to drought risk and can 
therefore be used on marginal agricultural lands, where other arable crops are 
less successful.  Nevertheless, there is likely to be a yield penalty associated 
with marginal sites. Due to its mosaic structure, SRC willow can also improve 
the general biodiversity of the landscape (see Chapter 5). As with most 
energy crops, however, there is an element of risk involved for the farmer, 
who must wait four years before the first harvest. SRC crops, especially 
poplar, can soak up much groundwater due to their deep woody roots, and 
these roots may make it more difficult for land to be returned to agricultural 
use.  Due to the machinery used for harvesting, the minimum viable area 
tends to be greater than 10ha, which can limit farmers’ options (Forestry 
Commission Scotland, personal communication).   The regular coppicing 
required may also increase soil disturbance and susceptibility to erosion. 

2.2.3.2 Short Rotation Forestry (SRF) 
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Background 
 
Short rotation single-stem forests, grown specifically for energy, represent 
another possible biomass feedstock for the future. Unlike willow and poplar, 
there is no coppicing involved and rotation periods are longer, meaning that 
these are treated more like conventional forests than agricultural crops. 
Rotation periods are still shorter (8-20 years), however, than those of 
conventional forest species. Ash (Fraxinus spp.) is a prime European 
candidate for SRF, given its fast incremental growth, but alder (Alnus spp.) 
has more potential for poorer, wetter sites.  Exotic species such as 
eucalyptus, can yield 10-15 t ha-1, whereas the average yield for native 
species is 2-6 t ha-1 (Towers et al. 2005). 
 
Short rotation forestry has not received as much interest as short-rotation 
coppice, possibly as a result of lower yields and much longer harvesting 
cycles, although interest is increasing (Scottish Parliament 2006, Hardcastle 
2006).  It is possible to grow mixed species stands where fast growing 
species, such as birch and alder, are grown in a matrix with conventional 
forestry species such as spruce or pine. This practise, common in 
Scandinavia, can provide nursery benefits besides energy benefits (Forestry 
Commission Scotland, personal communication). Short-rotation forestry still 
requires more research into optimal silvicultural treatments for yield 
information, but should be easily adaptable to already-existing technologies 
for processing SRC and forest by-products. 
 
Properties 
 
Calorific value, moisture content and chemical composition vary according to 
species, but are generally similar to those of short-rotation willow and other 
woody fuels. 
 
Generic Advantages and Constraints 
 
Planting short rotation forests could lead to several environmental benefits, 
such as improved hydrological cycling and carbon storage, but these are likely 
to be overshadowed by the difficult economics of SRF, where there could be 
no financial returns for up to 15 years (Towers et al. 2005). In relation to SRC, 
SRF will also result in reduced soil disturbance. Unlike SRC, however, most 
SRF species require productive sites and are difficult to grow on marginal 
agricultural land, thereby limiting their usefulness to sites for which there is 
already competition from other crops with faster returns.  Some species, such 
as birch and alder, grow more easily on marginal land, meaning that they 
could be grown without major competition with other land uses.  Furthermore, 
short rotation forestry may present the opportunity to bring underutilised farm 
woodland into economic activity.  

2.2.3.3 Energy Grasses 
 
Background 
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Giant perennial grasses have attracted much interest as bioenergy feedstocks 
due to their fast growth and high yields.  Miscanthus giganteus, a member of 
genus of 20 grasses in Asia and Africa, is the species whose potential has 
been most closely studied, with several trials having been undertaken across 
the UK to ascertain yield information under different climatic constraints. Other 
grasses that have received attention as candidates for energy production are 
switchgrass (Panicum virgatum), reed canary grass (Phalaris arundinacea) 
and Spartina.  Miscanthus and switchgrass are C4 grasses, which use a very 
efficient photosynthetic pathway that allows higher yields under optimal 
conditions compared to C3 plants.  
 
Although there have been many field trials with Miscanthus across Europe, 
commercial planting of the crop has yet to occur on a large scale. In Sweden, 
however, large-scale planting of reed canary grass has begun and there are 
currently about 5000 ha dedicated to the crop (Verwijst 2005).  Results so far 
seem to indicate that reed canary grass has a higher tolerance for lower 
temperatures than miscanthus, making this grass a more suitable candidate 
for northern European countries.  Other advances in the utilisation of energy 
grasses include the current development of miscanthus pellets by Wood 
Energy Ltd. (RCEP 2004). 
 
Properties 
 
The energy density of Miscanthus is 18.2 GJ odt-1, with the energy density of 
other energy grasses being very similar (Christian and Riche 1999).  
Miscanthus has lower ash and silica content than cereal straw, thereby 
presenting lower risk to combustion equipment, but the ash content of reed 
canary grass is very similar to that of straw. Moisture content varies largely 
with geographical location, tending to be higher in northern latitudes. Field 
trials in Aberdeen revealed an average moisture content of 33% over the first 
five years of establishment (cited in Towers et al. 2004).  Energy grasses may 
yield additional environmental benefits beyond contributing to emission 
reductions. There is evidence, for example, that miscanthus is associated with 
nitrogen fixing bacteria, possibly reducing the need for nitrate fertiliser use 
(Eckert et al. 2005). 
 
Generic Advantages and Constraints 
 
As miscanthus is harvested each winter, it allows farmers to spread their 
workload evenly throughout the year (Towers et al. 2004).  Energy grasses 
also have an advantage over forestry species in that it is easier to return the 
land to arable production if the farm decides to do so. One major drawback is 
that miscanthus can only establish by rhizomes, which may be more costly to 
establish than crops grown from seed, though potato planters have been used 
to establish the rhizomes more cheaply (Defra 2004).  Miscanthus has 
generally shown higher yields than other energy grasses in field trials across 
the UK, but most of these have been in England.  Reed canary grass 
generally results in lower yields than Miscanthus, but appears to be more 
suitable to harsher climatic conditions. Reed canary grass possesses the 
additional advantage over Miscanthus that it can be established from seed, as 
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can switchgrass. Another drawback at present is that energy crops are still at 
an early stage of introduction in Europe and there are, as yet, no alternative 
market for them beyond the energy market, leaving farmers subject to energy 
market fluctuations.  There is some evidence that C4 plants such as 
miscanthus may be marginal crops in most of Scotland due to climatic 
conditions. 

2.2.4 Liquid Biofuel Feedstocks 
 
Liquid biofuels could significantly reduce reliance on fossil fuels for transport 
and in so doing could provide substantial cuts in greenhouse gas emissions.  
There are two main transport biofuels under production currently: biodiesel 
and bioethanol.  Biodiesel can be blended with diesel or be used unmodified 
in diesel engines while bioethanol is used a petrol additive in blends of up to 
20% for use in petrol automotive engines. Use of 100% bioethanol requires 
engine modifications but was common practice in Brazil, where there was 
extensive production of sugar cane for fuel use until Brazil’s petrochemical 
industry displaced bioethanol as the primary transport fuel (Sims et al. 2006). 
 
Biodiesel is produced by transesterification of vegetable oils and animal fats, 
while bioethanol is produced by fermentation of sugars and starches.  Both of 
these processes will be discussed in more detail in sections 2.3.3.1 and 
2.3.3.2 respectively. The main feedstock for biodiesel production in Europe is 
oilseed rape, with lesser amounts being produced from used vegetable oils, 
tallow and imported oilseeds such as palm kernel and soybean. Sugar crops 
and starches serve as the main substrates for bioethanol production, with 
sugar beet and wheat being the primary crops used for this purpose in 
Europe. Bioethanol can be made from other starches and cereals, such as 
potatoes and barley, but the amount of bioethanol produced from weight 
equivalents of these is much lower.   
 
With the Renewable Obligation on Transport Fuels obliging fuel suppliers to 
deliver 5% renewable transport fuels by 2010, increased production of 
biodiesel and bioethanol is necessary.  Already some European countries 
have made notable advances in biofuel production in the last decade or so.  In 
Germany, for example, the installed biodiesel production capacity in 2003 was 
almost 1,000,000 tonnes yr-1 (Bockey 2005). Liquid biofuel production also 
leads to the formation of several co-products that can supply various markets.  
Biodiesel production from rapeseed, for example, is accompanied by the 
production of rapeseed cake, used a cattle feed for its high protein content.   
 
Properties   
 
Table 2.3 summarises the properties of biodiesel, mineral diesel, bioethanol 
and petroleum. Biodiesel has an energy content of 37.2 GJ t-1, about 10% less 
than that of fossil-fuel derived diesel at 42.9 GJ t-1.  Unlike diesel, biodiesel 
does not contain sulphur, although it has 10-11% oxygen, completely absent 
in regular diesel. Several comparisons have been made between the 
efficiency of biodiesel and diesel, but these are influenced largely by engine 
test cycle, engine design and biodiesel quality. The properties of the biodiesel 
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produced are directly dependent on the feedstocks used for its production. 
Biodiesel derived from oil palm, for example, has a much lower freezing point 
than that derived from rapeseed and is therefore less suitable for utilisation in 
colder climates.   
 
Bioethanol has a higher octane content than petroleum (109 for bioethanol 
and 97 for petroleum), a characteristic which increases engine efficiency. The 
Reid Vapour pressure, a measure of the volatility of a fuel, is considerably 
lower for bioethanol than for petrol (16.5 kPA vs 76 kPA). This can be a 
disadvantage when used in low temperature conditions, resulting in poor 
engine starts at temperatures below 20°C for cars running on pure bioethanol 
(Van Thuijl et al. 2003).  Furthermore, the calorific value of bioethanol is only 
about 2/3 that of petrol (26.4 vs 41.3 GJ t-1). 
 
 
Table 2.3: Comparison of Fuel Properties of Transport Biofuels with Fossil 

Diesel and Petrol 
 
Fuel Property Biodiesel 

(RME) 
Mineral 
diesel 

Bioethanol  Petrol 

Cetane number 54 50 11 8 
Octane number - - 109 97 
Lower calorific 
value at 15° C 
(GJ/t) 

37.3 42.7 26.4 41.3 

Density at 15° C 
(kg/l) 

.88 .84 .8 .75 

Air/fuel ration (kg 
air/kg fuel) 

12.3 14.53 9 14.7 

Oxygen content 
(%) 

9.2-11 0-0.6 - - 

Source:  van Thuijl et al. (2003) 
 
Generic Advantages and Constraints 
 
As well as being carbon neutral and thereby reducing CO2 emissions by 
displacing fossil fuels, liquid biofuels may have associated positive impacts on 
environmental quality such as reduced emissions of selected air pollutants 
(see Chapter 5). The cereal and oilseed crops used to produce biodiesel can 
be cultivated on marginal agricultural lands and are crops with a long history 
of cultivation and management in Europe that have well-established supply 
chains. On the other hand, both bioethanol and biodiesel may require 
considerably more energy to produce than their fossil fuel equivalents, 
although the particularities of the production process are very important in 
determining this (see Chapter 4). These energy costs are reflected in the price 
of liquid biofuels in the UK, with production costs of biodiesel and bioethanol 
in the UK being approximately twice those of diesel and bioethanol 
respectively (see Chapter 6). 
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2.3 BIOMASS END-USES AND CONVERSION TECHNOLOGIES 

2.3.1 Background 
 
It is important to understand the variety of options available for producing 
power, heat/CHP and transport fuels from biomass, as the technology chosen 
will have implications on costs, carbon mitigation potential, air quality and 
other environmental and economic impacts.  It is beyond the scope of this 
report, however, to provide detailed technical descriptions of each technology 
and the many variants that may exist therein.  Rather, this section aims to 
provide an introduction to conversion technologies in general that will be 
referred to in subsequent chapters. A more complete analysis of technical 
systems for generation of power/heat from biomass can be found in Howes et 
al. (2002), while a thorough review of transport biofuel production systems can 
be found in van Thuijl et al. (2003). 

2.3.2 Heat 
 
Biomass can be used to generate heat at various scales, ranging from 
domestic to industrial heating systems. Countries such as Sweden, Germany 
and Austria have been making use of fully-automated heating systems for 
over 30 years, although the first demonstrations of these in the UK have only 
come into being over the last 5-10 years. Biomass heating systems have 
generally relied on wood and woody residues, but as noted in the previous 
section, just about every biomass source can be used to produce heat.   
 
A recent report for the DTI by Future Energy Solutions (2005) highlighted 
some of the major differences between heat supply and electricity generation 
that should be considered when evaluating the effectiveness of biomass 
options for heat production. These are:   
 

• Plant location:  heat needs to be produced at the point of heat 
use, while electricity does not 

• Efficiency:  the conversion of biomass to heat is very efficient, 
with most of the energy being converted to heat (up to 90% 
efficiency) while electricity production is a very inefficient 
process (20-30%), even with the most advanced combustion 
technologies available 

• Cost of fuel conversion:  cost of heat production is low, while 
electricity conversion is expensive as the fuel must be converted 
initially to a gas or to steam before electricity can be generated. 
This results in power-generating equipment being more capital-
intensive than heat boilers. 

• Product market: heat is a relatively low value product while 
electricity is relatively high value 

 

The technology for biomass conversion to heat is well-established. Typically, 
a heat generation plant consists of a combustion chamber where the fuel is 
mixed with hot air, a heat exchanger where the hot gases from combustion 
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transfer heat to another liquid (usually water) and a gas cleaning unit where 
cooled combustion gases are treated to remove pollutants before being 
emitted back to the atmosphere. The heated water or steam is pumped from 
the heat exchanger for distribution to its endpoint.  The mainly mineral part of 
the fuel which is not combusted forms the residual bottom ash in the 
combustor, while finer particles are collected in the fly ash after gas cleaning.   

2.3.3 Electricity 
 
Electricity can be produced from biomass through three primary conversion 
routes: direct combustion, gasification and pyrolysis.  Each of these systems 
is essentially a variation of a common process: the energy contained in 
biomass is released by oxidation to produce heat, which then drives a 
turbine/engine coupled to a generator or drives a generator through steam 
production to produce electricity. The differences between the systems result 
almost entirely from differences in the oxidation step, specifically in the 
amount of the oxidant, normally air, that is applied.   
 
Under high temperatures, biomass decomposes into volatile and char 
fractions.  In direct combustion systems, an excess of air is supplied so that 
both volatile and char components burn completely.  In other words, the full 
energy value of the fuel is released into the reactor. Pyrolysis and gasification 
systems lead to the production of a fuel intermediate which can be gaseous or 
liquefied and, crucially, allows for a greater control over the combustion 
process. In gasification systems, a limited amount of oxidant is supplied so 
that oxidation and reduction reactions occur in the same reactor. The outcome 
is the production of a hot combustible gas, composed mainly of carbon 
monoxide and methane, which can then be burned to generate power. 
Pyrolysis differs from direct combustion and gasification systems in that 
biomass is heated in the absence of oxygen to drive off volatile gases, leaving 
a carbon-rich tar that can either be burned or gasified.  Depending on the 
heating rate applied, pyrolysis can lead to the formation of either liquid or gas 
intermediates that can then be burned to generate electricity.   
 
Bioelectricity production plants typically consist of separate chambers with 
distinct functions.  The combustion chamber is the location of fuel oxidation, 
where direct combustion occurs or where the fuel intermediates are formed, in 
the case of pyrolysis and gasification.  Prior to entry into the combustion 
chamber, however, biomass fuels often need to undergo a pre-processing 
step to ensure optimal oxidation.  Normally this would consist of drying the 
fuel to reduce moisture content.  Following combustion, the hot gases 
produced then enter a cleaning chamber, where pollutant particles are 
removed for compliance with legislation on emission regulation.   
 
The main advantage of gasification and pyrolysis in electricity production over 
direct combustion is undoubtedly the efficiency of these systems.  The steam 
cycle used to generate electricity in direct combustion systems operates at an 
efficiency of typically no more than 30%, being heavily constrained by 
temperatures in the steam cycle, especially the temperature at which steam 
enters the turbine (Howes et al. 2002).  The fuel intermediates formed during 
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pyrolysis and gasification allow for the use of gas turbine cycles with a far 
greater efficiency than conventional steam cycles, with the most advanced 
gasification systems estimated to have an overall efficiency in excess of 40%.  
These systems are likely to play an important role  in future large-scale 
bioenergy production schemes, but this is not to say that direct combustion 
systems are without any benefits. On the contrary, while gasification and 
pyrolysis technologies are still at a very early stage of development, direct 
combustion is a proven technology with a long track record.  Compared to its 
more modern counterparts, direct combustion systems are much cheaper and 
require less technical knowledge to operate.   
 
A Note on Co-firing 
 
Many biomass options can be co-fired with coal to produce electricity.  Wood 
chips, wood waste, sewage sludge, palm kernels, straw and peat are some of 
the biomass sources being co-fired worldwide in a range of blend proportions 
on either a trial or commercial scale.  A list of power plants all over the world 
currently co-firing biomass can be found on the Internet at the IEA Bioenergy 
Task 32 website (http://www.ieabcc.nl/database/cofiring.php).   
 
Before biomass can be fired with coal, several pre-processing steps are 
required, normally washing or cleaning to remove tramp material, drying and 
comminution (breaking down into smaller fragments) in the case of wood 
residues (DTI 2005). Co-firing can have multiple benefits, viz: 

• It makes use of currently existing plants, therefore not requiring 
infrastructure changes; 

• It allows for immediate reductions in greenhouse gas emissions; 
• It can utilise readily available ‘waste’ products; 
• It makes use of the high steam parameters and technical efficiency 

improvement measures available in coal-powered plants, which are 
considerably than more efficient than most biomass only conversion 
plants currently available (Baxter and Koppejan 2004). 

 
Co-firing benefits do not compare with the environmental benefits that would 
be achieved by complete substitution of coal with biomass but cofiring serves 
as an outlet for biomass feedstocks using the current power generation 
infrastructure. Co-firing encourages the formation of biomass supply chains to 
be used in increasing proportions in the future.  Policy until 2015 explicitly 
encourages the use of purpose-grown energy crops (over other sources of 
biomass fuels) as the biomass component of co-firing.  
  

2.3.4 Combined Heat and Power (CHP) 
 
Combined heat and power (CHP) systems are used to produce both heat and 
electricity and consist of the basic heat unit described above coupled to an 
electrical generator that is driven by combustion gases or another working 
fluid.  The hot gases from the combustion chamber enter a boiler where steam 
is generated that can then be used to turn a turbine coupled to a generator.  
Although the overall efficiency of biomass-operated CHP units can be quite 
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high (up to 80%), the efficiency of the electrical component is very low 
(~10%), especially in small-scale units.  For higher efficiency, the steam cycle 
can be replaced with a gas turbine or gas engine, where the fuel is gasified or 
pyrolysed rather than burned, but the overall efficiency and benefits to the 
user vary greatly among individual applications.  In small scale CHP, the 
generator is usually not driven by a turbine, but by a reciprocating gas engine, 
such as a modified diesel engine (RCEP 2004). 
 
Biomass CHP has made significant breakthroughs in many Scandinavian 
countries and there are currently a number of schemes in development in the 
UK (see Chapter 3 for details of schemes under development in Scotland).  
For CHP projects to be viable, there needs to be a market for the heat output, 
therefore most plants are located in factories or buildings that utilize the heat 
produced or are located next to a heat distribution network (RCEP 2004). 
 

2.3.5 Transport Biofuels 
 
Transport is not only one of the most energy-demanding sectors, it is also the 
most heavily dependent on oil and its derivatives.  Hence, the utilisation of 
renewable transport biofuels will increase energy security by decreasing 
reliance on oil, as well as reducing greenhouse gas emissions.  This section 
details the production of biodiesel and bioethanol, the two main currently 
available transport biofuels, and also the use of straight vegetable oil as a 
transport fuel. 
 
Biodiesel 
 
As mentioned in the previous section on biomass feedstocks, biodiesel can be 
produced from a range of different oilseeds and fats.  In the UK, the most 
relevant feedstock is oilseed rape (section 2.2.4.4), with used cooking oil 
(section 2.2.4.4), and tallow from the animal rendering industry (section 
2.2.3.3) also currently being used.  Internationally, biodiesel is also being 
produced in large scales from palm oil and soybean oil.  
 
The process of producing biodiesel from oilseed rape can be divided into 
three main parts: crushing, refining and esterification. Crushing extracts oil 
from the rapeseed, a process that involves the following steps: seed cleaning, 
tempering (pre-heating), dehulling (seed coat removal), flaking (increase in 
surface area to facilitate extraction), conditioning (heating of flaked seed) and 
extraction (Booth et al. 2005).  The actual extraction step can be performed 
mechanically or through the application of a solvent.  Solvent extraction 
systems utilize equipment that is much more expensive than mechanical 
crushing equipment and are normally restricted to large-scale production 
systems. The extraction efficiency of solvent-based systems is, however, 
significantly greater than that of mechanical crushing systems. Before the 
extracted oil can be converted to biodiesel, some further refining steps are 
necessary. These include degumming and neutralization. Degumming is the 
removal of phosphorous-based gums that can lead to engine problems while 
neutralisation is the removal of free fatty acids which can disrupt the 



Chapter 2:  Biomasss sources, end-uses and conversion technologies 

 27

functioning of the catalyst during biodiesel conversion.  Further refining steps 
can include bleaching to improve oil colour and deodorising to improve odour, 
but these are largely unnecessary for biodiesel production.  The esterification 
step ultimately converts the pre-processed rapeseed oil into rape methyl ester 
by mixing the oil with methanol in the presence of a catalyst, usually 
potassium hydroxide. For other biodiesel feedstocks, the mode of production 
is essentially the same as with rapeseed oil. Tallow and used vegetable oil 
have a greater concentration of free fatty acids than rapeseed oil.  These can 
lead to engine problems and requires a second esterification reaction to 
overcome (Woods and Bauen 2003). 
 
Bioethanol 
 
As noted in section 2.2.4.4, bioethanol can be produced from a range of 
different materials including sugar beet, cereals such as wheat and barley and 
starchy crops such as potatoes.  The process is relatively simple, consisting 
essentially of yeast fermentation of polymers or monomers of six-carbon 
sugars, producing ethanol and carbon dioxide as a by-product.  Starches 
require an additional hydrolysis step, which can be acid or enzyme-mediated, 
before fermentation.  The technology for conventional bioethanol production 
systems from sugars and starches is mature, but new modes of ethanol 
production are being trialled for the conversion of lignocellulosics to bioethanol 
(Kampman et al. 2005).  Production of ethanol from lignocelulosics is 
technically more difficult than conventional production routes as woody 
materials are a complex mixture of glycopolymers that need to be broken 
down to release the simple sugars that will enable fermentation to proceed.  
Lignocellulose is comprised of cellulose, hemicellulose and lignin, each one of 
which requires a different hydrolysis and fermentation technology (Woods and 
Bauen 2003). 
 
Pure vegetable oil 
 
Some engines, such as Volvo and Mercedes, can run on pure vegetable oil 
without modification (Bio Power News 2004).  The high viscosity of the oil 
does mean, however, that it cannot be used unmodified in many engine types 
without risks of engine malfunction.  The process of producing pure vegetable 
oils is the same as that of biodiesel production, but without the esterification 
step (section 2.3.3.1).  Commonly used vegetable oils include rapeseed oil, 
sunflower oil and palm oil. 

2.4 FUTURE OPTIONS 

2.4.1 Biomass to Liquid (BTL) Fuels 
 
While bioethanol and biodiesel options currently represent the main means of 
reducing greenhouse gas emissions in transport sector in the near future, new 
technologies are being developed that are capable of converting biomass into 
a range of different products, including transport fuels. These technologies are 
gasification-based and utilise biomass to produce a product gas known as 
syngas (synthetic gas), consisting primarily of carbon monoxide and 
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hydrogen.  Rather than using the syngas to directly produce heat and 
electricity, as gasification systems designed for the power industry do, gas-to-
liquid (GTL) systems use syngas as a feedstock from which a variety of 
different products can be derived.  Hence, GTL plants operate in a manner 
analogous to petroleum refineries and are sometimes described as 
Biorefineries (Sims et al., 2006). The fuels that can be produced in this 
manner are known as biomass to liquid (BTL) fuels and include F-T naptha, 
FT-diesel, methanol, dimethyl ether (DME) and hydrogen.  These products 
can be used to supply diesel engines, petrol engines and/or fuel cells. At 
present, there are major BTL plant demonstrations underway in Germany, 
Sweden and Austria (Kavalov and Peteves 2005). 

2.4.2 Biomaterials 
 
There has been a steadily increasing interest in the extraction of high value 
products from biomass before its use for energy (Sims et al. 2006). A range of 
different products can be derived from biomass including paints, lubricants, 
biodegradable plastics and adhesives. If such processes develop into large-
scale commercial operations, the economics of bioenergy production could 
potentially become much more viable.  This option will not be discussed 
further in this report, but is mentioned here to draw a more holistic picture of 
biomass utilisation beyond energy production. 

2.5 SUMMARY OF BIOMASS UTILISATION PATHWAYS 
 
Figure 2.1 summarises the main bioenergy production systems described in 
this chapter in terms of feedstock group, conversion technology and end 
product.   
 
Figure 2.1: Summary of Common Bioenergy Pathways (Only currently 

commercially viable technologies are included.) 
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3. POTENTIAL OF BIOMASS FEEDSTOCKS FOR 
ENERGY GENERATION IN SCOTLAND 

 
3.1 BACKGROUND 

3.1.1 Estimating Bioenergy Potential 
 
There have been many recent attempts to estimate bioenergy potential at 
continental and even global scales, with a divergent range of values being 
proposed for equivalent areas.  The IPCC Third Assessment Report, for 
example, estimated a total annual global potential from energy crops in the 
order of 440 EJ (1 EJ = 1 x 1018 J) by 2050. A recent report by Sims et al. 
(2006), on the other hand, suggested that the realistically achievable potential 
(by 2025) might be 2-22 EJ yr-1 globally (Table 3.1). Discrepancies in 
projected values for bioenergy potential result from different underlying 
assumptions about crucial parameters such as crop yield, energy value per 
fuel weight and the area available for growing crops.  In this chapter, the 
potential of different biomass feedstocks is evaluated in terms of their physical 
productivity potential and their energy generation potential for Scotland. 
Results will be presented both in terms of theoretical maximum capacity, 
which assumes all suitable land area for production of a given crop will be 
dedicated to its production and there are no alternative markets for the crop, 
and in terms of achievable capacity based on more realistic assumptions, 
outlined in detail below.  Imported feedstocks are not considered in this report. 
 

Table 3.1:  Literature Estimates of Global Bioenergy Potential from Biomass 
 

Reference Date Potential (EJ yr-1) Comments 
Hoogwijk et al. 

2005 
2050 130 - 410 Refers to potential on global 

abandoned land 
Smeets et al. 

2006 
2050 215 - 1272 Potential of surplus agricultural 

lands 
Berndes et al. 

2003 
2000 - 
2100 

30 - 450 Review of different studies with 
very different parameters 

Smeets and Faijj 
2005 

2050 36 - 97 Global bioenergy potential from 
forestry and wood products, 

including recycled wood 
Sims 2006 2025 2 - 22 Energy Crop areas for the IPCC 

SRES scenarios, with 
conservative yield estimates. 

IPCC TAR 2050 440 Global potential of energy crops 
(ambitious yields, land area) 

 
Many factors have been highlighted as determinants of achievable bioenergy 
production.  These include population growth, energy prices, food 
consumption, land-use patterns, competing markets for forestry/agricultural 
products and the existence of suitable biomass supply chains (Juergens 
2005).  In Scotland, as in much of Europe, population growth and food 
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production are not major determinants, as population is relatively stable and 
agricultural surplus is the norm.  The EU Biomass Action Plan (EC 2005), for 
example, estimates that it is possible for the EU to double its biomass use for 
energy from 69 million tonnes oil equivalent (mtoe: 1 mtoe=11630 GWh) to 
175 mtoe by 2010, without interfering in any way with food crop production or 
impacting on competing industries.  By 2020, this would increase to 210-233 
mtoe yr-1.   

3.1.2 UK and Scotland Biomass Expansion Scenarios 
 
Any scenarios involving future projections are subject to variable degrees of 
uncertainty as it is not possible to predict future changes with precision.  
Notwithstanding, it is important to use the information available at present to 
compare best estimates of future potential for different biomass energy 
options. The timescale envisaged by this report is up to 2020, as the 
predictive accuracy of potential estimates decreases progressively as the 
timescale increases.  This time period has also been employed in other 
studies and proposed targets for biomass energy potential (RCEP 2004, 
Bauen 2004, Schröter et al. 2005, EC 2005). 
 
For the UK, the Royal Commission on Environmental Pollution has proposed 
a four-staged approach for the development of the bioenergy industry: 
 

 1) immediate future (2004-2012): energy crops utilize a relatively 
small proportion of set-aside land 

 2) short-term (2012-2018): area required for energy crops increases 
to an area equivalent to the amount of set-aside land 

 3) medium-term (2018-2025): area required for energy crops 
increases to an area beyond set-aside land 

 4) long-term (2025-2050): area of land increases to a significant 
proportion of the total available agricultural land 

 
The first stage (2004-2012) would see an increased uptake in the use of low-
grade timber, forestry residues, sawmill offshoots and agricultural residues, 
primarily in co-firing. At present, co-firing material is almost entirely imported, 
but regulations under the Renewables Obligation Scheme determine that 
progressively increasing proportions of purpose-grown indigenous energy 
crops be grown.  In the second stage (2012-2018), energy crops become 
more important and co-firing remains an important use of biomass, while in 
the third stage (2018-2025) energy crops will have become established main 
crops and co-firing will have been largely phased out. Indeed, current rules for 
the Renewable Obligation Scheme make co-firing ineligible for ROCs beyond 
2016, although these rules are currently under review. The fourth stage (2025-
2050) represents a firmly established bioenergy industry with a developed 
network of district heating schemes CHP plants.  Another recent study by 
Bauen et al. (2004) proposed target for 2020 whereby 25% of all available 
residues (forestry, agricultural and livestock) would be utilized for bioelectricity 
generation alone and 5% of the total crop, forest and woodland area would be 
dedicated to the growth of energy plantations.  According to the authors of the 
study, adherence to this target would result in 15% of the electricity demand of 
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OECD countries emanating from biomass sources.  The FREDS Report 
(2005a) also advocates a phased approach for Scotland, where co-firing 
would be gradually replaced by bioelectricity, biomass-fuelled CHP and 
bioheat.  The electricity and CHP markets would develop earlier than the 
bioheat market, as they can readily take advantage of the renewable 
obligations scheme already in place, whereas small-scale bioheat requires the 
establishment of an alternative incentives scheme, beyond which its popularity 
should expand rapidly (FREDS 2005a).   

3.1.3 Scenarios Used in This Study 
 
Forestry and Agricultural Products/Residues 
 
Energy generation potential will be presented in terms of theoretical and 
achievable potential.  Estimates of current and future availability of Scotland’s 
future wood fuel for bioenergy (from forestry, woodland management and 
sawmill co-products), taking into consideration competing industries, have 
recently been published and refinement of these figures is an ongoing process 
(SDC 2005, FCS 2006). These volumes are considered the basis on which 
the figures of ‘achievable potential’ are based.  For residues where published 
values of amounts available for bioenergy are not available, best estimates 
based on knowledge of competitive markets is used to estimate achievable 
potential.  Whenever no informed estimates were possible, achievable 
potential by 2020 was taken to be 25% of the available residues, as 
suggested by Bauen et al. (2004). 
 
Simple illustrative energy generation potentials were calculated for each 
technology from knowledge of the following basic parameters: 
 

 Fuel calorific value:  the amount of energy produced by the combustion of 
a unit weight of fuel.  

 Fuel volumes:  the theoretical and achievable volumes of fuel available, 
whenever possible presented in oven dried tonnes (odt). 

 Conversion efficiency: For the sake of simplicity, a 30% conversion 
efficiency was assumed for electricity, although this may be quite high for 
stand-alone biomass electricity technology.  For heat production, a 
conversion efficiency of 85% was assumed. 

 Load factor:  the average energy output of a generator over the course of a 
year divided by it total rated output.  For simplicity, a load factor of 100% 
was assumed in this study.  Clearly, this is not a realistic assumption but 
presents a maximum value which is comparable across different feedstock 
systems. 

 
Energy Crops 
 
Energy crop estimates are more uncertain as the market for them is just 
beginning to develop.  To estimate energy crop potential in 2020, simple 
variants of the Bauen et al. (2004) and RCEP (2004) scenarios were used.  It 
was assumed that energy crops would not replace standing forestry land in 
Scotland, but are only likely to replace agricultural cropland and woodland 
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(non-forest) areas.  It is understood, however, that there are no serious 
biophysical constraints that would prevent SRC from growing on rotational or 
permanent grassland.  The total area under crops, fallow and set-aside in 
2004 was 642,000 ha with a further 319,000 under woodland, representing a 
total of 961,000 ha on which energy crops could be grown.  A 5% share of this 
total (48,050 ha) was taken to represent a similar value to that proposed by 
Bauen et al. (2004). To facilitate calculations, this figure was rounded up to 
50,000 ha, assumed to be on set-aside land. 
 
The second scenario for energy crop expansion was that proposed by RCEP 
(2004) where all set-aside land would be used for energy crop production.  
Set-aside land figures are variable and selecting a total set-aside area for 
2020 is thus a very subjective process. For example, the total set-aside area 
in Scotland in 2004 was 71,700 ha, compared to 93,600 in 2003 (Scottish 
Executive 2005). The difference was due to a reduction in the Arable Area 
Payment Scheme for set-aside land as a result of the poor EU harvest of 
2003.  The figure selected for this report was 90,000 ha, which is close to the 
set-aside land area in 2003. Set-aside land is highly variable in its productivity, 
and due to this, yield values will be presented as ranges. 
 
Planting of short rotation coppice for energy is only just beginning in Scotland, 
while energy grasses have only been planted on an experimental basis. The 
predicted yield and energy generation potential of these crops are best 
estimates based on the literature and are yet to be proven for Scottish 
conditions.  It is important to emphasize that the generation potential figures 
presented in this chapter are very simple, being based on uncertain estimates 
of feedstock availability in many instances and on load factors that are clearly 
not realistic.  They are presented with the purpose of comparing the potential 
of different feedstocks under a uniform set of conditions.  They are not based 
on detailed analyses and are therefore not to be taken as definitive figures. 
 

3.2 CURRENT AND POTENTIAL AVAILABILITY/PRODUCTION OF 
BIOMASS FEEDSTOCKS IN SCOTLAND 

3.2.1 Wood Fuel Resources 
 
Forestry and Sawmill Co-products 
 
Sixty percent of the UK’s forestry resources are in Scotland. This equates to 
an area of 1.3 million ha, which is approximately 17% of the Scottish land 
area. Furthermore, the growth increment of Scotland’s forest is currently 
increasing and is expected to peak in 15-20 years time (Scottish Industries 
Forest Cluster 2004).  Improved management practice, however, should help 
to smooth the bulge in supply, an issue that is currently being investigated by 
the Scottish Forestry Commission and forestry industry (James Pendlebury, in 
oral evidence to Scottish Biomass Inquiry). This will result in lower peak 
volumes than those estimated in the Scottish Industries Forest Cluster report 
(2004). 
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Although current annual harvests stand at around 6 - 7 million m3 yr-1 
(Scottish Parliament 2006 a, Reid 2006), there is the potential for this rise to 
over 10 million m3 yr-1 (FREDS 2005), and the Forestry Commission Scotland 
estimates that yields of 8-9 million m3 yr-1 could be sustainable.  It is 
necessary to emphasize that the growth of other competing sectors must be 
taken into account.  Preliminary findings from a wood fuel usage survey being 
carried out by the Forestry Commission Scotland suggest that if all currently 
planned developments (pulp and paper mills, bioenergy projects, sawmill 
expansion) come into existence, an annual harvest of 15.8 million m3 (6.3 
million odt yr-1) would be necessary (Reid 2006), a clearly unsustainable 
amount .  
 
The Sustainable Development Commission for Scotland published the report 
Wood Fuel for Warmth (2005), with figures for wood fuel availability to 2020 
which were adjusted from earlier work on the wood fuel resource in Britain 
prepared by the Forestry Commission (McKay 2003), but which incorporated 
several practical constraints. The most important wood fuel resources for 
Scotland appear to be small roundwood (small diameter wood that feeds the 
board, pallet and paper market) and sawlog by-products from the timber 
industry. Although all current harvested volume has a market but there is 
potentially under managed woodland in the private sector which could provide 
additional resource (Forestry Comission Scotland, personal communication). 
The authors presented their assessment of wood fuel availability according to 
three time periods (2005-2006, 2006-2011, and 2011-2016) and three distinct 
scenarios:  1) immediately available wood not utilized by competing sectors, 
2) wood availability under a wood fuel sector growth scenario and 3) 
theoretical wood availability under the assumption that there were no 
alternative markets for the product.  The results, summarised in Table 3.2, 
indicate that there is presently an immediate volume of ~ 720,000 oven dried 
tonnes, which could increase to over 1,000,000 odt by 2012 under a scenario 
of growth of the wood fuel sector.  The wood sources included in the 
calculation were arboricultural wood, secondary wood generated by the wood 
processing industries, harvesting residues, wood from early thinnings and 
stands of low quality, roundwood (stem wood in 7-14 cm and 14-16 cm 
diameter classes) and sawlog material (stem wood in 16-18 cm and 18 cm + 
diameter classes).  
 
Table 3.2: Wood Fuel Availability up to 2016 Under Three Different 

Scenarios 
 

Available Wood Fuel (odt per year) 
Time period 

Immediate Growth Theoretical Total 
2005-2006 723,036 900,998 2.971,713 
2007-2011 758,854 922,548 3.263,591 
2012-2016 805,168 1,007,775 3,702,281 
Source: SDC Scotland (2005). 
 
The SDC study also provided disaggregated results for different Forestry 
Commission districts, with lowest immediate wood resource availability in the 



Chapter 3:  Potential of biomass feedstocks for energy generation in Scotland 

 37

Northeast and highest availability in Galloway and the Scottish Borders.  
Under a scenario of wood fuel sector growth, however, Inverness and Tay 
would become the regions with greatest availability (see Figure 3.1).   
 
 
Figure 3.1:  Estimated Wood Fuel Availability in Different Regions of 

Scotland: (a) Immediate Availability in 2005 and (b) Availability 
in 2016, Accounting for Growth of Woodfuel Sector (in oven 
dried tonnes) 
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Source:  Sustainable Development Commission for Scotland (2005). 

 
 
The estimates from the SDC study were slightly lower than those published in 
the FREDS Biomass Energy Group (BEG) Report (2005), which suggested 
there would be 5 million m3 of wood available for bioenergy use by in the UK 
by 2020, 60% of which come from Scotland (3 million m3) although this 
estimate was based only on resources from forestry.  This is equivalent to 
approximately 1.2 million odt (SDC 2005).  The report estimated that this 
volume of wood could generate 440 MW of electricity, although the FREDS 
estimates are currently regarded as being optimistic and appears to have 
been based on the total estimated wood fuel volume for the UK rather than for 
Scotland. 
 
Table 3.3 summarises the range of estimates of potential electricity and heat 
generation from wood fuel (not including recycled wood) in Scotland, based 
on the wood fuel volumes presented in the SDC and FREDS reports.  For the 
sake of consistency with the remainder of the feedstocks described in the 
chapter, these have been adjusted so that they assume a conversion 
efficiency of 30% for electricity and 85% for heat.  It must be stated that these 
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are simple calculations based on the wood volume data from the above-cited 
reports and should be treated with caution. 
 

Table 3.3:  Wood fuel Energy Generation Potential to 2020 
 

Scenario Total volume 
(odt yr-1)1 

Heat 
Output 
(MW)2 

Heat 
Output 
(GWh)4 

Electrical 
Output 
(MW)3 

Electrical 
Output 
(GWh)4 

Theoretical 3,700,000 1845 16250 650 5735 

Achievable 800,000 -
1,200,000 

400 - 502 3512 -
4392 

141 - 177 1240 -
1550 

1) Lower wood fuel volume limits from SDC 2005, higher limits from FREDS 2005 
(based on 3 million m3  volume) 

2) Assumes calorific value of 18.6 GJ/odt (DTI 2004), heat conversion efficiency of 85%. 
3) Assumes electricity conversion efficiency of 30%. 
4) Assumes 24/7/365 operation. 

 
The recently published Scottish Energy Study (AEA Technology 2006) states 
that in 2002, Scotland’s electricity demand was 10.34 TWh.  According to the 
above estimates, therefore, woodfuel would be able to supply approximately 
1.3 – 1.7% of Scotland’s current electricity needs.  According to the SDC 
Report, 700,000 to 1,000,000 odt is able to provide between 5 and 11% of 
Scotland’s domestic space and water heating requirements. 
 
Other Non-conventional Wood Resources 
 
The SDC report and other recent estimates do not consider material that is 
currently not extracted through conventional forestry operations, such as 
brash and other residues.  Techniques for extracting these are well-developed 
in mainland European countries such as Finland and their application in 
Scotland could increase the amount of wood fuel available for bioenergy.  
Scottish Coal is presently in the process of developing harvesting 
methodologies for extraction of these residues in Scotland (Scottish Coal 
2006). 
 
A Note on Recycled Wood 
 
In addition to the co-products from primary timber processing industry 
included in the SDC study, recycled wood from other industries (construction, 
furniture production, etc.) may be an additional source of resources for the 
bioenergy industry in Scotland.  Table 3.4 summarises the results of a study 
published by WRAP (2004) that detailed the potential volumes available in the 
UK for recycling and re-use arising from different industries. 
 
Based on simple adjustments to UK data, Remade Scotland (2004) estimated 
that over 1.5 million tonnes of waste wood is produced by the construction 
industry alone in Scotland every year, while the packaging industry could 
theoretically result in a further 140,000 tonnes, the furniture industry in 33,500 
tonnes and 6,000 tonnes per year could come from fencing. 
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Table 3.4: Annual Wood Waste Arisings and Potential for Re-use and 
Recycling in the UK 

 
Sector  Wood Waste 

Arisings  
(tonnes) 

Potential re-use and 
recycling amount 
(tonnes) 

Construction 1,053,000 870,000 
Demolition and 
Refurbishment 

1,033,000 868,000 

EOL Furniture 2,050,000 1,447,000 
Packaging 1,400,000 1,267,000 
Total 5,536,000 4,452,000 

      Source: WRAP 2004 
 
Unlike wood material arising from forestry and sawmill offshoots, recycled 
wood material is not very homogeneous in nature and often presents heavy 
contaminant loads, that may lead to complications in some bioenergy 
technologies.  These may also require burning in compliance with the Waste 
Incineration Directive (WID), which necessitates additional abatement 
measures that can incur considerable extra costs.  In a recent written 
submission to the Scottish Parliament Biomass Inquiry, Scottish Coal 
expressed their intention to utilise clean recycled wood along with other 
feedstocks to fuel the proposed Tullis Russell plant in Glenrothes, currently in 
a planning stage, (Scottish Coal 2006).  
 
Scottish-specific Constraints 
 
Although they are substantial, Scotland’s forestry resources are highly 
dispersed, meaning that transport would be problematic if wood resources 
were to be used in a highly centralised power plant, for example.  Addressing 
this geographical separation of wood supply and heat demand is a crucially 
important factor in the ongoing debate about how to best develop the biomass 
sector in Scotland.  The small-scale wood fuel market is currently seen as the 
most promising use of Scotland’s wood fuel resource (Rippengal 2005), but 
even in this market there are likely to be logistical barriers that need to be 
overcome. 
 
It is well recognised that the forest sector is a complicated and fragmented 
market.  Nearly all of the extra resource available for wood energy is coming 
from the private sector. Of Scotland’s total current annual forestry production 
of 6 million m3, approximately half is in the private sector.  Moreover, about 
70% of the state-owned forestry production of sawlogs and 100% of small 
roundwood is committed to existing processors under long-term contracts 
(Forestry Commission Scotland 2006).  There is therefore much more scope 
for growth in production from privately owned forests.  This is not without 
problems. The early stage of biomass market development in Scotland brings 
with it an element of risk which may dissuade private growers.  The value of 
the raw material itself is an important consideration and incentives are 
necessary to encourage growers to make volume available which is currently 
uneconomic to harvest.  Mechanisms are needed that can spread the risk of 
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possible market collapse.  To this end, joint venture schemes are suggested 
as being of great value in the initial stage of development of the biomass 
industry (Walls 2005). 
 

3.2.2 Agricultural Residues and By-products  

3.2.2.1 Straw 
 
Data on straw availability for bioenergy in Scotland is not as readily available 
as for forestry resources.  The amount of straw can be inferred, however, from 
the total production of the major straw-producing crops grown in Scotland 
(wheat, barley, oats and oilseed rape) by multiplying the total area of these 
crops by the reported average straw yield. According to Scottish Agricultural 
Handbook, published by the Scottish Agricultural College, this is 5.2 t ha-1 for 
wheat, 4.1 t ha-1 for spring barley and 5.6 t ha-1 for winter barley.  Oilseed 
rape also yields a considerable straw volume, but this disintegrates easily 
during harvest, so that the collectable straw yield does not typically surpass 
2.5 t ha-1 (Garrad Hassan 2001). Table 3.5 summarises the production of 
straw in Scotland in 2004.  Based on these yield values, it is estimated that 
over 2 million odt of straw was produced in Scotland in 2004, but very little of 
this may actually be available for energy production, due to strong competition 
from the animal feed and bedding sectors, with some of the straw produced 
also being ploughed back into the soil (Towers et al. 2004).  The assumption 
that 5-10% of the total straw volume has no other markets would mean that an 
approximate total of 125,000 - 250,000 tonnes for energy production. This 
may well be an optimistic assumption and is based on non-existent data.  The 
lower end of the scale would represent the available rape straw, which 
currently has no other markets, while the upper end would represent an 
additional small fraction of straw from crops where markets for straw do exist. 
Predicting how the straw resource will change in the future is difficult and 
depends largely on potential fluctuations in the livestock sector, which could 
release larger volumes for bioenergy use.  Conversely, the reformed CAP 
may reduce the incentive to plant cereals and lead to lower overall straw 
production. 
 

Table 3.5: Inferred Straw Production in Scotland in 2004. 
 

Crop Planted 
area (ha) 

Straw 
yield 

Odt ha-1 

Total Straw 
production 

(odt) 

Available straw 
production 

Winter 
Barley 

259,670 5.6 ~1,450,000 

Spring 
Barley 

56,790 4.1 ~230,000 

Wheat 101,730 5.2 530,000 
Oats 22,030 4.8 105,000 

Oilseed rape 39,400 2.51 100,000 

 
125,000 – 

250,000 tonnes 
 

1) This amount represents the ‘collectable yield’ stated in Garrad Hassan (2001) 
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As shown in Figure 3.2, the regions in Scotland with the largest absolute 
cereal areas are the Northeast and Tayside regions, but the resource is 
spread over large areas within these regions. Fife and Lothian may actually 
have higher percentages of their total land area under cereal production.  
Table 3.6 provides figures for the inferred energy generation potential of 
straw, but once again these must be interpreted in light of the high uncertainty 
associated with them and undue significance must not be attached to them. 
 
 

Figure 3.2: Regional Distribution of Cereal Production in Scotland. 
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Table 3.6: Inferred Straw Energy Generation Potential in Scotland – 2020. 
 

Source: SEERAD 2003. 

 
1) Assumes no change in planted area of cereals and oilseed rape for 2020. Equivalent 

to 5-10% of total straw production. 
2) Assumes heat conversion efficiency of 85% and calorific value of 15 GJ odt-1. (DTI 

2004). 
3) Assumes electrical conversion efficiency of 30%. 
 

 
 
 

Scenario Total volume 
(odt yr-1)1 

Heat 
Output 
(MW)2 

Heat 
Output 
(GWh) 

Electrical 
Output 
(MW)3 

Electrical 
Output 
(GWh) 

Theoretical ~ 2,400,000 1107.6 9684 390 3418 

Achievable 125,000 - 
250,000 

50.5 -101.2 444.6 -
889.2  

17.9 -
35.8 

156.3 - 
313 



Chapter 3:  Potential of biomass feedstocks for energy generation in Scotland 

 42

Scottish-specific Constraints 
 
Large surpluses of cereal straw are common in certain parts of England 
(ETSU 1999), but the situation in Scotland is very different from that south of 
the border.  The utilization of straw for energy production in Scotland is 
heavily constrained by the strong demand for the resource for the animal 
bedding and feeding sectors, which consumes most of the available 
production in Scotland (Towers et al. 2004).  Although production of straw in 
Grampian and Tayside exceeds demand by about 500,000 tonnes (ETSU 
1999), much of this is transferred to livestock farms in the west.  Although 
further work is necessary to ascertain how much of a contribution straw could 
have on bioenergy production in Scotland, it is likely that cereal straw will only 
play a minor role (Towers et al. 2004).  The utilisation of rapeseed straw for 
energy has thus far been largely overlooked.  A trial of burning rapeseed 
straw at the Elean Power Station in Cambridgeshire recently demonstrated 
that the overall performance of rapeseed straw is very similar to cereal straws 
in terms of conversion efficiency, emissions and costs (Newman 2003).  
Increased production of rapeseed for biodiesel would have the knock-on effect 
of increasing rapeseed straw availability, which could be utilised for 
electricity/heat production.  Much of the rape straw shatters during harvest, 
leaving only an amount in the order of 2.5 t ha-1 that can be collected for 
energy production.  Using this average straw yield, it is estimated that about 
100,000 tonnes of oilseed rape straw was available in Scotland in 2004. 

3.2.2.2 Dry Poultry Litter 
 
Figure 3.3 shows chicken numbers in Scotland over the last 10 years.  From 
the graph, it is possible to see that chicken numbers in Scotland have 
remained stable over the last decade, tending to hover around the 15 million 
mark, despite a dip in the late 1990’s. 
 
 

Figure 3.3: Poultry Numbers in Scotland Over the Last 10 years. 
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Highest poultry numbers are in the Northeast, Tayside, Lothian, Fife and the 
Borders, as shown in Figure 3.4.  Dry poultry litter is collected only from 
housed chickens kept on bedding material comprised of wood shavings, 
which in Scotland’s case make up about 25% of the total.  Due to animal 
welfare considerations, however, there is a trend to keep fewer laying hens in 
cages and more on bedding material, which may increase the amount of dry 
litter available and decrease the amount of poultry slurry collected (Garrad 
Hassan 2001). 
 

Figure 3.4: Poultry Distribution in Scotland 
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The Westfield power plant in Fife, with an installed capacity of 10 MWe, 
currently utilizes 110,000 tonnes of poultry litter per year.  According to 
Towers et al. (2004), this value is approximately half of the total available litter 
volume for Scotland, although a recent study for SEPA by Sharp and Smith 
(2005) suggests that Westfield utilizes virtually all of the poultry litter produced 
in Scotland. Assuming an original amount of 200,000 tonnes of poultry litter 
available, a gross calorific value of 8.8 GJ t-1 for poultry litter and a conversion 
efficiency of 30% for electricity and 85% for heat, the maximum potential of 
poultry litter in Scotland is 16.7 MW of electricity and 47.3 MW of CHP/heat. 
Subtracting current generation at Westfield leaves about 4MWe  of electricity 
to be produced from the currently available litter.  Table 3.7 summarises the 
potential energy generation from poultry litter in Scotland.  Again, the 
uncertainty surrounding these estimates needs to be emphasized. 
 
Scottish-specific Constraints 
 
The Westfield plant is located at the centre of poultry production in Scotland 
and thus makes use of the highest concentration of litter resources.  The 
dispersed nature of the remaining resource could provide a logistical 
constraint for the development of a second plant.  It must also be borne in 
mind that not all of the resource unused by Westfield will be available for 
further energy production as farmers utilise some of the resource for fertilizer 
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purposes.  More information is needed to accurately quantify what additional 
potential there is for energy generation from poultry litter in Scotland, but the 
potential is extremely limited in relation to other feedstocks such as wood fuel, 
for example. 
 
Table 3.7:    Energy Generation Potential from Poultry Litter in Scotland in    
                    2020 

 
1) Assume no change in poultry number to 2020.  Achievable volume refers to additional 

energy generation potential beyond that of the current Westfield plant. 
2) Assumes gross calorific value of 8.8 GJ t-1 (DTI 2004) and heat conversion efficiency 

of 85%. 
3) Assumes electrical conversion efficiency of 30%. 

3.2.2.3 Wet Animal Slurry 
 
Although anaerobic digestion of wet animal manures has made great 
advances in some European countries, most notably in Denmark (Towers et 
al. 2004), the UK experience has been limited.  Figure 3.5 shows the number 
of cattle and pigs, the important slurry producers, in Scotland.  While cattle 
numbers have oscillated along the 2 million mark over the last 10 years, pig 
numbers have been around 500,000. Figure 3.6 portrays the regional 
distribution of these animals in Scotland.  While the distribution of cattle is 
widespread throughout the country, albeit with notable concentrations in the 
Northeast, Dumfries & Galloway and neighbouring Ayrshire, the distribution of 
pigs is heavily concentrated in the Northeast.  Slurry can be collected when 
these animals are housed in conditions which are conducive to slurry 
production.  Some animals are kept on bedding, producing manure that is too 
solid for use in anaerobic digestion and too aqueous for use in combustion.  It 
is not practical to collect slurry when the animals are kept outdoors.  Shifts in 
cattle housing practices towards greater use of straw bedding would reduce 
the amount of cattle manure that is available for anaerobic digestion. 
 
Garrad Hassan (2001) estimated that a theoretical potential of 452 GWhe yr-1 
(51.5 MW) could be generated from cattle slurry, and that a further 255 GWhe 
yr-1 and 20 GWhe yr-1 could be produced from poultry slurry and pig slurry 
respectively, although the details of the background calculations were not 
provided.  Most of the slurry produced ends up being spread over the land as 
a fertilizer and it is difficult to estimate how much slurry is ‘available’ for 
anaerobic digestion.  Table 3.8 provides a summary of the energy generation 
potential of wet animal slurries in Scotland. Virtually all of the cattle and pig 
slurry produced in Scotland each year is spread on land, with 15 million 

Scenario Total 
volume  
(t yr-1) 

Heat 
Output 
(MW)2 

Heat 
Output 
(GWh) 

Electrical 
Output 
(MW)3 

Electrical 
Output 
(GWh) 

Theoretical 200,000 47.3 415.6 16.7 146.7 

Achievable 0 – 50,0001 0 – 11.85 0 – 103.9 4.1 36.7 
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tonnes of farmyard manure spread on farmland in Scotland every year (SAC 
1998).   
 
 
 
Figure 3.5: Cattle and Pig Numbers in Scotland over the Last 10 years 
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Figure 3.6: Regional Distributions of (a) Cattle and (b) Pigs in Scotland 
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Table 3.8: Energy Generation Potential of Wet Animal Slurries in Scotland 
 

Feedstock Scenario Electricity 
Output 
(MW)1 

Electricity 
Output 
(GWh) 

Heat 
Output 
(MW)2 

Heat Output 
(Gwh) 

Cattle, Pig, 
Poultry 
Slurry 

Theoretical 90.4 726.6 166.2 1334.4 

Cattle, Pig, 
Poultry 
Slurry 

Achievable3 20 - 25 163 - 200 37 - 45 300 - 366 

a) Potential generation figures obtained from Garrad-Hassan et al. (2001). 
Electricity conversion efficiency of 30% assumed, although not explicitly stated 
in study. 

b) CHP/heat efficiency of 55% assumed for anaerobic digestion (Monnet 2003) 
c) Achievable potential based on 25% of theoretical potential +/- 10%. 

 
  
At present, there are no anaerobic digestion plants operating in Scotland as 
large as the 2 MWe Holsworthy plant in Devon, although there are seven farm-
scale plants in Southwest Scotland funded by the Scottish Executive on an 
experimental scale (Chesshire 2005) and there is another under development 
in Turriff, Aberdeenshire, which uses pig slurry (Scottish Farmer 2006).  The 
motivation behind this is to investigate the potential of anaerobic digestion 
technologies in the control of faecal microorganisms.  This is not the only 
motivation behind biogas production, however. Currently the University of St. 
Andrews are developing the potential of using biogas from animal manure as 
a feedstock for fuel cells (SHFCA 2006).  
 
 If a larger-scale AD plant, such as the Holsworthy plant in Devon, were to be 
constructed in Scotland, the Northeast of Scotland would be a possible 
location due to high cattle and pig numbers (Figure 3.8).  On the other hand, 
the intensity of farming and waste production is higher on dairy units in 
southwest Scotland.  Relatively little attention has been paid to the potential of 
anaerobic digestion in Scotland and a more detailed analysis is necessary to 
provide more accurate indications of the future potential of this technology.   
 
Wood Chip Corrals 
 
There are trials underway to assess the feasibility of using wood chip corrals 
for cattle and sheep, with the possibility of utilising the wood chips from the 
bedding material for energy, in much the same way poultry litter is utilised.  
The move to wood chip corrals has been driven by the rising price of straw 
(Forestry Commission Scotland, personal communication). 
 
Scottish-specific Constraints 
 
There are several constraints in the utilisation of cattle slurry for energy 
production in Scotland.  One of these relates to the fact that cattle are only 
housed in the winter months and it is not practical to collect slurry when they 
are outdoors (Garrad-Hassan 2001).  Anaerobic digestion plants in Scotland, 
therefore, would not be functional throughout the whole year unless a means 



Chapter 3:  Potential of biomass feedstocks for energy generation in Scotland 

 47

of storing slurry over the summer months was possible.  In addition to this, 
some cows are housed on animal bedding, producing solid manure that is not 
very suitable for energy production.  This is especially true of the east of 
Scotland, whereas in the north and west cattle are generally kept in cubicles, 
permitting easier collection of slurry.  Pig slurries, in contrast to cattle slurries, 
are generally available for conversion throughout the year.  Garrad-Hassan 
(2001) estimated that about 70% of pigs are currently housed in a manner that 
permits slurry collection, but noted that there is a trend towards housing pigs 
on straw bedding rather than in slurry-based systems.  This trend, driven by 
animal welfare considerations, would decrease the future availability of slurry 
for anaerobic digestion. 

3.2.2.4 Animal By-products 
 
The use of animal by-products such as meat and bone meal and tallow could 
provide Scotland with an opportunity to generate energy from materials with 
virtually no costs attached to them, except handling costs.  The most likely 
use of tallow is for the biodiesel industry and this is already occurring at the 
Argent plant in Motherwell.  Issues concerning the availability of tallow will be 
discussed in more detail in section 3.2.4.1, along with other biodiesel 
feedstocks.  Table 3.9 shows the energy generation potential of MBM in 
Scotland, assuming an annual availability of 80,000 t.   
 

Table 3.9: Total Energy Generation Potential of Meat and Bone Meal in 
Scotland 

 

a) Calculated by dividing total UK amount by ratio of cattle in UK to cattle in Scotland. 
b) Assumes heat conversion efficiency of 70% and calorific value of 18.8 (DTI 2004) 
c) Assumes electrical conversion efficiency of 30%. 
d) Based on 25% +/- 10% of theoretical resource. 

 
About 400,000 tonnes of meat and bone meal is produced per year in the 
United Kingdom (UK Animal Renderers Association, cited in Towers 2004). 
Although published Scottish-specific data could not be obtained, a simple 
comparison of Scottish cattle number to UK cattle number shows that the 
Scottish cattle herd is about 20% of the UK total.  Applying the simple 
assumption that the same amount of MBM is produced per cow in Scotland as 
elsewhere in the UK, a 20% share of UK MBM would represent an annual 
volume of 80,000 tonnes. In fact, some of the MBM is used to generate 
process heat in rendering industries, so this figure may be optimistic.  The 
PDM animal by-product processing unit in Widnes uses MBM to generate 
steam and electricity to run the plant and exports 9 MW to the National Grid, 

Scenario Total volume 
(odt yr-1)1 

Heat 
Output 
(MW)2 

Heat 
Output 
(GWh) 

Electrical 
Output 
(MW)3 

Electrical 
Output 
(GWh) 

Theoretical 80,000 40 351.3 14.2 124 

Achievable4 18,000 – 
22,000 

8 - 12 79 - 96 3.3 - 3.9 28 - 34- 
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supplying electricity to a total of 9000 homes (Smartest Energy 2005).   There 
are no schemes analogous to this one in Scotland yet, where most of the 
MBM is in fact incinerated. 
 
Scottish-specific Constraints 
 
The main constraint in utilisation of MBM for electricity in Scotland is the same 
as in other locations in the UK:  lingering association with BSE, creating a 
perception of possible health risk.  MBM has begun to be utilised by the 
cement industry to provide the heat needed in the cement-making process. At 
the Lafarge Plant in the Vale of Glamorgan, for example, MBM is being used 
to provide up to 30% of the required heat.  More recently, the Environment 
Agency has granted Castle Cement permission to burn 90,000 tonnes of MBM 
per year at their Ribblesdale site in Lancashire.  Competition for this 
feedstock, therefore, is already strong. 

3.2.3 Energy Crops 

3.2.3.1 Short Rotation Coppice 
 
Short-rotation coppice is recognized as one of the most promising energy 
crops in the UK, with several grant schemes currently promoting its uptake.  
The actual area planted with SRC willow in Scotland at the moment is very 
small, but commercial contracts are already in place with producers to supply 
the EON Lockerbie Plant (44MWe) and there are also plans to use 200,000 
tonnes of SRC willow at the proposed Tullis Russel Plant in Glenrothes 
(50MWe) (Renewable Fuels 2005, Scottish Coal 2006).  The EON plant will 
utilise 220,000 oven dried tonnes of fuel yearly, 45,000 tonnes of which will 
come from SRC willow to be planted by local farmers (Renewable Fuels 
2005).  EON aims to start operations in December 2007 and has already 
arranged a fuel supply contract with Renewable Fuels.  If current co-firing 
regulations remain as they are, SRC willow probably is the best option to meet 
the indigenous biomass co-firing quota of 50% by 2011, as it has a proven 
potential or growth in Scottish conditions, a fact that still remains to be verified 
for novel energy grasses.   
 
A GIS-based study by Andersen et al. (2005) estimated that between 170,000 
and 520,000 ha of Scottish land are highly suitable for SRC plantation and 
that a further 1.2-1.3 million ha are moderately suitable (Figure 3.7).  
Assuming an area of 50,000 ha is planted with SRC to 2020 and yields of 8 – 
10 odt ha-1, a total annual production of between 400,000 to 600,000 would be 
possible. Under the more ambitious scenario that 90,000 ha would be planted 
in 2020, 720,000 to 1,080,000 odt yr-1 would be produced (Table 3.10).   
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Figure 3.7:  SRC suitability map for Scotland 
 

 
 

Source:  Andersen et al. 2005 
 
The energy benefits of two possible scenarios for SRC uptake are shown in 
Table 3.10.  The uptake of 50,000 hectares of SRC by 2020 could generate 
up to 925 GWh of electricity per year while an uptake of 90,000 hectares, 
equivalent to the total set-aside land area in Scotland for 2003, would 
generate up to 1755 GWh of electricity.  
 
Trials by Forest Research suggest that yields of up to 15 odt ha-1 may be 
possible in Scotland, but average yields have been much lower, at 7 - 9 odt 
ha-1.  There is reason to believe that these yields can be improved and there 
is ongoing research to this effect, including work currently being funded by 
Defra. 
(http://www2.defra.gov.uk/research/Project_Data/More.asp?I=NF0424&M=CF
O&V=USH) 
 
The yields for short rotation poplar are more variable than those for willow, in 
some instances outperforming willow by up to sixty percent while in other trials 
yielding only 30% as much as willow (RCEP 2004).  In Scotland, however, 
trials with poplar varieties have indicated that average yields are lower than 
for willow, being on average 5 – 7 odt ha-1 although yields of up to 9 odt ha-1 
have been reported (Forest Research 2005).  In England, poplar is much 
more prone to disease than in Scotland, but this may be a function of having a 
much higher density in the landscape (Forestry Commission Scotland, 
personal communication). 
 
 



Chapter 3:  Potential of biomass feedstocks for energy generation in Scotland 

 50

Table 3.10: Energy Generation Potential of SRC Willow Under Different 
Illustrative Scenarios for 2020 

 
1) Assumes value of 18.5 GJ odt-1 (Anderson et al. 2005) and heat conversion efficiency 

of 85%. 
2) Assumes electrical conversion efficiency of 30%. 

 
Note on Short Rotation Forestry (SRF) 
 
There has been increasing interest in short rotation forestry of species such 
as birch, ash and alder.  A recent study for the Forestry Commission 
(Hardcastle et al. 2006) evaluated the impacts of short rotation forestry on 
biodiversity, hydrology and landscape as well as providing information on the 
economics of some of the major species.  Use of short rotation forestry for 
wood fuel is therefore still at a scoping stage and has not yet benefited from 
the experimental and pilot-scale programmes that have supported the uptake 
of forestry residues and short rotation coppice for energy.  Further research 
on this topic is currently being planned by the Forestry Commission (James 
Pendlebury, oral evidence to Scottish Parliament Biomass Inquiry 2006) 
  
Scottish-specific Constraints 
 
Previous unsuccessful attempts to grow short rotation coppice may have 
lowered farmers’ confidence in the crop. The demise of the ARBRE plant in 
Yorkshire has, unsurprisingly, impacted negatively on farmers’ willingness to 
grow SRC in England (Towers et al. 2004).  The problem with the ARBRE 
plant, however, was not linked to SRC as a fuel but to the advanced 
gasification system employed by the plant and was therefore a case of over-
reliance on a technology that was relatively untested (RCEP 2004).  The 
success of the EON plant and proposed Tullis Russell plant, both of which 
plan to use short rotation coppice, will undoubtedly be very important for 
SRC’s future in Scotland.  
 
There are very important concerns about the economics of short rotation 
coppice in Scotland as it has only been shown to be commercially viable in 
England and Ireland.  Given this, there is a noticeable hesitancy on the part of 
many in the biomass energy sector in Scotland to develop the crop (see, for 
example, oral evidence submitted to Scottish Biomass Inquiry). The 
machinery used to harvest SRC in Scotland will also require special 
consideration as the lower incidence of ground frost in the winter in Scotland 
will not permit the use of the heavy harvesting machinery utilized in Sweden.  

Scenario Expected 
Yield 

(odt yr-1) 

Total 
volume 
(odt yr-1) 

Heat 
Output 
(MW)1 

Heat 
Output 
(GWh) 

Electrical 
Output 
(MW)2 

Electrical 
Output 
(GWh) 

50,000 ha 8 - 12 400,000 
– 

600,000 

193 – 
297.5 

1700 – 
2621 

68 –  
    105 

600 –  
    925 

90,000 ha 8 - 12 720,000 
– 

1,080,00 

346 – 
535.5  

3060 – 
 5508 

122 – 
    189 

1080 
– 

1944 
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Finally, the abundance of forest residues available in Scotland may lessen the 
perceived importance of SRC for energy generation.  There may also be 
further complications with rabbit or deer browsing, which would incur extra 
fencing costs. 

3.2.3.2 Energy Grasses 
 
Trials with miscanthus have found yields to be time-dependent, with the yield 
from the first harvest being only 1-2 odt ha-1 (Defra 2004). Studies by 
Rothamsted Research, for example, recorded increases in yield from 6-7 odt 
ha-1 in the second year of harvest to 15 odt ha-1 after 5 years and reaching as 
much as 20 odt ha-1 after 10 years (DTI 2004).  Experts unanimously agree 
however, that practical yields are considerably lower than those obtained in 
experimental trials. Indeed, the long-term average for sites in England with 
well-drained clayey and peaty soils is about 13 odt ha-1, while the average on 
less well-drained soils was found to be around 9 odt ha-1 (Defra 2005).  Trials 
with miscanthus in Scotland have been far fewer than in England, but autumn 
yields of over 19 odt ha-1 have been reported in experimental plots in 
Invergowrie, with harvesting yields in December of 11.9 odt ha-1 (Riche 2005).  
Significantly Invergowrie has one of the most favourable climate regimes in 
Scotland and it is thought that much of the rest of the country is less suited. 
 
Unlike Miscanthus, canary grass yields peak early, tending to fall quickly over 
time, with experiments in England recording a decrease in yield of more than 
50% over 5 years (DTI 2004).  Reed canary grass may be more suited to 
Scottish conditions than miscanthus, however.  Yields of reed canary grass in 
experimental plots in Dundee, for example, were found to be consistently 
greater than yields in Rothamsted in England, with yields of some varieties 
reaching almost 20 odt ha-1 (Fifth Framework Programme 2000). Riche (2004) 
reported autumn yields in Invergowrie of 16.6 odt ha-1 while yields in 
experimental sites in England did not reach 11 odt ha-1.  Further trials have 
been conducted by the Scottish Agricultural College, who recorded yields of 
reed canary grass at harvest of up to 9.5 odt ha-1 in Aberdeenshire (SAC 
2005), falling in between the 6-12 odt ha-1 range obtained in other UK trials. 
 
Switchgrass yields in the UK have been found to be between 8 and 12 odt ha-

1.  Like miscanthus, however, switchgrass has a preference for warmer 
climates and yields in Scotland could be expected to be well below English 
yields. Indeed, trials of the Cave-in-rock variety at Invergowrie reported an 
autumnal yield of 8.7 odt ha1 while yields in Rosemaund in England reached 
maximal autumn biomass of 10.7 odt ha-1, with the Shelter variety reaching 
14.7 odt ha-1 (Riche 2004). 
 
Studies on the theoretical potential production of energy grasses in Scotland 
are unavailable, but it is likely that areas of agronomic suitability will coincide 
with the arable production centres, restricted primarily to the eastern part of 
Scotland.  Table 3.11 shows different scenarios for production of energy 
grasses.  Due to the uncertainty in predicting yields for these crops novel to 
Scotland, the broad category ‘energy grasses’ has been used with the yield 
range of 6-12 odt ha-1.   
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Table 3.11: Potential Production of Energy Grasses in Scotland in 2020 

Under Illustrative Scenarios 
 

 
a) Assumes a calorific value of 18.2 GJ odt-1 for miscanthus and heat conversion 

efficiency of 85%. 
b) Assumes 30% electrical conversion efficiency. 

 
 

Scottish-specific Constraints 
 
More detailed suitability studies need to be undertaken in Scotland for all main 
energy grasses before they are grown on a commercial scale.  According to 
Towers et al. (2004), reed canary grass appears to be the most suitable 
energy crop to Scottish conditions, followed by switchgrass and then 
Miscanthus.  It must be stressed, however, that more work is needed to 
identify energy grass genotypes specifically suitable to Scotland. 

3.2.4 Transport Biofuel Feedstocks 

3.2.4.1 Biodiesel Feedstocks  
 
UCO and Tallow 
 
Of the nearly 120,000 t of used cooking oil (UCO) produced in the UK, only 
about 10,000 is produced in Scotland (Booth et al. 2005).  Argent Energy uses 
a significant share of the used cooking oil in the UK.  Argent Energy also 
utilize a considerable portion of th UK’s total annual production of 70,000 
tonnes of no-risk low-grade tallow to produce biodiesel (UK Animal Renderers 
Association, cited in Towers et al. 2004).  Ultimately, this means that any 
increase in Scotland’s biodiesel output will come predominantly from crops 
planted specifically for this purpose, the most important for Scotland being 
oilseed rape (OSR). 
 
Oilseed Rape 
 
The suitability of oilseed rape (OSR) to Scottish growing conditions is such 
that the highest yields in Europe are achieved here, with average yields for 
the 2000-2004 period being 3.52 t ha-1 for winter oilseed rape (SEERAD 
2005).  In 2004, over 39,000 ha of oilseed rape were planted in Scotland, but 
the total area reached almost 70,000 ha in the 1990’s (Figure 3.8).  The 
decline in planted area visible on the graph is closely linked to changes in 

Scenario Expected 
Yield 

(odt yr-1) 

Total 
volume 
(odt yr-1) 

Heat 
Output 
(MW)1 

Heat 
Output 
(GWh) 

Electrical 
Output 
(MW)2 

Electrical 
Output 
(GWh) 

50,000 ha 6 -12 300,000 – 
600,000 

147– 
295 

1289 – 
2578 

52 – 
104 

455 – 
910 

90,000 ha 6 -12 540,000 – 
1,080,00 

263.5 – 
527 

2320 – 
4641 

93 – 
186 

819 – 
1638 
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CAP which reduced the higher differential paid for growing oilseed rape in 
relation to cereals (Booth et al. 2005).  The core of OSR production in 
Scotland is in the Northeast, Tayside, Borders and Fife, which were together 
were responsible for approximately 80% of the total OSR area in 2004 (Figure 
3.9).  Most of this area (34 210 ha) was planted with winter oilseed rape and 
only a minor fraction was spring oilseed rape (5180 ha). 
 
Table 3.12: UCO and Tallow Production in the United Kingdom and 

Amounts Required to Meet Scottish RTFO Targets 
 

RTFO 
Rate 

Biodiesel 
(t)a 

Tallow 
Necessary 

(t)b 

% UK 
tallow 

supplyc 
 

UCO 
Necessary 

(t)d 

% of UK 
supplye 

2% 37,900 42,111 53% 37,900 32% 
3% 56,800 63,111 79% 56,800 47% 
4% 75,700 84,111 105% 75,700 63% 
5% 94,700 105,222 132% 94,700 79% 
a) Values taken from Booth et al. (2005) 
b) 1 tonne tallow yields 0.9 tonne biodiesel (Hamelinck et al. 2005) 
c) Based on total UK non-risk low-grade tallow production of 70,000 tonnes yr-1 (UK 

Animal Renderers Association, cited in Towers et al. 2004) 
d) 1 tonne recycled vegetable oil yields 1 tonne biodiesel (Hamelinck et al. 2005) 
e) Based on total UK supply of 120,000 tonnes yr-1 (Booth et al. 2005)  

 
 

Figure 3.8:  Oilseed Rape Planted Area in Scotland 1995-2004   

Year

1996 1998 2000 2002 2004

A
re

a 
(h

a)

20000

30000

40000

50000

60000

70000

  
Source: SEERAD 2005. 

 
 
Using an average of 2.5 tonnes of biodiesel produced per tonne of OSR 
feedstock and an average yield of 3.5 t ha-1, Booth et al. (2005) calculated 
that a planted area of approximately 67,000 ha of oilseed rape would allow 
Scotland to meet its renewable transport fuel obligation of 5%.  This area, 
although being 182% more than the 2004 area of oilseed rape is entirely 
achievable and is only slightly less than the planted area in 1998.  Utilisation 
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of all the currently planted OSR area in Scotland would result in a 3% share of 
the Scottish transport fuel market for biodiesel.  Table 3.13 summarizes OSR 
crop requirements to meet different biodiesel targets. 
 
Figure 3.9: Regional Distribution of Oilseed Rape Planted Area in Scotland 

in 2004 
 

                              
Source: SEERAD 2005 

 
 
Table 3.13: OSR Feedstock and Area Requirements to Meet Scottish RTFO 

Targets 
 

RTFO 
Rate 

Biodiesel (x 
1000 t) 

OSR 
Feedstock 
(x 1000 t)1 

 

OSR Area 
(ha) 

2% 37,900 94,650 27,043 
3% 56,800 141,970 40,654 
4% 75,700 189,300 54,086 
5% 94,700 236,620 67,706 

Source:  Booth et al. (2005). 
1) 2.5 tonnes rapeseed yields 1 ton biodiesel. 
 

 
Scotland-specific Constraints 
 
Scotland currently has no oilseed rape crushing facilities, an obstacle that 
must be overcome if large-scale biodiesel production is to overcome inertia in 
Scotland.  Scotland’s only previous crusher, located in Arbroath, closed in 
1999 due to a series of difficulties, including inefficient technology, poor 
operational logistics of supply and poor economic management (Booth et al. 
2005).  The development of the biodiesel industry in the UK as a whole may 
be further constrained if the government introduces duty incentives for the 
production of diesel standard fuel containing a biofuel component to be 
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produced by oil refineries (HM Revenue and Customs 2005).  This is brought 
about by the hydrogenation of vegetable oils, allowing their effective 
integration with mineral diesel.  The involvement of major oil companies in this 
scheme would result in a scale of production larger than achievable by 
independent biodiesel-producing plants (Booth et al. 2005). 

3.2.4.2 Bioethanol Feedstocks 
 
Scotland already grows starchy feedstocks for food that could potentially be 
used in bioethanol production.  These include wheat, barley and potatoes.  
Potato production in Scotland has focused on high-value seed production, 
rather than on varieties that provide maximum yields.  Scotland is at a deficit 
for wheat, resulting in high prices relative to other locations, which largely 
precludes its use for bioethanol production.  Barley would therefore appear to 
be the feedstock of choice for bioethanol production in Scotland, but process 
yields from bioethanol are lower for barley than for wheat.  Table 3.14 lists the 
areas of crops suitable for bioethanol production in Scotland in 2004 and the 
totals required to meet different RTFO targets. 
 
Table 3.14: 2004 Areas of Bioethanol Feedstocks in Scotland and Amounts 

Required to Meet RTFO Targets 
 

RTFO 
Rate 

Bioethanol 
(x 1000 t) 

Wheat 
Feedstock  
(x 1000 t)a 

Wheat 
areab 

 

Potato 
feedstockc 

Potato 
aread 

2% 37,900 106,460 13,225 421,111 8,224 
3% 56,800 159,550 19,819 631,111 12,326 
4% 75,700 212,640 26,414 841,111 16,427 
5% 94,700 266,011 33,044 1,052,222 20,551 

a) 1 tonne wheat yields .356 t bioethanol (Hamelinck et al. 2005) 
b) Based on average wheat yield of 8.05 t ha-1 (SEERAD 2004) 
c) 1 tonne potato yields 0.09 t bioethanol (Hamelinck et al. 2005) 
d) Based on average yield of 51.2 t ha-1 for ware potato (SEERAD 2004) 

 
Sugar beet results in higher bioethanol yields than any of the starchy 
feedstocks available in Scotland, but has not been grown here since the 
1960s. Re-introduction in Scotland would be possible, but at the moment 
seems unlikely (Booth et al. 2005).  Sugar beet is still being grown in East 
Anglia and it would make more sense to make the most of its availability in 
this region for bioethanol production than to promote a systematic re-entry of 
the crop into the Scottish market. 
 
Scotland’s vast forestry residues could represent a valuable opportunity for 
producing ethanol from lignocellulosics, but this technology is at a research 
and development stage at the moment.   
 
Scotland-specific Constraints 
 
Whereas Scotland is in deficit for diesel, it is already fully supplied with 
petroleum (Booth et al. 2005).  It would make more economic sense therefore 
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for biofuel production to be focused on biodiesel which would reduce needs 
for diesel imports rather than on bioethanol which would compete in the fully-
supplied petrol market (Booth et al. 2005).  Moreover, Scottish bioethanol 
would find it difficult to compete with the much cheaper imported bioethanol 
options available on the market such as that from Brazil, for example. 
 

3.3 CURRENT AND POTENTIAL BIOENERGY MARKET DEVELOPMENT 
IN SCOTLAND 

3.3.1 Heat  
 
Increasing the use of biomass for heat could lead to considerable savings in 
carbon emissions, as over 50% of Scotland’s primary energy is used for 
heating, rising to about 80% in the domestic sector (AEA Technology 2006).  
It is only very recently, however, that attention has been drawn to the 
development of a biomass heat market in the UK (SDC 2005, Biomass Task 
Force 2005, AEA Technology 2005), whereas there has been considerable 
stimulus for the utilisation of biomass for electricity, not least through the 
Renewable Obligation Certificate system.  Considering this, it is no surprise 
that only 1% of the UK’s heat was derived from biomass sources in 2004 
(AEA Technology 2005).  This preferential treatment of renewable electricity 
over heat is reflected in several reports about Scotland’s/the UK’s renewable 
energy potential, e.g. the Garrad Hassan report (2001). 
 
Despite the abundance of wood resources, the biomass heat industry in 
Scotland is still at a fledgling stage.  It is encouraging, however, that there has 
been a considerable increase in the number of domestic and community-scale 
developments in the biomass heat market in recent years. The Sustainable 
Development Commission for Scotland (2005) reported that in March 2005 
there were approximately 50 modern biomass heating schemes in Scotland 
with a total heat output of 4.5 MW.  Progress has been made possible by 
availability of capital grant schemes, most notably the Scottish Community 
and Householders Renewables Initiative (SCHRI) which has been 
instrumental in funding the majority of the currently operating schemes.  The 
establishment of agencies and organizations that promote uptake of wood 
fuel, especially in the Highlands, has also helped to kick-start the biomass 
heat industry in Scotland.  A noteworthy example of this is the Highland and 
Island Development Programme, run by the Forestry Commission, which has 
been responsible for setting up a network of wood fuel clusters in the 
Highlands and Islands. 
 
Wood fuels from forestry is deemed to be especially appropriate for small and 
medium heat initiatives in the Highlands and Islands, where populations are 
widely scattered and there is a substantial amount of low-grade timber 
available from the extensive woodlands present in the area, and where 
delivery to markets further south is not economically viable. Furthermore, 
there is a strong positive correlation between forested area and population 
density (Figure 3.10) which lowers the transporation burden of potential wood 
fuel schemes.   
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Figure 3.10:  Map of Forests/Woodlands and Population Density in the 

Highlands of Scotland 
 
 

 Forest/Woodland Resources   Population Density 
 

 
 
 

Source: Highland Birchwoods. 
 
There has been considerable debate over the best strategy for promoting the 
biomass heat market in the UK.  The nature of the heat market is intrinsically 
different from that of the electricity sector, as heat production is a much more 
localized activity, involving many different stakeholders and is therefore 
unlikely that a renewable obligation certificate approach can applied to this 
market (Biomass Taskforce 2005).   
 
Current schemes in Scotland utilise wood chips, logs and imported pellets.  
Although harvesting residues are currently being exploited for wood fuel in 
Finland and Sweden, in Scotland the technology to do this is currently not 
available and the infrastructure would need to be set up (SDC 2005).  Steps 
are being taken to overcome these obstacles, however, and trials are already 
being carried out in Wales and are proposed for Scotland (Forestry 
Commission Scotland, personal communication). Once such obstacles are 
overcome and fuel supply chains are further established, the bioheat market is 
expected to expand greatly in Scotland.   

3.3.2 Electricity/Large CHP 
 
In the UK, only 1.5% of electricity stems from biomass sources (Biomass Task 
Force 2005). Of the 49, 492 GWh of electricity generated in Scotland in 2003, 
for example, nuclear power accounted for 37.2%, coal for 29.4%, gas and oil 
for 24.4% and hydroelectric power for 7.4%.  All other renewable sources 
apart from hydroelectric accounted only for 1.7% of Scotland’s total electricity 
generation capacity (see Figure 3.11).  Of this amount, biomass (without co-
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firing) accounted for only 10 MWe, or .2% of the total renewable electricity 
produced in Scotland.  The difference in biomass market share between 
England and Scotland becomes more accentuated when the allocation of 
renewable obligation certificates is considered.  In England, biomass attracted 
16% of the ROCs generated between April 2003 and March 2004, while co-
firing attracted a further 14%.  This is in stark contrast to the situation in 
Scotland, where biomass attracted only 1% of the ROCs generated and co-
firing 4% (Ofgem 2005).  Given its considerable forestry resources as well as 
the potential for energy crop production, Scotland has greatly underachieved 
insofar as biomass energy production in concerned.  A recent report by the 
Forum for Renewable Energy Development in Scotland (FREDS) 
demonstrated this by highlighting the virtual inexistence of biomass market 
penetration in Scotland (FREDS 2005).   

 
As Table 3.15 shows, there are currently several projects at the construction 
and planning stages which could significantly improve this statistic should they 
become operational.  These include the E.ON-operated 44 MWe Lockerbie 
power plant, under construction, which aims to be the UK’s largest power 
plant to run exclusively on woody biomass.  An energy crops supply contract 
has already been signed with Renewable Fuels Ltd., who will supply the short 
rotation coppice willow wood chip.   

 
A Note on Co-firing  
 
There are currently only two coal-fired power stations in Scotland:  Longannet 
and Cockenzie.  Longannet at Kincardine-on-Forth is the second largest coal-
fired power station in the UK, with a total installed capacity of 2400 MWe.  The 
plant utilised approximately half of Scotland’s annual sewage sludge for co-
firing with coal, resulting in the generation of over 200,000 ROCs up to 
September 2005 (Mitsui Babcock 2005).  A court ruling last year determined 
that the power station be upgraded to comply with the European Waste 
Incineration Directive, however, and sewage sludge is no longer co-fired at 
the plant.  Cockenzie power station in East Lothian, with an output capacity of 
1200 MWe, is currently co-firing wood with coal, generating 9,302 ROCs up to 
September 2005 as a consequence.  Cockenzie has so far been co-firing 
sawdust with coal, up to a proportion of 10%.  In June 2005, the plant also 
began co-firing wood pellets (E7 2006). 

 
This is a pivotal moment for Scotland’s electricity industry as both Longannet 
and Cockenzie are due for closure in 2015 and Hunterston B nuclear power 
station possibly closing in 2011 (FREDS 2005b).  Combined, the three power 
stations are responsible for a capacity of over 4600 MW of electricity and their 
possible replacement has stimulated much debate about what the future 
electricity generation mix for Scotland should be (Scottish Affairs Committee 
2005).  The substitution of the electrical output of these stations with 
renewables would contribute substantially to the achievement of the 
aspirational 40% renewable electricity target for 2020 set out by the Scottish 
Executive.  It is estimated that about 6GW of installed renewable capacity is 
needed to meet the 2020 target (FREDS 2005b). 
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Figure 3.11:  Electricity Generation by Sources for Scotland in 2003 
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Coal, 29.4%

Gas and oil, 
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Hydro, 7.4%

Other 
renewables, 1.7%

 
Source: Scottish Executive 2005. 

 
 

Table 3.15: Current Status of Bioelectricity and CHP Projects in Scotland. 
 

Status No. of Projects Capacity (MWE) Capacity (MWTH) 
Operating 1 10 0 

Under construction 1 44 0 
Resolution to consent 1 4.2 12 

In planning 2 50 3 
Scoping 5 63.9 9 

Total 10 173.7 24 
Source:  Scottish Renewables (2005).  Represents situation on April 14, 2006. 
 

3.3.3 Transport Biofuel Production 
 
Of the 97 million hectares of total arable land in the EU in 2005, 1.8 million 
were used to produce feedstocks for transport biofuel production (EU 2005).  
Figure 3.12 shows the indicative percentage share of biofuels in the transport 
fuel market for several EU countries in 2005.  The figure shows quite clearly 
that the UK biofuel market is presently markedly less developed than that of 
many other EU countries.  While in Sweden and Austria, biofuels occupy an 
indicative 3% and 2.5% market share, in the UK this figure is only about .3%.  
The market growth rate has also been much slower in the UK than in most EU 
countries.  In fact, of all the EU-25 countries, only Denmark, the Republic of 
Ireland and Finland have witnessed a slower growth of the biofuels market in 
the last two years (EU 2005).   
 
The Argent Plant in Motherwell is currently the only biodiesel plant operating 
in Scotland and produces biodiesel from used cooking oil (UCO) and tallow 
from the rendering industry.  The plant produces 50 million litres (50,000 
tonnes) of biodiesel annually.  For Scotland to meet its 5% renewable 
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transport fuel obligation in 2020, Booth et al. (2005) estimated that  94,700 
tonnes of biofuel are necessary, meaning that the Argent plant, with an annual 
production of 50,000 tonnes, supplies about half of Scotland’s biofuel target, 
whilst utilizing a significant portion of the country’s tallow and recycled 
vegetable oil resources.  If Scotland were therefore to meet its RTFO target in 
a self-sufficient manner, agricultural feedstocks such as oilseed rape would 
have to be grown.  It must be emphasized, however, that the RTFO is a UK-
wide target. 

 
Figure 3.12: 2005 Indicative Biofuel Market Share in Certain EU Countries  
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Source: EU Biomass Action Plan (2005). 

 

3.4 COMPARISON WITH OTHER RENEWABLES 
 
Garrad-Hassan et al. (2001) carried out a review of the potential of each of the 
major renewable technologies for energy generation in Scotland.  The results 
of the study are summarised in Table 3.16.   
 
Table 3.16: Electricity Generation Potential of Different Renewable 

Technologies for Scotland 
 
Technology Theoretical Potential(a) Achievable Potential 2020 
Onshore Wind 36.5 GW 16 GWe 

Offshore Wind 25 GW N/A 
Marine(b) 21.5 GW 1.3 GWe 

Small Hydro(c) 0.27 GW 0.2 GWe 

Energy from waste 0.12 GWd .12 GW 
a) Values taken from Garrad-Hassan et al. (2001).   
b) Marine refers to both wave and tidal. 
c) Refers to new hydro potential, disregarding existing capacity. 
d) Refers to combined landfill gas and municipal solid waste potential. 
e) Achievable potential taken from FREDS (2005b).  In the case of onshore wind, this is 

based on the number of grid connection applications currently being dealt with, as 
reported in FREDS (2005b). 
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Onshore wind will almost certainly be the major player in driving the Scottish 
renewable energy industry forward, acting as a catalyst for the development of 
other technologies including biomass (FREDS 2005).  Offshore wind, on the 
other hand, has not been the focus of much activity to date, although 
Talisman Energy, in conjunction with Scottish and Southern Energy (SSE) is 
planning the construction of an offshore wind farm demonstration project at 
Beatrice Field (Scottish Executive 2004).  Hydropower, although accounting 
for most of Scotland’s current renewable energy output, has a comparatively 
restricted expansion potential, as does energy from waste sources.  Marine 
energy is increasingly viewed as an important source of renewable electricity, 
with the FREDS Marine Energy Group estimating a total output of 1.3 GW by 
2020. 
 

Table 3.17: Renewable Electricity Projects in the Scottish Planning 
System 

Source:  Scottish Renewables (2005).  Information correct for situation  
on April 14, 2005. 

 
Table 3.17 summarises the current state of development in Scotland of the 
major renewable energy technologies in April 2006.  It becomes clear from the 
table that wind energy dominates the immediate future of renewable energy in 
Scotland, with other technologies playing a much smaller part. 

3.5 ENERGY GENERATION POTENTIAL CONCLUSIONS AND 
RECOMMENDATIONS 

 
Electricity and Heat 
 
Figures 3.18 and 3.19 provide illustrative electricity and heat generation 
potentials (2020) for different biomass feedstocks in Scotland.  For straw, 
poultry litter, wet slurries and meat and bone meal, it was assumed there 
would be no change in availability until 2020.  Several general conclusions 
can be drawn about the current utilisation and potential of different biomass 
feedstocks in Scotland: 
 

 The current market share of biomass for energy in Scotland is 
considerably lower than in England and most other European countries; 

Technology Operational 
(MW) 

Under 
Construction 
(MW) 

Resolution 
to 
Consent  
(MW) 

In 
Planning 
(MW) 

In 
Scoping  
(MW) 

Hydro  1335 103.1 15.35 23.6 35.6 
Wind 712 435 853.3 5263 3928 
Energy 
from Waste 

40.9 4.2 1.9 0 0 

Biomass 12 44 4.2 50 63.5 
Wave .3 0 0 0 0 
Tidal 0 0 0 0 0 
Total 1943.3 562.4 984.9 5925.9 4495 
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 Forestry material and sawmill co-products are Scotland’s most expressive 
and most readily available biomass feedstocks; 

 Short rotation coppice is the energy crop which offers most immediate 
expansion potential for Scotland, even though commercial planting is only 
just beginning.  The short harvesting times means that large volumes of 
the crop could be produced relatively quickly, whereas the harvesting 
times of short-rotation forestry species  are considerably greater.  There 
are, however, concerns about the economics of  SRC in Scotland. 

 There is still very little practical experience of energy grass cultivation in 
Scotland, but reed canary grass appears to be the most suitable to 
Scottish conditions; 

 Agricultural residues appear to have very limited energy generation 
potential for Scotland, due to alternative markets or uses; 

 The utilisation of forestry material for small-scale heat or CHP would 
make much more logistical sense and be more efficient than for 
electricity;  

 Although biomass has the capacity to make an important contribution to 
renewable energy generation in 2020, its potential is significantly lower 
than that of wind energy. 

 
Figure 3.18:  Summary of Illustrative Electricity Generation Potential (2020) of 

Biomass Feedstocks of Relevance to Scotland 
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Assumptions:  1) SRC:  50,000 ha @ 8-12 odt ha-1, 2) MBM: 25% of theoretical total of 80,000 
tonnes, 3) Animal slurries – 25% of theoretical total estimated in Garrad Hassan, 4) Poultry 
litter: 150,000 – 200,000 tonnes, includes material being used at Westfield, 5) Straw: 
estimated total of 100,000 – 200,000 includes rape straw, 6) wood fuel: 800,000 – 1,200,000 
odt yr-1 based on SDC (2005) and FREDS (2005), does not include recycled wood. 
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Figure 3.19:  Summary of Illustrative Heat Generation Potential (2020) of    
  Biomass Feedstocks of Relevance to Scotland 
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 Assumptions same as Figure 3.15. 
 
 
Additionally, there are some areas that deserve closer attention.  These are: 

 Short rotation forestry: This is a longer-term option which is attracting 
considerable interest at present and could be integrated with farm 
woodland management practices to provide an extra income source for 
farmers.  Detailed biophysical and economic assessments are required in 
addition to the development of practical management advice.  The 
potential of short rotation forestry for bioenergy is currently being 
investigated by the Forestry Commission (Hardcastle 2006). 

 Biogas:  There is very little in the literature about the potential of biogas 
production from anaerobic digestion of animal manures in Scotland, 
although experimental farm-scale AD plants are currently operating in the 
southwest of Scotland.  There may be the possibility of developing a 
number of centralised AD facilities in Scotland, but this appears not to 
have been investigated yet. 

 Matching supply and demand: There is currently an active debate about 
the direction that the biomass sector in Scotland should take.  Large-scale 
electricity and CHP plant, while able to strengthen supply chains, are likely 
to be constrained by the scattered distribution of available wood fuel 
resources.  Spatially explicit analytical studies which investigate different 
resource supply and demand scenarios may be able to provide invaluable 
information regarding the optimal utilisation of Scotland’s wood fuel 
resources. 

 
Transport biofuels: 

 As far as transport biofuels are concerned, biodiesel holds more value for 
Scotland than bioethanol production, due to present market conditions 
where Scotland is at a deficit for diesel and where cheap bioethanol 
alternatives are available; 
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 Production of biodiesel from oilseed rape is likely to be necessary if 
Scotland is to meet its RTFO targets without relying on imports, although 
this may not be entirely necessary. 
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4.   GREENHOUSE GAS AND ENERGY BALANCES OF 
      BIOMASS ENERGY OPTIONS 
4.1 BACKGROUND 

4.1.1 Life Cycle Assessment 
 
There are two main reasons for current interest in greenhouse gas (GHG) and 
energy balances of conventional and new sources of energy; global climate 
change and energy resource depletion.  Concern over the impacts and 
consequences of global climate change means that it is essential to determine 
the amounts of GHGs emitted by the complete life cycle of current and 
possible future energy technologies.  Most studies which investigate these life 
cycles concentrate on the three most prominent GHGs; carbon dioxide (CO2), 
methane (CH4) and nitrous oxide (N2O).  These GHG emissions arise from a 
number of different sources but the most significant are emissions from the 
combustion of fossil fuels, such as coal, natural gas and petroleum products, 
and emissions from soils due to their cultivation. 
 
For convenience, CO2, CH4 and N2O emissions can be aggregated together 
into “equivalent CO2” emissions by means of their relative effectiveness at 
absorbing infra-red radiation, represented by their “global warming potential” 
(GWP).  Because each GHG is subject to different physical and chemical 
dynamic processes, it resides in the atmosphere for a different period of time.  
This means that the GWP of each GHG varies differently over time.  As a 
consequence, the Inter-governmental Panel on Climate Change (IPCC) 
recommends values of GWP which can be selected to represent various 
scientific, policy and decision-making time horizons (IPCC 2001).  A series of 
GWPs for specific time horizons is reproduced in Table 4.1.  Currently, 100 
year values for GWPs are commonly adopted in LCA and similar calculations. 
 
Table 4.1: Global Warming Potentials for Prominent Greenhouse Gases 
 
Greenhouse Gas Global Warming Potential 

(kg eq. CO2) 
 20 years 100 years 500 years 
Carbon Dioxide     1     1     1 
Methane   62   23     7 
Nitrous Oxide 275 296 156 
 
Concerns over energy resource depletion and the related issue of fuel price 
inflation mean that it is essential to evaluate the amounts of depletable 
energy, such as fossil and nuclear fuels, that are needed by the complete life 
cycle of current and possible future energy technologies.  The quantification of 
energy resource depletion depends on the estimation of primary energy which 
is a measure of the amount of energy available from sources at their original 
points of extraction.  This includes the energy contained in coal and uranium 
ore at the pithead, and natural gas and oil at the wellhead.  The measurement 
of primary energy inputs is normally based on appropriate calorific values, 
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which express the heat or energy content of the source of energy.  Typically, 
primary energy is expressed in units of Joules (J) or multiples of 10 of these 
units, such as mega-Joules which equal 1 million Joules (106 J or 1 MJ).  In 
this report, the term ‘energy balance’ refers to the amount of fossil fuel energy 
necessary to produce one MJ of energy.  The energy balance includes both 
direct inputs due to the consumption of fuels and electricity at particular 
stages of the biofuel technology and indirect inputs due to the provision of 
materials and equipments. 
 
The usual method used to calculate total GHG emissions and primary energy 
inputs is life cycle assessment (LCA).  This is an established approach, 
specified by International Standard ISO 14040 series (International Standards 
Organisation 1997, 1999, 2000a, 2000b, 2000c, 2002), which has been 
developed to provide a consistent framework for evaluating the environmental 
impacts of the complete life cycle of any given product or service.  In theory, 
LCA can be used to estimate all the natural resource inputs and 
environmental outputs associated with whole chain of processes needed to 
provide, use and dispose of a product or service.  In practice, actual LCA 
studies often focus of specific inputs and/or outputs and occasionally restrict 
their scope to certain parts of the main process chain or life cycle.  The 
reasons for effectively terminating LCA studies in this way include the need to 
concentrate on specific impacts and the intention of addressing particular 
environmental and policy concerns. 
 
LCA studies are conducted for a variety of diverse purposes which, by 
necessity, must define the specific question that will be answered by the 
results.  It essential to appreciate that the precise nature of the question 
posed affects the results generated by LCA studies.  As with most other 
assessment methods, LCA studies are not capable of producing universal 
results which answer every possible question.  The “goal and scope” of a LCA 
study determines all aspects of the way it is undertaken.  In order to provide 
meaningful results, it is necessary to specify the exact characteristics of the 
product or service under investigation as well as the circumstances of its use 
or application.  In LCA studies, this is summarised by the “functional unit” 
which defines the nature of the product or service under investigation. 
 
This is important because the actual specification of, for example, an energy 
technology has a fundamental bearing on subsequent LCA results.  This is 
particularly true for biomass energy technologies which can be governed by 
site-specific factors such as fertiliser application rates, crop yields and 
distance to processing and utilisation plants for biomass feedstocks.  In fact, 
LCA results for any product or service can be sensitive to a range of basic 
parameters including the country where the technology is located and the time 
period under consideration.  The reason for this is that results are affected by 
environmental performance of whole economy which supports any given 
technology.  This varies to between nations and over time (see, for example, 
Lenzen and Wachsmann 2004).  Hence, it is important to specify the 
“location” and “year” to which LCA results refer. 
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There are also other considerations which influence the nature and relevance 
of LCA results.  These include specific issues such as “system boundaries”, 
“reference systems” and “allocation procedures”.  Systems boundaries have 
to be established in any LCA study as these determine the extent of the 
process chain under investigation.  As it is impractical to take all possible 
activities related to the process chain into account, LCA studies have to be 
qualified in terms of systems boundaries which explain, for example, whether 
the manufacture of capital equipment or the provision of maintenance has 
been incorporated into the calculations.  Reference systems are necessary 
because many biomass feedstocks are obtained from the cultivation of land 
which could have been used for other purposes.  These other uses and their 
environmental inputs and outputs have to be taken into account in the LCA 
calculations.  It should, however, be noted that the actual choice of reference 
system can complicate analysis considerably, especially if the alternative is to 
grow another crop with a completely different use.  For this reason, simple 
reference systems are often selected, such as no- or low-maintenance set-
aside.  Another frequently-encountered feature of biomass energy systems is 
that they produce joint rather than single products.  For example, biodiesel 
production from oilseed rape using esterification also produces rape straw 
(often treated as a waste product), rape meal (usually sold as an animal feed) 
and glycerine (mainly sold as a chemical raw material).  Allocation procedures 
are needed to share the environmental burden amongst joint products.  
However, there is not a single, “correct” way of undertaking such allocation 
and the choice of allocation procedure can affect the results of a LCA study. 

4.1.2 Literature Review Procedures 
 
From the introduction to the basic features of LCA set out in Section 4.1.1, it 
will be realised that there is no such thing as a unique set of LCA results 
which represents the environmental inputs and outputs of a given product or 
service in any situation.  LCA does not provide universal answers which are 
relevant to all circumstances.  Instead, it is necessary to qualify, in clear 
terms, a LCA study and its results in relation to its goal and scope, functional 
unit, location and year, systems boundary, reference system(s) and allocation 
procedure(s).  In many instances, it may be necessary to modify, adjust or 
replace basic parameters and assumptions in an existing LCA so that it 
represents, correctly, the provision of a product or service under very specific 
circumstances.  This can only be achieved if the LCA study is accessible 
(normally available in the public domain) and transparent (described in 
sufficient detail to enable changes to be made in parameters and 
assumptions). 
 
An example of transparency is provided in Annex 1 which demonstrates the 
evaluation of the GHG and energy balances for the small-scale production of 
heat using wood chips obtained from woodland management.  These 
illustrative results are based on earlier work (Elsayed et al 2003) which has 
been modified to reflect Scottish conditions.  This demonstrates how 
accessible and transparent LCA studies can be adapted for use in specific 
situations.  However, it should be noted that not all LCA studies are 
accessible because some are conducted for private companies or 
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organisations on the basis of commercial confidentiality.  Additionally, many 
LCA studies are either not published with full details or have been conducted 
using proprietary software and databases which do not reveal the basic 
calculations. 
 
Accessibility and transparency are essential considerations in any review of 
LCA literature.  In this study, other important considerations for a review of 
existing LCA literature are the relevance of the technology to Scotland and the 
relevance of any associated LCA study to Scotland.  Hence, the following 
criteria were adopted in the review of existing LCA literature in this study: 
 
Source: Main reference details for the work. 
 
Summary: Concise description of the work to provide the reader with a 

quick and simple understanding of its essential details. 
 
Coverage: Coverage of the energy technology and coverage of 

environmental inputs and outputs (primary energy inputs, 
and/or CO2, CH4 and N2O and/or total GHG emissions) 
with a brief explanation of the key LCA features including 
systems boundary, reference system(s) and allocation 
procedure(s). 

 
Transparency: Assessment of the relative transparency of the work (fully 

transparent, partially transparent or not transparent). 
 
Relevance: Current relevance of the work to Scottish circumstances 

and, where necessary and if possible, the modifications 
needed to adjust the work so that it is appropriate for 
Scottish circumstances. 

 
Based on previous experience (Mortimer et al, 2003; Elsayed et al, 2003; 
Mortimer et al, 2004), it was decided that the review of existing LCA literature 
should be conducted in a consistent and standard manner.  This assists with 
identification of existing LCA studies which might be suitable for providing 
estimates of primary energy inputs and GHG emissions for relevant biomass 
and other energy technologies in Scotland.  Even more significantly, this 
approach enables important gaps in coverage to be determined.  Such 
literature review work was necessary to establish: 
 
• which existing LCA studies can be used in an unmodified way to represent 

Scottish circumstances, 
 

• which existing LCA studies can be accessed and modified as necessary 
for Scottish circumstances, and 
 

• where new LCA studies are required to address gaps that exist with 
biomass and other energy technologies for Scotland. 
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There are a variety of parameters and assumptions in LCA studies which 
have to be consistent with Scottish circumstances in order for the results to be 
relevant for use in Scotland.  Apart from the choice of technology and its 
specific features, values of fertiliser application rates, crop yields, transport 
distances, etc., must be appropriate.  It is essential that results from existing 
studies can either reflect these and other parameters and assumptions, or 
accommodate necessary changes.  Similarly, it is necessary to ensure that 
the treatment and associated uncertainties of soil carbon sources and sinks, 
and N2O emissions from soil can be addressed consistently or modified 
accordingly (see Section 4.7).  It should be appreciated that some of the basic 
science of the soil carbon and nitrogen cycles is not complete and this has to 
be taken into account in interpreting subsequent LCA results.  Selection of 
consistent values for GWPs is also required and it is important to realise that, 
over a period of time, different LCA studies may have adopted different 
values.  Unfortunately, this is sometimes not explicit and, even when it is, the 
details of calculations are not provided so that necessary alterations cannot 
be made to a consistent set of GWP values. 
 
Finally, in relation to consistency, it must be understood that extreme caution 
must be applied when combining the results of LCA studies with other studies, 
such as economic evaluations.  Such combination is often attempted in order 
to derive estimates of the net cost-effectiveness of saving GHG emission by 
different technologies.  Whilst there is an understandable need for measures 
of cost-effectiveness, meaningful and reliable estimates can only be derived 
from studies which adopt the same, consistent parameters and assumptions.  
LCA and economic studies are rarely conducted together.  Hence, when the 
results of independent LCA and economic studies are inevitably combined, 
they have the potential to generate unreliable or misleading conclusions. 
 

4.1.3 Outcomes of the Review 
 
LCA studies for review here were selected after an updated literature search.  
In addition, reviews of known commercial work that has been completed 
recently were added wherever possible.  In total, 25 potentially-relevant LCA 
studies were identified and the subsequent review summaries, based on 
agreed criteria (see Section 4.1.2), are presented in Annex 2.  The outcomes 
of this exercise can be presented, in terms of this study, by indicating the 
overall suitability or otherwise of particular LCA studies as means of 
representing GHG and energy balances for relevant energy technologies in 
Scotland. To this end, summary tables outlining the suitability to Scotland of 
previous work on GHG and energy balances of biomass energy technologies 
are provided in Annex  3.   
 
For convenience, this review evaluation is divided into the groups of energy 
technologies.  Conventional energy technologies which provide heat and 
electricity from current fossil fuels and other renewable energy technologies 
are evaluated in Section 4.2.  Biomass energy technologies which produce 
heat, electricity, combined heat and power (CHP) and transport biofuels are 
addressed in Sections 4.3, 4.4, 4.5 and 4.6, respectively.  In order to avoid 
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unnecessary evaluation and subsequent complications, this review has 
concentrated on the most recent and most relevant LCA studies for these 
particular energy technologies.  Such effective pre-selection has been based 
on knowledge and experience gained from previous literature reviews.  
However, every attempt has been made to identify and review new, published 
LCA studies which cover relevant energy technologies. 

4.2 BASELINE GREENHOUSE GAS AND ENERGY BALANCES 
 
Before embarking on an examination of the review evaluation of LCA studies 
for relevant biomass energy technologies in Scotland, it is necessary to 
consider conventional energy technologies and other renewable energy 
technologies.  GHG and energy balances are needed for these particular 
technologies because they form the baseline against which results for 
biomass energy technologies can be compared.  Consequently, literature 
searches and reviews were conducted for LCA studies on relevant fossil fuel, 
nuclear and other renewable energy technologies which might be relevant to 
Scotland.  Review summaries for the limited number of LCA studies identified 
are provided in Annex 3 and review evaluations are presented for 
conventional energy technologies and other renewable energy technologies in 
Tables 1 and 2 of Annex 2, respectively. 
 
It may seem rather surprising that no existing, published LCA studies were 
found that were directly relevant to these particular technologies in Scotland.  
There are a range of different reasons for this.  First, very few truly 
transparent LCA studies have been published for conventional energy 
technologies because, historically, there has been more interest in new 
energy technologies.  Indeed, there is a general but incorrect assumption that 
LCA results for conventional energy technologies based on fossil fuels are 
commonplace and well-established.  In reality, little attention has been 
directed to such LCA work perhaps because it is known, in advance, that their 
GHG and energy balances are considerably less attractive than those for 
most new energy technologies  Second, LCA studies for nuclear power are 
somewhat contentious with little agreement between those produced within 
and outside the nuclear industry.  Such studies would benefit from total 
transparency but, so far, this is largely lacking, partly due issues of 
commercial confidentiality.  Finally, although substantially more LCA studies 
have been conducted on renewable energy technologies, it must be realised 
that these, by their very nature, are rather site-specific.  Hence, without the 
necessary transparency, subsequent LCA results cannot be adopted as 
representative for the specific conditions encountered in given locations. 
 
It is apparent from Annex 3 (Tables 1 and 2) that there are no existing LCA 
results for conventional energy technologies and other renewable energy 
technologies which can be used without significant modification or entirely 
new work as representative baseline GHG and energy balances for Scotland.  
A number of specific considerations would have to be taken into account in 
the preparation of suitable baseline GHG and energy balances for Scotland.  
For example, data are available to determine the primary energy inputs and 
GHG emissions associated with the production of natural gas and oil from the 
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North Sea along with subsequent treatment and processing into heating fuels.  
However, such data would have to be combined with other information on the 
construction and operation of the natural gas transmission and distribution 
systems, and oil refining and distribution systems in either Scotland or the 
United Kingdom.  Additionally, new work would be required on the 
manufacture and operation of natural gas- and oil-fired heating systems.  This 
would be necessary to ensure consistent comparison with heat-producing 
renewable energy technologies since they incorporate, inherently, the means 
of providing heat for consumers. 
 
Most LCA studies of fossil fuel-fired electricity generation have been 
conducted outside the United Kingdom.  Hence, it is necessary to appreciate 
the significant modifications may be required to ensure that subsequent GHG 
and energy balances reflect the characteristics, operation and performance of 
these conventional energy technologies in Scotland or the United Kingdom.  
In terms of electricity generation from nuclear power, most LCA studies focus 
on the construction and operation of pressurised water reactor (PWR) power 
plant and their associated fuel cycles.  However, the nuclear power plants 
which currently operate in Scotland are based on the advanced gas-cooled 
reactor (AGR).  Consequently, even if it was possible to resolve differences 
over basic data, assumptions and methods of calculation between existing 
LCA studies, subsequent GHG and energy balances for nuclear power would 
not represent current circumstances in Scotland. 
 
The situation for GHG and energy balances for petrol and diesel produced 
from crude oil is somewhat clearer since there are a number of published LCA 
studies of these conventional transport fuels.  However, relative consensus 
only exists for production but not for utilisation.  This is because many factors, 
including vehicle type and performance, engine set-up and maintenance, 
driving conditions, etc., effect the direct emissions from fuel combustion.  It is, 
of course, possible to select a representative level of direct emissions for 
given circumstances, ideally based on actual road tests.  However, problems 
arise when attempts are made to compare subsequent GHG and energy 
balance with those of alternative biofuels such as biodiesel and bioethanol.  
Meaningful comparison can only be achieved if direct emissions from these 
biofuels are measured under comparable test conditions.  Unfortunately, there 
appears to be no complete consensus over the results of testing which, 
ideally, should be conducted by independent organisations with standard 
procedures for comparative purposes.  Given the current lack of agreement, it 
is normal to limit comparison of GHG and energy balances for transport fuels 
to production only. 
 
The main concern over GHG and energy balances for other renewable energy 
technologies is that most relevant LCA studies have been conducted on 
examples outside the United Kingdom.  Obviously, where possible, these 
would have to be adjusted to Scottish renewable energy resource conditions.  
Even so, it must be appreciated that the GHG and energy balances for most 
of these technologies can only be represented by a range of results.  For 
example, the results for electricity generated from wind power depend on the 
average annual wind speed of the site, the size and number of wind turbines, 
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and the distance of the connection to the electricity network.  Similar 
considerations apply to all these renewable energy technologies.  
Furthermore, the actual country of origin of any equipment incorporated into 
these renewable energy technologies can alter their GHG and energy 
balances due to national differences in economic structure and dependence 
on fossil fuels.  Apart from these general considerations, no recent, published 
LCA studies with adequate transparency could be found for solar water 
heating and wave power.  Whilst a number of LCA studies were conducted on 
solar water heating in the 1970’s (see, for example, Evans 1970), these do not 
reflect modern systems.  Additionally, no LCA studies seem to have been 
published on current designs of wave power devices in the United Kingdom. 
 
This dearth of suitable LCA results raises the question of whether it is possible 
to provide reliable baseline GHG and energy balances for subsequent 
comparison with those for biomass energy technologies.  Strictly speaking, a 
complete set of baseline GHG and energy balances is not currently available 
for Scotland nor, in fact, for the United Kingdom.  Instead, it is only possible to 
adopt results from existing LCA studies and related work (see, for example, 
Eyre 1990; Eyre and Michaelis 1991) to provide illustrative results.  In this 
study, conventional heating is  assumed to consist of individual oil-, liquefied 
petroleum gas- (LPG) and natural gas-fired central heating systems and 
illustrative results for these were derived from earlier work (quoted in 
Sustainable Development Commission, 2005 and Country Landowners’ 
Association, 2006).  Illustrative results were available for average grid 
electricity in the United Kingdom in 1996 which reflect the mix of power plants 
operating at that time (NETCEN 1999).  A study in Germany (Pehnt 2006) 
provided illustrative results for solar water heating, small-scale hydro power 
(300 kW), medium-scale hydro power (3,100 kW), solar photovoltaics 
(polycrystalline SOG-Si PV cells), onshore wind power (1,500 kW) and 
offshore wind power (2,500 kW).  Illustrative results for unleaded petrol and 
ultra low sulphur diesel derived from crude oil in the United Kingdom were 
obtained from a combination of a standard source (NETCEN 1999) and an 
earlier study of biofuels (Mortimer et al 2003).  Illustrative GHG and energy 
balances for conventional and other renewable energy technologies which 
produce heat and electricity, and for conventional transport fuels are shown in 
Figures 4.1 to 4.6, respectively.  It must, again, be emphasised that these 
results do not constitute representative baseline GHG and energy balances 
for conventional and other renewable energy technologies in Scotland.  
Instead, they are only provided here to indicate the comparative magnitude of 
GHG emissions and primary energy inputs. 
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Figure 4.1: Illustrative GHG Balances for Heat-Producing Conventional and 
Other Renewable Energy Technologies (Not Necessarily 
Representative for Scotland) 
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Figure 4.2: Illustrative Energy Balances for Heat-Producing Conventional 

and Other Renewable Energy Technologies (Not Necessarily 
Representative for Scotland) 
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Figure 4.3: Illustrative GHG Balances for Electricity-Producing Conventional 
and Other Renewable Energy Technologies (Not Representative 
for Scotland) 
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Figure 4.4: Illustrative Energy Balances for Electricity-Producing 
Conventional and Other Renewable Energy Technologies (Not 
Representative for Scotland) 

 

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25

Medium-Scale
Hydro

Offshore Wind

Onshore Wind

Small-Scale Hydro

Solar PV

UK Grid 1996

Energy Balance (MJ/MJ)

 
 

 
 
 
 



Chapter 4:  Greenhouse gas and energy balances of biomass energy options 

 79

Figure 4.5: Illustrative GHG Balances for Conventional Transport Fuels 
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Figure 4.6: Illustrative Energy Balances for Conventional Transport Fuels 
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4.3    GREENHOUSE GAS AND ENERGY BALANCES OF HEAT  
  PRODUCTION FROM BIOMASS 

 
The review evaluation of heat-producing biomass technologies is summarised 
in Annex 3 (Table 3), while details of the review of individual, published LCA 
studies are provided in Annex 2.  In particular, this relates to the production of 
heat by the combustion and gasification of wood chips from forestry residues 
and the combustion of straw.  For these technologies, there is one particular 
study, sometimes referred to as the Biofuels Report, is in the public domain 
(Elsayed et al 2003).  The Biofuels Report was prepared jointly by the 
Resources Research Unit of Sheffield Hallam University and Forest Research 
for Future Energy Solutions (formerly ETSU) on behalf of the Department of 
Trade and Industry.  One essential feature of the Biofuels Report is that it 
adopts a transparent approach to the calculation of GHG and energy 
balances.  An example of this approach is demonstrated in Annex 1. 
 
The essential approach and most of the data and assumptions in the Biofuels 
Report were subsequently incorporated into the Biomass Environmental 
Assessment Tool (BEAT) which is owned by the Environment Agency 
(Environment Agency 2005).  Whereas the Biofuels Report is presented in 
paper-based format, BEAT consists of Excel spreadsheets in electronic 
format.  These spreadsheets were prepared by North Energy Associates Ltd 
under sub-contract to Future Energy Solutions.  The scope of BEAT is 
considerably wider than the Biofuels Report but, since it is only intended for 
internal use within the Environment Agency, it is not available for direct public 
access.  Despite this, the approach used in both the Biofuels Report and 
BEAT could be adapted to derive GHG and energy balances for the majority 
of heat-producing biomass energy technologies for Scotland.  This would 
mainly involve modifying key parameters, data and assumptions so that they 
reflect circumstances in Scotland. 
 
he only heat-producing biomass energy technologies for which existing, 
published LCA studies could not be identified where those involving the 
combustion, gasification and pyrolysis of wood chips and wood pellets from 
short rotation forestry and the combustion of biogas from the anaerobic 
digestion of slurry.  In both these cases, new work would have to be 
undertaken to obtain relevant data on short rotation forestry and biogas 
production and utilisation so that GHG and energy balances can be calculated 
accordingly.  Whilst there appear to be no specific published LCA studies on 
biomass co-combustion or co-firing with fossil fuels in existing equipment, it 
might be possible to adopt the Biofuels Report and/or BEAT to evaluate 
subsequent GHG and energy balances for these options.  However, basic 
data on equipment performance and combustion emissions would be needed 
to do this. 
 
Using Biofuels Report for relevant energy technologies, it is possible to 
provide illustrative results.  On this basis, GHG balances are shown in Figure 
4.7 and energy balances are demonstrated in Figure 4.8.  For convenience, 
these results are compared with the GHG and energy balances of heat 
produced from conventional energy technologies and other renewable energy 
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technologies (see Section 4.2).  However, it must be noted that, in most 
instances, these results cannot be regarded as representative for Scotland 
since some will require varying degrees of modification which is beyond the 
scope of this study. 
 
Figure 4.7: Illustrative GHG Balances for Heat-Producing Biomass Energy 

Technologies (Not Necessarily Representative of Scotland) 
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Figure 4.8: Illustrative Energy Balances for Heat-Producing Biomass Energy 

Technologies (Not Necessarily Representative of Scotland) 
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4.4 GREENHOUSE GAS AND ENERGY BALANCES OF ELECTRICITY 
PRODUCTION FROM BIOMASS 

 
Based on examination of the appropriate reviews in Annex 2, the relevance of 
existing, published LCA studies to electricity-producing biomass energy 
technologies for Scotland is evaluated in Annex 3 (Table 4).  The outcome of 
this evaluation is very similar to that for heat-producing biomass energy 
technologies (see Section 4.3).  Only a few LCA studies provide GHG and 
energy balances which might be directly relevant to Scotland.  In particular, 
these consist of the results from the Biofuels Report (Elsayed et al 2003) and 
BEAT (Environment Agency 2005) for the generation of electricity by 
combustion, gasification and pyrolysis of wood chips for forestry residues and 
by the combustion of straw.  However, as previously suggested, suitable 
results could be derived for most other electricity-producing biomass energy 
technologies by modifications to either the publicly-available Biofuels Report 
or, if accessible, the BEAT software of the Environment Agency.  This would 
require the collection and incorporation of specific data for these biomass 
energy technologies to ensure that GHG and energy balances were relevant 
to Scotland.  In some cases, existing, published LCA studies for certain 
electricity-producing biomass energy technologies could not be identified.  
Hence, it is suggested that new work would have to be undertaken to 
determine the GHG and energy balances for electricity generation by 
combustion, gasification and pyrolysis of wood chips and wood pellets from 
short rotation forestry, poultry litter, and meat and bonemeal. lustrative results 
for relevant electricity-producing biomass energy technologies can be 
obtained from the Biofuels Report.  GHG balances are presented in Figure 4.9 
and energy balances are provided in Figure 4.10.  These results are 
compared with the GHG and energy balances of electricity produced from 
conventional energy technologies and other renewable energy technologies 
(see Section 4.2).  However, as before, it must be emphasised that, in most 
instances, these results cannot be regarded as representative for Scotland 
since some will require varying degrees of modification which is beyond the 
scope of this study. 
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Figure 4.9: Illustrative GHG Balances for Electricity-Producing Biomass 
Energy Technologies (Not Necessarily Representative of Scotland) 
 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Offshore Wind

Medium-Scale Hydro

Onshore Wind

Small-Scale Hydro

Gasification of Wood Chips from Forestry Residues

Gasification of Wood Chips from Short Rotation Coppice

Pyrolysis of Wood Chips from Forestry Residues

Pyrolysis of Wood Chips from Short Rotation Coppice

Combustion of Wood Chips from Forestry Residues

Combustion of Wood Chips from Short Rotation Coppice

Solar Phovoltaics

Combustion of Straw

UK Grid Electricity1996

GHG Balances (kg eq. CO2/MJ)

 
 
Figure 4.10: Illustrative Energy Balances for Electricity-Producing Biomass 

Energy Technologies (Not Necessarily Representative of 
Scotland) 
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4.5 GREENHOUSE GAS AND ENERGY BALANCES OF COMBINED 
HEAT AND POWER PRODUCTION FROM BIOMASS  

 
Similar conclusions to those drawn previously (see Sections 4.3 and 4.4) were 
found for the review evaluation of existing LCA studies for combined heat and 
power (CHP) biomass energy technologies based on the details presented in 
Annex 2 and summarised in Annex 3, Table 5.  Once again, it was concluded 
that the Biofuels Report (Elsayed et al 2003) and BEAT (Environment Agency 
2005) provide suitable results which could be used to represent the GHG and 
energy balances for CHP with combustion, gasification and pyrolysis of wood 
chips from forestry residues, and with combustion of straw.  Modifications to 
either the Biofuels Report or BEAT would be needed to represent most of the 
other CHP biomass energy technologies.  Due to the apparent absence of 
existing, published LCA studies, new work would be needed to derive GHG 
and energy balances for CHP with combustion, gasification and pyrolysis of 
wood chips and wood pellets from short rotation forestry, poultry litter, and 
meat and bonemeal. 
 
Using the results presented in the Biofuels Report, illustrative GHG and 
energy balances for certain CHP biomass energy technologies can be 
provided and compared with those of heat production and electricity 
generation from conventional energy technologies and other renewable 
energy technologies.  However, such comparison is slightly more involved 
than previous (see Sections 4.3 and 4.4) because, obviously, CHP 
technologies produce two important outputs, namely, heat and electricity, 
rather than one output as in the technologies considered so far.  As in the 
case of any process that generates more than one product, GHG emissions 
and primary energy inputs have to be allocated between the joint products 
(see Section 4.1.1).  Conventionally, this is achieved for CHP technologies by, 
effectively, placing relative values on the energy available in the heat and 
electricity produced (Defra 2005).  Specifically, electricity is attributed with 
twice the value of heat from a CHP technology.  This means that twice as 
much GHG emissions and primary energy inputs are allocated to the 
electricity as to the heat.  On this basis, separate meaningful comparison can 
be made between the heat and the electricity produced by CHP biomass 
energy technologies and from both relevant conventional and other renewable 
energy technologies.  In particular, GHG and energy balances for heat 
produced from CHP biomass energy technologies are presented and 
compared in Figures 4.11 and 4.12, respectively, and for electricity produced 
from CHP biomass energy technologies in Figures 4.13 and 4.14, 
respectively.  As stressed previously, in most instances, these results cannot 
be regarded as representative for Scotland since some will require varying 
degrees of modification which is beyond the scope of this study. 
 
 
 
 
 
 
 



Chapter 4:  Greenhouse gas and energy balances of biomass energy options 

 85

Figure 4.11: Illustrative GHG Balances for Heat from CHP Biomass Energy 
Technologies (Not Necessarily Representative of Scotland) 
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Figure 4.12: Illustrative Energy Balances for Heat from CHP Biomass Energy 
Technologies (Not Necessarily Representative of Scotland) 
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Figure 4.13: Illustrative GHG Balances for Electricity from CHP Biomass 
Energy Technologies (Not Necessarily Representative of 
Scotland) 
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Figure 4.14: Illustrative Energy Balances for Electricity from CHP Biomass 

Energy Technologies (Not Necessarily Representative of 
Scotland) 

 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80

Gasification of Wood Chips
from Forestry Residues

Gasification of Wood Chips
from Short Rotation Coppice

Solar Water Heating

Pyrolysis of Wood Chips from
Forestry Residues

Pyrolysis of Wood Chips from
Short Rotation Coppice

Combustion of Wood Chips
from Forestry Residues

Combustion of Wood Chips
from Short Rotation Coppice

Combustion of Straw

Combustion of Natural Gas

Combustion of LPG

Combustion of Oil

Energy Balance (MJ/MJ)

 
 



Chapter 4:  Greenhouse gas and energy balances of biomass energy options 

 87

4.6 GREENHOUSE GAS AND ENERGY BALANCES OF TRANSPORT 
BIOFUEL PRODUCTION 

 
A significant number of LCA studies have been undertaken and published on 
the production of transport biofuels, as is indicated by the reviews presented 
in Annex 2.  This provided a good basis for the review evaluation which is 
summarised in Annex 3, Table 6.  In the United Kingdom, transparent LCA 
studies have been conducted for the production of biodiesel from oilseed rape 
and recycled vegetable oil in the national context (Elsayed et al, 2003; 
Environment Agency 2005) and in a regional setting (Mortimer 2006), and for 
the production of bioethanol from wheat grain in the national context (Elsayed 
et al 2003; Punter et al 2004; Environment Agency 2005).  The results for 
biodiesel production from recycled vegetable oil could probably be used 
directly in the Scottish context.  However, results from these studies for 
biodiesel production from oilseed rape and bioethanol production from wheat 
grain cannot be regarded as specific to Scotland, as they are based on 
average UK data and do not represent one part of the UK in particular.  It 
would be necessary to adjust them accordingly, with Scottish data on fertiliser 
application rates, crop yields and transport distances to provide representative 
GHG and energy balances.  Whilst there is a published LCA study which 
includes results for biodiesel production from tallow (Beer et al 2002), this 
represents circumstances in Australia and is not sufficiently transparent to 
allow modification to Scottish conditions.  No suitable, published LCA studies 
of bioethanol production from barley or potatoes could be identified in this 
literature review.  Hence, new work would be required to determine the GHG 
and energy balances for these particular methods of biofuel production in 
Scotland. 
 
It is possible to present illustrative GHG and energy balances of transport 
biofuel production and to compare these with those of conventional transport 
fuels.  However, it is essential to appreciate at least three important 
considerations which affect these results and their comparison.  First, the 
results are not necessarily representative of circumstances in Scotland.  In 
particular, some of these results require adjustment to Scottish conditions 
which is beyond the scope of this study.  Second, these results do not include 
the CH4 and N2O emissions of fuel combustion in vehicles (see Section 4.2).  
This is mainly due to a lack of consistent and agreed basic data on tailpipe 
emissions from comparable tests for using biofuels and conventional fuels in 
vehicles.  Third, GHG and energy balances for biofuels can be fundamentally 
influenced by the specific types of production technologies and joint product 
treatments chosen.  Evidence has been presented elsewhere to demonstrate 
that the choice of sources of fuels and electricity used in biofuel processing 
can alter the GHG and energy balances significantly (Mortimer, Elsayed and 
Horne  2003).  Indeed, as is shown in Figure 4.16, ‘negative primary energy 
inputs’ may result.  This situation arises when by-products are co-fired, 
displacing coal for electricity production.  This additional fossil fuel 
displacement may be greater than the total fossil energy inputs used to 
produce the fossil diesel and petrol with which biodiesel and bioethanol are 
compared to in the life cycle assessments and is thus termed ‘negative’.  
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Replacing fossil fuels with renewable energy for process electricity production 
strengthens this effect. 
 
In particular, earlier LCA studies indicated relative high values of primary 
energy inputs and GHG emission due to the assumption that natural gas or oil 
would be used as main process heating and that all electricity supplies would 
be obtained from the national grid.  However, most developers are adopting 
CHP plants to provide process heat and electricity in their current biofuel 
plants.  The higher overall thermal efficiencies achieved by utilising CHP 
reduces both primary energy inputs and GHG emissions.  As most CHP 
plants are designed to match the heat demands of the biofuel production 
plants, surplus electricity can often be generated.  When sold for export to 
other consumers directly or via the national grid, this produces effective 
“credits” which further improve the GHG and energy balances (see Section 
4.1.1).  In some instances, developers may consider using renewable energy 
sources, such as straw, to fire the CHP plant which has obvious benefits for 
the GHG and energy balances.  Finally, the way in which the joint products 
are treated can have a further beneficial effect on the overall GHG and energy 
balances of the biofuel plant.  The traditional market for major by-products 
such as rape meal and distillers’ dark grains (DDGS) is animal feed.  
However, due a combination of falling demand for animal feed in the United 
Kingdom, possible future over-supply and the emergence of alternative 
markets, other options for using such joint products now have to be taken into 
account.  Specifically, these options include sending joint products, such as 
rape meal, glycerine and DDGS, to existing coal-fired power stations for co-
firing.  The effective “credits” can dramatically reduce the GHG and energy 
balances of biofuel production. 
 
With all these considerations in mind, illustrative GHG and energy balances 
for the production of biofuels and conventional transport fuels are shown in 
Figures 4.15 and 4.16 respectively.  It will be noted that there are substantial 
differences in the comparative results for biodiesel and bioethanol depending 
on the assumed methods of providing energy in the production processes and 
on the assumed subsequent use of joint products.  It is important to realise 
that the relevance of particular results depends on decisions made by 
individual developers and operators of biofuel production plants which, in turn, 
is mainly influenced by the over-arching policy framework.  As stated 
previously, these results are only illustrative and cannot be regarded as 
representative for Scotland without further adjustment which is beyond the 
scope of this study. 
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Figure 4.15: Illustrative GHG Balances of Biofuels for Transport (Not 
Necessarily Representative of Scotland) 
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Figure 4.16: Illustrative Energy Balances of Biofuels for Transport (Not 

Necessarily Representative of Scotland) 
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4.7 KEY UNCERTAINTIES 

4.7.1 Time Frames 
 
The issue of time is of crucial importance when performing assessments of 
GHG mitigation potential of different biomass energy technologies. Besides 
the changes in global warming potentials of individual greenhouse gases, 
discussed in Section 4.1, a variety of other variables are sensitive to changes 
over time. 
 
A critical factor that may affect calculations of GHG benefits of different 
biomass energy technologies is changes in baseline levels over time.  As 
noted earlier, there is much uncertainty regarding total GHG emissions of 
fossil fuel and nuclear energy systems, meaning that more transparent studies 
which are specifically relevant to Scotland could lead to results which differ 
markedly from existing and strictly indicative results shown here.  
Development of cleaner fossil technologies such as clean coal and carbon 
capture systems should be expected to reduce the relative GHG emissions 
savings of renewable energy systems such as biomass energy technologies. 
 
Another factor influenced by appropriate time frames is the market dynamics 
of biomass energy technologies, which is heavily coupled to policy measures.  
Such measures, themselves, may evolve over time as awareness of the 
practicality and potential of biomass energy technologies expands.  This could 
favour the uptake of one biomass energy technology over another, which 
would have a direct effect on the overall GHG emission levels.  There could 
also be changes in join product allocation where the development of markets 
for co- and by-products could also alter the energy and GHG balances.  This 
is shown clearly in Figures 4.15 and 4.16, where marked improved are seen in 
the energy and GHG balances, respectively, of biodiesel and bioethanol when 
joint products are used for co-firing instead of animal feed. 
 
Finally, climate may influence the future of the biomass energy market in 
Scotland.  Temperature can play a crucial role in shaping soil emissions, for 
example, increasing both CO2 and N2O  emissions (Knorr et al 2005; Flynn et 
al 2005), negatively impacting on greenhouse gas balances.  Increasing 
temperature can have an impact on crop yields which can also alter GHG 
balances.  Climate change may even eventually affect the choice of crops that 
are grown for biomass energy utilisation.  It could be, for example, that 
increasing temperatures could favour the adoption of miscanthus in Scotland, 
which does not seem to be likely at present due to climatic incompatibility 
(Schroter et al 2005). 
 

4.7.2 Carbon Source/Sink Dynamics 
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4.7.2.1 General Background 
 
Carbon sequestration can be defined as the accumulation of carbon in a 
particular ecosystem or land use system.  Those ecosystems where carbon is 
accumulating are termed sinks while those that are losing carbon are termed 
sources.  Ecosystems can store carbon either in aboveground vegetation or in 
the soil. In most countries, forests under sustainable management act as 
strong carbon sinks while arable ecosystems tend be characterised as carbon 
sources.  A recent study suggested that for most European countries, the 
overall ecosystem carbon balance is small due to the similar strengths of 
these opposing effects (Janssens et al 2005).  Biomass energy systems can 
act as either sources or sinks, depending on the land use system that they 
replace. 
 
Carbon sequestration effects are constrained by permanence issues.  Carbon 
stored in vegetation is released when wood is burned for energy or when it 
decomposes.  A comparatively small fraction of this enters long-term storage 
in wood products, which can be regarded as temporary carbon pools 
(Matthews and Robertson 2002).  Different systems have different equilibrium 
carbon pools, beyond which the effects of carbon sequestration are negligible.  
Gains accrued by carbon sequestration effects can be easily reversed by land 
use changes.  Reversion of land use back to arable cropping, for example, will 
result in a loss of soil carbon which could negate any increases under 
perennial grass or short rotation coppice systems (Smith 2005). 
 
The soil and vegetation carbon pools are closely linked to each other.  
Essentially, the rate of change in soil carbon is the result of the relative rates 
of the processes of organic matter addition to the soil and the rates at which 
organic matter is lost from the soil through erosion or respiration.  Actual 
sequestration rates, however, depends on a host of factors, both edaphic and 
climatic.  Carbon sequestration rates are very slow and many measurements 
over periods of several decades are required for significant changes to be 
quantified.  Besides its CO2 mitigation value, increased soil carbon can result 
in a host of benefits to soils including greater water holding capacity, greater 
resistance to mechanical damage and improved aeration (Jarecki and Lal 
2003). 
 
Due to fossil fuel carbon substitution, however, the overall emission benefits 
of biomass energy production greatly exceed those of other mitigation 
strategies.  The maximum carbon mitigation potential of biomass energy 
production has been compared with other carbon mitigation strategies, such 
as amendment of arable soils with manure, cereal straw incorporation, no-till 
farming, agricultural extensification and natural woodland regeneration (Smith 
et al 2000).  The results, summarised in Table 4.8, indicate that biomass 
energy production could result in a maximum carbon mitigation potential (in 
the 0-30 cm soil layer) of 3.5 million tonnes of carbon (mt C yr-1) in the United 
Kingdom, compared with 2.6 mt C yr-1 for woodland regeneration and 1.6 
mtC/a for extensification.  On a European scale, it has been estimated that 
biomass energy crops could mitigate as much as 75 mt C yr-1 (Smith et al 
2000b).  It is important to emphasize that there is an element of uncertainty 



Chapter 4:  Greenhouse gas and energy balances of biomass energy options 

 92

associated with these figures, as they are crucially dependent on the quality of 
the data on soil carbon sequestration rates for different practices and on 
average soil carbon values for the UK. 
 
 
Table 4.8: Estimated Maximum Carbon Mitigation Potential of Different 

Land Use Options for  Arable Land in the United Kingdom  
 

 
More recently, the total amount of carbon that could be sequestered in United 
Kingdom soils over the next 50 - 100 years, as well as the amount of emitted 
carbon that could be avoided through substitution of fossil fuels with biomass 
energy production has been estimated (Cannell, 2003).  It was found that a 
realistic mitigation potential of 3.4 - 13.6% of United Kingdom fossil fuel 
emissions in 2000 could be mitigated by biomass energy production, while the 
realistic potential for carbon sequestration was 2.0 - 3.4%. 
 
4.7.2.2 Agricultural and Forestry Residues 
 
Biomass energy systems based on the removal of biomass from an existing 
land use may deplete soil carbon content through reduction in organic matter 
addition to soil, export of plant nutrients from the site and reduced plant 
productivity over time caused by declining soil carbon levels (Cowie et al 
2006).  It has been estimated that incorporation of crop residues into soil 
would sequester an average of 0.7 t C ha-1 yr-1 (Smith et al, 2005).  Although 
this benefit would be lost through removal, the straw would still have a 
mitigating effect if used for biomass energy by substituting for fossil fuel use.  
By the same token, increased harvesting of forestry residues would be 
expected to cause additional disturbance and  to have a detrimental effect on 
soil carbon, possibly resulting in a new equilibrium with a lower carbon content 
(Schlamadinger et al 2001).  In Scotland, this effect may be accentuated due 
to the higher soil carbon stocks under Scottish forests.  The average soil 
carbon stock under woodland in Scotland stands at 580 t C ha-1, 
approximately twice that in England (Matthews and Broadmeadow 2003).  
Effects of forestry residue removal are site-specific, however, with largest 
effects expected in peaty soils with high organic matter content. Literature 
reviewed on the effects of forest management on soil carbon suggest that 
whole-tree harvesting resulted in an average decrease of 6% in soil carbon in 
managed forest systems (Johnson and Curtis 2001).  It has also been shown 

Land Management Change  Maximum Annual Mitigation 
Potential (mtC/a) 

Animal manure 1.7 
Sewage sludge 0.2 

Straw incorporation 1.0 
No till 1.3 

Extensification 1.6 
Woodland regeneration 2.6 

Biomass energy production 3.5 



Chapter 4:  Greenhouse gas and energy balances of biomass energy options 

 93

that depletion occurred only in the top soil horizon, with lower horizons being 
unaffected. 
 
A Note on the Carbon Balance of Afforested Peatland 
 
In the UK, deep peats represent about half of the carbon content of all soils 
and about 40 times the carbon content in UK vegetation (Hargreaves et al. 
2003).  In an undisturbed state, peatlands emit methane but accumulate 
carbon.  When peatland is drained for forestry, however, this release of 
methane and accumulation of carbon stops and peat decomposition is 
accelerated, releasing CO2.  At the same time, however, there is an uptake in 
carbon by the vegetation so that the net carbon balance is the difference 
between that which is released by peat decomposition and that fixed by tree 
photosynthesis.  Hargreaves et al. (2003) suggest that peatland acts as a 
source immediately following drainage but that within 4-8 years of planting, 
the afforested peat becomes a sink again.  There is still, however, 
considerable uncertainty regarding the rates of peat decomposition. 

4.7.2.3 Energy Crops 
 
As the aboveground biomass of energy crops is removed at harvest for 
combustion, they only exist as vegetation carbon sinks over the length of their 
rotation cycle.  Energy crops may, however, have a more long-lasting effect 
as soil carbon sinks and, therefore, strengthen their GHG mitigation potential 
if they replace annual row crops.  The extensive deep rooting systems of 
perennial biomass energy crops constitutes a substantial belowground carbon 
pool that adds significant quantities of carbon into the soil.  In some cases, the 
belowground biomass of energy crops can be up to 5 times that of 
conventional row crops.  Several North American studies clearly demonstrate 
a strong relationship between underground root biomass and soil carbon 
content of soils under biomass energy crops (as reviewed in Lemus and Lal 
2005). 
 
It has been estimated that conversion of cropland area to biomass energy 
crop plantations would result in an average carbon sequestration rate of 0.6 t 
C ha-1 yr-1, approximately 50% greater than the estimated sequestration 
potential of no-till agriculture (Smith et al 2005).  It should be emphasised, 
however, that there is much uncertainty surrounding these estimates.  It has 
been estimated that replacement of arable systems with short rotation coppice 
could increase soil carbon stocks by as much as 20 t C ha-1 (Schlamadinger 
at el 2001), whilst miscanthus could increase soil carbon content by up to 38 t 
C ha-1 (Bullard et al, 2003).  Experimental trials with miscanthus have 
demonstrated an increase of 14 t C ha-1 after 16 years of cultivation (Hansen 
et al 2004). 

4.7.2.4 Transport Biofuel Feedstocks 
 
It is well known that intensive cropping systems deplete soil carbon (Lal et al 
2005).  This is thought to result from increased mineralisation arising from 
cultivation practices that increase aeration, re-distribute the soil and expose 
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physically-protected organic matter (Cowie et al 2006).  Conversion of 
naturally-regenerating set-aside to transport biofuel crop systems, therefore, 
would be expected to decrease soil organic carbon stocks.  Increased use of 
oilseed rape within existing arable rotations would be expected to have a 
neutral impact upon soil carbon since oilseeds already from a part of many 
arable rotational systems.  Negative impacts on soil carbon can be mitigated 
to a certain extent by positive management practices including reduced tillage, 
fertilisation and use of cover crops (Jarecki and Lal 2003). 
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4.7.3 Non-Carbon Dioxide Soil Emissions 

4.7.3.1 Nitrous Oxide Emissions 
 
N2O is produced by natural soil processes in all soil types at low levels.  
Application of nitrogen fertiliser, however, has the potential to significantly 
increase N2O emissions, although there is much uncertainty surrounding the 
magnitude of these increases.  In fact, N2O emissions are considered to be 
one of the major sources of uncertainty in life cycle assessments of different 
biomass energy technologies.  This is a largely a result of the myriad of 
factors that can all influence emissions levels, including soil factors, climatic 
conditions, crop type, method of fertiliser application, season of fertiliser 
application and type of fertiliser application (US EPA 2002; Flynn et al 2005; 
Skiba and Ball 2002).  Unfortunately, there are little data from controlled 
experiments that specifically test the effects of the interaction of different 
factors on N2O emissions, meaning that it is very difficult to predict emissions 
with a high degree of accuracy.  Among the soil factors influencing N2O 
emissions, the soil water-filled pore space (WFPS) has been found to be 
particularly important (Dobbie et al 1999).  Scottish soils typically have high % 
WFPS values, leading to enhanced N2O emissions (Flynn et al 2005).  Soil 
texture may also influence N2O emissions, although the evidence supporting 
this is less robust (Skiba and Ball 2002).  The primary climatic drivers of N2O 
emission are temperature and rainfall, with emissions being higher with higher 
rainfall levels and higher temperatures (Britt et al 2002; Flynn et al 2005).  
Emissions of N2O are also influence by crop type.  Potatoes and leafy 
vegetables, for example, have been found to emit N2O at levels more akin to 
grasslands than to cereal crops (Flynn et al 2005).  Further complicating 
factors are the method of application, with emissions generally increased by 
soil compaction, and timing of application.  Emission in the summer can be 
about five times less than in the autumn/winter as crops take up a 
considerable amount of nitrate from the soil that would otherwise undergo 
denitrification and result in increased emissions (Stevens and Laughlin 1997).  
Finally, fertiliser type can also influence emissions, although there is some 
disagreement as to whether organic or mineral fertilisers result in higher 
emissions as different studies have produced conflicting results (US EPA 
2002). 
 
Most LCA studies use fixed emission factors for different fertiliser types but 
clearly the actual emissions are heavily dependent on site-specific conditions, 
the details of which are often difficult to realistically incorporate in such 
studies.  Often the actual emission factors chosen can vary widely.  While the 
IPCC recommends an emission factor of 1.25% of total nitrogen applied, 
some studies have used emission factors as low as 0.3% while others have 
used factors which surpassed 2.0% of applied nitrogen (Britt et al 2002).  
Recent work has further highlighted the uncertainty associated with simple 
emission factors such as those recommended by the IPCC (Flynn et al 2005).  
By incorporating climate and crop-responsive factors as well as a factor to 
account for soil compaction, this work estimated that a total of 10,662 t N2O –
N yr-1 had been released in Scotland from applied fertiliser and nitrogen 
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deposited by grazing animals, a value 56% higher than estimates based on 
default IPCC emission factors. 
 
Despite the uncertainties surrounding the relative roles of different factors on 
N2O emissions, it is very clear that levels of applied fertiliser will have a 
considerable bearing on emissions.  It is useful, therefore, to compare the 
fertiliser inputs of different biomass feedstocks as this provides a clear 
indicator of their impact on N2O emissions, assuming all other factors are 
equal.  In general, energy crops require less fertiliser than row crops and, 
thus, the effects on soil N2O emissions tend to be favourable (Bullard et al 
2003).  Fertiliser is usually required, however, in the establishment year of 
energy crops (Britt et al 2005).  Table 4.9 provides an indication of the 
fertiliser requirements for different biomass feedstocks of relevance to the 
United Kingdom, and a comparison with conventional crops.  Other 
management steps also lead to increased GHG emissions including site 
preparation, herbicide and pesticide application, harvesting and baling when 
necessary (St. Clair 2006).  Table 4.10 provides illustrative results of total 
differences in pre-harvesting emissions, in CO2 equivalents, for different 
biomass feedstocks in relation to conventional land uses (recent review by St. 
Clair 2006).  Benefits in carbon savings were found to result in all instances of 
conversion of grassland and arable cropland to biomass energy land use 
systems, including oilseed rape.  Conversion of broadleaved forest to biomass 
energy crop systems, however, is likely to result in unfavourable carbon 
balances. 
 
 
Table 4.9: Fertiliser Requirements of Different Biomass Feedstock Options of 

Relevance to the United Kingdom 
  

Crop Fertiliser Requirement 
(kg/ha.a) 

Winter wheat(a) 197 
Oilseed rape(a) 191 

Potatoes(a) 152 
Winter barley(a) 148 
Spring barley 107 

Short rotation coppice(b) 40-100 
Miscanthus(c) 40-100 

 
Sources 
(a) DEFRA 2004. 
(b) DEFRA 2004b. 
(c) Christian and Haase 2001. 
 
 

In some instances, however, N2O emissions can counteract gains obtained by 
sequestration (see Section 4.8.2).  It has been calculated that application of 
organic fertiliser every three years to miscanthus could reduce the benefit 
obtained by sequestration by 24 - 31% (Britt et al 2002).  If applied annually, 
the sequestration benefit was all but cancelled out.  Due to its high global 
warming potential, only small amounts of N2O emissions are necessary to 
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undermine benefits gained by increased sequestration.  Low fertiliser 
application is, therefore, the key to positive agricultural carbon balances. 
 
Table 4.10: Carbon Savings Associated with Conversion of Conventional 

Land Uses to Biomass Feedstock Production 
 

 
Source 
St. Clair 2006, based largely on Lal (2004). 
 
Notes 
 
Green boxes indicate reduced equivalent CO2 emissions relative to conventional land use, 
while red boxes indicate increased equivalent CO2 emissions relative to conventional land 
use.  Values include emissions from site preparation, planting, pesticide application, herbicide 
application, fertiliser application and harvesting.  Values represent the differences in 
emissions between the establishment of alternative land uses, rather than emissions of 
established land uses.   
 

4.7.3.2 Methane Emissions 
 
CH4 is only emitted from soils under prolonged anaerobic conditions (Britt et 
al, 2002).  As with N2O emissions, CH4 emissions are highest immediately 
following application.  In freely drained cropland, CH4 emissions are almost 
insignificant and CH4 may even be oxidised during aerobic conditions (Smith 
et al, 2004).  The only major crop that emits sizeable amounts of CH4 is rice, 
which is not of relevance to the United Kingdom. 
 

Convert from: To: Biomass 
Energy Land Use 

1 Year 
(kg eq. CO2 ha-1) 

3 Years 
(kg eq. CO2 ha-1) 

5 Years 
(kg eq. CO2 ha-1) 

Arable (Winter Wheat 
CT)  OSR -54.24 -162.72 -271.20 

Arable (Winter Wheat 
CT)  

 SRC -126.32 -650.68 -1175.04 
Arable (Winter Wheat 

CT)  Miscanthus -138.82 -666.78 -1201.01 
Arable (Winter Wheat 

RT)   OSR -43.71 -131.13 -218.55 
Arable (Winter Wheat 

RT)    
 SRC -115.79 -619.09 -1122.39 

Arable (Winter Wheat 
RT)  Miscanthus -128.29 -635.19 -1148.36 

Grassland  OSR -15.70 -47.10 -78.50 
Grassland  SRC -87.78 -535.06 -982.34 
Grassland  Miscanthus -100.28 -551.16 -1008.31 

Broadleaved Forest  OSR - - 925.73 
Broadleaved Forest  SRC - - 21.89 
Broadleaved Forest  Miscanthus - - -4.08 
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4.7.4 Relevance to Scotland 
 
The direct applicability of the results of studies on soil emissions and carbon 
dynamics to Scotland is not straightforward.  With energy crops, this is 
confounded by several factors, including the uncertainty regarding short 
rotation coppice and energy grass yields under Scottish conditions.  
Additionally, there is little information on how soil carbon stocks may change 
when converting natural regeneration set-aside land to energy crop systems.  
Conversion of set-aside land to transport biofuel production systems will 
almost definitely result in soil carbon losses.  Forestry residues are expected 
to play a significant part in the development of the biomass energy market in 
Scotland.  This must be done in a well-planned manner so as to minimise 
disturbance and reduce soil CO2 emissions.  Little empirical data is available 
documenting changes in Scottish forests soils following increased removal of 
residues, but the large post-war increases in forest carbon are broadly 
attributed to reduced removal of pre-harvest forest products that happened 
after the war.  Presumably, a reversal of this trend would see lower carbon 
stocks in Scottish forests.   This effect could be more pronounced in Scotland 
than in other parts of the UK due to higher average soil carbon stocks 
(Matthews and Broadmeadow 2003), although there is still considerable 
uncertainty in how soil carbon responds to changes in land use and land 
management (see section 4.7.2.1).  In high organic soils such as those 
commonly found in Scotland, there may be additional feedbacks of nitrogen 
fertiliser applications, so that additional N2O emissions could result (Flynn et 
al. 2005). 
 

4.8 GREENHOUSE GAS AND ENERGY BALANCE CONCLUSIONS AND 
RECOMMENDATIONS 

 
This review of GHG and energy balances for biomass energy technologies 
indicates that there are very few LCA studies which can be used, directly and 
without any modification, to represent their application in Scotland.  Of all the 
LCA studies that have been published, the so-called Biofuels Report (Elsayed 
et al 2003) can provide relevant results for Scotland on the production of heat, 
electricity and combined heat and power by combustion, gasification and 
pyrolysis of wood chips from forestry residues, the production of heat, 
electricity and combined heat and power by the combustion of straw, and the 
production of biodiesel from recycled vegetable oil. 
 
GHG and energy balances for most of the other biomass energy technologies 
could be derived for Scotland by modifying relevant parameters and 
assumptions in the Biofuels Report or in the Environment Agency-owned 
BEAT software (Environment Agency 2005).  In order to undertake these 
modifications, it would be necessary to identify, collect and incorporate 
appropriate Scottish data on key parameters such as fertiliser application 
rates, crop yields, transport distances, etc.  Additionally, it would be necessary 
to ascertain the likely sources of process energy and the likely end uses for 
joint products by developers and operators of future plants which produce 
biodiesel and bioethanol from oilseed rape and wheat grain, respectively. 
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To enable meaningful comparison, GHG and energy balances for 
conventional and other renewable energy technologies would have to be 
prepared for Scotland by modifying existing LCA studies.  Existing LCA 
studies could be adapted and extended to provide suitable baseline results for 
Scotland on the production of electricity from coal, natural gas, onshore and 
offshore wind power, solar photovoltaics, and run-of-river and whole river 
hydro power, and the production of unleaded petrol and ultra low sulphur 
diesel from crude oil.  New work would have to be conducted on the 
production of heat from LPG, natural gas and oil, solar water heating, and the 
production of electricity from nuclear power and wave power in Scotland. 
 
Whilst existing LCA studies could be used extensively to provide suitable 
results for Scotland, new work would have to be conducted to determine the 
GHG and energy balances of a number of biomass energy technologies.  
These would include the production of heat, electricity and combined heat and 
power by combustion, gasification and pyrolysis of wood chips and wood 
pellets from short rotation forestry, the production of heat by combustion of 
biogas from the anaerobic digestion of animal slurry, the production of 
electricity and combined heat and power from combustion and gasification of 
poultry litter, meat and bonemeal, the production of biodiesel from tallow and 
the production of bioethanol from barley and potatoes. 
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5. ENVIRONMENTAL IMPACTS OF BIOMASS 
  ENERGY OPTIONS 

 

 5.1 BACKGROUND 
 
Air Quality and Associated Legislation 
 
The utilistion of biomass for energy can affect air quality in a variety of ways.  
A large proportion of the total air pollutants of a bioenergy production chain 
are released during combustion of biomass or biomass-derived fuels.  
Emission levels of some of these pollutants, such as NOx and SOx depend 
heavily on the chemical composition of individual fuels while emission levels 
of other pollutants such as particulates (PM) and carbon monoxide depend on 
the completeness of the combustion process.  Air pollutants are also emitted 
at other stages of the fuel chain.  Application of fertilisers during bioenergy 
crop production, for example, can lead to increased emissions of ammonia. 

The emissions to atmosphere from combustion can cause adverse impact on 
human health and the environment at a local, national and transboundary 
scale.   For example, Scotland has a high number of sensitive habitats.   
However, the pollutants associated with bioenergy are also associated with 
other combustion processes and the use of biomass can lead to an increase 
or decrease in emission; the relative contribution will depend on the type of 
fuel and combustion technology displaced by the biomass.  Some of these 
pollutants (e.g. PM, SO2, NOx) are regulated by British/European legislation.   

For example, PM emissions from residential and industrial combustion 
sources are controlled under the Clean Air Act 1993 and, for larger 
combustion plant, Pollution Prevention and Control regulations.   The Clean 
Air Act restricts smoke emissions from premises and includes powers to 
designate ‘smoke control areas’.  In these areas, primarily urban areas which 
had a concentration of industry and/or coal-fired dwellings, there are 
restrictions on release of smoke from industrial premises and only exempted 
fuels and appliances can be used.  Exempted appliances have undergone 
type-approval emission tests to determine if they can operate within 
prescribed PM emission limits. 

There are three EU ambient air quality directives that have been transposed 
into UK law that govern the levels of of these pollutants in ambient air: 

 96/62/EC Council Directive of 27 September 1996 on ambient air quality 
assessment and management (the Ambient Air Framework Directive). 

 
 1999/30/EC Council Directive of 22 April 1999 relating to limit values for 

sulphur dioxide, nitrogen dioxide, oxides of nitrogen, particulate matter 
and lead in ambient air (the First Daughter Directive). 
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 2000/69/EC Directive of the European Parliament and the Council of 16 
Nov 2000 relating to limit values for benzene and carbon monoxide in 
ambient air (the Second Daughter Directive). 

 

The National Air Quality Strategy for England, Scotland, Wales and Northern 
Ireland (DETR 2000) allows the UK to comply with the EU Air Quality 
Daughter Directives.  The air quality strategy pollutants and principle sources 
are detailed in  Table 5.1 below : 

Table 5.1: Air Quality Strategy Pollutants and Main Sources 
Pollutant Main source Other key sources 
nitrogen dioxide Traffic Industry (major combustion 

sources), aircraft 
sulphur dioxide Industry (major coal and oil 

combustion) 
residential coal burning, shipping, 
rail 

benzen Traffic Industry (petroleum refining), petrol 
stations, petrol storage 

1,3 butadiene Industry (petrochemical) - 
lead Industry (metal industry and 

organic chemicals) 
- 

carbon monoxide Traffic - 
particles (PM10 ) Traffic Industry, domestic solid fuel 

combustion, materials handling, 
aircraft 

 
Note that Scotland has developed lower air quality objectives to be achieved 
by 2010 for benzene and PM10 than are in place in other parts of the UK.   

Notwithstanding emissions arising from biomass processing or refining, Table 
5.1 suggests that changes in emissions from increased biomass use are most 
likely to impact on those areas of air quality affected by traffic and combustion.  
Analysis of the first round of air quality management review and assessment 
reports for local authorities in England and Wales indicates that traffic sources 
are the main reason for declaring air quality management areas (75%), 
industrial and other sources may be direct or indirect contributory sources 
(17%) but were rarely the sole reason recorded for exceeding air quality 
objectives (<10%) (Leksmono et al. 2002).  These data indicate that any 
increase in traffic-related emissions from use of biofuels could be of concern 
for local air quality management.  Although the data suggest that emissions 
from biomass combustion in industry and for domestic heating are less likely 
than traffic to give rise to air quality issues, it should be noted that air quality 
objectives are now lower.  

It is proposed to extend the air quality strategy pollutants to include PM2.5  with 
adoption of proposed EU air quality target of 25 µg.m-3 for 2010 and a 
reduction of exposure of 20% by 2020 (Defra 2006).  The UK currently 
expects to be able to achieve the 2010 target at most locations under existing 
measures but there will be locations where the target could be exceeded.  The 
UK considers the 20% reduction objective to be very demanding.    
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There is a UK PAH objective and this is also under review but, no change to 
the objective has been recommended although further work is proposed by 
Defra and the devolved administrations to assess costs and benefits of 
changing the objective.  

Other relevant agreements for air pollutants include the UN protocol on heavy 
metals, the Stockholm convention on persistent organic pollutants and, the 
National Emission Ceiling Directive.  

LCA 
 
To ensure consistency with the chapter on greenhouse gas and energy 
balances (Chapter 4), this study reviewed the literature with information on life 
cycle air pollutant emissions as well as combustion emissions.   
 
The characteristics of life cycle assessment (LCA) studies have been fully 
discussed in Chapter 4.  Many life cycle assessment studies present 
aggregated results of pollutant emissions according to their final environmental 
impact.  Often the preferred categories are acidification and eutrophication, 
although sometimes ecotoxicity or photochemical ozone impacts are also 
presented.  This involves the allocation of impact ‘potentials’ in much the same 
way CH4 and N2O are assigned global warming potentials relative to CO2.  
Acidification potentials are calculated on the basis of SO2 equivalents while 
eutrophication potentials are presented as nitrate (NO3

-) or phosphate (PO4
-3) 

equivalents.  Characterisation factors for these potentials are shown in Table 
5.2.  Whenever photochemical ozone potential is presented, it is usually 
expressed as C2H4 equivalents (Calzoni et al. 2000).  As in Chapter 4, the LCA 
results presented for air pollutants and non-GHG environmental impacts are 
unique to the context of the studies they referred to and should not be assumed 
to be representative of Scottish conditions.  Summary tables of all studies 
reviewed are presented in Annex 4. 
 
Table 5.2:    Characterisation Factors for Acidification and Eutrophication 

Potentials. 
 
Pollutant substance Acidification Potential  

(g SO2-eq/g substance) 
Eutrophication potential  
(combined N and P g NO3-
eq/g substance) 

Sulphur dioxide (SO2) 1 - 
Nitrogen oxides (NOx) 0.70 1.35 
Ammonia (NH3) 1.88 3.64 
Hydrochloric acid (HCl) 0.88 - 
Phosphate (PO4

-3) - 10.45 
Source:  Calzoni et al. 2000 
 
Projection of Biomass Energy Impacts on Air Quality 
 
The final section of the air quality assessment component of this review 
consists of a projection of changes in air pollutant emissions arising from 
biomass combustion for heat/electricity and also from transport biofuel 
combustion under four scenarios for 2020.  Details of the projection work are 
provided in Section 5.5 
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Other Environmental Impacts 
 
Besides air quality, bioenergy systems can also affect soil quality, water 
quality and biodiversity.  The direction and magnitude of these impacts 
depend greatly on the land use system they replace.  When perennial energy 
crop systems replace annual row crops, for example, the effects are usually 
positive, whereas replacement of forest systems will usually be accompanied 
by negative environmental impacts.  Sections 5.8, 5.9 and 5.10 of this chapter 
briefly review these environmental impacts associated with bioenergy 
systems.  These impacts are not reviewed as exhaustively in this report as air 
quality impacts. 
 

5.2 AIR QUALITY IMPACTS OF HEAT PRODUCTION FROM BIOMASS 

5.2.1 Review of Combustion Emission Factors 
 
An emission factor ‘is a representative value that attempts to relate the 
quantity of a pollutant released to the atmosphere with an activity associated 
with the release of that pollutant’ (USEPA 1995).  Factors are typically 
expressed as the mass of pollutant released per unit of production or, for 
combustion processes, per mass of fuel burned (g kg-1).  Other ways of 
expressing emission factors include relating the amount of pollutant released 
per unit of energy input (g GJ-1) or energy output (g kWh-1).  Frequently 
researchers provide emission concentrations which can be volume (molar) 
concentrations, for example ppm.  Other units commonly used include mass 
concentrations (typically mg m-3).  However, concentration data are of little 
use unless they have been standardised to a stated reference oxygen 
concentration, moisture content, temperature and pressure - typically 6, 10, 11 
or 13% oxygen and dry for solid fuel appliances.  For mass concentrations the 
reference temperature and pressure need to be stated (typically 0ºC, 101.3 
kPa).  Concentrations may be standardised to an ‘air free’ condition.  
Occasionally concentrations are standardised to a reference CO2 content (12 
or 13%).  Such standardisation normalises the data to a particular excess air 
condition and allows meaningful comparison of the data.    
  
A number of studies with data on combustion emissions of biomass 
technologies ranging from domestic heaters to large scale electricity plant 
were identified in this review.  The range of technologies covered, however, 
made it difficult to identify combustion factors which could easily represent 
future developments in Scotland. 
 
Residential/Institutional Biomass Combustion Units 
 
Development of wood-fired residential boilers and stoves has been the focus 
of considerable activity over a number of years in Europe and Scandinavia. 
However, measurement data on modern combustion units is comparatively 
scarce.  The last decade has seen an improvement in the quality of 
residential/institutional heating units, some with efficiencies over 90% 
(Rippengal 2005).  Reinstating traditional fireplaces or use of wood logs in 
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place of current solid fuels will occur to an extent but it is highly probable that 
most residential biomass combustion would require installation of automatic 
heating boilers and/or manual/automatic stoves generally replacing existing 
appliances.  These appliances typically burn wood pellets or wood chips and 
produce less particulate and in particular, products of incomplete combustion 
emissions, than traditional fireplaces.  Emissions of NMVOC, total organic 
carbon (TOC) and particulate matter from modern wood boilers and pellet 
burners can be over 100 times lower than for old low-efficiency residential 
heating systems (Johansson et al. 2004).   
 
Although many countries (including the UK) have type approval schemes for 
residential solid fuel appliances to demonstrate operation within smoke or 
particulate matter (PM) emission standards, these data are not often available 
and cover a limited range of pollutants.  The European Standard EN303 Part 
5 (1999) includes PM, CO and TOC (referred to as OGC in the Standard) 
limits for such appliances.   However, it should be noted that the EN303 Part 5 
Standard is not a ‘harmonised’ Standard and its emission limits are not 
mandatory.  Many countries have national requirements for PM emissions 
which differ from those in EN303 Part 5.  
 
The UNECE/EMEP taskforce on emission inventories and projections (TFEIP) 
recently updated its methodology chapter on emission factors for residential 
combustion.  This Corinair guidance is published to support inventory teams, 
provide a resource of default emission factors and facilitate consistent 
inventory reporting. 
 
Following review of the literature survey, it was concluded that the emission 
factors within the Corinair handbook for advanced wood fired techniques 
smaller than 1 MWth are the most applicable to modern residential and 
institutional wood and biomass combustion appliances in Scotland.  The 
Corinair default factors cover four appliance types : 
 

• Advanced stove 
• Pellet stove 
• Manual boiler 
• Automatic boiler 

 
For the scenario modeling exercise (section 5.6), an aggregate default factor 
for all biomass combustion is proposed assuming that there would be little 
public acceptance of manual boilers, most fuel would be burned in automatic 
boilers (for heating) and no more than 10% of fuel consumed would be in the 
advanced or pellet stoves.  A summary of the Corinair emission factors and 
the derived aggregate factor is provided in Table 5.3. 
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Table 5.3: Summary of Corinair Default Emission Factors for Advanced 
Wood Combustion Technologies. 

 
Emission factors, g GJ-1 Pollutants 

Advanced  
stove 

Pellet stove Manual boiler Automatic 
boiler 

Aggregate 
factor 

SO2   30 30 30 30 30 
NOX  (as NO2 ) 150 150 150 150 150 
PM 450 130 250 80 122 
PM10 400 120 230 70 108 
PM2.5 400 120 230 70 108 
CO 3000 500 3000 300 590 
nmVOC 250 20 250 20 43 
 mg GJ-1 
As 0.5 0.5 1 0.5 0.5 
Cd 1 0.5 0.3 0.5 0.55 
Cr 8 3 2 4 4.3 
Cu 2 1 3 2 1.9 
Hg 0.5 0.5 1 0.5 0.5 
Ni 2 2 200 2 2 
Pb 30 20 10 20 21 
Se 0.5 - - - 0.05 
Zn 80 80 5 80 80 
PAH 400 50 150 40 77 
   ITEQ ng/GJ   
PCDD/F 300 50 300 50 75 
   %   
Fuel use for 
aggregate factor, 
% 

10 10 0 80 100 

 
The aggregate wood combustion factor is compared with Corinair default 
factors for other fuels similar-sized technologies in Table 5.4 
 
Table 5.4: Indicative Comparison of Emissions from Biomass and Fossil 

Fuels in Small Boilers 
Emission factors, g GJ-1 Pollutants 

Aggregate 
advanced 

wood 
combustion  

Default gas  Default oil Default coal  Default MSF Aggregate 
advanced 

coal 

 <1MW <50kW <1MW <50kW <1 MW <50 kW <1MW <50 kW <1MW <1MW 
SO2   30 0.5 0.5 140 140 900 900 500 500 495 
NOX  (as NO2 ) 150 70 70 70 100 200 200 200 150 195 
PM 122 0.5 NA 5 5 300 200 120 100 107 
PM10 108 0.5 NA 3 3 260 170 100 80 93 
PM2.5 108 0.5 NA 3 3 260 170 100 80 93 
CO 590 30 30 40 40 4000 5 3000 1500 760 
nmVOC 43 10 3 15 15 300 3 200 100 48 
 mg GJ-115 
As 0.5 NA NA 1 1 5 5 3 4 0.6 
Cd 0.55 NA NA 2 0.3 3 3 0.7 0.7 2 
Cr 4.3 NA NA 20 20 15 15 10 10 2 
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Cu 1.9 NA NA 10 10 30 30 20 20 9 
Hg 0.5 NA NA 1 1 10 10 10 7 1 
Ni 2 NA NA 300 300 20 20 13 13 3 
Pb 21 NA NA 20 20 200 200 120 100 82 
Se 0.05 NA NA NA NA 2 2 1.5 1.5 0.7 
Zn 80 NA NA 10 10 300 300 200 160 110 
PAH 77 NA NA 30 26 710 320 150 90 96 
   ITEQ ng/GJ    
PCDD/F 75 NA 2 10 10 500 400 200 100 86 

Source:  CORINAIR Emission Inventory, Chapter B216 
Table 5.4 highlights the potential change in emissions associated with 
replacing other fuels with modern biomass technology for smaller combustion 
units.  These have been summarised in general terms in Table 5.5 below, 
similar impacts can also be expected for larger installations although the scale 
of change on larger plant will be reduced because of the greater use of 
emission control technology.   Projections of actual changes in emission in 
Scotland based on the NAEI data for existing facilities are provided at Section 
5.5. 
 

Table 5.5: General Effects of Replacing Fossil Fuel by Modern Biomass 
Combustion Technologies 

Pollutant Advantage ‘+’ or disadvantage ‘-‘ from change 
to modern biomass technology (wood) from 
fossil fuel 

 Gas Oil Coal 

SO2   -- ++ +++ 
NOX  - - + 
PM/PM10 /PM2.5 --- -- + 
CO - - + 
nmVOC - - + 
Trace elements -- + + 
PAH -- - + 
PCDD/F -- - + 

 

5.2.2 Review of Life Cycle Emissions 
 
Very few life cycle assessments for heat production from biomass include air 
pollutant impacts.  As is true with most LCA studies, the studies that have 
done are context-specific, so that it is difficult to readily compare results. 
Annex 3 lists LCA studies that have been carried out which include air 
pollutant balances for different biomass heat chains.   
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One of the few comparative LCA studies on heat systems was conducted by 
Gustavsson and Karlsson (2002).  In this study, the impacts of different 
heating systems, including natural gas and oil-fired boilers, electricity based 
heat pumps and resistance heaters as well as wood chip and pellet boilers, 
were compared per MWh of heat consumed in detached houses in Sweden.  
The results of the study are presented in Figure 5.1 for total hydrocarbons 
(THC), SOx and NOx emitted.  The results show that whereas THC emissions 
from pellet boiler systems were found to be comparable with natural gas 
based electric systems, they are considerably lower than oil boiler systems, 
where THC is emitted predominantly in the oil production stage.  THC 
emissions from wood boilers were found to be considerably higher, however, 
due to the specific end-use combustion conditions which are not reflective of 
modern efficient boilers currently available on the market.  NOx emissions of 
wood fuel boilers found to be considerably greater than local gas or oil-fired 
boilers and greater than natural-gas based electric boilers.  The heat pump 
system consistently resulted in the lowest comparative emissions, reflecting 
the low primary energy input into the system.  SOx emissions for wood fuel 
local heating systems, although higher than the negligible emissions from 
natural gas boilers, were significantly lower than oil-based systems.  The 
study also indicated that lifecycle NOx and SOx emissions from electric 
heaters driven by electricity generated by gasification of wood residues at 
stand-alone power plant were greater than those resulting from use of local 
wood and pellet boilers for equivalent reference units. 
 
In a comprehensive study, Kaltschmitt and Reinhart (1997) performed life 
cycle assessments for a range of bioenergy options of relevance to Germany 
which included an unusually extensive list of local air pollutants (SO2, NMHC, 
NH3, PM, HCl, formaldehyde, TCDD equivalents, benzol, benzopyrene).  
Among the bioenergy chains covered in the study were heat from wheat 
straw, heat from rape straw, heat from short rotation coppice (both willow and 
poplar) and heat from forestry residues (both beech wood and spruce wood).  
The results from the study showed that, for German conditions, substitution of 
heating oil based systems with bioenergy carriers resulted in reduced life 
cycle emissions of SO2 for poplar, willow and forestry residue based systems 
but increased emissions for rape straw systems with insignificant differences 
recorded for heat production from wheat straw.  When all acidifying pollutants 
(SOx, NOx, HCl, NH3) were considered, however, both straw chains and both 
short rotation coppice chains were at a disadvantage to their oil-based 
counterpart systems, with no significant change being observed for the 
forestry residue chains.  This was largely attributed to life cycle NOx 
emissions, which were significantly greater for the biomass chains than for the 
fossil fuel chains.  It should be stated that this work is now almost 10 years old 
and would require substantial modification to reflect Scottish conditions. 

 
A more recent EU-wide project called ‘Bioenergy for Europe: Which One Fits 
Best ‘was carried out in the framework of the FAIR Project.  This study 
examined the environmental impacts of several biomass energy production 
systems with heat, transport and electricity end uses.  The average European 
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results of the heat systems are shown in Figure 5.2.  The heat systems 
covered included district heat from miscanthus, district heat from short rotation 
coppice, residential heating from traditional firewood and district heat from 
straw.  The study found that in all instances, biomass systems result in 
increased eutrophication impacts relative to fossil fuel systems, and in all 
district heat systems the biomass systems were at a disadvantage with regard 
to acidification impacts.  The biomass systems did, however, sometimes show 
an advantage in photochemical smog production.   
 

Figure 5.1:  Illustrative Life Cycle Emissions for Biomass and Fossil Heat  
   Systems (g/MWh) (not necessarily representative of Scotland) 

 

 
 

Figure adapted from Gustavsson and Karlsson (2002).  HP – heat pump, NGCC – Natural 
Gas Combined Cycle, BIGCC – Biomass Integrated Gasification Combined Cycle, NGB – 
Natural Gas Boiler, OB – Oil Boiler, WB – Wood boiler (old technology), PB – pellet boiler, RH 
– resistance heater.  Study based on Swedish heat market conditions.  Emissions in g MWh-1. 
 
Acidification impacts of all four heat chains included in the study were similar, 
but eutrophication impacts of the cultivated biomass options (SRC and 
miscanthus) were substantially greater than those based on residues (straw 
and wood fuel).  The study also undertook analyses of ecotoxicity effects, but 
the uncertainty of these figures was so high that it is not wise to derive any 
conclusions from them.   
 
A Note on Biogenic VOC Emissions 
 
Volatile organic compounds (VOCs) can be emitted by vegetation as well as 
through anthropogenic sources.  Among the most important VOCs emitted 
from vegetation are isoprene and monoterpene.  These compounds affect the 
concentrations of greenhouse gases such as methane and also precursors for 
tropospheric ozone, which has adverse impacts on human health and 
agricultural production (Purves et al. 2005).  Ozone is formed through the 
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reaction of VOCs with nitrous oxides (NOx).  Emissions from VOCs are 
overlooked in many LCA studies but are mentioned here for completeness. 

5.3 AIR QUALITY IMPACTS OF ELECTRICITY/LARGE CHP 
PRODUCTION FROM BIOMASS 

5.3.1 Review of Combustion Emission Factors 
 
Technology can influence emissions of air pollutants from large power plant 
considerably.  Installation of flue gas desulphurization can dramatically reduce 
emissions of sulphur dioxide while a range of technological options are also 
available to reduce NOx emissions.  Air staging or fuel staging technologies, 
for example, can reduce NOx emissions by 50-80%.  If combined with 
secondary abatement measures such as selective catalytic reduction, 
reductions of up to 95% can be achieved (Nussbaumer 2003).  The influence 
of fuel effect is therefore very small in relation to the influence of technological 
effect in determining emissions of air pollutants in biomass to electricity/CHP 
plant.  There are also technologies in place for abatement of particulates.   
 
Figure  5.2: Illustrative Life Cycle Balances for Environmental Impacts of   

   Biomass Heat Chains (not necessarily representative of  
            Scotland) 

 
Advantage for            Advantage for 
Biofuel           Fossil Fuel 

-50 0 50 100 150 200 250 300

Acidification

Eutrophication

Summer smog

European Inhabitant Equivalent per 100 TJ

Straw
Firewood
Miscanthus
Willow

 
Source:  Calzoni et al. (2000) 

 
Small and Medium-scale Plant 
 
The literature review identified a number of emission surveys on medium-sized 
combustion units including units used for electricity generation.  However, the 
relevance of many of these plant to Scotland is unclear.  The Corinair default 
emission factors for wood combustion plant between 1 and 50 MWth provide a 
reliable set of emissions factors for this size range.  In addition, the USEPA 
emission factors for PM are higher than published by Corinair which may 
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indicate that the USEPA data are for older or smaller installations with poorer 
particulate abatement than would be found on new facilities.  The Corinair and 
USEPA default emission factors are compared in Table 5.6.  Although 50 
MWth   is a key size threshold for combustion plant (larger installations fall 
within the scope of IPPC regulations), the scenarios do not include this size of 
plant because most development is anticipated in facilities <1 MWth and larger 
plant. 
 

Table 5.6:  Summary of Emission Factors for Bioelectricity Generators (1-
50MWth) 

Pollutant Emission factors, g GJ-1 
 Corinair USEPA 
 1-50MWth Dry 

wood 
Bark & Wet 

wood 
SO2 30 11 
NOx 150 95 210 
PM 50 159 129 

PM10 40 145 116 
PM2.5 40 86 69 

CO 300 260  
nmVOC 60 7.3  

mg GJ-1 
As 1 9.5 
Cd 2 1.8 
Cr 3 9.1 
Cu 5 21 
Hg 0.5 1.5 
Ni 2 14 
Pb 20 21 
Se - 1.2 
Zn 80 180 

PAH 40 - 
 ITEQ ng GJ-1 

PCDD/F 200 - 
Source:  CORINAIR (2005), USEPA (2003) 

 
Large Plant 
 
Two plants with an electrical output of 40-50 MW are already under 
construction (Lockerbie) or in planning (Tullis Russell) in Scotland.  
Combustion plant installations which are larger than 50 MWth (typically larger 
than 15 MW electrical generation) fall within the scope of IPPC regulations.  
Advanced energy systems such as gasification are not considered for 
scenario development but these would also be regulated under IPPC. 
  
The literature review identified a number of emission surveys on combustion 
units for electricity generation.  However, several of the papers reviewed were 
for smaller plant than those envisaged as potential candidates and the bulk of 
the remaining data were USEPA default factors (2003). 
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For the scenario modeling, the Environment Agency IPPC fuel and power 
sector benchmark emission limits for application of Best Available Techniques 
(BAT) to biomass combustion have been modified to emission factors (Table 
5.7).  Where emission data were not available for biomass then comparable 
data for fossil fuel are provided. It should be noted that actual emissions 
should be lower than the benchmark emission limits.  

Table 5.7: Summary of Emission Factors for Large (Over 50 MWth) 
Bioelectricity Generators. 

Pollutant Emission factors, g GJ-1 Comment 

PM 7.2  
NOx 72  
SO2 108  
CO 9.0  

VOC 1.8 Notional value – no limit applied 
PAH 0.000022 BREF, Table 6.17 highest of coal/oil/orimulsion 

PCDD 7.9E-13 BREF, Table 6.17 highest of coal/oil/orimulsion 
HCl 36  
N2O 43 Only applicable for fluid bed plant 
NH3 1.8 Only applicable for plant with SCR NOX  abatement 

Source: Modified IPPC emission limits for Best Available Techniques 
 
Co-firing 
 
The literature search found little data on the impact of co-firing biomass on 
power station emissions.  Recent studies by Laux et al. (2003) and for the DTI 
(Irons 2005) suggest that SO2 and NOx emissions are reduced, while 
particulate emissions may increase slightly but remain within permitted limits.  
 
The sulphur content of woody biomass is lower than for coal and hence a 
reduction in SO2 emission at boilers can be expected.  This is reported as 
being up to 10% (DTI 2005) but for the modeling component of this report it 
was considered that a more realistic estimate will be 5%.   None of the boilers 
at Longannet or Cockenzie are fitted with flue gas desulphurisation (FGD) but, 
if FGD is installed at Longannet then the additional reduction in SO2 due to 
biomass substitution would be very small and for the purpose of the air quality 
impact scenarios should be considered as zero. 
 
Many wood biomasses have a lower nitrogen and higher volatile matter 
content than coal and this is reported to lead to a reduction in NOX formation.  
Reductions of up to 10% have been reported but are dependent on the 
biomass and combustion system.  Once again, it was considered that a 
realistic estimate of NOX reduction would be 5%. It must be emphasized, 
however, that future modification to combustion plant to meet LCPD (Large 
Combustion Plant Directive) NOX emission limits may improve NOX control 
such that any reduction due to biomass use may be insignificant. 
 
Although emissions of other pollutants may be modified by use of biomass 
(PM emission increases have been reported) no firm data are available and 
for the purposes of the scenario modeling work, these emissions were 
considered to remain unchanged. 
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5.3.2 Review of Life Cycle Emissions 
 
There have been few LCA studies on electricity production from biomass that 
include information on non-GHG environmental impacts.  Relative to the 
current US-electricity grid mix, Keoleian and Volk (2005) estimated that 
electricity generation from willow reduced total NOx emissions by 75-92%, 
SO2 by 70-95% and PM emissions by approximately 98%, although non-
methane hydrocarbon (NMHC) emissions were found to increase by 139-
1089% depending on the electricity production technology.  This must be 
qualified, however, by the fact that electricity production in the USA relies 
heavily on coal.  
 
Other studies that have performed life cycle assessments for air pollutant 
emissions from biomass CHP and bioelectricity technologies are listed in 
Annex 3.  Spitzley and Keoleian (2005) report overall acidification impacts of 
willow electricity generation to be in the same order as those from electricity 
generation from natural gas, although there is considerable improvement in 
relation to conventional coal-based systems.   
 
Conversion efficiency plays a decisive part in determining air pollutant 
impacts of electricity production systems as does effective flue-gas cleaning.  
Lower efficiencies mean that more fuel is required to produce a given amount 
of electricity which is translated into increased emissions from the fuel 
production stage.   
 
As with other systems, the individual details of the fuel chain are very 
important in the final environmental balances produced.  For electricity 
production from forestry residues, for example, Malkki & Virtanen (2005) 
reported higher emissions for systems based on off-road chipping rather than 
road-side chipping.  Similarly, systems based on the collection of green 
residues led to higher emissions per unit of power produced than systems 
based on brown residues.  In a Swedish study of the impact of biomass fuel 
supply chains on air emissions, Hansson et al. (2003) found that the use of 
separate storage facilities increased air emissions by about 30% due to 
increased transportation and loading activities.   
 
Co-firing 
 
Keoleian and Volk (2005) performed a full life cycle assessment that included 
total air pollutants for co-firing of coal with willow (10%) and a recycled 
furniture residue/willow blend (10%).  They estimated a decrease of 
approximately 10% in lifecycle SOx emissions and a decrease of about 6% in 
total PM emissions relative to 100% coal firing for both scenarios.  There was 
a difference in NOx emissions between both scenarios, however, with the co-
firing with willow resulting in a 5% decrease in emissions while co-firing with 
the residue blend resulted in a 10% increase in emissions, due to the high 
nitrogen content of the furniture residues.   
 
Hartmann & Kaltschmitt (1999) conducted an LCA study of two co-firing 
systems (10% straw and 10% forestry residues) of relevance to Germany.  
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The study found that both NOx and SOx emissions were significantly reduced 
in relation to the reference 100% coal scenario, with no significant change in 
NH3 emissions.  Due to high chorine content, HCl emissions from co-firing 
with straw were greatly increased in relation to the reference scenario 
although emissions were reduced when co-firing with straw. 
 
Comparison with Other Renewable and Non-renewable Electricity Sources 
 
Different renewable technologies operate at a range of scales and finding a 
basis for comparison is not without problems.  These differences can be 
overcome to a certain extent by using a functional unit related to the amount 
of energy generated as the basis for comparison.  A recent review by Spitzley 
and Kooleian (2005) compared life cycle emissions of willow electricity 
systems with a range of other renewables and fossil systems on the basis of 
kilowatt hour of electricity generated.  The results of the study, which were 
normalised by the authors to take account of different parameters such as 
service life of the technologies in question, are shown in Figure 5.3.  The 
study did not include any forestry residue based systems, but only willow and 
poplar based biomass systems.  In relation to other renewables, life cycle 
NOx emissions from willow and poplar systems were significantly increased 
as were life cycle NH3 emissions.  Life cycle SOx emissions, although 
generally greater than those of other renewable systems such as solar, hydro 
and wind, were very small.  The advantage relative to fossil fuels depends on 
the fossil fuel in question.  Although life cycle SOx emissions of willow-based 
systems were muchy lower than for coal systems, they were found to be 
slightly higher, but generally in the same order as natural gas life cycle 
emissions.  A similar trend is seen for NH3 emissions and NOx emissions, 
although with the advent of clean coal technologies, the difference in life 
cycle emissions in comparison to biomass systems may not be expressive.  
The results of the Spitzley and Kooleian analysis are echoed, at least 
qualitatively by other sources.  For electricity generation systems in Sweden, 
Vatenfall (2005) reported reduced NOx emissions for biomass-fuelled CHP in 
relation to coal-fuelled and oil-fuelled CHP, but considerably greater life cycle 
emissions in relation to non-fuel based renewable technologies such as wind, 
hydro and solar as well as greater emissions than nuclear and natural gas 
IGCC system.  Life cycle PM emissions in the Spitzley and Keoleain (2005) 
study were found to be extremely low for the willow and poplar chains, as 
with hydro and wind technologies.  For renewable technologies not based on 
fuel, the construction stage dominates emissions, while the operational phase 
is generally dominant for fuel-based electricity generation systems.  
 
Pehnt (2006) compared life cycle air quality impacts of a range of renewable 
energy technologies of relevance to Germany.  Relative to the German 
electricity mix, the acidification impacts of different biomass technologies 
were found to vary, with electricity production from SRC having greater 
acidification impacts than the mix production while electricity from forestry 
residues had a lower impact.  Relative to other renewables, the biomass 
chains invariably performed worse in both the acidification and eutrophication 
categories.  There was not much difference, however, in terms of total life 
cycle SOx and PM emissions between biomass-based systems and other  
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renewable technologies.  The higher acidification impacts were largely due to the much 
higher NOx emissions, although NH3 emissions also contributed to acidification impacts in 
the energy crop systems, which were found to have higher acidification impacts than forest 
wood systems. 
 
Figure 5.3: Illustrative Life Cycle Emissions of Several Air Pollutants for Different  
   Electricity Generation Systems (not necessarily representative of Scotland) 
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Description of systems compared in the Spitzley and Keoleian study (2005) : 
 
1) Solar: Building integrated photovoltaic module system of triple-junction thin film amorphous silicon photovoltaic cells deposited on 
stainless steel.  Based on study by Keolian and Lewis (2003), complemented with data from the DEAM LCA database. 
2) Large hydro:  Based on Glen Canyon hydroelectric plant (1296 MW) on the Colorado River.  Based on data from Pacca and Holvarth 
(2002) complemented with emission data from the DEAM database. 
3) Wind:  Two 25MW windfarm in different location in the United States with different wind speeds.  The technology used is 500 kw 
advanced airfoil designs with 40m hub height and 38m rotor diameter.  Based on EPRI (1997) with emission data from the DEAM 
database. 
4) Hybrid poplar: based on use in a  113MW gasification combined cycle plant.  Based on Mann and Spath (1997).   
5) Willow:  Three systems included in the study: a) high pressure direct heat gasification combined cycle (based on EPRI models), b) 
low pressure indirect heat gasification combined cycle (based on EPRI models), c) direct-fire in a stoker grate boiler (based on models 
developed by EPRI).  Based on yields of 15 odt ha-1.  Based largely on Heller et al. (2004). 
6) Coal:  Based on Spath et al. (1999).  Average plant:  Direct-fired pulverized coal boiler, 360 MW, 60% capacity factor.  Advanced 
plant:  New source performance standards plant described in Spath et al, 425 MW.  Future plant:  Low emission boiler system described 
in Spath et al. (1999). 
7) Co-firing with willow:  Based on 10% willow blend based on the retrofit of an existing coal fired boiler in New York 
8) Natural gas: Based on a study by Mann and Spath (2000) for a 505 MW combined cycle power plant. 
9) Nuclear:  Based on a typical 1 GW Pressurized Water Reactor (PWR) facility.  Based largely on data from a WNA report (2006) with 
emissions data obtained from the DEAM database. 
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Note on Biogas Production Life Cycle Emissions 

 
Comparatively little work has been done to quantify the environmental 
impacts of biogas production.  A recent Swedish study by Borjesson and 
Berglund (2006) provides a notable exception. The study was comprehensive 
in that it compared a full range of biogas chains from a diverse set of raw 
materials including ley crops, straw, sugar beet residues, liquid manure, food 
industry waste and municipal organic waste and included both large-scale 
and farm-scale processes. In addition, transport end-uses of biogas were 
also considered.  Besides greenhouse gas emissions, life cycle air pollutant 
balances were also calculated for carbon monoxide, NOx, SO2, non-methane 
hydrocarbons and particulates.  Figure 5.4 summarises the results of the 
study.  In general, biogas from liquid manure and food industry waste was 
found to perform better environmentally than biogas from ley crops and 
agricultural residues, entirely as a result of emissions in the biogas production 
stage of the life cycle.  For biogas originating from the same raw materials, 
emissions of most pollutants, especially NOx, were greater for transport end 
uses than for heat and electricity end uses.  A subsequent study comparing 
the impacts of biogas systems with various reference systems has been 
carried out by the same authors and is expected to be published shortly.   
 

Figure 5.4:  Comparison of Life Cycle Air Pollutant Emissions of Biogas 
Systems (g MJ-1) 

Life cycle NOx, SOx and CO emissions of various biogas systems
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Based on Borjesson and Berglund (2006). 

 

5.4 AIR QUALITY IMPACTS OF TRANSPORT BIOFUEL PRODUCTION 
FROM BIOMASS 

5.4.1 Review of Combustion Emission Factors 
 
Increasingly stringent environmental legislation has meant that emissions of 
major transport pollutants have, on the whole, decreased in recent years.  In 
petrol engines, the introduction of three-way catalyst systems with closed-loop 
lambda controls has enabled emission reductions of a factor of 20 for most air 
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pollutants (TNO 2004).  With the introduction of stricter Euro 5 and 6 
standards, these emissions will be reduced even further.  Diesel engines have 
not achieved the same level of emission reduction as petrol engines and 
diesel still contributes significantly to total PM and NOx emissions. The 
development of diesel particulate filters and NOx-storage catalysts should 
mean that emissions will be reduced in the near future, however.    
 
Interpreting published data on emissions from transport fuels including 
biofuels is not without problem.  These depend on a range of factors, including 
fuel systems, drive cycles and blend specifications.  It is also very easy for 
such data to become outdated, due to continuous advancements in engine 
and after-treatment technology.  Recently, spark ignition direction injection 
(SIDI) engines that operate under complex combustion strategies have been 
introduced in the market.  Emission data on biofuels used in such engines is 
of such scarcity that no conclusions can be drawn about emissions (TNO 
2004).  Diesel engines have increasingly shifted from indirect injection to 
being also completely direct injected.  Such technological changes render 
much of the older data inapplicable to the current situation. 
  
There are other important issues that must be borne in mind when analysing 
literature data on emission factors from transport fuel combustion.  Variability 
is often quite high and studies that present only average values often do not 
provide an indication of the significance of the results.  It is difficult to draw 
conclusions from a considerable volume of the existing data as much of it 
relates to American vehicles, which are not really representative of the UK 
fleet.  An attempt has been made in this review to present only data which is 
relevant to Scotland. 
 
Biodiesel 
 
Light Duty Vehicles 
 
The different engine configurations of light duty and heavy duty vehicles 
results in different emission performance.  Table 5.8 summarises the results 
of some recent European studies on changes in biodiesel emissions for light 
duty vehicles relative to fossil diesel.  A recent study by CONCAWE (2005) 
compared emissions from 5% RME from two passenger cars, both Euro III 
engines, with data collected over NEDC cycle.  Although small changes were 
observed for NOx and PM emissions, the limits on the error bars produced in 
the report lie outside the very small changes observed.  CONCAWE also 
found no significant differences for HC and CO emissions. Although there is 
much variability in the data, as demonstrated in Table 5.9, there seems to be 
a general trend in light duty vehicles towards slightly increased NOx emissions 
relative to fossil diesel, but decreased HC, PM and CO emissions (TNO 
2004). Formaldehyde and acetaldehyde emissions are highly variable.   
 
 
 
 
 



Chapter 5:  Environmental impacts of biomass energy options 

 122

Table 5.8: Illustrative Changes in Biodiesel Exhaust Emissions from Light 
Duty Vehicles Relative to Mineral Diesel. 

 
Ref. Fuel Ref. 

fuel 
Drive Cycle NOx HC PM CO Aldeydes 

Krahl et 
al. 2003 

100% 
RME 

Low S 
Diesel 

ECE49 + 6% - 56% +16% -44% -40% (total) 

Aako 
2000 

30% 
RME 

EN590 
Diesel 

FTP 75 -2 +/- 
5% 

-12.5% -14 +/- 
10% 

+5.5% Form: +25% 
Ace: +6% 

Aako 
2000 

30% 
UVO 
ME 

EN590 
Diesel 

FTP 75 -3 +/- 
5% 

-30% -25 +/- 
12% 

-22% Form: +12% 
Ace: -14% 

Concawe 
2005 

5% 
RME 

Low S 
Diesel 

NEDC -2 +/-
2.5% 

-10 +/- 
25% 

-4.5 
+/- 5% 

-10 +/- 
15% 

- 

 
Acronyms:  RME – Rape Methyl Ester; UVO ME – Used Vegetable Oil Methyl Ester; cat. – catalyst; Form. – 
Formaldehyde; Ace – Acetaldehyde; 
 
Heavy Duty Vehicles (HDVs) 
 
A major review of the exhaust emissions of biodiesel from heavy duty vehicles 
was published in 2002 (EPA 2002), but this was based largely on studies from 
the 1990’s.  Furthermore, many of the studies reviewed used soybean 
biodiesel.  
 
The generic results of the study, without taking into consideration engine 
standards, were as follows: 
 
[NOx] = [NOx]MO + 0.1[biodiesel] i.e. for 20% biodiesel there is a 2% increase 

in NOx 
[PM] = [PM]MO - 0.5[biodiesel], i.e. for 20% biodiesel there is a 10% 

decrease in PM 
[HC] = [HC]MO - 0.9[biodiesel], i.e. for 20% biodiesel there is a 18% 

decrease in HC 
[CO] = [CO]MO - 0.5[biodiesel], i.e. for 20% biodiesel there is a 10% 

decrease in CO 
 
Table 5.9 gives the % change in emissions reported by two European studies 
for heavy duty vehicles running on various biodiesel blends in relation to 
mineral diesel.  These findings are broadly in line with the EPA study results, 
although it is clear that there is, again, much variability in the data.   
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Table 5.9:  Changes in Pollutant Emissions from Biodiesel Combustion in 
Relation to Mineral Diesel 

 
Ref. Fuel Ref. 

fuel 
Standar
d 

Drive 
Cycle 

NOx HC PM CO 

Aako 
2000 

100
% 
RME 

EN 590 
Diesel 

Euro II 
w/ cat. 

FTP 75 +12 
+/- 
3% 

-47 
+/- 
5% 

-82 
+/-
10% 

-3 +/- 
5% 

Aako 
2000 

30% 
RME 

EN 590 
Diesel 

Euro II 
w/ cat. 

FTP 75 -3 +/- 
4% 

-2 +/- 
8% 

-32 
+/- 
7% 

+6 +/- 
5% 

Aako 
2000 

30% 
UVO 
ME 

EN590 
Diesel 

Euro II 
w/cat. 
 

FTP 75 -1 +/- 
6% 

-6 +/- 
6% 

-46 
+/- 
21% 

-3 +/- 
4% 

Concawe 
2005 

5% 
RME 

Low S 
Diesel 

Euro III 
w/ cat. 

NEDC +1 
+/- 
12% 

+10
% 

-10 
+/-
10% 

+15 
+/-
20% 

 
 
Vegetable Oil 
 
Ricardo (2004) collected emission data from two EURO II cars running on 
vegetable oil, after they had had conversion kits fitted.  Although no significant 
differences in NOx emissions were found relative to control, there were 
significant increases in HC and CO emissions as well as general increases in 
PM emissions.  In all instances, however, variability was high.  For the Passat, 
there were also detectable differences in PAH and formaldehyde emissions.  
The results of this study are summarised in Table 5.10. There is very little 
data available on emissions from pure vegetable oil.  A recent review on the 
use of vegetable oil as a transport fuel was published by the GAVE 
Programme (Senter Novem 2005b).  In this review, the Ricardo results are 
compared with the results of a Swiss study on converted Euro I and Euro III 
passenger cars (Folkcenter 2000) which arrived at completely different 
conclusions.  Emissions in the EURO III vehicle were found to be higher than 
in the EURO I vehicle, which resulted in decreased emissions relative to 
mineral diesel.  This could be a result of the engine fine-tuning to minimise 
emissions in the more modern car, which once altered to accommodate 
vegetable oil had a negative impact on emissions (Senter Novem 2005b).  
More studies are necessary to form a more conclusive picture of vehicle 
emissions from cars running on pure vegetable oil, however. 
 

Table 5.10: Illustrative Combustion Emissions from Pure Vegetable Oil. 
 

Ref. Fuel Ref. 
fuel 

Standard NOx HC PM CO Aldeydes 

Ricardo 
2004 

Rapesee
d oil 

(100%) 

Diesel EURO II 0 +/- 
15% 

+100% 
+/- 50% 

+50% 
+/-50% 

+300% 
+/-

200% 

+ 

Folkcenter 
2000 

Rapesee
d oil 

(100%) 

Diesel EURO I  -36% -41% -42%  

Folkcenter 
2000 

Rapesee
d oil 

(100%) 

Diesel EURO III +162% +291% -14% +17%  
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Bioethanol 
 
Perhaps the most relevant data for bioethanol emissions in the UK is from an 
AEA Technology (Reading et al. 2002) study carried out in 2002.  The main 
conclusions of this study, which compared emissions from an E10 splash 
blended ethanol/gasoline mixture with petrol, are shown in Table 5.11.  It is 
evident from the table that, as with biodiesel emissions, there is much 
variability associated with emissions from bioethanol, although there does 
appear to be a consistent decrease in PM emissions and considerable 
increase in acetaldehyde emissions. 
 

Table 5.11: Illustrative Change in Emissions (%) of E10 Bioethanol Blend in 
Relation to Petrol. 

 

 
A recent review on bioethanol emissions was produced by TNO for the GAVE 
(Gaseous and Liquid Climate Neutral Energy Carriers) Programme (Senter 
Novem 2005a).  In general terms, these results are in agreement with those 
from the earlier AEA Technology report, even though no numerical values 
were provided in the report.  
 
Another recent report released through the GAVE Programme compared 
emissions of four different ethanol blends (E5, E10, E70, E85) for three 
flexifuel passenger cars (EUROIV).  The study was comprehensive insofar as 
tests were performed in a range of different drive cycles, including NEDC and 
Artemis  urban, rural and highway cycles.  No clear fuel effects were observed 
for HC and PM emissions, although NOx emissions in Artemis AU and AEU 
cycles were lower by as much as 70% for the E70 and E85 fuels for individual 
cars, relative to low blend biopetrol.  This effect was masked, however, by the 
incredibly high variability in NOx emissions among individual cars.  Other 
conclusions related to bioethanol emissions made by the study are as follows: 
 

 NEDC tests conducted at -7º generally showed higher emissions 
compared to those at 22ºC.  Emissions of CO and HC were more than ten 
times higher at the lower temperature although there was no obvious 
difference in NOx emissions. 

 Emissions of CO and HC in the Artemis AH cycle were observed to be 
higher than AU and AEU cycles although NOx emissions were generally 
lowest in the AH cycle. 

 NEDC tests with engine pre-heater for the E70 blend resulted in 
considerably reduced emissions of CO, HC, PM and acetaldehyde (10-
50% reductions. 

Pollutant Size Error 
FC No consistent change +/- 4% 
NOx No consistent change +/- 50% 
PM -46% +/- 13% 
HC No consistent change +/- 20% 
CO -21% +/- 24% 
Acetaldehyde +500% +/- 300% 
1,3 butadiene +28% +/- 24% 
particle number emissions -50% +/- 25% 
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 NEDC tests showed a clear increase in acetaldehyde emissions for the 
higher fuel blends (E70 and E85). 

 
The conclusions of the GAVE review (Senter Novem 2005a), quoted verbatim 
below, can be seen as representing the best available knowledge regarding 
air pollutant emissions from bioethanol: 
 
Regulated pollutants 
The use of ethanol in both petrol and diesel engines reduces PM emissions.  
For the other regulated pollutants (CO, HC and NOX) less consistent results 
are reported.  The effect of ethanol on these pollutants can be either positive, 
negative or negligible.  In general low ethanol blends tend to decrease CO 
emissions as ethanol acts as an oxygenate.  This effect, however, is most 
prominent in older vehicles without closed loop catalysts. 
 
The variations in published results cannot be easily explained by ethanol 
content or major vehicle class (light-duty versus heavy-duty).  It may in part be 
explained by variations in fuel composition as ethanol fuels from different 
origins and production processes may have ethanol contents ranging from 
50% to 100% and may contain other components.  Also variations in test 
procedures, and in engine types and emission control technology, will cause 
variations in results of emissions measurements. 
 
A few studies have examined the potential of high ethanol blends to achieve 
future emissions standards with modified vehicles.  These studies were 
generally successful, which suggests that attainment of future standards 
should be expected for high ethanol blends, provided that engine 
modifications are being made.  In this respect, a potentially significant 
advantage is noted in using ethanol in spark ignition direct injection (SIDI) 
engines because of a reduction in soot and PM formation. 
 
Unregulated pollutants 
With respect to unregulated emissions, experimental data consistently 
indicates increased aldehyde emissions with increasing ethanol content, and 
in particular substantial increases in acetaldehyde emissions, which are a by-
product of ethanol combustion.  In contrast the literature consistently reports a 
reduction in benzene and 1,3 butadiene emissions with increasing ethanol 
content. 

5.4.2 Review of Life Cycle Emissions 
 
Many lifecycle assessments of biofuels have been made, some of which are 
well to tank in that they include combustion emission factors, but most of 
which are well to wheel as they don’t include combustion emissions.  As 
discussed in the introduction to this chapter, the results of these studies can 
be presented in several forms, but more often than not they are presented in 
terms of different environmental impacts rather than as complete balances for 
different emissions.   
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A comprehensive review of transport biofuel LCA studies was carried out by 
IFEU (2004).  The study concluded that in contrast to energy and GHG 
balances, very few studies consider life cycle air pollutant balances.  Although 
the numerical values vary according to individual cases, the review found that 
acidification, eutrophication and ozone depletions impacts of biofuels from 
crops are ‘qualitatively stable, being at a disadvantage for biofuels’.  Results 
of biofuels from residues were found to be much more variable.  The main 
findings of the report for bioethanol and biodiesel are shown in Tables 5.12 
and 5.13 respectively.   
 

Table 5.12: Summary of Qualitative Life Cycle Air Pollutant Impacts for   
 Bioethanol Production Systems Compared with Petrol. 

 
 Acidification  

(SO2 eq.) 
Eutrophication 
(PO4 eq.) 

Photosmog 
(C2H4 eq.) 

Ozone 
Depletion 
(N2O) 

Wheat 
Bioethanol - - +/- - 
Sugar beet 
bioethanol - - + - 
Cellulose 
bioethanol +/- +/- - - 
Potato 
bioethanol - - + - 
(+ = advantage to biofuel, - = disadvantage to biofuel)  Source: IFEU 2004 
 
Table 5.13:  Summary of Qualitative Life Cycle Air Pollutant Impacts for  
   Biodiesel Production Systems Compared to Diesel   
 
 Acidification  

(SO2 eq.) 
Eutrophication 
(PO4 eq.) 

Photosmog 
(C2H4 eq.) 

Ozone 
Depletion 
(N2O) 

RME  - - + - 
Tallow 
biodiesel* + N/A + + 
Used Cooking 
Oil Biodiesel 

N/A N/A N/A N/A 

Rapeseed Oil +/- - + - 
(+ = advantage to biofuel, - = disadvantage to biofuel)      Source: IFEU 2004 
* Based only on one study 
 
One of the more transparent biofuel LCA studies including non-GHG 
environmental effects was recently undertaken for the GAVE Programme 
(TNO 2005).  The study, which included LCA of both biodiesel from oilseed 
rape and bioethanol from wheat, was unique in that in that it involved a full 
range of stakeholders in the analysis so that the assumptions of the LCA 
study were ground-truthed for real-life conditions.  The main assumptions 
made in the study are listed in Figure 5.5 and results were expressed on the 
basis of emissions per km travelled.  The study was designed to best reflect 
the current Dutch biofuel market and can therefore not be taken as being 
representative of Scotland.  
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Figure 5.5:  Illustrative LCA Environmental Impacts for Rapeseed Biodiesel 
    vs. Mineral Diesel and for Bioethanol from Wheat vs. Petrol   
   (Not necessarily representative of Scotland). 
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* presented as scores relative to maximum value.  

 
 

(b) wheat bioethanol vs petrol 
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Source:  Senter Novem 2005 
 
 
 
 
 
 
 
 
 
 

Key Assumptions 
 
Feedstocks:  bioethanol: 100% wheat from western Europe 
biodiesel: 50% rapeseed from western Europe, 25% rapeseed from Eastern Europe, 25% world 
rapeseed 
Co-products:  Wheat and rapeseed straw: 1/3 left in field, 1/3 animal bedding, 1/3 electricity 
generation; bioethanol and biodiesel cake used as animal fodder; glycrine sold to pharmaceutical 
market; CO2 from ethanol product not consider co-product 
Land reference:  Set-aside  Time horizon: three years 
Allocation: economic   Transport: sea 
Conversion Plant:  Biodiesel – 150,000 kt/yr, Bioethanol:  200 Ml/yr 
End-use:  maximum allowable blends used (5% RME biodiesel, 5% bioethanol)
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In line with the findings of the IFEU review, the GAVE study estimated that in 
the acidification and eutrophication categories, bioethanol performed worse 
than gasoline by 33% and 100% respectively (Figure 5.5). This was due 
entirely to agricultural emissions during the feedstock production stage, where 
emissions of ammonia, NOx, SOx and phosphates occurred.  Tailpipe 
emissions of these gases were found not to vary significantly between 
bioethanol and gasoline.  Biodiesel was also found to compare unfavourably 
with mineral diesel with regards to acidification impacts (increase of 57%) and 
eutrophication impacts (increase of 500%).  From these results, it is clear that 
transport biofuels produced from purpose-grown crops have negative impacts 
on water quality in relation to fossil fuel equivalents. 
 
The study highlighted the high sensitivity of the results to fertiliser application 
and crop yields.  Of the acidification impact of bioethanol, for example, 56% 
was attributed to ammonia emissions, 27% to NOx emissions and 17% to SOx 
emissions.  Ammonia emissions are almost entirely due to fertiliser use while 
NOx emissions were split evenly between fertiliser production and tractor fuel 
consumption.  Similarly, eutrophication impacts were found to be 
predominantly due to ammonia emissions from fertiliser application (61%) with 
lesser contributions from NOx (30%) and phosphates (5%).  Photochemical 
oxidation (smog) due to PM emissions originates mainly from end-use 
vehicular combustion and there was no major difference in relation to the 
mineral gasoline chain.  The larger fertiliser requirements per hectare for 
rapeseed for biodiesel production translated into the even greater acidification 
and eutrophication effects observed with this production chain (57% and 
500% respectively).  Recent work by Bernesson et al. (2006) confirms the 
importance of the production step in transport biofuel environmental balances, 
as scales of production plant were found to make little difference in 
acidification and eutrophication impacts in relation to the environmental 
burden of agricultural production. 
 

 5.5 AIR QUALITY IMPACTS OF ILLUSTRATIVE BIOENERGY 
SCENARIOS FOR 2020 

 
Based on the combustion emission factor data collected during the literature 
review, Netcen projected the change in air pollutant emissions that would 
occur for four different biomass/biofuel scenarios to 2020.  Life cycle 
emissions were not considered in the projections.  The scenarios were as 
follows: 
 
 

Scenario number 
 

Scenario 1 (Heat/Electricity) 1.7 million odt of wood available by 
2020. Of this, 25% is used for 

residential heat purposes, 25% for 
heat  in the commercial/institutional 

sector and 50% in the large 
CHP/electricity sector. 
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Scenario 2  (Heat/electricity) 1.7 million odt of wood available by 
2020. Of this, 30% is co-fired in 

power stations, 35% is utilised in the 
large CHP/electricity sector. The 

remaining 35% is split evenly 
between the residential and 

commercial/institutional sectors. 
Scenario 3  (Transport) All diesel contains a blend of 5% bio-

fuel and all petrol contains a blend of 
5% bio-fuel 

Scenario 4  (Transport) 5% of diesel cars and 5% of LGVs 
run solely on 100% biodiesel.  
Biopetrol blend as Scenario 3. 

 
 
Heat and Electricity Scenarios 
 
The figure of 1.7 million oven-dried tonnes of available wood fuel in 2020 is 
based on a combination of the 1.2 million odt derived from the FREDS Report 
(2005) and an estimated 500,000 odt of short-rotation coppice that could 
become available if 50,000 ha of land are cultivated with this crop with an 
average yield of 10 odt ha-1.   
 
The UK’s National Atmospheric Emissions Inventory (NAEI) estimates that in 
2002, approximately 0.032 million tonnes of wood was combusted by the 
residential sector in Scotland. If wood combustion in Scotland is predicted to 
grow in line with national UK forecasts (DTI’s UEP12) then under business as 
usual, this rises to 0.041, 0.047 and 0.053 million tonnes in 2010, 2015 and 
2020 respectively. The NAEI currently assumes that no wood is consumed in 
the commercial/institutional and power station sectors and this will not change 
in the future.  
 
In Scenarios 1 and 2 it has been assumed that the additional wood 
combustion for heat in the residential and commercial sectors replaces a fossil 
fuel mix of LPG and coal consumed in these sectors. For the CHP/electricity 
sectors it has been assumed that the emissions from wood combustion 
replace coal combustion in power stations. The change in emissions has been 
predicted for 2010, 2015 and 2020 and it has been assumed that the 
additional wood available will grow in a linear fashion from 2006 reaching its 
full potential in 2020. In each case, to give some idea of the significance of the 
change in emissions, the results have been compared against the projected 
UK emissions in these years. It was not possible to compare the results 
against projected emissions for Scotland, as these were not available. 
 
The scenarios chosen were considered to reflect current developments in the 
biomass sector in Scotland and were based on recent reports (Rippengal 
2005, SDC 2005, FREDS 2005).  It is recognized that the target for residential 
heat systems may be overly optimistic, as the economics of residential 
heating systems is currently unfavourable.  Nevertheless, residential systems 
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have been included in suggested targets for biomass heat in Scotland for 
2020 (Rippengal 2005) and development of appropriate grant schemes could 
make this option more attractive.   
 
Likewise, the role of co-firing in the future of the bioenergy industry in 
Scotland is uncertain.  As current legislation stands, co-firing will no longer 
attract ROCs beyond 2016 and therefore may not play any part in the use of 
biomass for energy generation purposes by 2020.  To account for this 
uncertainty, two scenarios were assumed: 1) no co-firing, 2) 30% of biomass 
resource used for co-firing.  The scenarios will obviously not reflect reality 
completely, as there are smaller CHP already in development (e.g. Caithness) 
and these have not been taken into consideration explicitly in the scenarios.  
They do provide a simple approximation, however, of the main lines along 
which the biomass industry could develop in Scotland. 
 
The results of emission changes for scenarios 1 and 2 are summarised in 
Tables 5. 14 and 5.15.  Whether scenario 1 or 2 is most beneficial depends on 
the pollutant of concern. For example, the most beneficial for sulphur dioxide 
is scenario 1, whereas the most beneficial for NOx, is scenario 2. Both 
projections suggest  an increase in PM2.5 emissions. 

 
Table 5.14: Additional Annual Emissions Arising as a Result of 

Scenario1 (Ktonnes).  
 

 Year SO2 NOx PM10 PM2.5 NMVOC 
Additional 
emissions 2010 -4.38 -0.23 -0.34 0.13 -0.32 
Additional 
emissions 2015 -9.01 0.30 -0.58 0.23 -0.46 
Additional 
emissions 2020 -13.65 0.48 -0.89 0.36 -0.77 
% of UK 
baseline 2010 -0.90% -0.02% -0.25% 0.17% -0.04% 
% of UK 
baseline 2015 -2.27% 0.03% -0.43% 0.32% -0.05% 
% of UK 
baseline 2020 -3.79% 0.05% -0.63% 0.49% -0.09% 
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Table 5.15: Additional Annual Emissions Arising as a Result of Scenario 2 

(Ktonnes). 
 

 Year SO2 NOx PM10 PM2.5 NMVOC 
Additional 
emissions 2010 -3.25 -0.25 -0.23 0.08 -0.17 
Additional 
emissions 2015 -6.76 0.04 -0.38 0.14 -0.24 
Additional 
emissions 2020 -10.04 0.17 -0.61 0.24 -0.49 
% of UK 
baseline 2010 -0.67% -0.02% -0.17% 0.10% -0.02% 
% of UK 
baseline 2015 -1.70% 0.00% -0.29% 0.20% -0.03% 
% of UK 
baseline 2020 -2.79% 0.02% -0.43% 0.32% -0.06% 

 
 
Transport Biofuel Scenarios 
 
One aspect of defining appropriate scenarios is the concentration of biofuel 
that might be put into the tanks of vehicles.  The government has set a 
Renewable Transport Fuel Obligation (RTFO) that 5% of our transport fuel 
should be from renewable sources by 2010.  In addition, the current 
Government consultation on the RTFO indicates that ambition levels beyond 
5% are being considered post-2010. 
 
For a 5% RTFO two extreme scenarios can be envisaged: 

• Scenario 1: all fuel is a blend containing 5% bio-fuel added to fossil-fuel 
• Scenario 2: 95% of the fuel sold is derived only from fossil-fuels, and 

5% is pure bio-fuel. 
 
Whilst both these scenarios meet the 5% RTFO they lead to different 
emission characteristics, with scenario 2 leading to a number of technical 
challenges. 
 
If there were a larger penetration/usage of biofuels then analogous scenarios 
to those described above again represent the extremes of how the fuel might 
be supplied. 
 
Conventional petrol and diesel fuels are required to conform to EU-wide 
standards which specify certain physical and chemical parameters.  
Conventional petrol must conform to the specification of EN228 and 
conventional diesel to the specification of EN590, and it is generally a 
condition of engine manufacturers’ warranties that fuel used in their engines 
meet these specifications.  Testing of 5% blends by volume of both biodiesel 
and bioethanol has shown that addition of the fuels at this level maintains 
conformity to these standards. However, the majority of engine manufacturers 
have imposed a 5% ‘technical limit’ for the inclusion of biodiesel and 
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bioethanol in conventional fuels, beyond which warranties on engines are no 
longer valid. 
 
This 5% figure will change as the technical limit is altered through regulation 
and co-operation with vehicle manufacturers.  In a recent technical note the 
SMMT noted that: The motor industry is in discussions with the oil industry 
and other stakeholders through the European Committee on Standardisation 
(CEN) to develop future European standards that enable the use of higher 
percentage biofuel blends in all new vehicles (10 per cent blends - E10, B10).  
One aspect that will need to be addressed is the development of additive 
packages to tailor the physical and chemical properties of fuels that contain 
higher percentages of bio-fuel to help vehicles achieve their required 
durability. For the purposes of this study, 5% is assumed as an upper 
constraint on the supply of renewable transport fuels.   
 
The results of the projections, based on the best available emission factors, 
are given in Tables 5.16 and 5.17.  Vegetable oil was not considered to be a 
major contributor to the total transport fuel market in 2020 and not yet 
commercial transport fuels have not been included in the projections.  
Biodiesel from tallow, although currently produced in Scotland by Argent 
Energy, was not included in the projections as no reliable, recent emission 
data was obtained for biodiesel from this source. 
 
Table 5.16: Additional Annual Emissions Arising as a Result of Scenario 3  
     (Ktonnes). 

 
  Year NOx PM10 

Additional emissions 2010 0.1 -0.06 
Additional emissions 2015 0.7 -0.05 
Additional emissions 2020 0.9 -0.05 

% of Scotland road transport 
emissions 2010 0.3% -4.2% 

% of Scotland road transport 
emissions 2015 2.6% -4.5% 

% of Scotland road transport 
emissions 2020 3.8% -4.6% 

 
Note: a negative number indicates an emission decrease 

 
 
In the road transport sector, scenario 3 leads to an overall reduction in PM10 
emissions. This is as a result of the 5% bio-diesel-fuel blend leading to a 4% 
reduction in PM10 emissions in Euro II, III and IV light duty vehicles and the 
5% bio-petrol fuel blend leading to a 23% reduction in PM10 emissions. In 
scenario 4, where 5% of cars and light goods vehicles are dedicated to run on 
100% bio-diesel this leads to an increase in PM10.  Despite the expected NOx 
reduction in Euro II, III and IV light duty vehicles when running on a 5% bio-
diesel blend, the overall NOx emissions increase under this scenario due to 
the large increase in NOx emitted from heavy goods vehicles. 
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Table 5.17: Additional Annual Emissions Arising as a Result of Scenario 4  
(Ktonnes). 

 

 Year PM10 
Additional emissions 2010 0.03 
Additional emissions 2015 0.02 
Additional emissions 2020 0.02 
% of Scotland road 
transport emissions 2010 1.7% 
% of Scotland road 
transport emissions 2015 1.9% 
% of Scotland road 
transport emissions 2020 2.0% 

Negative numbers indicate a decrease in emissions. 
 

5.6 UNCERTAINTY CONSIDERATIONS 
 
Combustion Emissions 
 
The overall uncertainty of the emissions projections is dependent on the 
uncertainties in several elements, including the uncertainty in activity statistics 
(the fuel burned) and emission factors.  Other relevant factors include the 
reliability of activity data, particularly with respect to fuel allocations to the 
different sectors.  
 
Default emission factors are rarely provided with a quantitative assessment of 
uncertainty.  Papers or reports for individual measurements may provide a 
quantified uncertainty for a measurement but this is usually for a particular set 
of measurements and on a particular piece of equipment using a particular 
monitoring protocol.   
 
Both USEPA and Corinair have adopted a qualitative description of 
uncertainty for emission factors which essentially provides an indication of 
whether the emission factor is appropriate or not.   Quantitative estimates of 
uncertainty are needed by users; for example modellers can use uncertainty 
estimates to apply sensitivity analysis techniques to inventories and 
projections.  
 
Bands of uncertainty have been developed by Corinair however these 
uncertainty ranges are limited, appear to vary according to pollutant and, are 
not available for all combustion processes (for example NO uncertainty ratings 
or figures are provided by Corinair for large industrial and non-industrial 
combustion plant.  The USEPA provides qualitative ratings for default 
emission factors but does not quantify uncertainty. 
 
For many pollutants in the NAEI, uncertainties primarily arise from emission 
factor uncertainties.  Activity data is considered to be more reliable and better 
characterised.   For projections there is the problem that the uncertainty in the 
activity data may outweigh the uncertainty in the emission factor however the 
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main purpose of the projections in this work is to assess the range of change 
in emissions to atmosphere from changing to a higher biomass fuel mix.  The 
absolute values and uncertainties of emission factors are of less significance.  
 
It is not possible to give uncertainties for the pollutants assessed.  However 
the NAEI publishes estimates of the uncertainties in the UK inventories (Table 
5.18) and these are provided for guidance on the relative magnitude of the 
uncertainties likely to be associated with these projections.  Note that these 
are the estimated uncertainties for the total UK inventories – uncertainty for 
smaller range of sources associated with biomass combustion may be higher. 
 
Table 5.18: Estimated Uncertainties of Selected UK National Pollutant 

Inventories 
 

Pollutant Estimated uncertainty % 
CO +/- 20 

PM10 -20 to +30 
PM2.5 -20 to +30 
SO2 +/- 3 
NOX +/- 8 

NMVOC +/- 20 
HCl +/- 20 
BaP -70 to +200 

PCDD/f -50 to +200 
As -50 to +100 
Hg -30 to +40 

   Source: NAEI  
 
Life Cycle Emissions 
 
Many of the issues highlighted in chapter 4 regarding uncertainties of 
greenhouse and energy gas balances also hold true for life cycle air pollutant 
balances.  LCA air pollution impact data is context-specific.  Emission of 
pollutants depends on a large range of parameters including transport type 
and distances (e.g. NOx, CO, PM), fertilizer application rates (eg. NH3) and 
use of fossil fuel in processing activities.  System boundaries, reference 
systems and allocation procedures can also affect results, in much the same 
way they affect carbon and energy balance results (chapter 4). 
 
No LCA studies with pollutant emission data were found that were based on 
Scottish conditions.  Given the site-specificity of these studies, all of the 
illustrative results presented in this chapter would need to be modified to be 
representative of Scotland.   
 

5.7 WATER QUALITY 
 
Agricultural production of biomass feedstocks can have an impact on the 
quality of both surface and groundwater resources.  Among the processes 
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capable of compromising water quality are nitrate leaching, pesticide 
application and the release of acidifying gases such as ammonia.   
 
Nitrate (NO3) leaching refers to the movement of dissolved nitrates into 
deeper soil layers or leaving the bottom of the soil profile. Nitrate can also be 
lost in surface runoff.  Several factors influence leaching rates besides 
fertiliser loads.  Soil type plays an important role in nutrient leaching rates, for 
example, as the nitrogen leaching rate of coarse-textured clay soils is 
approximately twice that of fine-textured clay soils (Borjesson 1999).  Rainfall 
levels also influence nitrate leaching rates. 
 
Pesticides are also susceptible to leaching and can move into deeper soil 
layers, contaminating groundwater.  This depends on the properties of 
individual pesticides, such as solubility and adsorption.  Among the most 
common active pesticide substances encountered in groundwater are 
isoproturon and mecoprop (Turley et al. 2004). 
 
Several pollutants released during the life cycle of biomass systems can have 
an acidifying effect on the environment (see air quality section), including SO2, 
NOx and HCl.  In agricultural systems, ammonia is very important in the 
acidification and eutrophication of natural environments.  A primary means of 
ammonia release to the atmosphere is through the process of ammonia 
volatilization where nitrogen is lost as ammonia to the atmosphere upon 
application of liquid manures and slurries.  Ammonia reacts in the atmosphere 
to form ammonium which is removed by rain.  NH3 compounds can be 
transported atmospherically over significant distances and can result in 
acidification of water and soil resources in areas detached from agricultural 
zones. 
 
Water quality can also be compromised by soil erosion which deposits high 
sediment loads in nearby water courses and also leads to increased levels of 
nutrients such as phosphates. 
 

5.7.1 Forestry and Agricultural Residues 
 
Removal of forestry and agricultural residues does not involve additional 
application of fertilisers or pesticides and therefore is expected not to further 
contribute to soil water quality through increased nutrient inputs.  
Nevertheless, the removal of residues could leave soils more susceptible to 
erosion and result on an impact on water quality through increased 
sedimentation of water courses.  There is some debate as to how important 
these losses may be in Scotland, however (Carling et al. 2001).  There are 
Forestry and Water Guidelines which regulate harvesting and planting 
activities which will affect water course on state-sector land and private sector 
land covered by grants (these must meet UKWAS standards).  
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5.7.2 Dedicated Energy Crops 
 
Reduced fertiliser and pesticide inputs in combination with reduced soil 
disturbance should lead to reduced nitrate leaching rates once arable lands 
have been converted to energy crop systems, although considerable leaching 
may occur in the establishment season of energy crops (Bullard et al. 2003).  
In the absence of fertiliser, however, leaching rates can be reduced 
significantly to approximately 3 kg N ha-1, as opposed to > 150 kg N ha-1 
under typical arable crop conditions (Christian et al. 1997).  Whereas 
conversion from annual crops to dedicated perennial bioenergy crops will 
result in a net decrease in fertilizer application, increased cultivation of grain-
based biofuel crops would probably require a net increase in fertilizer use.  
The longer growing season, year-round soil cover and extensive root systems 
of perennial energy crops all help to reduce nitrate leaching in comparison to 
annual row crops.  Consequently, dedicated energy crops will tend to have 
favourable impacts on water quality in comparison to conventional biofuel 
crops. 
 
Weed control is required for short rotation coppice before cultivation, shortly 
after planting and following harvest (Forestry Commission 2002).  Similarly, 
miscanthus only requires pesticide application during the early establishment 
phase to keep out competitors (Bullard & Metcalfe 2001).   For most of the 
growing cycle, therefore, no additional pesticide is required, resulting in lower 
probability of contamination of groundwater sources through pesticide than 
with annual food crops. 
 
The net impact of growing bioenergy crops on water quality depends upon the 
management practices used when growing the energy crops and the practices 
used on the land use that the energy crops replace (St Clair 2006). 
 
Effects on Hydrology 
 
A recent study for MAFF (2001) reviewed the effects of bioenergy crop 
systems on soil hydrology.  The results of the study showed that both short 
rotation coppice and miscanthus grown in different agroclimatic zones in 
England consistently used more water than they might replace.  This is due to 
both increases in surface run-off as well as decreases in deep percolation 
below the root zone.  The relative influence of each process is determined by 
site-specific factors such as rainfall levels and soil water availability.  In soils 
with large water availability, the large water requirements of energy crops can 
lead to reductions in water percolation below the root zone.  When the soil’s 
water carrying capacity is the limiting factor, water uptake by energy crops is 
driven mainly by rainfall levels.  These effects on hydrology are more 
significant in drier areas, such as the east of England and are less significant 
in Scotland where rainfall levels are consistently high. 

5.7.3 Transport Biofuel Feedstocks 
 
Managing oilseed rape for biodiesel or cereals for bioethanol production offers 
little opportunity to reduce fertiliser and pesticide inputs compared to their 
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management for food (Turley et al. 2004; St Clair 2006).  Replacement of 
natural regeneration set-aside land with these crop alternatives will lead to 
increased inputs of pesticides and fertilisers and also to higher nitrate leaching 
levels.  However, nitrate leaching rates are not determined by fertiliser rates 
alone, and typically set-aside has higher residual nitrogen levels which are 
subject to over winter loss (Turley et al. 2004).  In general, cereals are more 
efficient in terms of fertiliser N use, compared to root crops and oilseed rape 
and consequently have lower nitrate leaching rates (Table 5.19).  Oilseed 
rape may represent a higher risk of nitrate leaching relative to other arable 
crops, due to high levels of residual N left in the soil following harvest (Turley 
et al. 2004).   
 

Table 5.19: Nitrate Leaching Loss from Arable Crops 
 

Crop Amount of NO3 N leached 
(kg ha-1 yr-1) 

Potatoes 98 
Oilseed rape 74 
Sugar Beet 30 

Cereals 30 
Unfertilised grass 10 

Source:  Turley et al. 2004 
 
Water quality can also be compromised by pesticide application.  Table 5.20 
provides information on the average weight of pesticide active substance 
applied to different transport biofuel crop options.  Cereals typically require 
greater pesticide applications than oilseed rape, but both crops require 
substantially less than potatoes and more than natural regeneration set-aside.   
 

Table 5.20:  Total Weight of Active Substance Applied per Hectare of Crop 
Grown 

 
Crop Total weight of a.s. 

applied per ha (kg) 
Winter wheat 4.37 
Winter barley 3.8 

Ware potatoes 14.86 
Oilseed rape 2.37 
Spring barley 1.51 
Sugar beet 3.72 

Natural regeneration set- 
aside 

.93 

Source:  Turley et al. 2004. 

5.7.4 Relevance to Scotland 
 
The most likely scenario is that energy crop production will take place on set-
aside land.  Overall, major negative impacts on water quality would not be 
expected due to the very modest fertiliser and pesticides inputs these crops 
require.  Of the biofuel feedstocks, oilseed rape is expected to be the major 
crop option for Scotland.  When replacing set-aside land, the effect on water 
quality is expected to be negative due to higher nitrate leaching rates and 
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pesticide inputs.  Replacement of other break crops in grain rotation systems, 
however, would be less environmentally detrimental, although it is hard to 
predict with accuracy what changes in water quality would be.  Detailed 
computer models to simulate nitrate leaching are available and the impact of 
energy crops on nitrate leaching could be assessed in the future. 
 

5.8 SOILS 
 
Biomass feedstock production impacts soils mainly through effects on soil 
erosion and soil fertility.  Erosion can reduce crop yields directly by physically 
damaging plant crops or indirectly through decreased soil fertility resulting 
from organic matter losses. Severe erosion is relatively uncommon in the UK 
and ultimately erosion risk is determined by such factors as soil type, slope, 
land use and management practice (Brierley et al. 2005, Turley et al. 2004).  
Frequent tillage, for example, can increase the likelihood of erosion.  Soil 
erosion can lead to reduced organic matter content which in turn results in 
decreased soil fertility.   
 
The impacts of biomass feedstocks on soils can be negative or positive, 
depending on the crop and on the land use system being displaced.  Besides 
impacts on soil erosion and fertility, some biomass feedstocks can also be 
used to remediate soils contaminated with high heavy metal loads. 
 

5.8.1 Forestry and Agricultural Residues 
 
Incorporation of crop residues into soil improves soil fertility and excessive 
removal could have detrimental consequences on soil quality.  There is 
evidence, however, that up to 50% of agricultural residues can be removed 
without any major effects on fertility (IEA 2004).   
 
Removal of forestry residues from forest floors can also impact on soil quality.  
The extent of this impact depends largely on the mode and intensity of 
harvesting as well as on the soil type (Brierly et al. 2004).  Peatland soils, for 
example, face a higher risk of damage than podzolic soils or shallow gley 
soils.  The utilisation of brash mats is extremely important during residue 
harvesting and their removal can greatly increase erosion and promote 
nutrient depletion (Brierley et al. 2004).   Without brash mats, the heavy 
harvesting machinery used can also result in increased soil compaction.   
 
A recent study for the Department of Trade and Industry (Brierly et al. 2004), 
modelled the suitability of different woodland sites in the UK for extraction of 
forest residues, based on a set of different environmental criteria, including 
impacts on soil fertility, nutrient leaching, soil compaction and erosion.  
Although the researchers advocated a precautionary analysis of the results as 
the modelling procedure was based on simplistic classification systems, the 
final results indicated that there are only limited opportunities for forest residue 
extraction in Scotland’s upland soils.  This was due to high compaction of 
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Scotland’s wet peaty soils and in the west of Scotland, high acidification 
impacts. 
 

5.8.2 Dedicated Energy Crops 
 
Conventional agricultural practices involving intensive soil tillage make the soil 
susceptible to erosion and lead to decreased soil fertility.   Energy crops can 
reduce erosion risk by providing a higher ground cover than annual crops.  In 
this respect, the benefits of energy grasses are usually greater than short-
rotation coppice, as they achieve complete ground cover over a short period 
of time (Bullard et al. 2003).  It must be noted, however, that the 
establishment phase of energy crops will require soil disturbance which could 
lead to higher initial erosion rates, which fall rapidly once ground cover is 
increased.   
 
Use of willow crops as windbreaks in areas of high wind erosion could 
potentially result in increased yields of surrounding food crops (Borjesson 
1999).  Similarly, energy crops could be used as vegetation zones to protect 
against water erosion, provided soil coverage is high (Borjesson 1999). 
 
Bioremediation Potential 
 
Short-rotation coppice crops can be used to mitigate the effects of soil 
contamination, a process called bioremediation. This is commonly used to 
neutralize the effects of high heavy metal concentrations, for example.  Willow 
and poplar have high cadmium and zinc uptake rates and can thus be used to 
remediate heavily contaminated land (Britt et al. 2002).   
 
This property of SRC crops also provides advantages for the disposal of 
sewage sludge, slurries and other wastes, as the crops are able to take up the 
often high metal contents of these substances.  Willow varieties vary in their 
uptake potential and tolerance to heavy metals. There is also some evidence 
that miscanthus can have a positive effect on heavy metal remediation, 
although  high levels of heavy metal can reduce plant productivity (Britt et al. 
2002). It must be stressed that the application of sewage and agricultural 
wastes to willow can be accompanied by some unfavourable consequences, 
including the possibility of heavy metal bioaccumulation in the food chain and 
contamination with pathogens which may present a risk to wildlife.  For a 
thorough examination of the bioremediation potential of energy crops, the 
review by Britt et al. (2002) for DEFRA is recommended.  There is also 
potential for SRC willow to be used to treat landfill leachates, a practice which 
is already being carried out in Sweden (Borjesson 1999). 
 

5.8.3 Transport Biofuel Feedstocks 
 
The frequent tillage of annual crops such as oilseed rape or wheat results in a 
higher soil erosion risk than cultivation of energy crops.  Evans (2002) devised 
a classification for the erosion risk posed by individual crop types in which the 
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percentage of observed channel erosion was expressed as a fraction of the 
percentage of arable land cover of the crop for England and Wales.  Results 
from this analysis are shown in Table 5.21.  As seen in the table, the overall 
erosion risk of winter cereals and oilseeds is relatively small in comparison to 
root crops such as potatoes and sugar beet, although the ultimate erosion risk 
is heavily influenced by topography and soil type.   

 
Table 5.21:  Index of Channel Erosion of Possible Transport Biofuel Crops. 

   
Crop % erosion occurrence/ % 

arable area 
Sugar beet 4.05 
Potatoes 3.28 

Spring cereals .83 
Winter cereals .69 

Winter oilseed rape .29 
Source:  Turley et al. (2004), based on Evans (2002). 

 
Oil seed crops, if they replace other arable crops, will yield little benefit for soil 
structure and may have negative impacts if they replace long term setaside. 

5.8.4 Relevance to Scotland 
 
Very little information exists on erosion rates resulting from agricultural 
practices in Scotland.  Lilly (1999) estimated that 53.4% of Scottish soils face 
a moderate risk of erosion while a further 32.1% face a high erosion risk.  This 
analysis did not include vegetation cover as a parameter, however. 
Nevertheless, the high erosion and compaction risks associated with many 
Scottish soils renders them unsuitable for residue extraction. Conversion of 
set-aside to production of oilseed rape under conventional tillage would most 
likely increase soil erosion risk.  Conversion to energy crop systems, however, 
would require less cultivation and result in greater year-round soil coverage 
with no great risks of erosion.  Further studies are necessary, however, to 
provide a more informed analysis of the possible impacts of the expansion of 
biomass feedstock production on soil quality in Scotland. 
 

5.9 BIODIVERSITY 
 
As with effects on soil, the effects of energy systems on biodiversity depend 
on the land use transition that occurs and the intensity of cultivation.  
Conversion of native vegetation to agricultural use will undoubtedly have a 
negative impact on biodiversity, but when the conversion is from set-aside to 
cropland or degraded area to cropland, impacts on biodiversity can be 
favourable (Christian et al. 1997). 
 

5.9.1 Forestry and Agricultural Residues 
 
Although there are very few studies in this area, the available evidence 
suggests that removal of forest residues can have an adverse effect on local 
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biodiversity.  Bengsson et al. (1998) compared the invertebrate fauna of two 
sites in Sweden, one where residues had been removed and another where 
they were maintained on-site, and found that the removal of residues during 
whole-tree harvesting greatly reduced populations of spiders and other 
predatory insects (30-60% reduction).   
 
Brash removal may also deprive small vertebrates, invertebrates and fungi of 
important habitat and food resources, resulting in decreased biodiversity 
(Brierly et al. 2004).  The local depletion of nutrients caused by brash removal 
may also affect biodiversity in more indirect ways.  It could, for example, result 
in egg-shell thinning which has been attributed to reduced nesting success of 
European birds in recent decades (Green et al. 1998).  
 
Positive impacts would include restructuring of woodlands through increased 
thinning which can benefit wildlife.   
 

5.9.2 Energy Crops 
 
The patchwork of different age-stands created by short rotation coppice 
plantations can provide a heterogeneous network of habitats that can provide 
biodiversity benefits for different animal groups, including phytophagous 
insects, songbirds (especially warblers) and pheasants.  Ground flora plays a 
key role in the resulting biodiversity of SRC willow plantations and the 
application of pesticides can counteract any positive biodiversity effects 
obtained by the patchwork of different-aged stands created (Britt et al. 2002).  
Other management practices such as application of sewage sludge are 
believed to influence biodiversity, but there are very few studies to support 
these suggestions.  Addition of organic wastes could even indirectly promote 
biodiversity through addition of nutrients that would promote growth of ground 
flora (Britt et al. 2002).  Soil biodiversity is also increased in relation to annual 
row crops, as shifts to perennial energy crop systems have been shown to 
improve the diversity of soil fauna such as earthworms, wood lice and 
carbides in general (Borjesson 1999). 
 
Short rotation coppice is likely to be more beneficial than energy grasses such 
as miscanthus and reed canary grass, as these are non-native grasses and 
the shade produced by them is likely to exclude other flora (Turley et al. 
2004).  Relative to annual crop systems, however, energy grass plantations 
can be beneficial for populations of certain bird species (Murray et al. 2003).  
Nevertheless, large areas of energy grasses without the presence of other 
habitats are unlikely to bolster local biodiversity.  
 
5.9.3 Transport Biofuel Feedstocks 

 
Replacement of natural regeneration set-aside with oilseed rape or cereals 
would have a detrimental impact on some farmland birds, although some 
species that may use oilseed rape as a food source in summer would benefit 
(Turley et al. 2004).   Replacement of set-aside for winter oilseed rape would 
also reduce the availability of stubble that many birds depend on during the 
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winter season.  Some of these detrimental impacts on biodiversity could be 
mitigated, however, by positive management practices such as the 
maintenance of field margins. 
 
The relatively high requirement for pesticides in cereals and oilseed rape is 
also likely to have impacts on local biodiversity, due to impacts on non-target 
species and indirect effects on weeds and invertebrates, which provide food 
for several bird species.  Populations of farmland birds in Britain have been in 
stark decline over the last three decades and this could be largely linked to 
the decline in winter stubble (Turley et al. 2004).  Many species, however, are 
capable of nesting on oilseed rape crops including skylarks, yellow wagtails 
and sedge warblers.  Impacts on biodiversity are also complicated by timing of 
management, which may favour breeding habits of some birds over others, for 
example.   
 
A note on Imported Biofuels 
 
There has been much concern of late over the replacement of native 
ecosystems in Africa, Asia and Latin America for biofuel crop production.  
Prime examples of this include the displacement of native Indonesian 
rainforest with oil palm plantation and the replacement of native forest and 
savanna ecosystems in Brazil with soybean plantations (Pearce 2005; 
Galbraith 2005).  This concern should serve as an additional motivation for the 
strengthening of a biofuel industry based on home-grown crops. 

5.9.4 Relevance to Scotland 
In Scotland, growth of energy crops is likely to occur on set-aside land.  In this 
case, further studies are necessary to ascertain what the effects of expansion 
of bioenergy crop production would be on biodiversity.  Replacement of set-
aside with oilseed rape is likely not to yield the same biodiversity benefits as 
short rotation coppice, but replacement of other break crops in arable 
rotations is likely to reduce negative impacts on biodiversity. 

5.10 ENVIRONMENTAL IMPACT CONCLUSIONS AND 
RECOMMENDATIONS 

 
Combustion Emissions 
 

 Substantial gaps in reliable emission data exist for biomass combustion for 
energy.  . 

 Substantial gaps in reliable emission data exist for transport emissions 
associated with biofuel use.  

 Key areas for a better understanding of bioenergy combustion emissions 
include include PM2.5, PAH, VOC, ultrafine and trace element emissions. 

 Combustion emissions for heat/power/CHP are heavily influenced by the 
conversion technology used, with the conversion technology often having 
a more significant role than the fuels themselves. In relation to coal, SOx 
and NOx emissions are generally reduced. Co-firing with 10% biomass 
can decrease SOx and NOx emissions by 5-10%. 
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 Changes in air pollutant emissions resulting from the uptake of 1.7 million 
tonnes of woodfuel for energy in Scotland in 2020 were projected for two 
biomass scenarios: 1) 50% small-scale heat and 50% large CHP and 2) 
30% cofiring, 35% large CHP and 35% small-scale heat.  Results showed 
that this would lead to reductions in SOx equivalent to 2.8-3.8% of the UK 
baseline, increases in NOx of 0.02-0.05% of the UK baseline and a 
decrease in total PM of between 0.43 – 0.63% of the UK baseline. 

 The projections suggest that biomass combustion for energy will benefit 
SO2 and PM emissions in Scotland although NOX emissions would be 
slightly increased.  An increase in PM2.5 emissions merits further 
investigation as an air quality objective is proposed for this pollutant.  

 The range of combustion emissions reported from transport biofuels is 
wide and there is much uncertainty associated with these estimates. The 
general trend in light duty vehicles is that in relation to fossil diesel, HC, 
PM and CO emissions are decreased while there tend to be increases in 
NOx emissions.  For low-blend bioethanol, there appear to be no major 
significant changes in emissions of NOx and HC, although emissions of 
PM are found to be significantly decreased, while acetaldehyde emissions 
are greatly increased. 

 Changes in air pollutant emissions arising from uptake of biofuels under 
two different scenarios to 2020 were projected: 1) all vehicles run on 5% 
biofuel, 2) all diesel vehicles run on 100% biodiesel and all petrol vehicles 
on 5% ethanol.  The first scenario would result in an increase in NOx 
emissions of 3.8% relative to Scotland’s current road transport emissions 
and decrease in PM emissions of 4.6% relative to Scotland’s current PM 
emissions, whereas the second scenario would lead to increases in PM 
emissions by 2.0% relative to Scotland’s current total PM emissions.  This 
is due to the disproportionate influence of heavy duty vehicles in this 
scenario. 

 The increase in road traffic NOX and PM emissions is significant for local 
air quality management and indicates further work is needed to quantify 
impacts on air quality. 

 
Life Cycle Air Pollutant Emissions 
 

 Compared to greenhouse gas and energy balances, there are very few 
LCA studies that include air pollutant balances, and none were identified 
that were directly representative of Scottish conditions.  Scottish-specific 
studies need to be undertaken. 

 The LCA studies reviewed suggest that life cycle emissions of major 
pollutants such as NOx, SOx and PM from biomass energy production are 
higher than for other renewable technologies and higher than gas, 
although reduced in relation to coal.   

 Studies that report summed life cycle non-GHG environmental impacts 
(acidification/eutrophication) generally report that bioenergy systems 
compare unfavourably with other renewable technologies and in many 
cases unfavourably with fossil fuel (gas or oil) based systems, although 
there is significant improvement in relation to coal.  High NOx emissions 
from biomass systems are largely responsible for this trend. 
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 Life cycle non-GHG impacts from transport biofuels produced from 
dedicated crops are consistently greater than those of reference fossil-fuel 
based systems.  Fertiliser NH3 emissions have a considerable bearing on 
this.  

 
Soil quality, water quality and biodiversity 
 

 The impacts of biomass energy systems on soil quality, water quality and 
biodiversity depend both on the biomass energy system in question and 
on the land use being replaced.  As a general rule, fertilizer-intensive 
systems based on frequent tillage (e.g. oilseed rape) are likely to have 
more negative impacts than those requiring less fertiliser input and 
providing more ground cover (e.g. short rotation coppice).  When set-aside 
land is replaced by oilseed rape, the effects on air quality, water quality 
and soil structure are likely to be unfavourable. 
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6. ECONOMICS OF BIOMASS PRODUCTION AND  
CONSUMPTION IN SCOTLAND 

6.1 BACKGROUND 
 
Due to the wide variety of feedstocks, end-products, conversion technologies, 
fuel chains and production scales, a full evaluation of the economics of 
biomass systems is far from straightforward (Dournbourg & Faijj 2001).  This 
is made even more difficult when the results of different studies are compared.  
As discussed in Chapters 4 and 5, different studies use multiple system 
boundaries and rely on inconsistent underlying assumptions, which are not 
always explicit. Furthermore, the results of individual studies are often tailored 
to a specific set of conditions that best reflect the region or country they are 
intended to represent.   In this chapter, we present literature findings as 
reported and provide an assessment of their likely relevance for Scotland. 
 
The economics of biomass production and consumption necessarily 
encompasses a multiplicity of different aspects. Biomass energy is inserted 
within a complex web of cross-cutting sectors including agriculture, forestry, 
energy, transport, rural development and climate change mitigation such that 
the term ‘economics’ needs to be broken down into distinctly manageable 
segments.  The starting point for this chapter is that economics necessitates 
an analysis of the costs required and the benefits afforded by a particular 
system.  This idea is embedded within the concept of cost-effectiveness, 
which can be described as the maximum amount of benefits that can be 
derived from a set cost or, inversely, the minimum costs for which a particular 
set of benefits can be obtained.   
 
The costs considered will include the costs to the fuel provider, the investment 
costs required for specific technologies, the production/generation costs 
associated with the biomass end-use (heat, electricity/CHP, transport fuel), 
and the carbon abatement costs of various technologies.  Benefits considered 
will be impacts on rural development, climate mitigation benefits and the 
opportunities arising from trade in biomass. 
 
Biomass energy systems exist in a market in which they must compete with 
other energy technologies, including fossil fuel-derived, nuclear and 
renewable. Thus, comparisons will be made between biomass systems and 
competing technologies whenever this is possible.  The chapter will also 
consider the incentives in place to make biomass competitive with 
conventional fossil technologies. 
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6.2 HEAT  

6.2.1 Feedstock Production Costs 
 
Production costs can be defined as the costs incurred by fuel providers to 
specifically grow or harvest feedstocks for energy purposes.  Processing costs 
for forestry and agricultural residues are not considered here as production 
costs, but are included in the section on ‘fuel costs’ (Section 6.2.2).  
Production costs are important as they provide an indication of how likely 
farmers are to take up the cultivation of an individual crop. For uptake of 
bioenergy crops to occur, the gross profit margin for those crops must be 
greater (with or without incentives) than the gross profit margins of 
conventional crops or the set-aside payment. 
 
Given their early stage of development, a full assessment of the economics of 
energy crop production is still fraught with uncertainty (RCEP 2004).  Short-
rotation coppice willow is only just beginning to be grown on a commercial 
scale in Scotland and miscanthus and other energy grasses have only been 
grown on an experimental scale so far.  Results presented in this section are 
therefore representative of other locations in the UK or have yet to be 
confirmed in practice, and therefore caution must be applied if attempting to 
extrapolate to Scottish conditions. 
 
Short-rotation Coppice 
 
Several costs must be borne by farmers who opt to grow short-rotation 
coppice.  These include costs with site preparation and planting, application of 
herbicides to prevent the germination of weeds, addition of fertilizer to 
maintain site productivity, as well as harvesting costs (Mitchell et al. 1999).  In 
addition to this, there is the potentially very expensive step of stool removal if 
the farmer wishes to revert to arable land use.  Unlike conventional annual 

Definition of Key Terms of Relevance to Economics of Biomass Energy 
 
Carbon abatement cost:  Cost required to offset 1 tonne of carbon. 
 
Discount Rate: The annual rate at which the effect of future events are 
reduced so as to be comparable to the effect of present events. (IPCC) 
 
Internal Rate of Return:  Discount rate at which an investment’s income 
stream -- its costs and payoffs have a zero net present value. 
 
Net Present Value:  The present value of future cash returns of a project, 
calculated according to appropriate discount rates. 
 
Payback period:  Length of time it takes for the accumulated net returns to 
equal the original investment. 
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crops, there is a delayed first harvest of 3-4 years that must be taken into 
account when comparing economics of different crops.   
 
Dawson et al. (2005) carried out an economic feasibility analysis of SRC 
willow production in Northern Ireland in which a 25-year life cycle was 
assumed for the crop.  They estimated establishment costs of £2,000 ha-1 
which included fencing, land preparation, planting and weed control and 
harvesting costs of £500 ha-1 plus an additional £500 ha-1 to remove the 
stools at the end of the crop life cycle.  Based on an average yield of 12 odt 
ha-1 yr-1 and assuming a price of £30 odt-1, the authors calculated that the 
production costs exceeded the benefits received, even when a £600 ha-1 one-
off woodland grant was included in the calculations, so that the net profit 
margin was £-26 ha-1.  At a yield of 10 odt ha-1 yr-1, losses were even more 
pronounced, being 20% greater than at a yield of 12 odt ha-1 yr-1.  Indeed, the 
study suggested that positive net margins could only be achieved at yields of 
14 odt ha-1 yr-1 and above.  Even with the subsidies available, therefore, the 
economics of short rotation coppice willow were found to be marginal at best.   
 
Similar findings were presented by Boyle (2004) for England and Wales, 
where an average yield of 10 odt ha-1 yr-1 was assumed, with establishment 
grants of £1000 ha-1 for non-set aside land and £1600 ha-1 for set-aside land.  
The final conclusion was that SRC could not be economic unless grown on 
set-aside, with establishment grants and with yields at or above 10 odt ha-1 yr-

1. Provided these conditions were met, however, an annual income of £189-
360 for SRC willow was deemed possible.  The differences in the returns 
calculated by Dawson et al. and Boyle are largely reflective of underlying 
differences in establishment grant rates, differences in establishment costs 
and in the cost of the fuel per hectare.  Illustrative establishment costs for 
SRC willow, as presented by Boyle for England and Wales, are reproduced in 
Table 6.1. 
 
The only Scottish appraisal of the economics of SRC willow found in the 
literature was conducted by Booth et al. (2005a) for the Fife region.  Assuming 
an average yield of 9 odt ha-1, a production period of 16 years and a wood 
chip price of £26 t-1 at 40% moisture content, an NPV of £543 ha-1 with an 
internal return rate of 15% and pay back period of 7 years was estimated.  It is 
worth mentioning that this calculation assumed a Scottish Forestry Grant of 
£600 ha-1 and this has now increased to £1000 ha-1. 

 
Table 6.1 Illustrative Establishment Costs for SRC Willow 

 
Establishment Costs (£ ha-1) Cropping Costs (£ ha-1) 
Fencing – 157 Harvest Cost – 350 
Pre-planting Spraying – 72 Delivery cost - £12/odt 
Cultivation – 70 Post-harvest fertilizer – 35 
Planting – 200 Other annual costs (£ yr-1) 
Cuttings – 800 Group sign-up fee – 125 
Post-planting spraying –84 Annual membership fee - 10 
Cut-back – 35 Cropping Income 
Establishment Income (£ ha-1) Price of fuel - £44/odt 
Coppice Grant - £1000-1600 Set-aside payment - £245/ha 
Source: Boyle (2004) 
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Increased yields could make SRC willow more profitable with a recent study 
indicating that a 30% increase over current yields could make the crop an 
attractive alternative to established annual crops such as barley (Lek Ltd. 
2004). Exploitation of willow bioremediation potential has been suggested as 
one means to improve the crop’s gross profit margin (Dawson et al. 2005).  
Wastewater and sewage sludge are both products which incur high gate fees 
and their treatment through willow bioremediation has been calculated to 
increase gross profit margins to between £480-930 ha-1. 
 
Energy Grasses 
 
As with SRC willow, the lack of commercial energy grass production in 
Scotland means that accurate yield estimates are not possible and makes 
economic assessment problematic.  Most of the economic appraisals carried 
out so far have been for miscanthus, an energy grass which is not well suited 
to Scottish conditions (Towers et al. 2004).  Analyses undertaken thus far 
indicate that the economics of energy grasses is very similar to that of SRC 
willow, although there are some differences in establishment and tending 
costs.  For a yield of 12 t ha yr-1, Boyle estimated an average annual return of 
£339ha-1yr-1 over a 15-yr period, within the estimated range of SRC willow.  
Due to high expenses with rhizomes, the establishment costs of miscanthus 
are higher than with other energy grasses (Riche 2004).  On the other hand, 
reed canary grass may necessitate higher tending costs as a function of the 
crop’s higher fertilizer requirements.   
 
Short rotation Forestry (SRF) 
 
Information on the economics of short rotation forestry in the UK is not as 
readily available as for SRC coppice, although a recent study on this topic 
was published by LTS International for the Forestry Commission (Hardcastle 
et al. 2006).  Establisment costs, which do no vary significantly between 
different species, were calculated to be in the region of £2,800 ha-1, including 
the cost of fencing.  Large differences in productivity and growth rate between 
species result in varying returns as is shown in Table 6.2.  Alder and birch 
were found to have much lower rates of return than ash, but Eucalyptus had 
the highest return rates of all species tested. The authors of the study also 
tested a simple model to compare economics of SRF species under 
coppicing.  Due to much lower establishment costs, coppicing was found to 
markedly improve IRR.  The study concluded that ‘the proposed Scottish 
Forestry Grant level of £1,000 per ha is not sufficient to make SRF an 
attractive investment unless either a wood price approaching £20 per wet 
tonne (£40 odt-1) can be obtained or substantial cost reductions can be made.’ 
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Table 6.2:  Illustrative Internal Rates of Return for SRF Species Under 
Different Grant Scenarios at £40 odt-1 

 
Species Base case £800 ha-1 

grant 
£1000 ha-1 
grant 

£1500 ha-1 
grant 

Alder 1.7% 3.4% 4.0% 5.6% 
Ash 3.7% 5.5% 6.0% 7.7% 
Birch 1.7% 3.4% 4.0% 5.6% 
Poplar 0.7% 3.1% 3.9% 6.3% 
Eucalyptus 
nitens 

6.8% 11.3% 12.7% 17.3% 

Source:  Hardcastle et al. 2006 
 
Forest Material Extraction 
 
Dawson et al. (2005) estimated that harvesting costs for small roundwood and 
forestry residues in Northern Ireland were between £5.50 and £10.50 per 
green tonne (£ 11 – 22 odt-1).  The harvesting cost of woodfuel from forests in 
Scotland according to the Forestry Commission is £10.00 to £13.00, although 
costs can be significantly higher depending on site conditions (Forestry 
Commission Scotland 2006).  When costs are higher, a loss is incurred by the 
grower to harvest and deliver to the market. 

6.2.2 Fuel Costs 
 
Processing Costs 
 
To ensure efficient combustion, biomass feedstocks must undergo some 
processing steps, which usually involve chipping into manageable dimensions 
and drying to reduce moisture content.  Dawson et al. (2005) estimated 
chipping costs of approximately £7 odt-1 for Northern Ireland, although the 
Forestry Commission recommends £10 odt-1 as a more realistic figure for 
Scotland (Forestry Commission Scotland, personal communication).  Dawson 
et al. (2005) suggested assisted drying costs of £7.50 odt-1 for woody crops 
such as SRC willow, small roundwood and forestry residues.  Suurs (2002) 
reported costs of a similar magnitude for drying chipped biomass in Sweden 
(4-15 € odt-1).    
 
Some biomass fuels such as pellets or briquettes require an additional 
densification step.  AEA Technology (2003) published a report for Scottish 
Enterprise Forest Industries Cluster on the potential for pellet production in 
Scotland and estimated that the total costs of producing pellets in Scotland 
would be £68 – 73 t-1 (ex-works).  This included costs associated with 
feedstock (sawdust) costs, drying costs and pelletising costs.  This cost, 
according to the report, would allow a profit from Scottish pellet production, 
providing the costs of imports remained high. 
 
Transportation Costs 
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Transportation costs of biomass obviously depend on the mode of transport 
utilised and the transportation distance involved.  Due to their lower energy 
density, the transportation costs of biomass fuels are high in relation to fossil 
fuels.  Pellets, due to their higher energy densities have lower transportation 
costs per unit of energy produced than wood chips or logs.  Table 6.3 
provides illustrative values of transportation costs involved for several wood 
fuels over a range of distances by truck or ship.  Once again, these values 
can only be taken as being indicative of Scotland.   
 

Table 6.3:  Illustrative Transportation Costs of Wood Fuels  
 

Truck Transport Prices (€ odt-1) 
Distance Logs (45% 

MC) 
Chips (45% 

MC) 
Bales (45% 

MC) 
Pellets (<10% 

MC) 
50 km 7.9 12.3 9.9 4.1 
200 km  20.8 24.1 22.9 11.1 

Ship Transport Prices (€ odt-1) 
1500 km 25 22 39 12 
10000 km 42 55 66 21 

Source:  Suurs (2002) 
 
Transportation costs are likely to be very important in the overall economic 
viability of bioenergy schemes in Scotland.  The fragmented nature of the 
forestry resource will mean, for example, that highly centralised plant fuelled 
with forestry residues will require large transportation costs.  The overriding 
principle is that the closer the heat/electricity plant is to the biomass resource, 
the more economic sense the initiative will make.  The Royal Commission on 
Environmental Pollution Report (2004) concluded that forestry residues have 
a mean economic transport distance of between 30 km and 50 km, with the 
mean economic distance of other fuels being even less than this.  
 
Final Fuel Costs 
 
The cost of the fuel plays an important role in the overarching economics of 
biomass energy systems.  The cost of woody fuels used for heat depends 
heavily on the moisture content.  As shown in Table 6.4,woody fuels used for 
heat such as wood chips from forestry material or SRC typically cost £40-55 t-
1 at 30% moisture.  An indicative cost for high quality wood chip from small 
roundwood or sawmill slabwood is £55 t-1 (£77 odt-1).  Poor quality chip at 
high moisture content might be £30-35 t-1 (Forestry Commission Scotland, 
personal communication) Pre-processed fuels such as wood pellets are the 
most expensive, with the price of wood pellets in Scotland for 2006 estimated 
to be about £150 odt-1 (SDC 2005, Rippengal 2005).  An important factor in 
high pellet prices is that there are no pellet-producing units in Scotland, so the 
pellets need to be imported.   
 
The price of bioenergy feedstocks needs to be competitive with that paid by 
alternative industries and growers need a return from their product.  Chipwood 
currently has an average price in Scotland of £18.50-19.50 per green tonne (~ 
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£38 odt-1) delivered to the sawmill, with harvesting costs accounting for 
approximately two-thirds of the cost and haulage the remaining third (Forestry 
Commission Scotland 2006).  Chipping costs must be added to this, so that 
the final cost is > £40 odt-1.  This is the cost that developers must be willing to 
pay if a steady local wood fuel supply chain is to develop. 
  

Table 6.4:  Indicative End Prices of Selected Biomass Fuels for Heat,       
 Compared to Fossil Fuels 

 
Fuel Fuel Price 

(£/tonne) 
Fuel Price 
(p/kWhth) 

High-quality wood chips from forestry £55 (@ 30% 
MC) 

1.6 

Sawmill co-products £30 (@ 55% 
MC) 

1.56 

Wood pellets £150 (@ 3-10% 
MC) 

3.08 

Heating oil 32p/L 3.29 
Natural Gas - 1.60 

Coal £80 1.03 
Electricity (off peak) - 4.00 

Electricity (peak) - 6.50 
 Source:  Rippengal 2005.  Prices refer to   
 

6.2.3 Plant Economics 
 
Capital and Operational Costs 
 
Biomass heat systems require large storage areas and specialised delivery 
systems, which can greatly increase the capital costs of these schemes in 
relation to alternative fossil fuel systems.  In many cases a separate 
boilerhouse is needed, whereas natural gas and oil-fired boilers can be easily 
integrated into the building being heated (SDC 2005).  Capital costs are also 
dependent, to a certain extent, on the fuel used, with wood pellets requiring 
less storage area and less specialized delivery systems than wood chips, 
which consequently means that capital costs are reduced.  Comparisons of 
different small-scale heat systems with approximate prices for alternative 
heating systems are provided in Table 6.5.  The values presented in the table 
refer to specific appliances covered in the SDC report, but can be used to 
compare costs with equivalent fossil fuel systems.  According to the 
Sustainable Development Commission (2005), capital costs of wood-fuel 
heating schemes are currently up to five times the price of equivalent fossil 
fuel based systems, which acts as a disincentive to market development. 
Wood Fuel for Wales (2006) presents generic estimates of capital costs for 
wood fuel heating systems of £110-265 kW-1, as opposed to £60-115 kW-1 for 
equivalent gas or oil heating systems.  This high initial cost can act as a 
disincentive to woodfuel installations, even though long-term fuel savings may 
occur in relation to some fossil fuel alternatives (Table 6.7).  It must be 
remembered that the wood fuel supply chain in Scotland is still at an early 
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stage of development and the industry has not yet experienced the downward 
price trend that results from increasing sales volumes.   
 
 

Table 6.5: Ilustrative Capital and Operating Costs of Small-Scale Biomass 
Heat Systems 

 
Plant/heater 
description 

Installation costs 
of biomass 
system (£) 

Running costs 
of biomass 
system (£ yr-1) 

Installation 
costs of 
alternative 
system (£) 

Running costs 
of alternative 
system (£) 

460 kW district heat 
scheme fired from 
wood chip 

260,000 27,544 153,000 (oil-fired 
boiler system) 

37,980 

150 kW wood-chip 
fired boiler 

£60,000-70,000 3,500 10,000-14,000 
(oil boiler) 

3,850-9765 

5 kW wood pellet 
stove with flue 

~ £3000 180 500-1500 
(electric heaters 
or log stoves) 

129-182 

Source: SDC (2005).  Fuel costs for running costs calculations were £45 t-1 for wood chip 
(@35% moisture), £150 t-1 for wood pellets and 32p litre-1 for oil. 
 
Operating costs of small-scale heat systems are influenced by a host of 
variables including boiler efficiency, fuel costs, regular maintenance costs, 
servicing costs and management expenses if run by an ESCO (SDC 2005).  
As shown in Figure 6.1, running costs of wood fuel systems are currently very 
competitive against oil-fired alternatives. 
 
The variability associated with woodfuel heating systems costs is very high.  
For schemes in Wales, total project costs (including fuel storage, handling and 
project design) were found to range from £64 kWth

-1 to £1800 kWth
-1, although 

£300-600 kWth
-1 was considered the normal range for project planning (Dan 

Gates, personal communication).  The prices at the higher end of the 
spectrum relate to installations in stately homes, which have more complex 
design requirements due to the high visibility and complexity of the heating 
systems of the buildings.  In general, scale will also be a factor with smaller 
systems have a disproportionately high cost. 
 
 
Internal Rates of Return 
 
The recent Carbon Trust Biomass Sector Review investigated the economics 
of heat systems of different scales under varying oil prices and levels of 
government incentives.  The review concluded that the economics of 
residential biomass-fired boilers and stoves were significantly worse than that 
of the other systems investigated, principally because of lower load factors 
(Carbon Trust 2005).  Howerver, the report did not look at domestic use in 
much detail and iog boilers can be relatively cheap to install when people 
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collect the wood for themselves (Forestry Commission Scotland, personal 
communication). 
 
Besides residential heat systems, very small to small scale (.2 MW to 2 MW) 
commercial systems and large industrial heat systems (30 MW) were also 
assessed in the Carbon Trust Report.  Of these, the small scale (2 MW) 
systems were found to have the highest rates of return (Table 6.6), and the 
rates of return of the heat systems were generally greater than for any of the 
electricity options.  In fact, in the absence of government incentives, small 
heat was the only system where positive rates of return were possible.  In all 
cases, oil price was a key economic driver.  The simulated economics of the 
large heat plants was worse than that of small heat plants as a result of 
increased sensitivity to revenue changes due to low unit capital costs.  Oil 
prices therefore had a greater effect at this scale than at the small heat scale.  
The results of the study are of course dependent on the specific assumptions 
made regarding debt level, interest rates and incentive levels, among others.  
Of the fuels tested, better returns were obtained for mixtures of waste wood 
and forestry woodchip and for straw than for energy crops and woodchip from 
forestry.  At the time of preparation of this report, oil prices stood at over 
US$70/barrel.  Continuation of this trend will make biomass technologies 
increasingly more competitive. 
 
Table 6.6:  Illustrative Rates of Return for Different Scale Heat Technologies 

 
Plant type IRR at oil price 

of $30/barrel, no 
incentives 

IRR at oil price 
of $50/barrel, no 

incentives 

IRR at oil price 
of $30/barrel 

with incentives 
Very small heat 

(.2 MW) 
-5 - -2% 8 - 10% -2 - 1% 

Small heat (2 
MW) 

3 - 5% 19 - 22% 7 - 10% 

Large heat (30 
MW) 

Very negative 5 - 13% Very negative 

Source: Carbon Trust (2005).   
 

6.2.4 Delivered Heat Costs 
 
The delivered heat cost can be viewed as the minimum price that a heat 
supply company could charge to cover its costs, without considering a profit 
margin (SDC 2005).  The recent ‘Wood Fuel for Warmth’ report provided 
simulated cost comparisons for small-scale woodfuel heat systems of different 
sizes.  For woodchip-based systems, the study estimated that the delivered 
heating cost for a 460 kWth district heating scheme would be approximately 
3.3 p kWh-1 and therefore more expensive than natural gas and only 
marginally cheaper than an oil-fired boiler of equivalent size.  In the case of a 
150 kWth boiler for a single building, however, the estimated delivered heat 
cost was 2.0 p kWh-1, which represented a significant saving in relation to oil 
and was even less expensive than natural gas (Figure 6.1).   The difference in 
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the two systems was due to differences in operational costs, which were 
considered to be significantly lower than for the district heating scheme. 
 
Figure 6.1: Illustrative Delivered Costs of Heat from Biomass and Fossil Fuel 

Systems 
 

(a) 460 kW District Heat System. 
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(b) 150 kW Wood Chip Boiler in Single Building 
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  Source: SDC 2005.  Based on wood chip price of £45 odt-1. 
 
Figure 6.1 shows that heat generated form wood chip or pellet is already 
strongly competitive with that of oil under current oil prices.  It has even been 
reported that the cost of wood fuel heating in some locations may even be as 
low 50% that of oil (Highland Wood Energy 2006).  Increases in gas prices 
over the last year mean that woodfuel is currently competitive with natural 
gas.  The National Energy Foundation’s Logpile website, for example, 
estimates that cost of delivered heat from woodchips as being 1.5 – 2.1 p 
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kWh-1, while the delivered cost of heat from natural gas is estimated to be 2.8 
p kWh-1 (National Energy Foundation 2006).   
 
Heat from pellets is still considerably more expensive than that from 
woodchips (3.0 – 3.5 p kWh-1 vs. 1.5 – 2.1 p kWh-1), but the issue of scale is 
also important. Pellets may be more economical than wood chips at smaller 
heating loads, for example (20-200 kW) due to lower capital installation costs 
resulting from simpler feed mechanisms and reduced space requirements 
(Wood fuel for Wales 2006).  Fuel savings are less, but ease of use of pellets 
can be important at this scale of use.  Pellet  systems are also likely to 
become more cost-effective in the long-term as the cost of pellets is reduced 
and increased volumes of equipment sales reduces the cost of pellet boilers 
(Forestry Comission Scotland,, personal communication).   From information 
on installations to date, the Forestry Commission estimates that, provided 
capital costs are minimised and grants are available, wood chip is economic 
from 60 kW and could be considered in some circumstances from 30 kW. 
 

6.2.5 Carbon Abatement Costs 
 
The methodology used to calculate carbon abatement costs varies from study 
to study, so that it is difficult to directly compare absolute abatement costs 
from different studies. Studies which utilise a consistent methodology to 
compare different options thus provide more meaningful information.  Future 
Energy Solutions (2005) calculated carbon abatement costs for a range of 
different renewable heat technologies in relation to gas and oil by dividing the 
difference in cost for 1 kWh heat supplied from biomass and that of fossil gas 
or oil by the total carbon savings.  Of all the renewable systems considered, 
biomass was found to offer the most cost-effective carbon reductions (Figure 
6.2), although the carbon abatement costs of residential biomass heat 
systems were still found to be prohibitively high (> £1000 t C-1).   
 
Using a different methodology, the Carbon Trust (2005) also estimated carbon 
abatement costs for different biomass heat and electricity systems.  The 
carbon abatement cost defined in the Carbon Trust study was ‘the cost per 
tonne of carbon saved to bring the net present value (NPV) of an investment 
to zero at a discount rate of 15% without any government incentives’. Among 
all the heat/electricity options investigated, small-scale biomass was found to 
present the most cost-effective carbon savings.  The carbon abatement costs 
of different heat technologies, as provided in the Carbon Trust Report for a 
crude oil value of $30 bbl-1 crude, are shown in Table 6.7.  Small and large 
heat technologies were both calculated to have a carbon abatement cost 
around £30 tC-1.  Very small scale systems, on the other hand were found to 
require higher carbon abatement costs, in the range £90-100 tC-1 and 
residential systems were found to be prohibitively expensive, as in the Future 
Energy Solutions study.  The results of the two studies were also similar in 
that industrial systems (2-30 MW) were found to provide lower carbon 
abatement costs than smaller commercial units. 
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Figure 6.2:  Comparative Carbon Abatement Costs (Relative to Gas) of 
Selected Renewable Heat Technologies. 
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 Source:  Future Energy Solutions 2005 
 
 
Table 6.7:  Carbon Abatement Costs of Heat Technologies of Different Scales 

 
Technology Carbon abatement cost (£ tC-1) 

Very Small Heat (.2MW) 90-100 
Small Heat (2MW) 28-33 

Large Heat (30 MW) 32-35 
 

6.2.6 Market Prospects 
 
Recent studies by the Scottish Sustainable Development Commission (2005) 
and for Scottish Enterprise (Rippengal 2005) have emphasized the market 
opportunities available for the development of the small-scale wood heat 
industry in Scotland in the immediate future.  Market opportunities appear to 
be especially attractive in areas that are not penetrated by the natural gas 
network, where coal, LPG and heating oil would represent the main fuel 
competitors (SDC 2005).  The Rippengal report provided an exhaustive 
evaluation of the current opportunities available for wood heat penetration in 
Scotland.  The salient conclusions of the report were as follows: 
 

 The public sector can be a key player in pioneering wood fuel market 
development.  This includes prisons, hospitals and other ‘high load’ users 
as well as local authorities. 

 Within the public sector, social housing may have an especially significant 
role to play, as there is a close association between these households 
and fuel poverty issues.  
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 Wood chip pellets may play an important role in opening up market 
opportunities that would not always be present for other forms of wood 
fuel. 

 The immediate opportunities for wood fuel are in the off-gas areas (Figure 
6.3), where wood fuel can already be competitive with other fuels. 

 Individual technologies all have a part to play in developing the wood fuel 
market.  These include log boilers in farms/estates, small and medium 
wood-chip boilers in public sector buildings and large wood-chip boilers 
for the industrial sector. 

 
 

Figure 6.3:  National Gas Transmission System in Scotland 
 

 
Source:  National Grid (www.nationalgrid.com) 

 
The early stage of development of the biomass market in Scotland means that 
there are inherent risks involved which can result from disjointed supply 
chains and price volatility.  The risk factor often manifests itself in a ‘chicken 
and egg’ situation where investors will not fund biomass developments 
because of the lack of a stable supply chain, while potential suppliers remain 
hesitant to take up biomass production because of the perceived instability of 
the market.  This can be a greater problem for growing short-rotation coppice, 
where 3-4 years are required for the first harvest.  The development of stable 
markets will serve to reduce risk and it is therefore of paramount importance 
that all the links in the supply chain are properly thought out. 
 
Employment Prospects 
 
Several estimates of biomass industry expansion on employment exist in the 
literature, although the background calculations are not always presented in a 
clear manner. The recently published ‘Economic Impact of Wood Heat in 
Scotland’ by the Fraser of Allander Institute which supported the Rippengal 
review on biomass heat opportunities in Scotland estimated that by 2020, 
2000 new jobs could be created per year by the biomass heat sector in 
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Scotland if it were to represent 5% of the total heat market.  In addition to this, 
the report estimated that 6000 new jobs would be created during the 
construction phase as a result of the increased number of biomass heat 
systems being installed.   
 
Other rough estimates of employment opportunities generated by 
development of the biomass sector in Scotland have also been put forward.  
The Sustainable Development Commission for Scotland (2005) estimated that 
small CHP could create 15 jobs MWe-1 while industrial-scale heating systems 
could create 1 job per 200 kWth boiler. 

6.2.7 Incentives and Grants 
 
Considerable focus on electricity has meant that the renewable heat sector 
has been largely sidelined until very recently.  There are well-defined targets 
for renewable electricity and an accompanying legally binding instrument (the 
Renewable Obligation Scheme) is in place to ensure those targets are 
reached. The heat sector, responsible for about 50% of Scotland’s total 
energy consumption (AEA Technology 2006), has not benefited from such 
measures.  Fortunately, this is beginning to change and there is growing 
awareness of the importance of reducing greenhouse gas emissions 
associated with heat energy production and consumption.  Recently, plans 
were announced for a renewable heat strategy that would include an 
‘ambitious target for its generation’ (Scottish Executive 2006).  Initially, the 
debate centred on whether a renewable heat certification scheme analogous 
to that used in electricity should be introduced.  There has been gradual 
acceptance, however, that this approach is not really workable for heat due to 
the highly fragmented nature of the supply market (Biomass Taskforce 2005).  
A robust support structure coupled to adequate renewable heat targets is 
thought to be the best way forward, as exemplified in the Scottish Executive’s 
commitment to support biomass, to develop a Biomass Action Plan and 
Renewable Heat Strategy and to meet the targets set out in the Climate 
Change Programme. 
 
Most of the 50 or so modern woodfuel heating schemes in Scotland have 
received funding from the Scottish Community and Householder Renewables 
Initiative (SCHRI), financed by the Scottish Executive and managed jointly by 
the Energy Saving Trust and Highlands and Islands Enterprise.  The scheme 
finances up to 30% of capital costs and up to £4000 is available to 
householders while a larger proportion of costs and as much as £100,000 
may be available to community groups (Scottish Parliament 2006).  Other 
grants exist which may facilitate the expansion of the biomass heat sector in 
Scotland. These have been extensively reviewed in recent studies (Rippengal 
2005, SDC 2005, FREDS 2005), and are therefore not dealt with in great 
detail here.  Annex 5 provides a non-exhaustive list of the main grants 
schemes in place that promote the development of the biomass heat sector in 
Scotland.  The general consensus at present is that there is no cohesive grant 
structure that allows for strategic development of bioheat in Scotland, with the 
available grant schemes being disjointed and unnecessarily complicated 
(Scottish Parliament 2006).   
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6.2.8 Relevance of Literature Coverage to Scotland 
 
Two recent reports, one by the Sustainable Development Commission for 
Scotland (2005) and one by Rippengal (2005) for Scottish Enterprise have 
provided much information on the potential of the wood fuel market for 
Scotland and on competitiveness with fossil fuel alternatives.  Although a 
rough economic impact of different wood fuel scenarios was carried out by the 
Fraser of Allander Institute (2006), a full economic appraisal of different 
options is necessary to add weight to these findings.  Again, studies that 
analyse the carbon abatement costs associated with delivering biomass heat 
under different scenarios would undoubtedly be very useful. 

6.3 ELECTRICITY/CHP 

6.3.1 Production Costs 
 
Production costs for the main feedstocks of relevance for electricity/CHP 
production from biomass are the same as those for heat production and have 
already been described in section 6.2.1.   

6.3.2 Fuel Costs 
 
In a similar manner to production costs, the fuel costs that apply to electricity 
feedstocks also apply to heat feedstocks and have been discussed in section 
6.2.2.   

6.3.3 Plant Economics 
 
The flexibility of biomass energy systems means that a range of possible 
conversion technologies can be used to generate heat or electricity at different 
scales.  As discussed in chapter 2, industrial heat/power can be generated 
through biomass by gasification, pyrolysis and combustion, with the latter two 
currently at an experimental stage.   
 
Capital & Operating Costs 
 
The capital costs involved in the generation of power/heat from biomass are 
being increasingly recognized as presenting a major obstacle to the 
maturation of bioenergy fuel chains (SDC 2005).  Besides the main 
combustion/gasification systems, fuel processing technologies are often 
necessary which increase the costs.  For proper combustion, fuel often needs 
to be dried, with appropriate equipment entailing capital costs of up to 
£20,000-30,000 (Dawson et al. 2005), although this obviously depends on the 
scale of the application.  The overall plant economics will depend largely on 
the size of the plant and the technology employed.  Costs associated with 
gasification systems, for example, are higher than with systems which rely on 
the operation of steam turbines.  The details of individual cases are highly 
variable and it is often difficult to derive ‘representative’ results.  Costs such as 
grid connection, public service obligations and supplier margins, for example, 
are heavily influenced by site location and the capacity of the connection.  



Chapter 6:  Economics of biomass production and consumption in Scotland 

 164

Table 6.8 presents illustrative figures of capital investment associated with 
different electricity/CHP systems, suggested by Boyle (2004) and obtained 
from the Wood Fuel for Wales site (www.woodfuelforwales.org.uk).  The 
absolute values presented should not be paid undue attention, but the 
comparison with generic costs of natural gas and coal systems is useful. 
 

Table 6.8.  Illustrative Capital Costs of Different Biomass CHP/Electricity 
Technologies 

 
Energy Output Conversion technology Capital Cost  

(£ kWe
-1) 

Wood fuel CHP  Small Steam Turbine Combustion 
(<500 kWe) 

2,000 

Wood fuel CHP Large steam turbine combustion 1,200 
Wood fuel CHP Large Gasification  1,500 - 3400 
Wood fuel CHP Large Pyrolysis 1,500 -4400 
Gas-fired CCGT Gas turbine £400 
Gas-fired CHP Gas turbine £600-700 

Coal Power Combustion £1000 
Source: Boyle (2004),  www.woodfuelforwales.org.uk (accessed 2006), Faijj 2006 
 
Large-scale biomass gasification plants are only operative on a demonstration 
scale at the moment, meaning that estimates of plant economics once fully 
commercial are currently highly speculative.  Capital costs of current 
demonstration projects range from £2300-3400 kWe

-1, but this is expected to 
fall to £700-1400 euros kWe

-1 in the future (Faijj 2006).  Pyrolysis plant are 
even more expensive, with current estimates of installation costs for a 10 MW 
plant being £4,400 kWh-1 (RCEP 2004). 
 
Few studies exist that comparatively assess the capital and O&M costs of 
biomass systems with other renewable technologies.  A study by OXERA 
(2004) for DTI suggested ‘average’ values for plant economics of different 
renewable technologies, as shown in Table 6.9. Both ‘average’ fixed and O&M 
costs for energy crop plant were estimated to be higher than onshore and 
offshore wind, but less expensive than marine.  The OXERA values are 
generally lower (except for wind) than values recently published in a report by 
PB Power (2006), where capital costs for a biomass bubbling fluidized bed 
combustion plant are quoted to be £1,744 kW-1 and tidal technology capital 
costs are quoted as being £2,200 kW-1.  This is in sharp contrast to the capital 
costs of onshore wind (£824 kW-1) and substantially higher than coal and gas 
technologies (£340 – 1,000 kW-1). 
 
Renewable energy technologies, on the whole, are capital-intensive.  The 
capital costs of onshore wind project, for example, correspond to 75-90% of 
the total costs (BWEA 2005).  It is necessary to emphasize, however, that the 
costs given in Table 6.6 must be taken to be purely illustrative, as costs are 
variable and continuous technological developments have the effect of 
lowering costs.  Variability in capital costs can be brought about by such 
factors as site-specific infrastructure requirements, the duration of the 
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construction period and price variations in equipment due to shifting supply 
and demand patterns (RAE 2006). 
 
 

Table 6.9 Illustrative Costs of Different Renewable Electricity Technologies 
 

Technology Fixed Costs 
(£ kWe

-1) 
O&M 

(£ kWe
-1 yr-1) 

Energy Crops 1350 40.5 
Wind-onshore 1000 15 
Wind-offshore 1100 35 

Marine 1500 60 
Source: OXERA 2004 

 
 
Rates of Return 
 
The Carbon Trust (2005) considered the economics of large biomass-fuelled 
electricity, CHP and heat plant, over a range of plant scales and under 3 
scenarios:  1) current government incentives and crude oil price of $30 a 
barrel, 2) no government incentives and crude oil price of $30 a barrel and 3) 
no government incentives and crude oil price of $50 a barrel.  As shown in 
Table 6.10, the internal rates of return (IRR) for all of these plant types was 
found to be very negative without government incentives at an oil price of $30 
per barrel.  At an oil price of $50 per barrel, large CHP provides positive rates 
of return, but the overall picture for dedicated electricity plant and small CHP 
was still negative.   
 

Table 6.10: Internal Rates of Return of Different Bioenergy Technologies 
Under Three Scenarios 

 
Plant type IRR at oil price 

of $30/barrel, no 
incentives 

IRR at oil price 
of $50/barrel, no 

incentives 

IRR at oil price 
of $30/barrel 

with incentives 
Large CHP 
(30MWe) 

Very negative 6-11% 17-20% 

Large Electricity 
(30 MWe) 

Very negative Very negative -2 – 6% 

Small CHP (2 
MWe) 

Very negative 2-5% -1 -4% 

Small Electricity 
(2 MWe) 

Very negative Very negative Very negative 

Source: The Carbon Trust (2005) 
 
With current oil prices standing at well over those included in the Carbon Trust 
report, more positive returns would be expected.  With regards to individual 
feedstock chains, the Carbon Trust found that utilization of wood wastes and 
agricultural residues was more cost-effective than energy crop and forestry 
product chains, which is a reflection of the cheaper costs of those fuels.  In 
some cases, such as small CHP and large electricity (under the scenario with 
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current government incentives and oil price of $30 per barrel), the feedstock 
utilised determined whether the plant had negative or positive return rates, 
although the economic margins remained low. 

6.3.4 Delivered Electricity Costs 
 
Electricity generation costs provide an additional means of comparison 
between technologies, provided the comparison is transparently carried out in 
a like-for-like basis. This is often difficult when drawing on the results of 
different studies, as are these are complicated by a raft of interacting 
variables, among which market mechanisms, subsidies and transmission and 
distribution costs can be highlighted (RAE 2004, PB Power 2006).  Like-for-
like studies from which policy makers can derive meaningful conclusions are 
exceedingly rare in the available body of literature.  A study by PB Power for 
the Royal Academy of Engineers originally published in 2004 but reviewed in 
2006, is one of the few examples where this has been attempted.  The revised 
study used actual data on the construction, maintenance and running of 
power plants and applied an even discount rate to all of them (10%).   
 
 

Figure 6.4:  Electricity Generation Costs for Renewable and Fossil 
Technologies 
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Source: PB Power (2006).  Generation costs include capital and equipment cost, fuel costs, 
and O&M costs.  Does not include revenue associated with support mechanisms such as 
ROCs.  Biomass refers to BFB combustion of forestry residues at a price of £25 odt-1. 
 
The results (in p kWh-1) are shown in Figure 6.4. At present, coal pulverised 
fuel and circulating fluidized bed combustion technologies are the most cost-
effective, while onshore wind is by far the most cost-effective renewable 
electricity generating technology. As an electricity producing option, biomass 
is considerably more expensive than all the currently commercial technologies 
and is similar in price to offshore wind.  In the absence of additional support 
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mechanisms such as ROCs, biomass electricity is therefore not competitive at 
present. 
 
Other ‘default’ data on electricity generation costs or costs of delivered 
electricity are available in the literature, but the underlying calculations are not 
always transparent.  For example, Dawson et al. (2005) provided electricity 
generation costs for a range of wood fuels according to combustion and 
gasification systems of varying sizes.  In like-for-like boilers, as would be 
expected, electricity generation costs of residues were found to be lower than 
those from more expensive biomass sources such as wood pellet.  The higher 
efficiency of gasifier CHP systems was found to result in lower cost generation 
relative to steam cycle turbines, as would also be expected.   
 
A Note on Co-firing Economics 
 
Less information is available on the economics of co-firing than for other 
biomass end-uses.  Nevertheless, there are increased costs associated with 
biomass fuels over coal (see section on fuel costs) and extra processing costs 
that need to be borne, so that co-firing is not a competitive option without a 
system of incentives in place such as the ROC system.  The ROC system 
does present economic benefits to the plant, although these are insufficient to 
change the overall operational regime of the plant for strict biomass firing 
(Hotchkiss et al. 2002).  It is reasonable to affirm that the economics of co-
firing is closely linked with the costs of the fuel.  It is no surprise that most of 
the fuels co-fired to date have been residues obtained at low cost.  The 
Renewables Obligation Scheme dictates, however, that increasing proportion 
of co-fired biomass must come from purpose-grown energy crops, which are 
significantly more expensive than residues, although these rules are currently 
under review.  Detailed economics studies on co-firing with energy crops were 
not found.   
 
A Note on Anaerobic Digestion Economics 
 
The economics of anaerobic digester (AD) systems is influenced by a range of 
factors, including the scale, cost of existing waste treatment, conventional 
energy source being replaced and transportation costs of manure.  Invariably 
AD plants are characterized by large capital costs (Towers et al. 2004).  
Mullan (2005) carried out an economic appraisal of a centralised AD plant in 
Ireland and calculated that a sizeable net profit was possible with ROC 
awards and assuming sales of both power and heat output. Under the 
assumptions of the study, the price of producing electricity from biogas was 
6.6p kWh-1, which was still slightly cheaper than generation from wood fuels. 
Farm-scale projects, however, are not generally cost-effective if viewed from 
the perspective of electricity production.  The environmental benefits of 
anaerobic digesters must also be taken into account, however.  The Scottish-
Executive supported biogas plants in Southwest Scotland, for example, that 
were funded to investigate the benefits biogas production from cattle slurry 
might bring to the reduction of faecal indicator organisms in bathing waters, by 
reducing diffuse pollution from agriculture (Chesshire 2005) and such benefits 
need also be considered in the economic analysis.  The plants in the 
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Southwest of Scotland are only operating at 25% capacity and there are 
obviously economic benefits that could accrue from greater exploitation of the 
capacity of the plants. 
There may also be opportunities for co-digestion with other feedstocks such 
as energy crops and trials are under way in this respect (Southern Uplands 
Partnership 2005). 
 

6.3.5 Carbon Abatement Costs 
 
The Carbon Trust Biomass Sector Review (2005) also presented information 
on the carbon abatement costs of CHP and dedicated bioelectricity plant of 
various sizes. The results of the report for electricity/CHP are shown in Table 
6.11.  The benefits of economies of scale are evident as large CHP was found 
to have intermediate carbon abatement costs of £90-130 tC-1, within the social 
carbon cost range suggested by the government (£35-140 tC-1), while large 
electricity and small CHP had considerably higher abatement costs at £215-
300/tC.  From a carbon cost point of view, small electricity schemes are not 
viable at the moment as they require carbon abatement costs of £587-639 tC-

1.  The few other studies that have indicated carbon abatement costs support 
these results.  The Lek Report for DTI (2004), for example, estimated that the 
carbon mitigation cost of electricity generation from SRC in a 10 MWe plant 
was £281 tC-1.   
 

Table 6.11: Illustrative Carbon Abatement Costs of Different Biomass 
Electricity/CHP  Technologies 

 
Technology Carbon abatement cost (£ tC-1) 

Small CHP (2MWe) 250-300 
Large CHP (30 MWe) 90-130 

Small Electricity (2 MWe) 587-639 
Large Electricity (30 MWe) 215-260 

Source:  Carbon Trust (2005). Assumes crude oil price @ $30/barrel, without 
government incentives. 

 
Carbon abatement costs for a range of renewable energy technologies with 
gas-fired generation as a baseline were estimated by Oxford Research 
Associates (OXERA) for the year 2020.  The results of the study, which used 
compared carbon abatement costs at four different gas generation costs, are 
provided in Table 6.12. 
 
The OXERA (2004) results indicate that the carbon abatement costs of 
electricity from energy crops in 2020 will be higher than both onshore and 
offshore wind, comparable to marine and cheaper than photovoltaics.  The 
carbon abatement costs depend ultimately on the carbon balances of the 
individual energy system being considered and on the costs associated with 
each technology.  The above table demonstrates clearly the effect of the 
technology costs on the carbon abatement costs, as it mirrors closely the 
electricity generation costs associated with the renewable energy 
technologies and effect of fossil fuel prices (Table 6.8). 
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Table 6.12: Illustrative Carbon Abatement Costs in 2020 for Different 
Renewable Technologies 

 
Technology Gas Generation Costs 

(£/MWh) 
Carbon Abatement Cost 
Range (£/tC) 

20 200 - 379 
23 165 - 345 
26 131 - 310 

Energy Crops 

29 96 - 276 
20 55 -134 
23 21-99 
26 -14 - 65 

Onshore Wind 

29 -48 - 30 
20 116 - 298 
23 82 - 263 
26 47 - 229 

Offshore Wind 

29 13 -194 
20 172 - 482 
23 138 - 448 
26 103 - 413 

Marine 

29 69 - 379 
20 630 - 1272 
23 596 - 1238 
26 561 - 1203 

Solar PV 

29 527 - 1169 
 

 
As discussed in Chapter 4, the carbon balance of a particular system is highly 
context-specific, being affected by the transportation distances involved, the 
harvesting procedures utilized and scale of the operation in question.  Hence, 
generic results such as those provided above, whilst providing a general basis 
for comparison, can not represent the full variability possible for a particular 
technology such as electricity production from energy crops. 
 

6.3.6 Market Prospects 
 
Market Opportunities 
 
There is an ongoing debate about the individual future roles of electricity and 
heat in the development of the biomass energy sector in Scotland (see for 
example, the evidence gathered during the course of the Scottish Parliament 
Biomass Inquiry available at www.scottish.parliament.uk).  Due to the lower 
efficiencies of electrical generation, utilization of biomass for electricity is a 
more inefficient use of the resource than for heat (or CHP) and, indeed, the 
prevailing opinion at present is that the expansion of smaller localized heat 
networks would bring greater benefits than the establishment of a small 
number of large-scale electricity generators (see oral evidence to Scottish 
Parliament Biomass Inquiry 2006).  Nonetheless, large-scale biomass power 
will play a role in the development of the sector, as evidenced by the 
beginning of construction work on the 44 MWe EON plant in Lockerbie, which 
will utilize both wood from forestry sources and also short rotation coppice.  
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Plans are also underway for the development of a 50 MWe CHP unit in 
Glenrothes, which will integrated with the Tullis Russell paper mill, supplying 
the heat and electricity needed by the mill and exporting the surplus electricity 
to the grid.  The EON plant is due to start operation in late 2007, while the 
Tullis Russel plant has obtained planning permission and has been offered a 
firm grid connection for 2008 (Scottish Coal 2006).  If both plants are to 
become operational, they would account for roughly 600,000 odt yr-1 of wood 
fuel, a sizeable proportion of Scotland’s total resource.  There are other 
potential developments which are currently in a scoping stage, including the 
Invergordon Forscot plant, which if developed would consume a third of 
Scotland’s total roundwood harvest (Reference Consultants 2006). 
 
There are fears that such large electricity/CHP schemes could result in a 
‘demand shock’ where excessive volumes of biomass resource are required 
before an adequate supply infrastructure is developed (Oral Evidence to 
Scottish Biomass Inquiry 2006).  Moreover, the nature of Scotland’s dispersed 
forestry resource means that transportation costs would be high for 
centralised electricity production plant, which would bring the undesirable 
consequence of increased emissions.  There is also an argument, however, 
for smaller scale biopower/CHP units (1-2 MWe) in that they could help to 
cement local woodfuel supply chains by forming the focal points of ‘supply 
clusters’.  But, as shown in the Carbon Trust report, the economic case for 
these is not strong. 
 
Employment Opportunities 
 
The SDC report (2005) estimated that 1.5 jobs MWe

-1 could be created by 
developing a co-firing fuel supply chain and that another 3 jobs could be 
created at the power plant as a result.  Similar estimates were made for 
dedicated power from biomass, where 1.5 jobs MWe

-1 could be created by 
development of the fuel supply chain and 2-4 jobs MWe

–1 could be created at 
the plant. 
 
Further generic estimates of biomass industry impact on the job market were 
made in DTI Renewables Gap Analysis report, which suggested that 19-25 
jobs MWe

-1 could be created by the development of the bioelectricity industry, 
subdivided into .5 jobs for development, 15-20 for the construction phase and 
3.5-4.5 for operational phase (Figure 6.5).  These figures are similar to the 
SDC figures if the construction component is removed.  As far as employment 
is concerned, biomass is at an advantage to other renewables as a fuel 
supply chain is required, creating an extra employment dimension not 
possible with non-fuel renewables such as wind and tidal.   
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Figure 6.5:   Illustrative Employment Benefits (jobs MWe
-1) of Different 

                              Renewable Technologies. 
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Source:  DTI 2004 

 

6.3.7 Grants and Incentives 
 
The renewable electricity sector in Scotland has been boosted considerably 
by the introduction of the Renewable Obligation (Scotland), which came into 
force in April 2002.  The scheme requires that all electricity supply companies 
provide an increasing proportion of their electricity from renewable sources.  
Electricity from biomass and also co-firing forms part of the portfolio of 
renewable technologies that can claim renewable obligation certificates 
(ROCs).  The scheme is currently under review and there a number of 
proposed alterations that may boost the use of biomass for CHP and 
biopower.  These include a reduction in the ‘purity’ of biomass eligible for 
ROCs from 98% to 90% and thus encourage the use of recycled timber and 
efforts to facilitate ROCs being gained by local production of electricity, not 
exported to the grid.  
 
Several grants are available that promote the development of bioelectricity 
sector, each one varying in scope and targeting particular aspects of the 
industry.  One of the main incentives is the Bioenergy Capital Grants Scheme, 
which is now closed to new applications for large-scale CHP/electricity plant, 
but has recently announced a round of applications for small heat and CHP 
plant.  This grant was a major funding source for the EON plant in Lockerbie.  
Other grants are available that promote the production of energy crops or the 
strengthening of fuel supply chains.  These are described in more detail in 
Annex 5.  The list does not include grants for research.   
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Anaerobic Digestion 
 
Few studies were found which identified the potential for the development of 
anaerobic digestion and impacts on employment generation.  Anaerobic 
digestion units meet objectives which are not related exclusively to 
greenhouse gas mitigation or energy provision and these environmental 
drivers may propel the industry, as has occurred in some European countries.  
As mentioned in section 6.2.3, there are currently seven trial plants sponsored 
by the Scottish Executive in the southwest of Scotland. Whereas these small-
scale farms are unlikely to create many new jobs, larger centralised plants 
such as the Holsworthy Plant in Devon have greater potential to do so 
(Farmatic 2004).  A study into the feasibility of such a plant in Scotland is very 
desirable.   
 
Co-firing 
 
Opportunities for co-firing in Scotland are limited in the sense that there are 
only two coal-fired power plants, but jointly these have an installed capacity of 
3600 MWe. A 10% share of this output would be similar in magnitude, 
therefore, to the combined output of 10-12 large (30-40 MWe) CHP units. Co-
firing is commonly seen as a means of kick-starting a wider fuel supply chain 
for biomass heat and CHP development (RCEP 2004).  This is especially true 
for short-rotation coppice, as current co-firing rules require power plants to 
use increasing amounts of purpose-grown energy crops, although these are 
currently under review.  At present, co-firing is largely supplied with imported 
fibre. 

6.3.8 Relevance of Literature Coverage to Scotland 
 
The values for energy crop gross profit margins depend critically on the yield 
of the crops and the level of financial incentives provided.  Current 
experimental work suggests that yields of SRC coppice in Scotland do not 
differ significantly from those in England and Wales (Forestry Commission 
2005), although miscanthus appears not to perform so well under Scottish 
conditions.  With regards to governmental support, a £1000 ha-1 one-off 
establishment grant for SRC willow was recently announced (Ogilvie 2005), 
which is similar to the price for non-set aside land payments in England and 
Wales.  Scotland’s large wood fuel resource may mean that energy crops may 
not become a significant renewable energy source in the near future, but 
could become so if higher C reduction targets are set and if current co-firing 
rules which require an increasing proportion of energy crops are maintained.  
The fact that their production can be expanded quickly gives them an 
advantage over agricultural and forestry residues, which are predominantly 
offshoots of other industries. 
 
The main studies on plant economics, rates of return and carbon abatement 
costs have produced generic results on a UK level.  More reliable Scotland-
specific studies are perhaps not achievable at present as the market of 
biomass for electricity/CHP is new and it is not possible to predict with 
accuracy what the main fuel chains/plant sizes will be.  Nevertheless, studies 
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that simulate the economics of different development scenarios (e.g. varying 
mixes of heat/electricity operating at different scales) would be particularly 
useful, as the particularities of the systems in question can make a big 
difference to economic functions such as carbon abatement costs. 
 

6.4 TRANSPORT BIOFUELS  

6.4.1 Production Costs 
 
Oilseed Rape for Biodiesel 
 
Up to the mid-1990’s, oilseed rape benefited from additional EU area 
payments which encouraged its production.  However, the reform of the 
common agricultural payment (CAP) meant that such payments were 
abandoned and the returns of oilseed rape must compete directly with other 
crops (Booth et al. 2005).  As shown in Table 6.13, the gross margin of winter 
oilseed rape in Scotland is currently well below that of the major cereal crops.  
Although seed prices are the same (£140 t-1), the gross margin of spring 
oilseed rape is lower than that of winter oilseed rape due to lower yields. The 
difference in relationship to cereals is mainly due to the additional income that 
can be obtained by selling the straw, which can yield £100-140 ha-1, 
depending on the cereal crop.  As rape straw currently has no commercial 
value, it does not increase the gross margin, although its utilization for energy 
could lead to additional financial benefits for the farmer.   
 
Although oilseed rape may appear to be an unfavourable economic option 
after analysis of gross profit margins, it has many advantages, including its 
use as a break crop for cereal production, enhanced wheat yields following its 
use in rotation and reduced nitrogen requirements for subsequent cereal crop 
(Booth et al. 2005).  Oilseed rape brings benefits, therefore, that gross 
margins can not capture. 
 

Table 6.13: Gross Margins of Oilseed Rape vs. Cereals in Scotland 
( £ ha-1 yr-1) – 2006 harvest 

 
 Spring OSR Winter OSR Wheat Spring Barley Winter Barley 
Total ouput 300 506 717 505 645 
Variable 
costs 

157 282 295 185 253 

Gross margin 
without 
subsidy 

143 224 422 320 392 

 
Source:  Booth et al. (2005).  Based on seed prices of £140 t-1 for OSR, £80 t-1 for spring 
barley and £74 t-1 for wheat and straw prices of £20 t-1 for wheat and £25 t-1 for winter barley. 
 
 
Bioethanol Feedstocks 
 
Wheat, barley and potatoes have been suggested as being the main 
bioethanol feedstocks of relevance to Scotland, given the improbability of the 
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resurgence of sugar beet production (Booth et al. 2005).  The gross margin of 
wheat and barley is given in Table 6.3, with wheat and winter barley both 
providing an income of over £700 ha-1 yr-1.  The gross margin of potatoes, due 
to the extraordinarily high yields that are achievable, can be over £1500 ha yr-

1.  As mentioned in Chapter 3, almost all of Scotland’s potato crop is high-
quality stock produced for food purposes and the gross profit margin reflects 
this.  As potatoes have never been used for bioethanol production in the UK, 
there are no current estimates of gross profit margin for this end-use, as is 
also true for wheat and barley. 
 

6.4.2 Fuel Costs 
 
The production costs of transport biofuels are about twice that of mineral 
transport fuels (Turley et al. 2003, Booth et al. 2005), although the higher 
prices of oil mean that this differential is falling.  This higher cost is partially 
offset by a 20p l-1 rebate on fuel excise duty for biodiesel and bioethanol, 
although this doesn’t apply to crude vegetable oil.  Biodiesel and mineral 
diesel production costs and final pump prices are shown in Table 6.14a, while 
bioethanol pump prices are shown in Table 6.14b. 
 

Table 6.14a: Diesel/Biodiesel Pump Prices in the UK, Dec 2004 
 

 Diesel Biodiesel 
Wholesale price (p/L) 19-25 40-44 
Gross retail margin (p/L) 5 10 
Excise duty (p/L) 47.1 27.1 
VAT @ 17.5% 12.4-13.5 13.5-14.2 
Pump price 83.5-90.6 90.6-95.3 
 
Source:  Booth et al. (2005b), taken from HGCA. 
 

Table 6.14b: Petrol/Bioethanol Pump Prices in the UK, Dec 2004 
 

 Petrol Bioethanol 5% blend 
Wholesale price(p/L) 18 40 19.1 
Gross retail margin (p/L) 5 10 5.25 
Excise duty (p/L) 45.82 25.82 5.25 
VAT @ 17.5% 12.04 13.27 12.1 
Pump price 80.86 89.09 81.27 
Source: Billins (2005b), taken from HGCA. 
 
The figures in the table are true for late 2004 and have changed, with pump 
prices for petrol approaching £1/L.  The biodiesel price relates to production 
from rapeseed and will be cheaper than this from tallow due to cheaper 
feedstock price.  Scottish-specific data on these costs should be available 
from Argent Energy, but these could not be obtained in time to include in this 
report.  A recent review by IFEU (2004) came to the overall conclusion, 
however, that there was no clear difference in price between biofuels 
produced from residues and biofuels produced from cultivated biomass 
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although a broad generalization was not possible due to the extremely wide 
spectrum of production costs covered in the report. 
 

6.4.3 Plant Economics 
 
Current Transport Fuels 
 
Biodiesel 
 
Scale of operation is crucial to the economics of biodiesel plants (Table 6.15).  
Biodiesel production from tallow and used vegetable oils has already begun at 
the Argent Plant in Motherwell, set up in 2004 to produce 50,000 t of biodiesel 
annually, requiring a capital investment of £15  million.  To produce biodiesel 
from rapeseed oil, the crushing plant represents a large additional cost that 
must be met either by the biodiesel producing plant itself or by an associated 
business initiative.   
 
A full evaluation of the economic feasibility of oilseed rape production in 
Northeast Scotland, including five different production scenarios, was recently 
carried out by experts from the Scottish Agricultural College (Booth et al. 
2005).  The results are shown in Table 6.15.   
 
Booth et al. (2005) carried out a further economic appraisal of the medium-
scale industrial plant and calculated that an increase in biodiesel price of 2 
pence (from 41p l-1 to 43p l-1) was sufficient to increase the internal rate of 
return from 14.1% to 23.5% and consequently decrease the payback time 
from 5 years to 4 years.  The study concluded that a medium-scale plant was 
viable in Scotland, but that there were considerable inherent risks involved 
which could be best mitigated by the formation of a joint venture company 
involving the relevant members of the production chain (farmers cooperative, 
processing business, regional fuels distributor, etc.) 
 
The market for the by-products produced can make an important contribution 
to the viability of the plant (Booth et al. 2005b).  In the case of biodiesel these 
are rapemeal and glycerine.  Booth et al. (2005b) report that in 2005, the 
average price of rapemeal was £90/tonne and that the estimated demand for 
the product in Scotland was 30,000 – 40,000 t yr-1.  In some regions, such as 
Lower Saxony in Germany, rape cake has begun to be used in co-firing at 
coal power stations, thus providing and economic means of obtaining a more 
positive carbon balance. (Hoher 2005).  Glycerine has a wide range of 
existing markets and in 2005 its value was estimated as being approximately 
£110/tonne.  However, due to the lower volume produced, glycerine will not 
have as high an effect on the economic viability of the plant as rapemeal 
(Booth et al. 2005b).   
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Table 6.15:  Illustrative Economics of Different Scales of Biodiesel Production  
 in Scotland.  

 
Market Option Technology Capital Cost (£) Production 

Price(p/L) 
Retail Price 

(p/L) 
Farm-scale 

vegetable oil 
production (190t) 

Crush pure 
plant oil 

7,300 57.9 107 

Farm-scale 
biodiesel 

production (355t) 

Crush biodiesel 30,400 61.3 90.4 

Vegetable oil 
production by 
small group of 

farmers (1030 t) 

Crush pure 
plant oil 

81,200 39.6 107.8 

Biodiesel 
production by 
large group of 

farmers (15 000 t) 

Crush biodiesel 3.86 M 55.2 108.5 

Medium industrial 
scale production 

(60,000 t) 

Crush biodiesel 10.2 M 41.3 92.1 

Large industrial 
scale production 

Hexane 
biodiesel 

Multinational 
production 

36 88.2 

SOURCE:  Booth et al. 2005 
 
Bioethanol 
 
Although there are currently no bioethanol plants operating on a commercial 
scale in the UK, there are two under development.  Wessex Grain has been 
granted permission to build the UK’s first bioethanol from wheat plant in 
Henstridge, Somerset, which will produce 100,000 tonnes of bioethanol 
annually once operational.  Capital costs are estimated to be in the region of 
£40 million and production costs at around 35 p/L (Wessex Grain 2005).  
British Sugar have already begun the construction of a sugar beet bioethanol 
plant at Wissington, Suffolk (British Sugar 2006).  The plant will produce 
55,000 tonnes of bioethanol a year, with capital costs of about £20 million.  
The detailed economic evaluation carried out for biodiesel in Scotland have 
not been extended to bioethanol and the current body of opinion is that there 
is much less opportunity for bioethanol production in Scotland than biodiesel. 
This is due to the availability of cheap imports that could disrupt the market 
and to the fact that Scotland does not face a petrol deficit in the way it faces a 
diesel deficit (Booth et al. 2005, see also Chapter 3).   
 
A Note on Future Transport Fuels 
 
Transport technologies such as ethanol production from lignocellulosics, 
hydrogen production from gasification of biomass and FT diesel production 
from gasification of biomass are expected to provide excellent greenhouse 
gas benefits in the intermediate to long-term future.  As these technologies 
are still in research and development stages, accurate estimates of their 
production costs are not possible at present, although several estimates of 
future costs are available in the literature.  Table 6.16 gives estimated costs 
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as provided by Faijj (2006).  It must be borne in mind that these costs are 
indicative at best and have been gathered from a range of dispersed sources, 
which often utilize different underlying assumptions. 
 

Table 6.16  Comparison of Plant Economics of Future Transport Fuel 
Production Technologies 

 
Technology Investment Costs 

(€/kWh) 
O & M costs 

(% of investment 
costs) 

Production Costs 
(€/GJ fuel) 

Hydrogen from 
biomass gasification 

Short-term: 480 
Long-term: 360 

4 Short-term: 9-12 
Long-term: 4-8 

Methanol from 
biomass gasification 

Short-term: 690 
Long-term: 530 

4 Short-term: 10-15 
Long-term: 6-8 

FT Diesel from 
biomass gasification 

Short-term: 720 
Long-term: 540 

4 Short-term: 12-17 
Long-term: 7-9 

Ethanol from 
lignocellulosics 

Short-term: 350 
Long-term: 180 

6 Short-term: 12-17 
Long-term: 4-7 

Source: Faijj (2006) 
 

6.4.4 Market Prospects 
 
The potential of biodiesel production from rapeseed in meeting Scotland’s 
renewable transport fuel obligation was clearly demonstrated in the report by 
Booth et al (2005).  Among home-grown biofuel feedstock options, this 
appears to be the only one that would make true economic sense, given the 
absence of a sugar beet industry in Scotland and the excessive costs 
associated with producing ethanol from wheat and potatoes, Scotland’s other 
possible bioethanol feedstocks. Furthermore, there are sugar beet-growing 
areas south of the border which may be better suited to develop a bioethanol 
industry. 
 
Employment Opportunities 
 
The development of transport biofuel industry is likely to have a positive effect 
on employment in Scotland.  Growing crops on set-aside land can generate 
additional jobs in agriculture as crop production requires more labour than 
maintaining land in set-aside.  It is estimated that a 100,000 tonnes biodiesel 
plant could creates jobs for 62 staff while a bioethanol plant of a similar size 
could create jobs for 50-55 people, with an additional 16-28 jobs being 
created in blending and transport (Turley et al. 2003).  This is likely to reflect 
positively on the wider economics of associated UK industries, as a greater 
share of the costs are retained in the UK, with bioethanol (91%) and biodiesel 
(95%) compared to gasoline and diesel (82%) (Turley et al. 2003). 
 

6.4.5 Grants and Incentives 
 
The main driver for the development of a competitive transport biofuel industry 
in Scotland is the Renewable Transport Fuel Obligation (RTFO), announced 
at the end of 2005, which obliges suppliers to provide 5% of their final 
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transport fuel from renewable sources by 2010 and is proposed to start in 
2008.  Interim targets for the RTFO have been set for 2.5% in 2008-2009 and 
3.75% for 2009-2010 (HM Treasury 2006).  This legally binding instrument will 
move the renewable transport fuel sector into a completely different gear. 
 
Thus far, the main government financial incentive for transport biofuels has 
been the reduced excise duty in relation to mineral diesel and petrol of 20 p/l 
(27.1 p vs. 47.1p).  A continuation of this excise duty was recently announced 
in the national budget for 2006 (HM Treasury 2006).  This level of rebate is 
still significantly lower than the level of support offered in other European 
countries.  In Germany, for example, all biofuels have been exempted from 
tax until 2009 (Henke et al. 2005), which has permitted extremely rapid 
development the transport biofuel industry in that country. 

6.4.6 Relevance of Literature Coverage to Scotland 
 
The study by Booth et al. (2005b) provided an excellent evaluation of many 
facets of the economics of biodiesel from rapeseed production in Scotland, 
including a full evaluation of different possible future scenarios.  No studies 
were found investigating the potential and economics of bioethanol production 
in Scotland. 
 

6.5 FURTHER ISSUES RELATED TO THE ECONOMICS OF BIOMASS 
ENERGY OPTIONS 

6.5.1 EU Incentives 
 
CAP Reform 
 
The reformed CAP and the single payments scheme adds a dimension of 
flexibility to agricultural production systems that should facilitate the uptake of 
bioenergy crops as emphasis is shifted away from the production of food 
crops.  The decoupling of subsidies for cereal production is expected to 
decrease cereal production as farmers choose to plant the crops that allow 
them to compete successfully on an open market.  How the reformed CAP will 
affect plantation of bioenergy crops therefore is essentially a question of 
economics.  In 2004, the high production costs of cereals and low prices paid 
for the crop led to unfavourable net margins for wheat and barley (SEERAD 
2005).  Extension of this trend could increase the likelihood for producers to 
take up energy crop plantation.  The CAP also offers a direct incentive by 
paying an establishment grant of 45 Euros ha-1 for energy crops (except sugar 
beet) grown on non set-aside land, but this is restricted to a total hectarage of 
1,500,000 ha across Europe.   
 
There is an argument, however, that the single farm payment scheme 
associated with CAP may not promote the uptake of energy crops as might be 
expected in Scotland.  According to the Highland Council (2006), the 
requirement of the single farm payment scheme that the land be kept in good 
agricultural and environmental condition has in some cases resulted in 
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decreased farm activity, especially in cases of farmers who have the best land 
and receive the highest single farm payments. 
 
Structural Funds 
 
Structural funds are the main source of EU funding in Scotland, providing over 
£ 1.1 billion pounds for the period 2000-2006 (Scottish Executive 2006).  The 
main aim of these funds is to promote sustainable economic development in 
regions of the EU that are in decline, thus reducing regional disparities.  There 
is a growing body of opinion that structural funds could be used to mobilise 
the large capital investments needed for developing biomass supply chains 
and adding momentum to the bioenergy sector (see for example, WWF 2006).  
In some countries, structural funds have already been applied in bioenergy 
projects.  In Wales, for example, EU structural funds were invested in a 
demonstration project to develop sustainable heat and power from short 
rotation willow (http://www.iger.bbsrc.ac.uk/Willow/welcome.htm).   
 
The next round of EU structural fund programmes will begin in 2007 (DTI 
2006).  The Highlands and Islands will qualify for a ‘phasing-out convergence 
fund’ as they have a GDP below 75% of the EU-15 average but above 75% of 
the EU-25 average.  This is, in essence, a transitional support for regions that 
would have qualified for the full convergence funding if the EU had not been 
enlarged to 25 States, equating to approximately 60% of what the region 
currently receives.  The lowlands and uplands of Scotland will be eligible for 
funding under the competitiveness objective over this period.  The European 
Council has agreed a total EU budget of £575 billion for the UK for 2007-2013.  
This budget was expected to have been submitted to Parliament by Easter 
2006.  The remaining Scottish regions outside the Highlands and Islands 
could receive up to 45% of what is received under the current regime, but this 
depends on an agreement within the UK over how to divide the funds 
(Scottish Executive 2006b). 
 
The development of the biomass energy industry would appear to be 
completely compatible with the main priority areas outlined for ERDF 
spending within the Highlands and Islands Convergence Programme of 
economic sustainability, community sustainability and environmental 
sustainability (DTI 2006).  The same can be said of the priorities for ERDF 
spending under the competitiveness and employment objectives which are:  
1) supporting innovation and entrepreneurship, 2) promoting community 
regeneration and 3) environmental sustainability and rural development.  
Further work on how structural funds could be employed in the development 
of the biomass energy industry is merited. 
 

6.5.2 International Emissions Trading Schemes 
 
EU and UK ETS 
 
The European Union Emissions Trading Scheme (EU ETS) is world’s largest 
scheme of its kind and is currently in its first phase of implementation, which 
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includes lower penalties for non-compliance and a provisional opt-out 
mechanism that will not be included in the second phase of the scheme.  Only 
generators with a minimum 20 MWth output qualify for the scheme through the 
National Allocation Plan (NAP) and non-thermal renewable technologies such 
as wind and wave are excluded.  The scheme, which in Scotland is regulated 
by SEPA, distinguishes between those plants built before December 31, 2003 
and those built after with only the latter qualifying for a free allocation of 
allowances under the New Entry Reserve (Smartest Energy 2005) The 
scheme also rewards fossil fuel plants that convert to biomass.  In total, over 
100 Scottish institutions are registered in the first phase NAP, which together 
account for approximately 50% of Scotland’s CO2 emissions.  The National 
Allocation Plan for phase II of the EU ETS is currently under consultation. An 
analogous UK-wide scheme, the UK ETS, is also functional.   This scheme 
operates separately to the EU ETS and differs from its European counterpart 
scheme in three ways: 1) the UK ETS is voluntary whereas the EU ETS is 
mandatory, 2) in the EU ETS, emissions from electricity generation are 
assigned to the electricity generators while in the UK ETS, they are assigned 
to the end-users and 3) the EU ETS focuses predominantly on sectors 
covered by the IPPC directive whereas the UK ETS is more economy-wide 
(Defra 2005). 
 
Although the EU ETS will help to incentivise the uptake of biomass in 
Scotland, it could also stimulate competition for Scotland’s available biomass 
resource and may disproportionately favour large-scale schemes to the 
detriment of smaller-scale heat initiatives, for example.  Although the EU ETS 
is expected to increase power prices, the overall impacts on the economics of 
new biomass developments is likely to be less significant than the impact of 
ROCs due to uncertainty in long-term prices of carbon (Smartest Energy 
2005). 
 
Kyoto Protocol 
 
The Kyoto Protocol offers a variety of flexibility instruments including the 
Clean Development Mechnanism (CDM) and Joint Implementation (JI) 
schemes.  Such projects offer the opportunity to tie in production of energy 
from biomass with carbon sequestration projects.  The Clean Development 
Mechanism allows for developed countries to meet their Kyoto targets by 
implementing greenhouse gas mitigation projects in developing countries.  
This allows for renewable energy technologies to be transferred to developing 
countries, for example.  The CDM dictates that carbon credits can be obtained 
by projects where baseline emissions of fossil fuels are reduced or eliminated.  
For many developing countries, this represents a problem in that fossil fuel 
systems are not readily accessible and funding for CDM is therefore not 
available (Schlamadinger and Jurgens 2004).  Joint implementation schemes 
allow Annex 1 countries to meet their Kyoto targets by participating in projects 
with other Annex 1 countries to generate emission reduction credits which can 
then be sold on the international emissions market.   
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6.5.3 Carbon Mitigation Economics 
 
Substitution of fossil fuel carbon through increased uptake of renewable 
energy sources, including biomass, is one of a range of options to combat 
climate change, including afforestation and long-term carbon storage in wood 
products and reduction in greenhouse gas emissions from other sectors. For 
bioenergy feedstocks, it is important to note that growing trees (and short 
rotation coppice) add to carbon savings through terrestrial carbon sinks prior 
to their use for bioenergy. However, direct comparison of the cost-
effectiveness of different mitigation measures (through biomass production 
and consumption and beyond) is made difficult by the fact that there are 
differences, for instance, in the permanence of the C-offset associated with 
them. Whereas GHG emission reduction and substitution of fossil fuels with 
biomass offer infinite carbon savings, forest plantations reduce atmospheric 
CO2,,as long as there is net growth. If properly managed, forests act as a 
carbon sink (Nijnik 2005). With the decay of forest material, however, carbon 
is lost.  Using wood for energy is by itself also a C neutral process, because 
when wood is used for energy, carbon stored in biomass is released as CO2 
upon burning. The most important net gain in this case is the amount of CO2 
that would have been released by burning fossil fuel, had it not been replaced 
by wood. Estimation of benchmarks, such as present value costs per tonne of 
C savings under different mitigation strategies, are required for Scotland.    
 
Van Kooten et al. (2004) performed a meta-analysis of studies that estimated 
the costs associated with establishing forest sinks.  The study identified a 
huge variability in estimated costs, depends on the carbon accounting 
methodology employed.  Under baseline conditions of forest conservation for 
carbon sequestration, costs were found to range from US $ 46 – 260/tC.  
When opportunity costs were taken into account, the cost range increased to 
US $117-1400 /tC. Additionally, peer review was found to increase costs by a 
factor of 10.  The conclusion, therefore, is that even though carbon sinks are 
often presented as low-cost alternatives to fuel switching, it is very difficult to 
directly compare the costs of the different options involved.   
 
Very few studies exist in Scotland on this topic and it is an area that merits 
further attention, as comparative indicators of the cost-effectiveness of 
alternative mitigation strategies are needed.  This kind of work has been 
carried out in other countries (Nijnik 2005).and could be modified for Scottish 
conditions. 

6.5.4 Externalities and Hidden Costs 
 
Externalities are ‘changes of welfare generated by a given activity without 
being reflected in market prices’ (di Valdalbero 2006).  The production of 
electricity, heat or transport fuel has several effects on society and the 
environment which could be considered externalities.  As discussed in chapter 
5, there may be acidification and eutrophication impacts as well as impacts on 
human health which may arise from energy production in addition to increased 
impacts on global warming that arise from increased fossil fuel use.   
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If taken into consideration, these external costs may help to move towards a 
more sustainable energy production system.  Biomass may play an important 
part in reducing these external costs, especially through the greenhouse gas 
benefits incurred.  Assigning financial values to these costs is not easy, but 
has been attempted on a number of occasions.  The Extern E (1998) study 
used a modelling approach to estimate the external costs of damage caused 
by major air pollutants in the European Union.  The results of the study were 
that the damages of NO2 emitted cost between 2.4-2.9 €/kg NO2, while SO2 
damages were in the 2.9-3.5 €/kg SO2 range.  More recent figures suggest an 
even higher cost of damages caused by these pollutants (di Valdalbero 2006 
– Table 6.17) 
 
Some countries, notably Sweden, have already developed taxes for the 
emission of these air pollutants which is levied on fossil fuels used for heat 
production (Karlsson and Gustavsson 2003).  Such taxes can greatly favour 
the uptake of one form of energy generation over another and could confer a 
competitive advantage to biomass, although this depends on the relative 
emissions of biomass fuels to fossil fuels (Chapter 5). 
 

Table 6.17:  Illustrative Economic Damages of Air Pollutants in the EU 
(€/tonne) 

 
NOx SO2 PM2.5 VOC NH3 

4200 -11000 5400 - 16000 25000 - 72000 920 - 2700 10 000 - 
30000 

 

6.5.5 Social Issues 
 
Reduction of Fuel Poverty 
 
In 2002, fuel poverty affected 13% of Scottish households (Scottish Executive 
2006).  Great advances have been made in tackling this problem mainly as a 
result of the Warm Deal and Central Heating Programmes which together 
helped to halve fuel poverty in Scotland between 1996 and 2002.  Concurrent 
with plans to extend these initiatives, the Scottish Executive has announced 
plans to run a pilot study to explore the potential of renewable energy 
technologies for domestic heat production.  Wood fuel is well placed to 
contribute to these objectives as has been shown in the establishment of 
wood chip district heating schemes for social housing projects and other 
domestic heating systems installed with assistance from the SCHRI.   
 
Employment Opportunities 
 
From a social perspective, biomass energy can provide a range of benefits 
providing new jobs and training opportunities.  Especially with the 
development of localized wood fuel supply chains for small-scale heat units, 
biomass can help promote rural development and reduce urban drift.  Local 
bioenergy production can bring with it a wealth of benefits besides the 
creation of jobs, as summarized in Table 6.18.  The table is based on work 
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carried out in an international project to evaluate the socio-economic aspects 
of bioenergy systems (Domac et al. 2005). 
 

Table 6.18:  Benefits Associated with Local Bioenergy Production 
 

Dimension Benefits 
Social aspects Regional development, rural 

diversification, decreased rural 
exodus 

Macro Level regional growth, export potential 
Supply Side Security of supply, Improved 

infrastructure, Enhanced 
competitiveness, Labour and 

population mobility 
Demand side  Employment, reduced investment, 

Support of related industries 
Source:  Domac et al. 2005 
 

6.6 ECONOMICS CONCLUSIONS AND RECOMMENDATIONS 
 
With regards to the general economics of biomass energy systems for 
Scotland, several broad-level conclusions can be made: 
 

 The literature does not present a convincing case for the economics of 
energy crops and these appear to be economically feasible only under 
set-aside land at moderate to high yields. 

 Heat production on the whole is much more economically sound than 
electricity production and small-scale heat, in particular, seems to provide 
the best returns. 

 The carbon abatement costs of biomass heat systems are much lower 
than those of biomass electricity systems.  In addition, the carbon 
abatement costs of biomass heat systems are much lower than those of 
alternative renewable heat technologies. 

 The carbon abatement costs of transport biofuels are high in comparison 
to other technologies. 

 Biomass provides excellent prospects in terms of creating new jobs. 
 
Several areas where further studies would be beneficial have also been 
highlighted: 
 

 Comparative studies of different renewable technologies with regards to 
electricity generation costs and carbon abatement costs should be 
encouraged, as there is surprising little transparent data available in the 
literature. 

 Integrated life cycle analysis and economic studies of the biomass chains 
which are likely to be of greatest relevance to Scotland are encouraged 
for different biomass uptake scenarios involving different allocations for 
heat and electricity schemes of various scales.  Such a study would 
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provide data on economics aspects such as carbon abatement costs 
which are specific to Scottish conditions. 

 A comparative study of the economics of alternative carbon sequestration 
schemes of relevance to Scotland (e.g. bioenergy production vs. carbon 
sequestration through afforestation) would be very informative, provided it 
is carried out in a structured and transparent manner. 
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7. CONCLUSIONS AND RECOMMENDATIONS  
 
This chapter summarises the key findings for each of the major aspects of 
bioenergy systems considered in this study: 1) energy generation potential, 2) 
greenhouse gas (GHG) and energy balances, 3) air quality and associated 
environmental impacts and 4) economics. Additionally, recommendations for 
further work are presented. 
 

7.1 GENERAL CONCLUSIONS 
 
Energy Generation Potential 
 

  Wood fuel from forestry and sawmill co-products are Scotland’s most 
readily available biomass feedstocks.  There is estimated to be 800,000 – 
1,200,000 odt available for bioenergy in 2020, according to the SDC and 
FREDS reports (2005), and refinement of these estimates is an ongoing 
process (not including additional sources such as brash and recycled 
timber).   

 Of the energy crop options, short rotation coppice appears to be the most 
appropriate to Scotland, although there are still doubts regarding its 
economics in Scotland.  Assuming a yield of 10 odt ha-1 and a planting 
area of 50,000 ha, an extra 500,000 (about 40% the projected available 
forestry volume) could be available by 2020. 

 There is still very little practical experience of energy grass cultivation in 
Scotland, but reed canary grass appears to be the most suitable to 
Scottish conditions.  Commercial uptake of this species is, however, 
currently deemed unlikely. 

  Agricultural residues appear to have very limited energy generation 
potential for Scotland, due to alternative markets or uses. 

 The overall potential of electricity production from biomass is much lower 
than that of wind energy and lower than marine energy. 

 For transport biofuels, biodiesel is more promising for Scotland than 
bioethanol production under present market conditions, as Scotland has a 
diesel deficit and cheap bioethanol alternatives are available; 

 If Scotland were to meet its RTFO requirements from indigenous sources, 
it is likely that crops such as oilseed rape would have to be planted to do 
so, as the volume of UCO and tallow available in Scotland is, at present, 
unlikely to be sufficient to meet targets on their own. 

 
Greenhouse Gas and Energy Balances 
 

 There is a considerable body of existing work on GHG balances for a 
range of biomass energy technologies that could be modified without 
major difficulty for Scottish conditions. Transparent LCA data are available 
for production of biodiesel from oilseed rape and the production of heat or 
electricity from wood chip from forestry sources, sawmill co-products and 
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short rotation coppice, for example, which could be adjusted to reflect the 
situation in Scotland. 

 Of all the LCA studies that have been published, the Biofuels Report 
(Elsayed et al, 2003) can provide relevant results for Scotland on the 
production of heat, electricity and combined heat and power by 
combustion, gasification and pyrolysis of wood chip from forestry residues, 
the production of heat, electricity and combined heat and power by the 
combustion of straw, and the production of biodiesel from recycled 
vegetable oil. 

  Much of the existing data concerning fossil fuel baselines is not 
transparent, which affects comparisons of GHG balances of biomass 
systems against fossil fuel alternatives. 

 
Although there are no LCA results specifically designed to represent Scottish 
conditions, some general trends could be observed among the studies 
reviewed.   These are described briefly below:  
 
 Biomass heat, electricity and CHP technologies result in significant GHG 

and depletable energy savings in relation to fossil-fuel based systems.   
 GHG emissions and depletable energy savings from biomass heat and 

electricity systems are of the same order as those from other renewable 
systems such as wind and hydro.  The difference between renewable 
systems is very small in comparison to the significant reductions obtained 
when replacing fossil fuel technologies. 

 The GHG emissions and energy savings of more efficient gasification and 
pyrolysis biomass systems are greater than those of combustion-based 
biomass systems, but the technology is less well proven. 

 The GHG and energy balances of transport biofuel technologies are 
heavily influenced by the source of the energy used in the production 
process, and by the end-use of the by-products (rape meal and DDGS).  
For example, use of straw-fired CHP and co-firing of by-products results in 
significantly improved GHG and energy balances compared with 
production based on fossil fuels for energy, and by-products sold for 
animal feed. 

 
Air Quality and Other Environmental Impacts 
 
Combustion 
 

 The choice of fossil fuel that biomass energy technologies replace is very 
important in determining whether air pollution emissions increase or 
decrease.  Displacement of coal results in significant reductions in SO2, as 
well as reductions in CO, PM, NOx and NMVOCs emissions, whereas 
displacement of oil tends to lead to decreases in SO2 emissions, but 
increases in other emissions such as PM or NOx.  Substitution of natural 
gas with biomass, on the other hand, generally leads to increases in 
emissions of all major pollutants. 

 Although emission of some pollutants is determined by fuel 
characteristics, the choice of electricity/heat generation technology, 
including abatement systems, can also have a significant impact on non-



Chapter 7: Conclusions and recommendations 

 191

greenhouse emissions and, in some instances, the technology can be 
more relevant than fuel characteristcs. 

 There are substantial gaps in reliable emission data for biomass 
combustion for energy.  This is especially true of PM2.5, PAH, VOC, ultra-
fine and trace element emissions. 

 Changes in air pollutant emissions resulting from the uptake of 1.7 million 
tonnes of woodfuel for energy in Scotland in 2020 were projected for two 
biomass scenarios: 1) 50% small-scale heat and 50% large CHP and 2) 
30% cofiring, 35% large CHP and 35% small-scale heat.  Results showed 
that this would lead to reductions in SOx equivalent to 2.8-3.8% of the UK 
baseline, increases in NOx of 0.02-0.05% of the UK baseline and a 
decrease in total PM of between 0.43 – 0.63% of the UK baseline. 

 The range of combustion emissions reported from transport biofuels is 
wide and there is much uncertainty associated with these estimates. The 
general trend in light duty vehicles is that in relation to fossil diesel, HC, 
PM and CO emissions are decreased while there tend to be increases in 
NOx emissions.  For bioethanol, there appear to be no major significant 
changes in emissions of NOx and HC, although emissions of PM are found 
to be significantly decreased, while acetaldehyde emissions are greatly 
increased. 

 Changes in air pollutant emissions arising from uptake of biofuels under 
two different scenarios to 2020 were projected: 1) all vehicles run on 5% 
biofuel, 2) all diesel vehicles run on 100% biodiesel and all petrol vehicles 
on 5% ethanol.  The first scenario would result in an increase in NOx 
emissions of 3.8% relative to Scotland’s current road transport emissions 
and decrease in PM emissions of 4.6% relative to Scotland’s current PM 
emissions, whereas the second scenario would lead to increases in PM 
emissions by 2.0% relative to Scotland’s current total PM emissions.  This 
is due to the disproportionate influence of heavy duty vehicles in this 
scenario. 

 
LCA 
 
  Compared to greenhouse gas and energy balances, there are very few 

LCA studies that include air pollutant balances, and none were identified 
that were directly representative of Scottish conditions. 

 LCA studies that present results in terms of summed eutrophication and 
acidification impacts, often report that biomass systems based on energy 
crops are at a disadvantage to equivalent oil and gas-based systems, 
although there is less difference with forestry residue systems.  In relation 
to most other renewable technologies, the overall acidification and 
eutrophication impacts of biomass energy systems are higher. 

 Life cycle non-GHG impacts from transport biofuels produced from 
dedicated crops are consistently greater than those of reference fossil-fuel 
based systems.  Fertiliser NH3 emissions have a considerable bearing on 
this.  

 
Economics 
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 The literature suggests that the economics of energy crops is not currently 
favourable, and suggests that energy crops are currently economically 
feasible only on set-aside land at moderate to high yields with current 
government incentives. 

 Heat production is, on the whole, much more economically favourable 
than electricity production, and small-scale industrial/commercial heat, in 
particular, seems to provide the best returns.   

 The literature indicates that the carbon abatement costs of biomass heat 
systems are generally much lower than those of biomass electricity 
systems.  In addition, abatement costs of biomass heat systems are much 
lower than those from alternative renewable heat technologies. 

 The carbon abatement costs of transport biofuels are high in comparison 
to other biomass end uses, although this depends upon the actual carbon 
balances of the technologies in question. 

 In relation to other renewable energy technologies, biomass provides 
good prospects of creating new jobs. 

 

7.2 RECOMMENDATIONS FOR FURTHER STUDIES 
 
Energy Generation Potential 
 

 Assessments of wood fuel availability have recently been undertaken 
(SDC 2005), and are currentely being refined (FCS 2006).  Such 
assessments are very important in guiding the development of the 
biomass energy sector in Scotland and should be regularly updated. 

 Among lesser researched options, short rotation forestry may present 
additional potential to contribute to the bioenergy sector in Scotland, 
particularly through the utilization of existing on-farm woodland. This 
option is already being investigated by the Forestry Commission 
(Hardcastle et. al. 2006). 

 There is very little in the literature about the potential of biogas production 
from anaerobic digestion of animal manures in Scotland, although 
experimental farm-scale AD plants are currently operating in the 
southwest of Scotland.  There may be the possibility of developing a 
number of centralised AD facilities in Scotland, but this appears not to 
have been thoroughly investigated yet. 

 
Greenhouse Gas and Energy Balances 
 

 Some existing studies could be modified to determine GHG and energy 
balances for a number of technologies under Scottish conditions. In order 
to undertake these modifications, it would be necessary to identify, collect 
and incorporate appropriate Scottish data on key parameters such as 
fertiliser application rates, crop yields, transport distances, etc.  
Additionally, it would be necessary to ascertain the likely sources of 
process energy and the likely end uses for joint products by developers 
and operators of future plants which produce biodiesel and bioethanol 
from oilseed rape and wheat grain, respectively. 
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 To enable meaningful comparison, GHG and energy balances for 
conventional and other energy technologies would have to be prepared for 
Scotland by modifying existing LCA studies.   

  New work would have to be conducted to determine the GHG and energy 
balances of a number of biomass energy technologies.  These would 
include the production of heat, electricity and combined heat and power by 
combustion, gasification and pyrolysis of wood chips and wood pellets 
from short rotation forestry, the production of heat by combustion of 
biogas from the anaerobic digestion of animal slurry, the production of 
electricity and combined heat and power from combustion and gasification 
of poultry litter and meat and bonemeal, the production of biodiesel from 
tallow and the production of bioethanol from barley and potatoes. 

 
Air Quality and Environmental Impacts 
 

 To best understand changes in emissions resulting from increased 
biomass energy development in Scotland, LCA analyses tailored 
specifically for Scottish conditions need to be undertaken.  Some of these 
could be modified from existing work although there are considerably 
fewer studies with information on air pollutant balances than carbon 
balances.  Studies which take a similar approach to the Biofuels Report 
by Elsayed et al. (2003) should be conducted to address non-GHG 
environmental impacts. 

 There is still much uncertainty regarding biofuel combustion emissions.  
No reliable data is available for biodiesel from tallow, for example.  More 
work is necessary to understand what impact the future transport biofuel 
mix would have on combustion emissions from transport.  

 
Economics 
 

 Comparative studies of different renewable technologies with regards to 
electricity generation costs and carbon abatement costs for Scottish 
conditions should be encouraged. 

 A comparative study of the economics of alternative carbon sequestration 
schemes of relevance to Scotland (e.g. carbon sequestration through 
afforestation vs. bioenergy) would be very informative, provided it is 
carried out in a structured and transparent manner 

 Integrated LCA and economic studies of the biomass chains which are 
likely to be of greatest relevance to Scotland should be undertaken for 
different biomass uptake scenarios involving different allocations for heat 
and electricity schemes of various scales.  Such a study would provide 
data on economics aspects such as carbon abatement costs which are 
specific to Scottish conditions. 
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ANNEX 1: ILLUSTRATIVE LCA SPREADSHEET ANALYSIS OF 
BIOMASS ENERGY SYSTEM RELEVANT TO SCOTLAND 
  
The results presented in this Annex are adapted from the earlier work of 
Elsayed et al. (2003) which presented energy and greenhouse gas balances 
for a range of biofuel options. Among other objectives these results were 
intended to: 

• Propose a standard for the calculation and reporting of such balances, 
particularly in terms of accessibility, transparency and accounting for 
uncertainties. 

• Serve as a set of consistent ‘benchmark’ results for the energy and 
greenhouse gas balances that could be regarded as representative of 
the typical performance of different biofuel systems in the UK based on 
current production systems and conversion technologies. 

 
Two essential features of the commitment to accessibility and transparency 
involved the provision of: 

• A complete biomass / process flow diagram for the biofuel system 
being analysed. 

• Detailed reporting of calculations leading to ultimate results in 
spreadsheet form supported by explanatory notes. 

 
The system considered here is a modified version of that presented in 
Appendix F of Elsayed et al. (2003, referred to as ‘small-scale production of 
wood chips from woodland management (option B)’, which was based on an 
updating of results presented in the earlier study of Matthews and Mortimer 
(2000). 
 
In many respects, the original flow diagram and spreadsheets reported in 
Elsayed et al. (2003) might be viewed as representative of how forest-based 
wood chip production systems might operate in Scotland currently or in the 
future, in particular: 

• Forestry system was assumed to comprise existing Scots pine stands 
with an average productivity of 8 m3 ha-1 y-1 over a rotation. 

• Management of Scots pine stands was assumed to involve either 
‘retention’ of stands on a relatively long rotation of just under 80 years 
or some form of ‘continuous cover’ regime. 

• Biomass processed into wood chips was assumed to be derived via a 
mixture of routes, i.e. proportions of small diameter stemwood and/or 
whole trees produced from early thinnings, branchwood potentially 
available when felling operations are carried out and offcut material 
generated in sawmills. 

• Wood was assumed to be dried passively using low-technology storage 
techniques. 

• The main timber transport activity was assumed to be a round trip 
distance of 90 ± 18 km. (For example this would be consistent with the 
distance from Castle Douglas to Carlisle or Huntly to Inverness. 
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The assumptions in Elsayed et al. (2003) could therefore represent an 
example of a Scottish biomass production system. The presentation of ranges 
on estimates also implies that potential variations in forestry practice or wood 
processing methods have been accounted for in the assumptions and related 
calculations. However, it is important to distinguish between variability in the 
detailed implementation of a particular system being characterised, and the 
(generally) greater variation that may be observed across a range of systems 
involving different site types, scales, processing steps and supply chains. The 
results presented in Elsayed et al. (2003) aim to account for the variety of the 
first and not the second kind. (This is a possible source of ambiguity in 
interpretation of such results if the distinction between the two types of 
variation is not clearly understood.) 
 
In this Annex, the results of Appendix F in Elsayed et al. (2003) have been 
adapted to account for potential variation across possible forestry-based wood 
chip production systems in Scotland in two important areas: 

• Systems modelled involve wood production from both existing and 
new-established forest areas, growing on both inorganic and organic 
soil types. (The results of Elsayed et al. implicitly assumed production 
from existing forests for which vegetation carbon dynamics could be 
regarded as making a negligible contribution to the CO2 and GHG 
balances.) 

• The range assumed for biomass transport distances was greatly 
increased to represent the shortest to the longest that might be 
observed within Scotland. 

 
The biomass / process flow diagram presented here is unchanged from that 
assumed in Appendix F of Elsayed et al. (2003), however significant 
modifications have been made here compared to the spreadsheets in 
Appendix F. 
 
In Table A4.1, the energy balance calculations for the main biomass transport 
activity are based on an assumed round-trip distance of 400 ± 350 km in 
contrast to the assumption in Elsayed et al. (2003) of 90 ± 18 km. A similar 
assumption is made in the corresponding calculations for the CO2 and GHG 
balances (Tables A4.2 and A4.3 respectively). This greater range 
encompasses the shortest likely (a round-trip of 50 km) up to the distance 
between North and South Scotland or North England to mid-Scotland.  
 
The spreadsheets for CO2 and GHG balances in Tables A4.2 and A4.3 have 
also been changed to incorporate estimates representing the potential 
variability in carbon sinks and/or sources due to vegetation carbon dynamics 
that may occur depending on whether wood production is based on existing or 
newly-established forests, and whether forests are growing on soils with low 
or high carbon content. Details of the calculations and underlying data or 
assumptions are given in the notes to the spreadsheets. Revised 
spreadsheets for CH4 and N2O balances have not been included in this Annex 
because, for this example system, the contributions to the GHG balance 
ultimately derived are small. 
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The original energy and GHG balances in Appendix F of Elsayed et al. (2003) 
could be expressed as 360 ± 38 MJ per tonne and 22 ± 2 kg CO2-e per tonne 
respectively. These values can be compared with the estimates in Tables 
A4.1 and A4.3 of 803 ± 393 MJ per tonne and 36 ± 28 kg CO2-e per tonne. 
The sensitivity of the results to the assumptions and potential variation in 
system details is evident - for example the new summary estimate for the 
energy balance is more than double that reported by Elsayed et al., while the 
range of uncertainty for the GHG balance (8 to 64 kg CO2

-e per tonne) covers 
almost an order of magnitude. However, the critical observation is that, 
despite this variability, all of the estimates of energy inputs are small relative 
to the energy available from the biomass produced. This is emphasised if 
energy and GHG ‘requirements’ are calculated for a more complete supply 
chain as considered by Elsayed et al., namely heat (small scale) by the 
combustion of wood chip from woodland management (option B) as presented 
in Tables 19 and 23 of their report, where estimates of 0.094 ± 0.006 MJ MJ-1 
and 0.007 kg CO2-e MJ-1 are reported. If corresponding calculations are made 
based on the results in Tables A4.1 and A4.3, estimates of 0.14 ± 0.04 MJ MJ-

1 and 0.008 ± 0.003 kg CO2-e MJ-1 are obtained.  
 
Although greater variability in biomass production systems has been 
accounted for, including what might be regarded as ‘worst case scenarios’ the 
end result on system performance as measured by energy and GHG 
requirements is marginal. The calculations and results in this Annex illustrate 
how variation in specific system details might be accounted for, in particular 
how transparent LCA results such as those presented by Elsayed et al. (2003) 
night be adapted to explore systems and scenarios relevant to Scottish 
conditions. Comparison of the results with those of Elsayed et al. also 
indicates some robustness in the estimates derived by this approach across a 
wide range of assumptions.  
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Figure A1.1: Biomass/process flow diagram for small-scale 

production of wood chips from woodland 
management 
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 Table A1.1 Spreadsheet for Primary Energy Inputs to Small-Scale 
Production of Wood Chips from Woodland Management 

 
Functional Unit: Wood chips at point of consumption derived from small-scale coniferous woodland management 
Final Unit of Measurement: 1 oven-dry tonne of wood chips 
Relevant Location: United Kingdom 
Relevant Period: 2002 
Allocation Procedures: Energy inputs during regeneration and harvesting allocated to residues, roundwood and sawlogs 

by value, assuming a price ratio per oven dry tonnes for sawlogs, roundwood and residues of 
4:2:1.  All energy inputs to transport and milling of sawlogs allocated to sawn timber, with chunks 
regarded effectively as waste product and production of chips from chunks regarded as a means 
of waste disposal.  Energy inputs to chipping of chunks fully attributed to the chips derived. 

Primary Energy Input (MJ) 
Direct Indirect Feedstock Total 

Contribution Per 
Unit 

Value Range Value Range Value Range Value Range 
Notes 

Regeneration:           
- Diesel fuel ha.a   19   ±7      2      ±1 - -   22      ±7 (a) 
- Lubricating oil ha.a - - - - - - - - (b) 
- Agrochemicals ha.a - -   10      ±3 - -   10      ±3 (c) 
- Machinery/Spares ha.a - -      2      ±1 - -      2      ±1 (d) 
- Softwood ha.a - -      1 - - -      1 - (e) 
- Steel ha.a - - 331   ±99 - - 331   ±99 (f) 
- Preservative ha.a - -   55   ±16 - -   55   ±16 (g) 
- Tree seedlings ha.a - -   24      ±8 - -   24      ±8 (h) 
Reference System:           
- Diesel fuel ha.a - - - - - - - - (i) 
           
Sub-Totals ha.a   19   ±7 425 ±101 - - 444 ±101  
 t dwc      3   ±1   75   ±18 - -   78   ±18 (j) 
Harvest for fuel:           
- Diesel fuel ha.a   52 ±18      6      ±2 - -   58   ±18 (k) 
- Lubricating oil ha.a - - - - - - - - (l) 
- Machinery/Spares ha.a - - - - - - - - (m) 
           
Sub-Totals ha.a   53 ±18      6      ±2 - -   59   ±18  
 t dwc   38 ±13      4      ±2 - -   42   ±13 (n) 
Harvest for logs 1:           
- Diesel fuel ha.a   12   ±4      1 - - -   14      ±4 (o) 
- Lubricating oil ha.a - - - - - - - - (p) 
- Machinery/Spares ha.a - - - - - - - - (q) 
           
Sub-Totals ha.a   12   ±4      1 - - -   14      ±4  
 t dwc      4   ±1 - - - -      4      ±1 (r) 
Harvest for logs 2:           
- Diesel fuel ha.a   12   ±4      1 - - -   14      ±4 (o) 
- Lubricating oil ha.a - - - - - - - - (p) 
- Machinery/Spares ha.a - - - - - - - - (q) 
           
Sub-Totals ha.a   12   ±4      1 - - -   14      ±4  
 t dwc      3   ±1 - - - -      3      ±1 (s) 
Harvest for logs 3:           
- Diesel fuel ha.a   12   ±4      1 - - -   14      ±4 (o) 
- Lubricating oil ha.a - - - - - - - - (p) 
- Machinery/Spares ha.a - - - - - - - - (q) 
           
Sub-Totals ha.a   12   ±4      1 - - -   14      ±4  
 t dwc      2   ±1 - - - -      2      ±1 (t) 
Harvest for logs 4:           
- Diesel fuel ha.a   12   ±4      1 - - -   14      ±4 (o) 
- Lubricating oil ha.a - - - - - - - - (p) 
- Machinery/Spares ha.a - - - - - - - - (q) 
           
Sub-Totals ha.a   12   ±4      1 - - -   14      ±4  
 t dwc      2   ±1 - - - -      2      ±1 (u) 
Harvest for logs 5:           
- Diesel fuel ha.a   12   ±4      1 - - -   13      ±4 (o) 
- Lubricating oil ha.a - - - - - - - - (p) 
- Machinery/Spares ha.a - - - - - - - - (q) 
           
Sub-Totals ha.a   12   ±4      1 - - -   13      ±4  
 t dwc      1 - - - - -      2 - (v) 
Harvest for logs 6:           
- Diesel fuel ha.a   10   ±3      1 - - -   11      ±3 (w) 
- Lubricating oil ha.a - - - - - - - - (x) 
- Machinery/Spares ha.a - - - - - - - - (y) 
           
Sub-Totals ha.a   10   ±3      1 - - -   11      ±3  
 t dwc      1 - - - - -      1 - (z) 
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Table A1.1 (continued) Spreadsheet for Primary Energy Inputs to Small-
Scale Production of Wood Chips from Woodland 
Management  

 
Primary Energy Input (MJ) 

Direct Indirect Feedstock Total 
Contribution Per 

Unit 
Value Range Value Range Value Range Value Range 

Notes 

Main harvest:           
- Diesel fuel ha.a 120 ±40   13      ±5 - - 133   ±41 (aa) 
- Lubricating oil ha.a - - - - - - - - (bb) 
- Machinery/Spares ha.a - - - - - - - - (cc) 
           
Sub-Totals ha.a 120 ±40   14      ±5 - - 134   ±41  
 t dwc   10   ±3      1 - - -   11      ±3 (dd) 
Main extraction (logs 
and roundwood): 

          

- Diesel fuel ha.a   34 ±11      4      ±1 - -   37   ±11 (ee) 
- Lubricating oil ha.a - - - - - - - - (ff) 
- Machinery/Spares ha.a - - - - - - - - (gg) 
           
Sub-Totals ha.a   34 ±11      4      ±1 - -   37   ±11  
 t dwc      2   ±1 - - - -      2      ±1 (hh) 
Main extraction 
(residues): 

          

- Diesel fuel ha.a   15   ±5      2      ±1 - -   17      ±5 (ii) 
- Lubricating oil ha.a - - - - - - - - (jj) 
- Machinery/Spares ha.a - - - - - - - - (kk) 
           
Sub-Totals ha.a   16   ±5      2      ±1 - -   17      ±5  
 t dwc   11   ±4      1 - - -   12      ±4 (n) 
Transport (residues 
and roundwood): 

          

- Diesel fuel t hwfn   341 ±298   119      ±104 - - 460   ±316 (ll) 
 t dwc   423 ±370   147      ±129 - - 57   ±392 (mm) 
Storage and Drying 
(residues and 
roundwood): 

          

- Storage and drying t hwfn - - - - - - - - (nn) 
           
Sub-Totals t hwfn - - - - - - - -  
 t dwc - - - - - - - - (mm) 
Chipping (residues 
and roundwood): 

          

- Diesel fuel t dwf   41 ±14      5      ±2 - -   46   ±14 (oo) 
- Lubricating oil t dwf - - - - - - - - (pp) 
- Machinery/Spares t dwf - -   23      ±7 - -   23      ±7 (qq) 
           
Sub-Totals t dwf   41 ±14   27      ±7 - -   69   ±16  
 t dwc   41 ±14   27      ±7 - -   68   ±15 (rr) 
Chipping (chunks):           
- Diesel fuel t dwch   35 ±12      4      ±1 - -   39   ±12 (ss) 
- Lubricating oil t dwch - - - - - - - - (tt) 
- Machinery/Spares t dwch - - - - - - - - (uu) 
           
Sub-Totals t dwch   35 ±12      4      ±1 - -   39   ±12  
 t dwc      1 -      1 - - -      1 - (vv) 
Transport (chips 
from chunks): 

          

- Diesel fuel t dwch   74 ±15   26      ±6 - - 100   ±20 (ww) 
 t dwc      2   ±1      1 - - -      3      ±1 (vv) 
Totals t dwc 544 ±371 258   ±131 - - 803   ±393  

 
Biofuel specifications 
 
Density of wood chips (loose)  = 168 kg/m3 
Net calorific value of wood chips = 17.8 MJ/kg 
 
Abbreviations 
 
ha.a = hectare year 
t hwfn = tonne of harvested wood fuel with needles attached (50% moisture content, wet basis) 
t rwc = tonne of raw wood chips (50% moisture content, wet basis) 
t dwch = tonne of dried wood chunks (25% moisture content, wet basis) 
t dwc = tonne of dried wood chips (25% moisture content, wet basis) 
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Notes 
 
(a) Diesel fuel consumption of 19 MJ/ha.a used by forestry machinery for mounding and spreading herbicides 

(Ref. 1) and a gross energy requirement of 1.110 MJ/MJ for diesel fuel in the UK for 1996 (Ref. 2). 
 
(b) Lubricating oil consumption of 0 MJ/ha.a used by forestry machinery for mounding and spreading 

herbicides (Ref. 1) and a gross energy requirement of 1.110 MJ/MJ for motor spirit in the UK for 1996 (Ref. 
2). 

 
(c) Application rate for a mixture of herbicides of 0.037 kg/ha.a (Ref. 1) and a total energy requirement for 

general pesticides, herbicides and fungicides of 274.1 MJ/kg (Ref. 3). 
 
(d) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares of 

2 MJ/ha.a (Ref. 1). 
 
(e) Consumption of softwood in construction and maintenance of fences of 1.67 kg/ha.a (Ref. 1) with an 

assumed stand area of 5 ha, and a total energy requirement for softwood of 0.504 MJ/kg (Ref. 4). 
 
(f) Consumption of steel wire in construction and maintenance of fences of 2.40 kg/ha.a (Ref. 1) with an 

assumed stand area of 5 ha, and a total energy requirement for steel wire of 137.2 MJ/kg (Ref. 4), and 
related consumption of mild steel of 0.044 kg/ha.a with a total energy requirement for mild steel of 31 MJ/kg 
(Ref. 5) and an assumed stand area of 5 ha. 

 
(g) Consumption of wood preservative in construction and maintenance of fences of 0.55 kg/ha.a (Ref. 1) with 

an assumed stand area of 5 ha, and a total energy requirement for wood preservative of 100 MJ/kg (Ref. 
5). 

 
(h) Consumption of tree seedlings in stand establishment and regeneration of 18.3 seedlings/ha.a, based on 

standard planting densities (Ref. 6) and assuming that half of trees originate from natural regeneration with 
remainder originating from enrichment planting, and a total energy requirement of 1.319 MJ/seedling (Ref. 
5). 

 
(i) Reference system consisting of allowing land to revert to wilderness with no energy inputs. 
 
(j) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 24.5% 

to harvested wood fuel.  Total production of harvested wood over tree stand life cycle 0.34 odt/ha.a woody 
residues (for wood fuel), 0.755 odt/ha.a roundwood (for wood fuel) and 1.427 odt/ha.a sawlogs overbark 
(Refs. 7 to 10), assuming a relative value of sawlogs, roundwood and residues of 4:2:1 which gives an 
allocation to harvested wood fuel of (0.34 + 2 x 0.755) / (0.34 + 2 x 0.755 + 4 x 1.427) = 24.5%. 

 
(k) Diesel fuel consumption of 33 MJ/ha.a used by forestry machinery for felling and extraction of whole trees 

as harvested wood fuel (from fuel harvest operations) to roadside, assuming 1.786 litre diesel fuel 
consumption per tonne of stem wood of trees felled and converted and 0.5 litre diesel fuel consumption per 
tonne of harvested wood fuel (with attached needles) extracted (Ref. 11) with 0.761 odt/ha.a harvested 
wood fuel being produced from fuel harvest operations of which 0.517 odt/ha.a is stem wood, and a gross 
energy requirement of 1.110 MJ/MJ for diesel fuel in the UK for 1996 (Ref. 2). 

 
(l) Lubricating oil consumption of 0 MJ/ha.a used by forestry machinery for combined tree felling and 

conversion to products, based on 0.002 litres lubricating oil consumed per litre diesel fuel/motor spirit 
consumed (Ref. 5), and a gross energy requirement of 1.110 MJ/MJ for diesel fuel in the UK for 1996 (Ref. 
2). 

 
(m) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares of 

0 MJ/ha.a (Refs. 1 and 5). 
 
(n) Land area required 0.718 ha.a/t of dried wood chips available at point of use. 
 
(o) Diesel fuel consumption of 12 MJ/ha.a used by forestry machinery for felling, conversion and extraction of 

roundwood (for harvested wood fuel) and sawlogs (for harvested wood fuel) (from log harvest operations) 
to roadside, assuming 1.786 litre diesel fuel consumption per tonne of stem wood of trees felled and 
converted and 0.5 litre diesel fuel consumption per tonne of harvested stem wood extracted (Ref. 11) with 
0.137 (+2/-4) odt/ha.a harvested stem wood fuel being produced from a log harvest operation, and a gross 
energy requirement of 1.110 MJ/MJ for diesel fuel in the UK for 1996 (Ref. 2). 

 
(p) Lubricating oil consumption of 0 MJ/ha.a used by forestry machinery for combined tree felling and 

conversion to products, based on 0.002 litres lubricating oil consumed per litre diesel fuel/motor spirit 
consumed (Ref. 5), and a gross energy requirement of 1.110 MJ/MJ for diesel fuel in the UK for 1996 (Ref. 
2). 

 
(q) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares of 

0 MJ/ha.a (Refs. 1 and 5). 
 
(r) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 41.5% 

to harvested roundwood (for wood fuel).  Production at first log harvest consists of 0.0799 odt/ha.a 
harvested roundwood and 0.0563 odt/ha.a sawlogs overbark (Refs. 7 to 10), assuming a relative value of 
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sawlogs and harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0799 / (2 x 
0.0563 + 0.0799) = 41.5%. 

 
(s) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 31.7% 

to harvested roundwood (for wood fuel).  Production at second log harvest consists of 0.0661 odt/ha.a 
harvested roundwood and 0.0712 odt/ha.a sawlogs overbark (Refs. 7 to 10), assuming a relative value of 
sawlogs and harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0661 / (2 x 
0.0712 + 0.0661) = 31.7%. 

 
(t) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 21.6% 

to harvested roundwood (for wood fuel).  Production at third log harvest consists of 0.0492 odt/ha.a 
harvested roundwood and 0.0891 odt/ha.a sawlogs overbark (Refs. 7 to 10), assuming a relative value of 
sawlogs and harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0492 / (2 x 
0.0891 + 0.0492) = 21.6%. 

 
(u) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 17.6% 

to harvested roundwood (for wood fuel).  Production at fourth log harvest consists of 0.0415 odt/ha.a 
harvested roundwood and 0.0973 odt/ha.a sawlogs overbark (Refs. 7 to 10), assuming a relative value of 
sawlogs and harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0415 / (2 x 
0.0973 + 0.0415) = 17.6%. 

 
(v) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 13.2% 

to harvested roundwood (for wood fuel).  Production at fifth log harvest consists of 0.0312 odt/ha.a 
harvested roundwood and 0.1024 odt/ha.a sawlogs overbark (Refs. 7 to 10), assuming a relative value of 
sawlogs and harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0312 / (2 x 
0.1024 + 0.0312) = 13.2%. 

 
(w) Diesel fuel consumption of 10 MJ/ha.a used by forestry machinery for felling, conversion and extraction of 

roundwood (for harvested wood fuel) and sawlogs (for harvested wood fuel) (from log harvest operations) 
to roadside, assuming 1.786 litre diesel fuel consumption per tonne of stem wood of trees felled and 
converted and 0.5 litre diesel fuel consumption per tonne of harvested stem wood extracted (Ref. 11) with 
0.114 odt/ha.a harvested stem wood fuel being produced from a log harvest operation, and a gross energy 
requirement of 1.110 MJ/MJ for diesel fuel in the UK for 1996 (Ref. 2). 

 
(x) Lubricating oil consumption of 0 MJ/ha.a used by forestry machinery for combined tree felling and 

conversion to products, based on 0.002 litres lubricating oil consumed per litre diesel fuel/motor spirit 
consumed (Ref. 5), and a gross energy requirement of 1.110 MJ/MJ for diesel fuel in the UK for 1996 (Ref. 
2). 

 
(y) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares of 

0 MJ/ha.a Ref. 1 and 5). 
 
(z) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 11.2% 

to harvested roundwood (for wood fuel).  Production at sixth log harvest consists of 0.0230 odt/ha.a 
harvested roundwood and 0.0918 odt/ha.a sawlogs overbark (Refs. 7 to 10), assuming a relative value of 
sawlogs and harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0230 / (2 x 
0.0918 + 0.0230) = 11.2%. 

 
(aa) Diesel fuel consumption of 120 MJ/ha.a used by forestry machinery for felling and conversion of trees to 

sawlogs, roundwood (for wood fuel) and residues (also for wood fuel), assuming 1.786 litre diesel fuel 
consumption per tonne of stem wood of trees felled and converted (Ref. 11) with 1.723 odt/ha.a harvested 
stem wood fuel being produced from the main harvest operation, and a gross energy requirement of 1.110 
MJ/MJ for diesel fuel in the UK for 1996 (Ref. 2). 

 
(bb) Lubricating oil consumption of 0 MJ/ha.a used by forestry machinery for combined tree felling and 

conversion to products, based on 0.002 litres lubricating oil consumed per litre diesel fuel/motor spirit 
consumed (Ref. 5), and a gross energy requirement of 1.110 MJ/MJ for diesel fuel in the UK for 1996 (Ref. 
2). 

 
(cc) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares of 

0 MJ/ha.a (Ref. 1 and 5). 
 
(dd) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 12.0% 

to harvested roundwood (for wood fuel) and residues (for wood fuel).  Production at main harvest consists 
of 0.3694 odt/ha.a retrieved residues (not including mass of attached needles), 0.2438 odt/ha.a harvested 
roundwood and 1.4792 odt/ha.a sawlogs overbark (Refs. 7 to 10), assuming a relative value of sawlogs, 
roundwood and residues of 4:2:1 this gives an allocation to harvested wood fuel of (2 x 0.2438 + 0.3694) / 
(4 x 1.4792 + 2 x 0.2438 + 0.3694) = 12.0%. 

 
(ee) Diesel fuel consumption of 34 MJ/ha.a used by forestry machinery for extraction of sawlogs and roundwood 

(for wood fuel) to roadside, assuming 0.5 litre diesel fuel consumption per tonne of wood extracted (Ref. 
11) with 1.723 odt/ha.a of sawlogs and roundwood fuel being produced from the main harvest operation, 
and a gross energy requirement of 1.110 MJ/MJ for diesel fuel in the UK for 1996 (Ref. 2). 
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(ff) Lubricating oil consumption of 0 MJ/ha.a used by forestry machinery for combined tree felling and 
conversion to products, based on 0.002 litres lubricating oil consumed per litre diesel fuel/motor spirit 
consumed (Ref. 5), and a gross energy requirement of 1.110 MJ/MJ for diesel fuel in the UK for 1996 (Ref. 
2). 

 
(gg) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares of 

0 MJ/ha.a (Refs. 1 and 5). 
 
(hh) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 7.6% 

to harvested roundwood (for wood fuel).  Production at main harvest consists of 0.2438 odt/ha.a harvested 
roundwood and 1.4792 odt/ha.a sawlogs overbark (Refs. 7 to 10), assuming a relative value of sawlogs 
and harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.2438 / (2 x 1.4792 + 
0.2438) = 7.6%. 

 
(ii) Diesel fuel consumption of 15 MJ/ha.a used by forestry machinery for extraction of residues (for wood fuel) 

to roadside, assuming 0.8 litre diesel fuel consumption per tonne of wood extracted (Ref. 11) with 0.4956 
odt/ha.a of residues fuel being produced from the main harvest operation, and a gross energy requirement 
of 1.110 MJ/MJ for diesel fuel in the UK for 1996 (Ref. 2). 

 
(jj) Lubricating oil consumption of 0 MJ/ha.a used by forestry machinery for combined tree felling and 

conversion to products, based on 0.002 litres lubricating oil consumed per litre diesel fuel/motor spirit 
consumed (Ref. 5), and a gross energy requirement of 1.110 MJ/MJ for diesel fuel in the UK for 1996 (Ref. 
2). 

 
(kk) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares of 

0 MJ/ha.a (Ref. 1 and 5). 
 
(ll) Assumed average round trip distance of 400 ± 350 km (Ref. 1) by bulk road carrier transport with a direct 

energy requirement of 0.8196 ± 0.0310 MJ/t-km, an indirect energy requirement of 0.2857± 0.0352 MJ/t-km 
and a total energy requirement of 1.1053 ± 0.0352 MJ/t-km (Ref. 4). 

 
(mm) Harvested wood fuel (with needles) requirement of 1.241 t/t dried wood chips. 
 
(nn) Assumed minimal facilities for storage and passive drying of wood chips with negligible energy inputs. 
 
(oo) Diesel fuel consumption of 41 MJ/t dwf used by machinery in conversion of dried wood fuel to dried wood 

chips, based on assumed diesel fuel consumption of 0.9 l/t for chipping operations with high efficiency (Ref. 
11), and a gross energy requirement of 1.110 MJ/MJ for diesel fuel in the UK for 1996 (Ref. 2). 

 
(pp) Lubricating oil consumption of 0 MJ/t dwf used by machinery in conversion of dried wood fuel to dried wood 

chips, based on 0.002 litres lubricating oil consumed by forestry machinery per litre diesel fuel consumed 
(Ref. 5), and a gross energy requirement of 1.110 MJ/MJ for diesel fuel in the UK for 1996 (Ref. 2). 

 
(qq) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares of 

23 MJ/ha.a (Refs. 1 and 5). 
 
(rr) Dried wood fuel requirement of 0.966 t/t dried wood chips. 
 
(ss) Diesel fuel consumption of 35 MJ/t dwch used by machinery in conversion of dried wood chunks to dried 

wood chips, based on assumed diesel fuel consumption of 0.9 l/t for efficient chipping operations (Ref. 11), 
and a gross energy requirement of 1.110 MJ/MJ for diesel fuel in the UK for 1996 (Ref. 2). 

 
(tt) Lubricating oil consumption of 0 MJ/t dwf used by machinery in conversion of dried wood chunks to dried 

wood chips, based on 0.002 litres lubricating oil consumed by forestry machinery per litre diesel fuel 
consumed (Ref. 5), and a gross energy requirement of 1.110 MJ/MJ for diesel fuel in the UK for 1996 (Ref. 
2). 

 
(uu) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares of 

0 MJ/ha.a (Refs. 1 and 5). 
 
(vv) Dried wood chunk requirement of 0.034 t/t dried wood chips. 
 
(ww) Assumed average round trip distance of 90 ± 18 km (Ref. 1) by bulk road carrier transport with a direct 

energy requirement of 0.8196 ± 0.0310 MJ/t-km, an indirect energy requirement of 0.2857± 0.0352 MJ/t-km 
and a total energy requirement of 1.1053 ± 0.0352 MJ/t-km (Ref. 4). 
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Table A1.2 Spreadsheet for Carbon Dioxide Outputs from Small-Scale 
Production of Wood Chips from Woodland Management 

 
Functional Unit: Wood chips at point of consumption derived from small-scale coniferous woodland management 
Final Unit of Measurement: 1 oven-dry tonne of wood chips 
Relevant Location: North Scotland 
Relevant Period: 2005 
Allocation Procedures: Energy inputs during regeneration and harvesting allocated to residues, roundwood and sawlogs 

by value, assuming a price ratio per oven dry tonnes for sawlogs, roundwood and residues of 
4:2:1.  All energy inputs to transport and milling of sawlogs allocated to sawn timber, with chunks 
regarded effectively as waste product and production of chips from chunks regarded as a means 
of waste disposal.  Energy inputs to chipping of chunks fully attributed to the chips derived. 

Greenhouse Gas Output (kg eq CO2) 
Direct Indirect Total 

Contribution Per Unit 

Value Range Value Range Value Range 
Notes 

Vegetation dynamics:         
- Biomass ha.a - - - - -90 ±25 (a) 
- Soil ha.a - - - - 4 ±4 (b) 
         
Sub-totals ha.a - - - - -86 ±26  
 t dwc - - - - -15 ±5 (c) 
Regeneration:         
- Diesel fuel ha.a   1 - - -   1 - (d) 
- Lubricating oil ha.a - - - - - - (e) 
- Agrochemicals ha.a - - - - - - (f) 
- Machinery/Spares ha.a - - - - - - (g) 
- Softwood ha.a - - - - - - (h) 
- Steel ha.a - - 15 ±5 15 ±5 (i) 
- Preservative ha.a - -   1 -   1 - (j) 
- Tree seedlings ha.a - -   1 -   1 - (k) 
Reference System:         
- Diesel fuel ha.a - - - - - - (l) 
         
Sub-Totals ha.a   1 - 18 ±5 19 ±5  
 t dwc - -   3 ±1   3 ±1 (m) 
Harvest for fuel:         
- Diesel fuel ha.a   4 ±1 - -   4 ±1 (n) 
- Lubricating oil ha.a - - - - - - (o) 
- Machinery/Spares ha.a - - - - - - (p) 
         
Sub-Totals ha.a   4 ±1 - -   4 ±1  
 t dwc   3 ±1 - -   3 ±1 (q) 
Harvest for logs 1:         
- Diesel fuel ha.a   1 - - -   1 - (r) 
- Lubricating oil ha.a - - - - - - (s) 
- Machinery/Spares ha.a - - - - - - (t) 
         
Sub-Totals ha.a   1 - - -   1 -  
 t dwc - - - - - - (u) 
Harvest for logs 2:         
- Diesel fuel ha.a   1 - - -   1 - (r) 
- Lubricating oil ha.a - - - - - - (s) 
- Machinery/Spares ha.a - - - - - - (t) 
         
Sub-Totals ha.a   1 - - -   1 -  
 t dwc - - - - - - (v) 
Harvest for logs 3:         
- Diesel fuel ha.a   1 - - -   1 - (r) 
- Lubricating oil ha.a - - - - - - (s) 
- Machinery/Spares ha.a - - - - - - (t) 
         
Sub-Totals ha.a   1 - - -   1 -  
 t dwc - - - - - - (w) 
Harvest for logs 4:         
- Diesel fuel ha.a   1 - - -   1 - (r) 
- Lubricating oil ha.a - - - - - - (s) 
- Machinery/Spares ha.a - - - - - - (t) 
         
Sub-Totals ha.a   1 - - -   1 -  
 t dwc - - - - - - (x) 
Harvest for logs 5:         
- Diesel fuel ha.a   1 - - -   1 - (r) 
- Lubricating oil ha.a - - - - - - (s) 
- Machinery/Spares ha.a - - - - - - (t) 
         
Sub-Totals ha.a   1 - - -   1 -  
 t dwc - - - - - - (y) 
Harvest for logs 6:         
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- Diesel fuel ha.a   1 - - -   1 - (z) 
- Lubricating oil ha.a - - - - - - (aa) 
- Machinery/Spares ha.a - - - - - - (bb) 
         
Sub-Totals ha.a   1 - - - 1 -  
 t dwc - - - - - - (cc) 
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Table A1.2 (continued) Spreadsheet for Carbon Dioxide Outputs from 
Small-Scale Production of Wood Chips from Woodland 
Management 

 
Greenhouse Gas Output (kg eq CO2) 

Direct Indirect Total 
Contribution Per Unit 

Value Range Value Range Value Range 
Notes 

Main harvest:         
- Diesel fuel ha.a   8 ±3   1 -   9 ±3 (dd) 
- Lubricating oil ha.a - - - - - - (ee) 
- Machinery/Spares ha.a - - - - - - (ff) 
         
Sub-Totals ha.a   8 ±3   1 -   9 ±3  
 t dwc   1 - - -   1 - (gg) 
Main extraction (logs and 
roundwood): 

        

- Diesel fuel ha.a   2 ±1 - -   3 ±1 (hh) 
- Lubricating oil ha.a - - - - - - (ii) 
- Machinery/Spares ha.a - - - - - - (jj) 
         
Sub-Totals ha.a   2 ±1 - -   3 ±1  
 t dwc - - - - - - (kk) 
Main extraction (residues):         
- Diesel fuel ha.a   1 - - -   1 - (ll) 
- Lubricating oil ha.a - - - - - - (mm) 
- Machinery/Spares ha.a - - - - - - (nn) 
         
Sub-Totals ha.a   1 - - -   1 -  
 t dwc   1 - - -   1 - (q) 
Transport (residues and 
roundwood): 

        

- Diesel fuel t hwfn   23 ±21   7 ±6   30 ±22 (oo) 
 t dwc   29 ±25   8 ±7   37 ±26 (pp) 
Storage and Drying 
(residues and roundwood): 

        

- Storage and drying t hwfn - - - - - - (qq) 
         
Sub-Totals t hwfn - - - - - -  
 t dwc - - - - - - (pp) 
Chipping (residues and 
roundwood): 

        

- Diesel fuel t dwf   3 ±1 - -   3 ±1 (rr) 
- Lubricating oil t dwf - - - - - - (ss) 
- Machinery/Spares t dwf - -   1 -   1 - (tt) 
         
Sub-Totals t dwf   3 ±1   1 -   4 ±1  
 t dwc   3 ±1   1 -   4 ±1 (uu) 
Chipping (chunks):         
- Diesel fuel t dwch   2 ±1 - -   3 ±1 (vv) 
- Lubricating oil t dwch - - - - - - (ww) 
- Machinery/Spares t dwch - - - - - - (xx) 
         
Sub-Totals t dwch 2 ±1 - -   3 ±1  
 t dwc - - - - - - (yy) 
Transport (chips from 
chunks): 

        

- Diesel fuel t dwch   5 ±1   1 -   7 ±1 (zz) 
 t dwc - - - - - - (yy) 
Totals t dwc 37 ±25   12 ±7 34 ±26  

 
Biofuel specifications 
 
Density of wood chips (loose)  = 168 kg/m3 
Net calorific value of wood chips = 17.8 MJ/kg 
 
Abbreviations 
 
ha.a = hectare year 
t hwfn = tonne of harvested wood fuel with needles attached (50% moisture content, wet basis) 
t rwc = tonne of raw wood chips (50% moisture content, wet basis) 
t dwch = tonne of dried wood chunks (25% moisture content, wet basis) 
t dwc = tonne of dried wood chips (25% moisture content, wet basis) 
 
Notes 
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(a) Assuming conversion from previous land use of pasture, with average grass yield of 10-11 t ha-1 and a 
carbon content of 0.45 (Ref. 1). Woodland established is assumed to be Scots pine with yield class 8 
m3/ha.a managed on 76-year rotation plus on year for stand regeneration, with initial density of 2500 
trees/ha. Growth pattern and production assumed to follow estimates presented in Ref 2 for selective 
thinning regime. Average standing biomass of woodland over rotation estimated using Forestry 
Commission yield models (Ref. 2) and BSORT model (Ref. 3). Carbon content of biomass assumed to be 
0.5 tC/odt (Ref. 4). Equivalent CO2 calculated using CO2:C ratio 44/12. Periodic CO2 changes annualised 
assuming time horizon of 100 years. Range on estimate calculated based on alternative assumption of 
either Scots pine with yield class 6 or 10 m3/ha.a managed on 76-year rotation. 

 
(b) Reported estimate and range based on median of independently derived low and high estimates. Low 

estimate: assuming conversion from previous land use of pasture (mineral soil). Estimated from 10% loss 
of soil carbon given in Ref. 5 and mean soil organic carbon reported for European mineral soils. High 
estimate: assuming conversion from previous land use of pasture (organic soil). Drainage and forest 
establishment assumed to lead to large CO2 effluxes from soil in the short term which attenuate over time. 
Magnitude of CO2 losses based on default values for temperate organic soils given in Ref 6. Periodic CO2 
changes annualised assuming time horizon of 100 years. 

 
 (c) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 24.5% 

to harvested wood fuel.  Total production of harvested wood over tree stand life cycle 0.34 odt/ha.a woody 
residues (for wood fuel), 0.755 odt/ha.a roundwood (for wood fuel) and 1.427 odt/ha.a sawlogs overbark, 
assuming a relative value of sawlogs, roundwood and residues of 4:2:1 which gives an allocation to 
harvested wood fuel of (0.34 + 2 x 0.755) / (0.34 + 2 x 0.755 + 4 x 1.427) = 24.5%. 

 
(d) Diesel fuel consumption of 19 MJ/ha.a used by forestry machinery for mounding and spreading herbicides 

(Ref. 7), and a direct carbon requirement 0.0686 kg CO2/MJ, an indirect carbon requirement of 0.0081 kg 
CO2/MJ and a total carbon requirement of 0.0767 kg CO2/MJ for diesel fuel in the UK for 1996 (Ref. 8). 

 
(e) Lubricating oil consumption of 0 MJ/ha.a used by forestry machinery for mounding and spreading 

herbicides (Ref. 7), and a direct carbon requirement 0.0743 kg CO2/MJ, an indirect carbon requirement of 
0.0081 kg CO2/MJ and a total carbon requirement of 0.0824 kg CO2/MJ for diesel fuel in the UK for 1996 
(Ref. 8). 

 
(f) Application rate for a mixture of herbicides of 0.037 kg/ha.a (Ref. 7) and a carbon requirement for general 

pesticides, herbicides and fungicides of 4.921 kg CO2/kg (Ref. 9). 
 
(g) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares 

equivalent to 0 kg CO2/ha.a (refs. 7, 8 and 10). 
 
(h) Consumption of softwood in construction and maintenance of fences of 1.67 kg/ha.a (Ref. 7) with an 

assumed stand area of 5 ha, and a total carbon requirement 0.041 kg CO2/kg (Ref. 11). 
 
(i) Consumption of steel wire in construction and maintenance of fences of 2.40 kg/ha.a (Ref. 7) with an 

assumed stand area of 5 ha, and a total carbon requirement for steel wire of 6.31 kg CO2/kg (Ref. 11), and 
related consumption of mild steel of 0.050 kg/ha.a (Ref. 7) with an assumed stand area of 10 ha, and a 
total carbon requirement for mild steel of 1.24 kg CO2/kg (Ref. 10). 

 
(j) Consumption of wood preservative in construction and maintenance of fences of 0.55 kg/ha.a (Ref. 7) with 

an assumed stand area of 5 ha, and a total carbon requirement for wood preservative of 1.41 kg CO2/kg 
(Ref. 10). 

 
(k) Consumption of tree seedlings in stand establishment and regeneration of 18.3 seedlings/ha.a, based on 

standard planting densities (Ref. 12) and assuming that half of trees originate from natural regeneration 
with remainder originating from enrichment planting, and a total carbon requirement of 0.0567 kg 
CO2/seedling (Ref. 10). 

 
(l) Reference system consisting of allowing land to revert to wilderness with no energy inputs. 
 
(m) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 24.5% 

to harvested wood fuel.  Total production of harvested wood over tree stand life cycle 0.34 odt/ha.a woody 
residues (for wood fuel), 0.755 odt/ha.a roundwood (for wood fuel) and 1.427 odt/ha.a sawlogs overbark 
(Refs. 13 to 16), assuming a relative value of sawlogs, roundwood and residues of 4:2:1 which gives an 
allocation to harvested wood fuel of (0.34 + 2 x 0.755) / (0.34 + 2 x 0.755 + 4 x 1.427) = 24.5%. 

 
(n) Diesel fuel consumption of 33 MJ/ha.a used by forestry machinery for felling and extraction of whole trees 

as harvested wood fuel (from fuel harvest operations) to roadside, assuming 1.786 litre diesel fuel 
consumption per tonne of stem wood of trees felled and converted and 0.5 litre diesel fuel consumption per 
tonne of harvested wood fuel (with attached needles) extracted (Ref. 17) with 0.761 odt/ha.a harvested 
wood fuel being produced from fuel harvest operations of which 0.517 odt/ha.a is stem wood, and a direct 
carbon requirement 0.0686 kg CO2/MJ, an indirect carbon requirement of 0.0081 kg CO2/MJ and a total 
carbon requirement of 0.0767 kg CO2/MJ for diesel fuel in the UK for 1996 (Ref. 8). 

 
(o) Lubricating oil consumption of 0 MJ/ha.a used by forestry machinery for combined tree felling and 

conversion to products, based on 0.002 litres lubricating oil consumed by tree processor per litre diesel fuel 
consumed (Ref. 10), and a direct carbon requirement 0.0743 kg CO2/MJ, an indirect carbon requirement of 
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0.0081 kg CO2/MJ and a total carbon requirement of 0.0824 kg CO2/MJ for diesel fuel in the UK for 1996 
(Ref. 8). 

 
(p) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares 

equivalent to 0 kg CO2/ha.a (Refs. 7 and 10). 
 
(q) Land area required 0.718 ha.a/t of dried wood chips available at point of use. 
 
(r) Diesel fuel consumption of 12 MJ/ha.a used by forestry machinery for felling, conversion and extraction of 

roundwood (for harvested wood fuel) and sawlogs (for harvested wood fuel) (from log harvest operations) 
to roadside, assuming 1.786 litre diesel fuel consumption per tonne of stem wood of trees felled and 
converted and 0.5 litre diesel fuel consumption per tonne of harvested stem wood extracted (Ref. 17) with 
0.137 (+2/-4) odt/ha.a harvested stem wood fuel being produced from a log harvest operation, and a direct 
carbon requirement 0.0686 kg CO2/MJ, an indirect carbon requirement of 0.0081 kg CO2/MJ and a total 
carbon requirement of 0.0767 kg CO2/MJ for diesel fuel in the UK for 1996 (Ref. 8). 

 
(s) Lubricating oil consumption of 0 MJ/ha.a used by forestry machinery for combined tree felling and 

conversion to products, based on 0.002 litres lubricating oil consumed by forestry machinery per litre diesel 
fuel consumed (Ref. 4), and a direct carbon requirement 0.0743 kg CO2/MJ, an indirect carbon requirement 
of 0.0081 kg CO2/MJ and a total carbon requirement of 0.0824 kg CO2/MJ for diesel fuel in the UK for 1996 
(Ref. 8). 

 
(t) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares 

equivalent to 0 kg CO2/ha.a (Refs. 7 and 10). 
 
(u) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 41.5% 

to harvested roundwood (for wood fuel).  Production at first log harvest consists of 0.0799 odt/ha.a 
harvested roundwood and 0.0563 odt/ha.a sawlogs overbark (Refs. 13 to 16), assuming a relative value of 
sawlogs and harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0799 / (2 x 
0.0563 + 0.0799) = 41.5%. 

 
(v) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 31.7% 

to harvested roundwood (for wood fuel).  Production at second log harvest consists of 0.0661 odt/ha.a 
harvested roundwood and 0.0712 odt/ha.a sawlogs overbark (Refs. 13 to 16), assuming a relative value of 
sawlogs and harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0661 / (2 x 
0.0712 + 0.0661) = 31.7%. 

 
(w) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 21.6% 

to harvested roundwood (for wood fuel).  Production at third log harvest consists of 0.0492 odt/ha.a 
harvested roundwood and 0.0891 odt/ha.a sawlogs overbark (Refs. 13 to 16), assuming a relative value of 
sawlogs and harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0492 / (2 x 
0.0891 + 0.0492) = 21.6%. 

 
(x) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 17.6% 

to harvested roundwood (for wood fuel).  Production at fourth log harvest consists of 0.0415 odt/ha.a 
harvested roundwood and 0.0973 odt/ha.a sawlogs overbark (Refs. 13 to 16), assuming a relative value of 
sawlogs and harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0415 / (2 x 
0.0973 + 0.0415) = 17.6%. 

 
(y) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 13.2% 

to harvested roundwood (for wood fuel).  Production at fifth log harvest consists of 0.0312 odt/ha.a 
harvested roundwood and 0.1024 odt/ha.a sawlogs overbark (Refs. 13 to 16), assuming a relative value of 
sawlogs and harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0312 / (2 x 
0.1024 + 0.0312) = 13.2%. 

 
(z) Diesel fuel consumption of 10 MJ/ha.a used by forestry machinery for felling, conversion and extraction of 

roundwood (for harvested wood fuel) and sawlogs (for harvested wood fuel) (from log harvest operations) 
to roadside, assuming 1.786 litre diesel fuel consumption per tonne of stem wood of trees felled and 
converted and 0.5 litre diesel fuel consumption per tonne of harvested stem wood extracted (Ref. 17) with 
0.114 odt/ha.a harvested stem wood fuel being produced from a log harvest operation, and a direct carbon 
requirement 0.0686 kg CO2/MJ, an indirect carbon requirement of 0.0081 kg CO2/MJ and a total carbon 
requirement of 0.0767 kg CO2/MJ for diesel fuel in the UK for 1996 (Ref. 8). 

 
(aa) Lubricating oil consumption of 0 MJ/ha.a used by forestry machinery for combined tree felling and 

conversion to products, based on 0.002 litres lubricating oil consumed by forestry machinery per litre diesel 
fuel consumed (Ref. 10), and a direct carbon requirement 0.0743 kg CO2/MJ, an indirect carbon 
requirement of 0.0081 kg CO2/MJ and a total carbon requirement of 0.0824 kg CO2/MJ for diesel fuel in the 
UK for 1996 (based on Ref. 8). 

 
(bb) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares 

equivalent to 0 kg CO2/ha.a (Refs. 7 and 10). 
 
(cc) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 11.2% 

to harvested roundwood (for wood fuel).  Production at sixth log harvest consists of 0.0230 odt/ha.a 
harvested roundwood and 0.0918 odt/ha.a sawlogs overbark (Refs. 13 to 16), assuming a relative value of 
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sawlogs and harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0230 / (2 x 
0.0918 + 0.0230) = 11.2%. 

 
(dd) Diesel fuel consumption of 120 MJ/ha.a used by forestry machinery for felling and conversion of trees to 

sawlogs, roundwood (for wood fuel) and residues (also for wood fuel), assuming 1.786 litre diesel fuel 
consumption per tonne of stem wood of trees felled and converted (Ref. 17) with 1.723 odt/ha.a harvested 
stem wood fuel being produced from the main harvest operation, and a direct carbon requirement 0.0686 
kg CO2/MJ, an indirect carbon requirement of 0.0081 kg CO2/MJ and a total carbon requirement of 0.0767 
kg CO2/MJ for diesel fuel in the UK for 1996 (Ref. 8). 

 
(ee) Lubricating oil consumption of 0 MJ/ha.a used by forestry machinery for combined tree felling and 

conversion to products, based on 0.002 litres lubricating oil consumed by tree processor per litre diesel fuel 
consumed (Ref. 10), and a direct carbon requirement 0.0743 kg CO2/MJ, an indirect carbon requirement of 
0.0081 kg CO2/MJ and a total carbon requirement of 0.0824 kg CO2/MJ for diesel fuel in the UK for 1996 
(Ref. 8). 

 
(ff) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares 

equivalent to 0 kg CO2/ha.a (Ref. 7 and 10). 
 
(gg) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 12.0% 

to harvested roundwood (for wood fuel) and residues (for wood fuel).  Production at main harvest consists 
of 0.3694 odt/ha.a retrieved residues (not including mass of attached needles), 0.2438 odt/ha.a harvested 
roundwood and 1.4792 odt/ha.a sawlogs overbark (Refs. 13 to 16), assuming a relative value of sawlogs, 
roundwood and residues of 4:2:1 this gives an allocation to harvested wood fuel of (2 x 0.2438 + 0.3694) / 
(4 x 1.4792 + 2 x 0.2438 + 0.3694) = 12.0%. 

 
(hh) Diesel fuel consumption of 34 MJ/ha.a used by forestry machinery for extraction of sawlogs and roundwood 

(for wood fuel) to roadside, assuming 0.5 litre diesel fuel consumption per tonne of wood extracted (Ref. 
17) with 1.723 odt/ha.a of sawlogs and roundwood fuel being produced from the main harvest operation, 
and a direct carbon requirement 0.0686 kg CO2/MJ, an indirect carbon requirement of 0.0081 kg CO2/MJ 
and a total carbon requirement of 0.0767 kg CO2/MJ for diesel fuel in the UK for 1996 (Ref. 8). 

 
(ii) Lubricating oil consumption of 0 MJ/ha.a used by forestry machinery for combined tree felling and 

conversion to products, based on 0.002 litres lubricating oil consumed by forestry machinery per litre diesel 
fuel consumed (Ref. 10), and direct carbon requirement 0.0743 kg CO2/MJ, an indirect carbon requirement 
of 0.0081 kg CO2/MJ and a total carbon requirement of 0.0824 kg CO2/MJ for diesel fuel in the UK for 1996 
(based on Ref. 8). 

 
(jj) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares 

equivalent to 0 kg CO2/ha.a (Refs. 7 and 10). 
 
(kk) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 7.6% 

to harvested roundwood (for wood fuel).  Production at main harvest consists of 0.2438 odt/ha.a harvested 
roundwood and 1.4792 odt/ha.a sawlogs overbark (Refs. 13 to 16), assuming a relative value of sawlogs 
and harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.2438 / (2 x 1.4792 + 
0.2438) = 7.6%. 

 
(ll) Diesel fuel consumption of 15 MJ/ha.a used by forestry machinery for extraction of residues (for wood fuel) 

to roadside, assuming 0.8 litre diesel fuel consumption per tonne of wood extracted (Ref. 17) with 0.4956 
odt/ha.a of residues fuel being produced from the main harvest operation, and a direct carbon requirement 
0.0686 kg CO2/MJ, an indirect carbon requirement of 0.0081 kg CO2/MJ and a total carbon requirement of 
0.0767 kg CO2/MJ for diesel fuel in the UK for 1996 (Ref. 8). 

 
(mm) Lubricating oil consumption of 0 MJ/ha.a used by forestry machinery for combined tree felling and 

conversion to products, based on 0.002 litres lubricating oil consumed by forestry machinery per litre diesel 
fuel consumed (Ref. 10), and a direct carbon requirement 0.0743 kg CO2/MJ, an indirect carbon 
requirement of 0.0081 kg CO2/MJ and a total carbon requirement of 0.0824 kg CO2/MJ for diesel fuel in the 
UK for 1996 (Ref. 8). 

 
(nn) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares 

equivalent to 0 kg CO2/ha.a (Refs. 7 and 10). 
 
(oo) Assumed average round trip distance of 400 ±350 km by bulk road carrier transport with a direct carbon 

requirement of 0.0562 ± 0.0021 kg CO2/t-km, an indirect carbon requirement of 0.0161 ± 0.0017 kg CO2/t-
km and a total carbon requirement of 0.0723 ± 0.0027 kg CO2/t-km (Ref. 11). 

 
(pp) Harvested wood fuel (with needles) requirement of 1.241 t/t dried wood chips. 
 
(qq) Assumed minimal facilities for storage and passive drying of wood chips with negligible energy inputs. 
 
(rr) Diesel fuel consumption of 41 MJ/t dwf used by machinery in conversion of dried wood fuel to dried wood 

chips, based on assumed diesel fuel consumption of 0.9 l/t for chipping operations with high efficiency (Ref. 
17), and a direct carbon requirement 0.0686 kg CO2/MJ, an indirect carbon requirement of 0.0081 kg 
CO2/MJ and a total carbon requirement of 0.0767 kg CO2/MJ for diesel fuel in the UK for 1996 (Ref. 8). 
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(ss) Lubricating oil consumption of 0 MJ/t dwf used by machinery in conversion of dried wood fuel to dried wood 
chips, based on 0.002 litres lubricating oil consumed by forestry machinery per litre diesel fuel consumed 
(Ref. 10), and a direct carbon requirement 0.0743 kg CO2/MJ, an indirect carbon requirement of 0.0081 kg 
CO2/MJ and a total carbon requirement of 0.0824 kg CO2/MJ for diesel fuel in the UK for 1996 (Ref. 8). 

 
(tt) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares 

equivalent to 1 kg CO2/ha.a (Refs. 7 and 10). 
 
(uu) Dried wood fuel requirement of 0.966 t/t dried wood chips. 
 
(vv) Diesel fuel consumption of 35 MJ/t dwch used by machinery in conversion of dried wood chunks to dried 

wood chips, based on assumed diesel fuel consumption of 0.9 l/t for efficient chipping operations (Ref. 17) 
and a direct carbon requirement 0.0686 kg CO2/MJ, an indirect carbon requirement of 0.0081 kg CO2/MJ 
and a total carbon requirement of 0.0767 kg CO2/MJ for diesel fuel in the UK for 1996 (Ref. 8). 

 
(ww) Lubricating oil consumption of 0 MJ/t dwf used by machinery in conversion of dried wood chunks to dried 

wood chips, based on 0.002 litres lubricating oil consumed by forestry machinery per litre diesel fuel 
consumed (Ref. 10), and a direct carbon requirement 0.0743 kg CO2/MJ, an indirect carbon requirement of 
0.0081 kg CO2/MJ and a total carbon requirement of 0.0824 kg CO2/MJ for diesel fuel in the UK for 1996 
(Ref. 8). 

 
(xx) Allocation of part of energy inputs to manufacture of machinery and allowance for consumption of spares 

equivalent to 0 kg CO2/ha.a (Refs. 7 and 10). 
 
(yy) Dried wood chunk requirement of 0.034 t/t dried wood chips. 
 
(zz) Assumed average round trip distance of 90 ± 18 km (Ref. 7) by bulk road carrier transport with a direct 

carbon requirement of 0.0562 ± 0.0021 kg CO2/t-km, an indirect carbon requirement of 0.0161 ± 0.0017 kg 
CO2/t-km and a total carbon requirement of 0.0723 ± 0.0027 kg CO2/t-km (Ref. 11). 
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Table A1.3 Spreadsheet for Greenhouse Gas Outputs from Small-Scale 
Production of Wood Chips from Woodland Management 

 
Functional Unit: Wood chips at point of consumption derived from small-scale coniferous woodland management 
Final Unit of Measurement: 1 oven-dry tonne of wood chips 
Relevant Location: North Scotland 
Relevant Period: 2005 
Allocation Procedures: Energy inputs during regeneration and harvesting allocated to residues, roundwood and sawlogs 

by value, assuming a price ratio per oven dry tonnes for sawlogs, roundwood and residues of 
4:2:1.  All energy inputs to transport and milling of sawlogs allocated to sawn timber, with chunks 
regarded effectively as waste product and production of chips from chunks regarded as a means 
of waste disposal.  Energy inputs to chipping of chunks fully attributed to the chips derived. 

Greenhouse Gas Output (kg eq CO2) 
Direct Indirect Total 

Contribution Per Unit 

Value Range Value Range Value Range 
Notes 

Vegetation dynamics:         
- Biomass ha.a - - - - -90 ±25 (a) 
- Soil ha.a - - - - 4 ±4 (a) 
         
Sub-totals ha.a - - - - -86 ±26  
 t dwc - - - - -15 ±5 (a) 
Regeneration:         
- Diesel fuel ha.a   1 - - -   2 - (a) 
- Lubricating oil ha.a - - - - - - (a) 
- Agrochemicals ha.a - - - - - - (a) 
- Machinery/Spares ha.a - - - - - - (a) 
- Softwood ha.a - - - - - - (a) 
- Steel ha.a - - 15 ±5 15 ±5 (a) 
- Preservative ha.a - -   1 ±3   1 ±3 (a) 
- Tree seedlings ha.a - -   1 -   1 - (a) 
Reference System:  - - - - - - (a) 
- Diesel fuel ha.a - - - - - - (a) 
         
Sub-Totals ha.a   1 - 18 ±6 19 ±6  
 t dwc - -   3 ±1   3 ±1 (b) 
Harvest for fuel:         
- Diesel fuel ha.a   4 ±1 - -   4 ±1 (a) 
- Lubricating oil ha.a - - - - - - (a) 
- Machinery/Spares ha.a - - - - - - (a) 
         
Sub-Totals ha.a   4 ±1 - -   4 ±1  
 t dwc   3 ±1 - -   3 ±1 (c) 
Harvest for logs 1:         
- Diesel fuel ha.a   1 - - -   1 - (a) 
- Lubricating oil ha.a - - - - - - (a) 
- Machinery/Spares ha.a - - - - - - (a) 
         
Sub-Totals ha.a   1 - - -   1 -  
 t dwc - - - - - - (d) 
Harvest for logs 2:         
- Diesel fuel ha.a   1 - - -   1 - (a) 
- Lubricating oil ha.a - - - - - - (a) 
- Machinery/Spares ha.a - - - - - - (a) 
         
Sub-Totals ha.a   1 - - -   1 -  
 t dwc - - - - - - (e) 
Harvest for logs 3:         
- Diesel fuel ha.a   1 - - -   1 - (a) 
- Lubricating oil ha.a - - - - - - (a) 
- Machinery/Spares ha.a - - - - - - (a) 
         
Sub-Totals ha.a   1 - - -   1 -  
 t dwc - - - - - - (f) 
Harvest for logs 4:         
- Diesel fuel ha.a   1 - - -   1 - (a) 
- Lubricating oil ha.a - - - - - - (a) 
- Machinery/Spares ha.a - - - - - - (a) 
         
Sub-Totals ha.a   1 - - -   1 -  
 t dwc - - - - - - (g) 
Harvest for logs 5:         
- Diesel fuel ha.a   1 - - -   1 - (a) 
- Lubricating oil ha.a - - - - - - (a) 
- Machinery/Spares ha.a - - - - - - (a) 
         
Sub-Totals ha.a   1 - - -   1 -  
 t dwc - - - - - - (h) 
Harvest for logs 6:         
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- Diesel fuel ha.a   1 - - -   1 - (a) 
- Lubricating oil ha.a - - - - - - (a) 
- Machinery/Spares ha.a - - - - - - (a) 
         
Sub-Totals ha.a   1 - - -   1 -  
 t dwc - - - - - - (i) 
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Table A1.3 (continued) Spreadsheet for Greenhouse Gas Outputs from 
Small-Scale Production of Wood Chips from Woodland 
Management 

 
Greenhouse Gas Output (kg eq CO2) 

Direct Indirect Total 
Contribution Per Unit 

Value Range Value Range Value Range 
Notes 

Main harvest:         
- Diesel fuel ha.a   8 ±3   1 -   9 ±3 (a) 
- Lubricating oil ha.a - - - - - - (a) 
- Machinery/Spares ha.a - - - - - - (a) 
         
Sub-Totals ha.a   8 ±3   1 -   9 ±3  
 t dwc   1 - - -   1 - (j) 
Main extraction (logs and 
roundwood): 

        

- Diesel fuel ha.a   2 ±1 - -   3 ±1 (a) 
- Lubricating oil ha.a - - - - - - (a) 
- Machinery/Spares ha.a - - - - - - (a) 
         
Sub-Totals ha.a   2 ±1 - -   3 ±1  
 t dwc - - - - - - (k) 
Main extraction (residues):         
- Diesel fuel ha.a   1 - - -   1 - (a) 
- Lubricating oil ha.a - - - - - - (a) 
- Machinery/Spares ha.a - - - - - - (a) 
         
Sub-Totals ha.a   1 - - -   1 -  
 t dwc   1 - - -   1 - (c) 
Transport (residues and 
roundwood): 

        

- Diesel fuel t hwfn   23 ±21   7 ±6   30 ±22 (a) 
 t dwc   29 ±25   9 ±7   38 ±26 (l) 
Storage and Drying 
(residues and roundwood): 

        

- Storage and drying t hwfn - - - - - - (a) 
         
Sub-Totals t hwfn - - - - - -  
 t dwc - - - - - - (l) 
Chipping (residues and 
roundwood): 

        

- Diesel fuel t dwf   3 ±1 - -   3 ±1 (a) 
- Lubricating oil t dwf - - - - - - (a) 
- Machinery/Spares t dwf - -   1 -   1 - (a) 
         
Sub-Totals t dwf   3 ±1   1 -   4 ±1  
 t dwc   3 ±1   1 -   4 ±1 (m) 
Chipping (chunks):         
- Diesel fuel t dwch   2 ±1 - -   3 ±1 (a) 
- Lubricating oil t dwch - - - - - - (a) 
- Machinery/Spares t dwch - - - - - - (a) 
         
Sub-Totals t dwch   2 ±1 - -   3 ±1  
 t dwc - - - - - - (n) 
Transport (chips from 
chunks): 

        

- Diesel fuel t dwch   5 ±1   1 -   7 ±1 (a) 
 t dwc - - - - - - (n) 
Totals t dwc 38 ±27   14 ±8 36 ±28  

 
Biofuel specifications 
 
Density of wood chips (loose)  = 168 kg/m3 
Net calorific value of wood chips = 17.8 MJ/kg 
 
Abbreviations 
 
ha.a = hectare year 
t hwfn = tonne of harvested wood fuel with needles attached (50% moisture content, wet basis) 
t rwc = tonne of raw wood chips (50% moisture content, wet basis) 
t dwch = tonne of dried wood chunks (25% moisture content, wet basis) 
t dwc = tonne of dried wood chips (25% moisture content, wet basis) 
 
Notes 
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 (a) Summation of results from previous spreadsheet (Table A4.2) and corresponding spreadsheets for CH4 
and N2O balances (not shown) with conversion using a global warming potential for methane of 24.5 kg eq 
CO2/kg CH4 and a global warming potential for nitrous oxide of 320 kg CO2/kg N2O. 

 
(b) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 24.5% 

to harvested wood fuel.  Total production of harvested wood over tree stand life cycle 0.34 odt/ha.a woody 
residues (for wood fuel), 0.755 odt/ha.a roundwood (for wood fuel) and 1.427 odt/ha.a sawlogs overbark, 
assuming a relative value of sawlogs, roundwood and residues of 4:2:1 which gives an allocation to 
harvested wood fuel of (0.34 + 2 x 0.755) / (0.34 + 2 x 0.755 + 4 * 1.427) = 24.5%. 

 
(c) Land area required 0.718 ha.a/t of dried wood chips available at point of use. 
 
(d) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 41.5% 

to harvested roundwood (for wood fuel).  Production at first log harvest consists of 0.0799 odt/ha.a 
harvested roundwood and 0.0563 odt/ha.a sawlogs overbark, assuming a relative value of sawlogs and 
harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0799 / (2 x 0.0563 + 
0.0799) = 41.5%. 

 
(e) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 31.7% 

to harvested roundwood (for wood fuel).  Production at second log harvest consists of 0.0661 odt/ha.a 
harvested roundwood and 0.0712 odt/ha.a sawlogs overbark, assuming a relative value of sawlogs and 
harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0661 / (2 x 0.0712 + 
0.0661) = 31.7%. 

 
(f) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 21.6% 

to harvested roundwood (for wood fuel).  Production at third log harvest consists of 0.0492 odt/ha.a 
harvested roundwood and 0.0891 odt/ha.a sawlogs overbark, assuming a relative value of sawlogs and 
harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0492 / (2 x 0.0891 + 
0.0492) = 21.6%. 

 
(g) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 17.6% 

to harvested roundwood (for wood fuel).  Production at fourth log harvest consists of 0.0415 odt/ha.a 
harvested roundwood and 0.0973 odt/ha.a sawlogs overbark, assuming a relative value of sawlogs and 
harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0415 / (2 x 0.0973 + 
0.0415) = 17.6%. 

 
(h) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 13.2% 

to harvested roundwood (for wood fuel).  Production at fifth log harvest consists of 0.0312 odt/ha.a 
harvested roundwood and 0.1024 odt/ha.a sawlogs overbark, assuming a relative value of sawlogs and 
harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0312 / (2 x 0.1024 + 
0.0312) = 13.2%. 

 
(i) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 11.2% 

to harvested roundwood (for wood fuel).  Production at sixth log harvest consists of 0.0230 odt/ha.a 
harvested roundwood and 0.0918 odt/ha.a sawlogs overbark, assuming a relative value of sawlogs and 
harvested wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.0230 / (2 x 0.0918 + 
0.0230) = 11.2%. 

 
(j) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 12.0% 

to harvested roundwood (for wood fuel) and residues (for wood fuel).  Production at main harvest consists 
of 0.3694 odt/ha.a retrieved residues (not including mass of attached needles), 0.2438 odt/ha.a harvested 
roundwood and 1.4792 odt/ha.a sawlogs overbark, assuming a relative value of sawlogs, roundwood and 
residues of 4:2:1 which gives an allocation to harvested wood fuel of (2 x 0.2438 + 0.3694) / (4 x 1.4792 + 
2 x 0.2438 + 0.3694) = 12.0%. 

 
(k) Land area requirement is 0.718 ha.a/t of dried wood chips available at point of use and allocation of 7.6% 

to harvested roundwood (for wood fuel).  Production at main harvest consists of 0.2438 odt/ha.a harvested 
roundwood and 1.4792 odt/ha.a sawlogs overbark, assuming a relative value of sawlogs and harvested 
wood fuel of 2:1 which gives an allocation to harvested wood fuel of 0.2438 / (2 x 1.4792 + 0.2438) = 7.6%. 

 
(l) Harvested wood fuel (with needles) requirement of 1.241 t/t dried wood chips. 
 
(m) Dried wood fuel requirement of 0.966 t/t dried wood chips. 
 
(n) Dried wood chunk requirement of 0.034 t/t dried wood chips. 
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ANNEX 2: LITERATURE REVIEWS OF GREENHOUSE GAS AND 
ENERGY BALANCE STUDIES 
 
 
 
Source: 
Bakkane, K. K. (1994) "Life Cycle Data for Norwegian Oil and Gas" Tapir 
Publishers, The Norwegian Institute of Technology, Oslo, Norway. 
Summary: 
This is a standard data book for life cycle assessment which contains very extensive 
basic life cycle data on resources, emissions and wastes, for the Norwegian offshore 
oil and gas industry, including all main stages from exploration, production and 
transportation of oil and gas from offshore platforms to onshore terminals in Norway 
and the European Union. 
Coverage: 
The data book provides a considerable amount of information on the production of oil 
and gas from Norwegian offshore fields.  Primary energy inputs and CO2, CH4, N2O 
emissions, as well as other natural resource inputs, gaseous emissions, discharges to 
air, etc., are either documented or can be calculated from the data available.  The main 
data refer to operations in 1991 but predictions for 2000 are also presented. 
Transparency: 
This source is very transparent since not only are substantial details given for the 
basic information used in calculations and methods of calculation but also many 
important assumptions are explained. 
Relevance: 
Although this source is specifically relevant to Norway, the data it contains can be 
used to simulate oil and gas production of the North Sea, thereby providing relevant 
information for the supply of these particular energy sources for Scotland 
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Source: 
Beer, T., Grant, T., Morgan, G., Lapszewicz, J., Anyon, P., Edwards, J., Nelson, P., 
Wilson, H., and Williams, D. (2001) "Comparison of Transport Fuels: Life Cycle 
Emissions Analysis of Alternative Fuels for Heavy Vehicles" by, CSIRO 
Atmospheric Research, Aspendale, Australia. 
Summary: 
This report presents results for the production and utilisation of current and possible 
future road transport fuels 
Coverage: 
The research report examines low sulphur diesel, ultra low sulphur diesel, Fisher-
Tropsch diesel, biodiesel (from different biomass feedstocks), compressed natural gas, 
liquefied petroleum gas, low sulphur diesohol, premium unleaded petrol, ethanol 
(from different biomass feedstocks), petrohol, and hydrogen from natural gas.  
Estimates of primary energy inputs and greenhouse emissions, as well as other 
emissions to air, are presented for each fuel. 
Transparency: 
Although the report provides extensive results for each fuel, the details of the 
information from which results are derived are not provided.  Additionally, there is 
only partial explanation of the key parameters, essential assumptions and methods of 
calculation.  Flow charts are illustrated but all calculations are performed using the 
Sima Pro software tool.  Hence, the report has limited transparency. 
Relevance: 
The report is specifically relevant to Australia but some results, such as the production 
of bioethanol from tallow, could be used for strictly indicative purposes in the absence 
of suitable alternative sources.  However, the results cannot be modified because the 
parameters, assumptions and methods of calculation are not accessible.  Additionally, 
only primary energy inputs and total greenhouse gas emissions but not separate CO2, 
CH4 and N2O emissions are provided by the report. 
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Source: 
Börjesson, P., and Berglund, M. (2006) “Environmental Systems Analysis of Biogas 
Systems – Part I: Fuel-Cycle Emissions” Biomass and Bioenergy. 
Summary: 
The journal paper reports on the life cycle assessment of the production of biogas 
from a range of biomass wastes. 
Coverage: 
The paper examines the production of biogas from ley crops, straw, sugar beet tops 
and leaves, liquid manure, food industry waste and municipal solid waste.  Energy 
inputs are broken down into electricity and heat inputs.  Estimates of total primary 
energy inputs are provided.  CO2 and CH4 emissions are recorded but there is no 
separate evaluation of N2O emissions which appear to be aggregated into NOx 
emissions. 
Transparency: 
The paper presents very extensive results but not the details of the calculations and 
key assumptions which are probably contained in original research reports (in 
Swedish).  The paper itself is not sufficiently transparent. 
Relevance: 
The paper refers to Swedish conditions and technologies for the production of biogas.  
In the absence of suitable alternative sources, results could be used for strictly 
indicative purposes.  However, total greenhouse gas emissions cannot be calculated 
from the paper due to the lack of separate information on N2O emissions. 
 



Annex 2: Literature reviews of greenhouse gas and energy balance studies 

 219

 
Source: 
Chamberland, A., and Levesque, S. (1996) "Hydroelectricity: an Option to Reduce 
Greenhouse Gas Emissions from Thermal Power Plants" Energy Conversion and 
Management, v. 37, p. 885 – 890, 1996. 
Summary: 
This journal paper reports research involving the sampling of CO2 and CH4 emissions 
from hydro-electric reservoirs in the northern Quebec area of Canada.  This provides 
essential basic data on these important greenhouse gas emissions associated with 
whole river hydro power. 
Coverage: 
The paper does not attempt to determine total greenhouse gas emissions from the 
construction and operation of whole river hydro power schemes but it does provide 
important data on direct CO2 and CH4 emissions which are needed to undertake a 
complete assessment. 
Transparency: 
The paper is transparent and it explores a range of relevant issues. 
Relevance: 
Assuming that the data obtained for hydro-electric reservoirs in Canada are typical, 
then the results of this paper could be used to supplement the evaluation of 
greenhouse gas emissions from whole river hydro power in Scotland.  However, the 
fact that extremely low temperatures in winter might reduce the rate of biomass 
degradation in such reservoirs may suggest that the data cannot be easily translated 
into other regions. 
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Source: 
CONCAWE (2003) "Well-to-Wheels Analysis of Future Automotive Fuels and 
Powertrains in the European Context" CONCAWE, EUCAR and Joint Research 
Centre, Ispra, Italy. 
Summary: 
This research report presents the results of a very extensive study of total energy use 
and greenhouse gas emissions associated with a wide range of automotive fuels and 
powertrains relevant to Europe Union in 2010 and beyond.  A revised and updated 
version of the report was prepared in 2005. 
Coverage: 
The report addresses conventional gasoline and diesel, compressed natural gas, 
alternative road transport fuels, consisting of bioethanol, biodiesel, Fisher-Tropsch 
diesel and dimethyl ester derived from a variety of biomass feedstocks, and hydrogen 
derived from fossil fuel, nuclear and renewable energy sources, used for road 
transport in the European Union.  Whilst primary energy inputs are evaluated, an 
unusual definition is used which includes solar energy input for fuels derived from 
biomass feedstocks.  Total CO2, CH4 and N2O emissions are calculated.  The final 
results consist of energy inputs and greenhouse gas emissions "per kilometre" 
travelled by a standard vehicle, consisting of a typical European compact size 5-seater 
sedan car driving on a standard drive cycle.  The effects of improvements in engine 
design are taken into account and various scenarios are examined. 
Transparency: 
Results are presented in a detailed format in appendices.  However, these are not 
sufficiently transparent to determine the key parameters, basic assumptions and 
methods of calculation adopted.  Apparently, these details are contained in Excel 
spreadsheets which provided the results for the report.  The report adopts particularly 
high estimates of N2O emissions from soils used for cultivating biomass feedstocks.  
This is based on work at the Joint Research Centre at Ispra in Italy.  It appears that 
these estimates have been revised in the latest calculations. 
Relevance: 
Whilst the scope of the report is the European Union, results could be of general 
relevance to Scotland, especially for conventional gasoline, diesel and compressed 
natural gas.  However, since the parameters, assumptions and methods of calculation 
are not accessible, it seems unlikely that results for road transport fuels derived from 
biomass feedstock can be readily modified to reflect Scottish circumstances.  Both the 
definition of primary energy and the reliability of estimates of N2O emissions from 
soil would also have to be addressed in order to use these results. 
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Source: 
Environment Agency (2005) “Decarbonising the United Kingdom: Low Carbon 
Economy, Biomass Environmental Assessment Tool (BEAT)” Science Report SCO 
30244/SR, Environment Agency, Bristol, United Kingdom. 
Summary: 
This research report describes the features of the Biomass Environmental Assessment 
Tool (BEAT) which contains Excel spreadsheets for calculating the primary energy 
inputs and CO2, CH4, N2O and total greenhouse gas emissions associated with a very 
extensive range of biomass energy technologies which might be implemented in the 
United Kingdom in the near-term future.  There is also a Manual which accompanies 
BEAT. 
Coverage: 
BEAT currently covers 82 different combinations of biomass energy technologies.  
The biomass feedstocks consists of forestry residues (United Kingdom and imported) 
short rotation coppice (two harvesting methods), miscanthus, straw, cereal milling 
residues, chipboard and medium density fibreboard wastes, municipal solid waste, 
glycerine (from recycled vegetable oil and oilseed rape), palm kernel expeller and 
olive cake (imported).  Intermediate products include wood chips and wood pellets.  
Conversion technologies include combustion, gasification and pyrolysis for heat only, 
electricity only and combined heat and power generation.  Co-firing with a variety of 
biomass feedstocks in existing coal-fired power stations is addressed.  Liquid biofuels 
are evaluated in relation to conventional processing for biodiesel production from 
recycled vegetable oil and oilseed rape, and bioethanol production from sugar beet 
and wheat grain.  BEAT includes estimates of N2O emissions from soils, based on 
work by the Joint Research Centre at Ispra for the CONCAWE study, but does not 
take into account CO2 emissions from soils or carbon storage in soils.  Default values 
incorporated into BEAT are intended to reflect average circumstances in the England 
and Wales. 
Transparency: 
The Excel spreadsheets are transparent since they record all the data used to derive 
results, the sources of such data, the assumptions adopted and the methods of 
calculations.  Any gaps in the data are clearly indicated.  Results are presented in 
terms of average values and estimated errors.  Given the specification of key 
parameters, such as plant size and efficiency, transport distances, etc., and the 
accessibility of the methods of calculations, especially concerning fertiliser 
application rates and crop yields, BEAT can be easily used or adapted to evaluate 
results for a reasonable range of different circumstances.  However, BEAT is wholly-
owned by the Environment Agency for internal use.  Neither BEAT nor its manual are 
publicly-available. 
Relevance: 
The default values incorporated into BEAT are intended to reflect average conditions 
in England and Wales.  However, for some biomass energy technologies, especially 
those which use forestry residues as a feedstock, the results of BEAT derived using 
standard default data could be used directly for Scotland.  By establishing appropriate 
values of key parameters and basic data to reflect Scottish conditions, relevant results 
could be derived from BEAT for all the other biomass energy technologies. 
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Source: 
Elsayed, M. A., Matthews, R., and Mortimer, N. D. (2003) "Carbon and Energy 
Balances for a Range of Biofuels Options" Project No. B/B6/00784/REP for the 
Department of Trade and Industry, Resources Research Unit, Sheffield Hallam 
University, Sheffield, United Kingdom. 
Summary: 
This research report documents the evaluation of baseline total primary energy inputs, 
and CO2, CH4, N2O and total greenhouse gas emissions for a range of heat only, 
electricity only combined heat and power, and transport fuel production systems 
based on biomass feedstocks available in the United Kingdom. 
Coverage: 
The report covers 18 biomass energy technologies, consisting of; biodiesel from 
oilseed rape and recycled vegetable oil, bioethanol from lignocellulosics (straw), 
sugar beet and wheat, combined heat and power by combustion of wood chip from 
forestry residues and by gasification of wood chip from short rotation coppice, 
electricity by combustion of miscanthus, straw and wood chip from forestry residues 
and short rotation coppice, electricity by gasification of wood chip from forestry 
residues and short rotation coppice, electricity by pyrolysis of wood chip from 
forestry residues and short rotation coppice, heat by combustion of wood chip from 
forestry and woodland residues, and rapeseed oil from oilseed rape.  The calculations 
include estimates of N2O emissions from soils, based on a German study by the 
Institute for Energy and Environmental Research (IFEU), but do not take into account 
CO2 emissions from soils or carbon storage in soils. 
Transparency: 
Results are presented in standard tables, laid out in the form of spreadsheets, which 
record all the values of key parameters and methods of calculation.  Accompanying 
notes provide details of important assumptions and references indicate the original 
sources of data.  This means of presentation is transparent. 
Relevance: 
The report provides results which are intended to reflect conditions for biomass 
energy technologies in the United Kingdom during the 1990’s.  It is possible the 
results for certain biomass energy technologies, particularly those using forestry 
residues, could be used directly to represent conditions in Scotland.  Given the 
transparent nature of the report, it could be used to estimate results of other biomass 
energy technologies in Scotland provided that suitable key parameters and other data 
can be established to reflect Scottish conditions. 
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Source: 
Fritsche, U. R. (1997) “Comparing Greenhouse-Gas Emissions and Abatement Costs 
of Nuclear and Alternative Energy Options from a Life-Cycle Perspective” Öko-
Institut, Darmstadt, Germany. 
Summary: 
This conference paper presents the results of a study of total CO2 emissions associated 
with the construction and operation of nuclear power plants in Germany. 
Coverage: 
The results are relevant for nuclear power based on the current Pressurised Water 
Reactor (PWR) power stations operating in Germany.  The supporting nuclear fuel 
cycle consists of uranium ore mining and processing, conversion, enrichment and fuel 
fabrication.  It is not clear from the paper whether reprocessing and subsequent waste 
management are included in the calculations.  CO2 emissions from the construction of 
all facilities including the nuclear power station are evaluated.  It is unclear whether 
nuclear power station decommissioning is taken into account in the calculations.  The 
paper does not examine the effects of declining uranium ore grade on total CO2 
emissions.  Although the paper is limited to the estimation of CO2 emissions, the 
complete study is likely to address all natural resource inputs, including primary 
energy and, environmental outputs, including CH4, N2O and total greenhouse gas 
emissions. 
Transparency: 
Whilst the paper itself is not transparent, the original study seems likely to be very 
detailed as it is based on Global Emissions Model for Integrated Systems (GEMIS).  
The GEMIS database can be accessed free of charge.  However, it is not known 
whether this specific study on nuclear power is publicly available. 
Relevance: 
Since this paper and the original study focus on nuclear power in Germany, which is 
based on the PWR design, subsequent results are not relevant to current nuclear power 
stations, which are based on the Advanced Gas-cooled Reactor (AGR) design, 
operating in Scotland.  Although estimates of total CO2 emissions could be used 
indicatively of nuclear power based on previous PWR designs, they would not reflect 
new PWR designs which are being proposed for the United Kingdom. 
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Source: 
Gagnon, L., Bélanger, C., and Uchiyama, Y. (2002) “Life Cycle Assessment of 
Electricity Generation Options: the Status of Research in Year 2001” Energy Policy, 
Vol. 30, p. 1267 -1287. 
Summary: 
This journal paper reviews original life cycle assessment studies to discuss the 
environmental impacts, including total greenhouse gas emissions, of electricity 
generation options for the North East region of North America. 
Coverage: 
The paper examines electricity generation from base load systems (natural gas-fired 
combined cycle power plant, coal-fired power plant, heavy oil-fired power plant 
biomass-fired power plant, run-of-river hydro power and nuclear power), intermittent 
systems (solar photovoltaics and wind power) and base/peak load systems (whole 
river hydro power).  The sources of results are other studies which are referenced.  
Results include total greenhouse gas emissions but CO2, CH4 and N2O emissions are 
not reported separately.  Total primary energy inputs are not considered. 
Transparency: 
Since the paper relies on reviews of original studies, it is not, in itself, transparent. 
Relevance: 
The results of this paper are not directly relevant to Scotland but, if accessible and 
transparent, the original studies, which it references and reviews, might assist with the 
evaluation of total primary energy inputs, and total CO2, CH4 and N2O emissions for 
the utilisation of a range of energy technologies, especially run-of-river and whole 
river hydro power and solar photovoltaics in Scotland.  However, it would be 
necessary to establish whether the original studies cover the estimation of primary 
energy inputs and CO2, CH4 and N2O emissions adequately. 
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Source: 
Gagnon, L., and Van de Vate, J. (1997) "Greenhouse Gas Emissions from 
Hydropower" Energy Policy, Vol. 25, p. 7 – 13. 
Summary: 
This journal paper reports the results of an International Atomic Energy Agency 
meeting which investigated the total greenhouse gas emissions from the complete life 
cycle of hydro power. 
Coverage: 
The paper reviews existing studies on whole river hydro power schemes.  It concludes 
that there are large differences in greenhouse gas emissions from construction and 
from biomass degradation in reservoirs as a result of site-specific considerations.  The 
paper does not evaluate total primary energy inputs or separate CO2, CH4 and N2O 
emissions. 
Transparency: 
As a review, this paper provides a useful summary of results but actual transparency 
depends on the original studies which are referenced. 
Relevance: 
The paper is not directly relevant to hydro power in Scotland but the original studies 
might have sufficient transparency to be modified to reflect Scottish conditions. 
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Source: 
Hinsch, C. (1996) "The Disposal of Wind-Energy Converters and its Influence on 
Life-Cycle Phases" European Union Wind Energy Conference, Bedford, United 
Kingdom. 
Summary: 
This conference paper assesses the energy and materials implications of end-of life 
wind turbines disposal. 
Coverage: 
The results of this paper are based on survey data collected during 1994 and 1995 in 
Germany.  The survey data refer to the types and amounts of materials are used in 
wind turbines.  Disposal methods are investigated.  The energy and material inputs 
associated with disposal are evaluated and key parameters are examined.  CO2, CH4, 
N2O and total greenhouse gas emissions are not calculated. 
Transparency: 
The data presented in the paper are very specific and lacking in detail.  The paper is 
not completely transparent. 
Relevance: 
The paper specifically relies on experience in Germany so that it cannot be used 
directly to reflect circumstances in Scotland.  However, some of the data could be 
used in an appropriate evaluation of the disposal stage in the full assessment of wind 
power, in combination with other relevant and suitable studies, in Scotland. 
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Source: 
Koroneos, C., Dompros, A., Roumbas, G., and Moussiopoulos, N. (2004) “Life Cycle 
Assessment of Hydrogen Fuel Production Processes” International Journal of 
Hydrogen Energy, Vol. 29, p. 1443 – 1450. 
Summary: 
This journal paper compares environmental impacts, including total greenhouse gas 
emissions, of different energy technologies for producing hydrogen. 
Coverage: 
The paper focuses on the production of hydrogen from natural gas by reformation and 
compares results with those for the production of hydrogen from electrolysis using 
electricity from biomass, hydro power, solar photovoltaics, solar thermal power and 
wind power.  Total greenhouse gas emissions are reported but CO2, CH4 and N2O 
emissions are not separated.  Primary energy inputs are not reported. 
Transparency: 
The paper uses results from other studies by the National Renewable Energy 
Laboratory in the United States of America and results available using the Global 
Emissions Model for Integrated Systems (GEMIS).  Hence, the paper itself is not 
transparent although the original studies may be. 
Relevance: 
The results in this paper are not directly relevant to Scotland but the referenced 
studies on solar photovoltaics, if accessible and transparent, could be used to derive 
results for application under Scottish conditions. 
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Source: 
Lenzen, M., and Munksgaard, J. (2001) "Energy and CO2 Analyses of Wind Turbines 
– Review and Applications" Renewable Energy, Vol. 26, No. 3, p. 339 – 362. 
Summary: 
This journal paper reviews results of life cycle assessment studies of wind power.  
The reviews cover 72 studies which evaluate energy inputs and CO2 emissions 
associated with the construction of different sizes of wind turbines.  The effect of 
factors such as the country of manufacture, choice of tower material, method of 
disassembly and post-project use of materials are investigated. 
Coverage: 
The coverage is limited to energy inputs and CO2 emissions.  CH4 and N2O emissions 
are not considered. 
Transparency: 
As a review paper, transparency is limited and depends, primarily, on the original 
studies which are referenced. 
Relevance: 
In itself, the paper is not relevant to Scotland.  However, it provides references to 
original studies which might be used, with suitable values for key parameters and in 
combination with other studies, to derive results for Scottish circumstances. 
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Source: 
Lenzen, M., and Wachsmann U. (2004) "Wind Turbines in Brazil and Germany: an 
Example of Geographic Variability in Life-Cycle Assessment" Applied Energy, Vol. 
77, p. 119 – 130. 
Summary: 
This journal paper evaluates and compares primary energy inputs and CO2 emissions 
from wind turbines manufactured and operated in Brazil and Germany. 
Coverage: 
Results, which are limited to primary energy inputs and CO2 emissions, are provided 
for onshore, direct connected 500 – 600 kW wind turbines.  CH4 and N2O emissions 
are not calculated.   
Transparency: 
Although the paper has limited transparency, complete details are available in the 
original studies (in German) for the E-40 wind turbine; "Kumulierten Energieaufwand 
von Windkraftanlagen" by E. Pick, H.-J. Wagner and O. Bunk, Brennstoff-Wärme-
Kraft, v. 11/12, p. 52 – 55, 1998; and "Beitrag zum kumulierten Energieaufwand 
ausgewählter Windenergiekonverter" by E. Pick and H.-J. Wagner, Fachgebiet 
Ökologisch verträgliche Energiewirtschaft, Univerität GH, Essen, Germany, 1998.  
Key factors, which include manufacturing assumptions, the wind turbine specification 
(tower height and foundation mass) and site characteristics (annual average wind 
speed), are listed and their effects on results are demonstrated clearly 
Relevance: 
The results of this paper are directly relevant to Brazil and Germany rather than 
Scotland.  However, sufficient data are available which, when combined with other 
relevant and suitable studies, could be used to derive results for onshore wind power 
utilisation under Scottish conditions. 
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Source: 
Mortimer, N. D., Cormack, P., Elsayed, M. A., and Horne, R. E. (2003)  "Evaluation 
of the Comparative Energy, Global Warming and Socio-Economic Costs and Benefits 
of Biodiesel" Contract Ref. No. CSA 5982/NF0422 for the Department for 
Environment, Food and Rural Affairs, Resources Research Unit, Sheffield Hallam 
University, Sheffield, United Kingdom. 
Summary: 
This research report documents the evaluation of baseline total primary energy inputs, 
and CO2, CH4, N2O and total greenhouse gas emissions for biodiesel production from 
oilseed rape in the United Kingdom.  Results are compared with those from the 
production of ultra low sulphur diesel from crude oil. 
Coverage: 
The report reviews existing life cycle assessment and related studies of the production 
and use of biodiesel from oilseed rape and their comparison with the production and 
use of conventional diesel derived from crude oil.  The report reflects typical oilseed 
processing in the United Kingdom which involves solvent extraction.  Both 
conventional and modified production option are considered.  In the former, 
conventional agriculture, the use of fossil fuels for heating and imported grid 
electricity in processing, and the sale of rape straw, rape meal and glycerine as by-
products is assumed.  In the latter case, the effect of organic agriculture and rape 
straw as a heating fuel in processing is explored.  Subsequent results represent total 
primary energy inputs and the total CO2, CH4, N2O and greenhouse gas emissions for 
the production of biodiesel from oilseed rape under typical conditions in the United 
Kingdom.  The calculations include estimates of N2O emissions from soils taken from 
a German study by the Institute for Energy and Environmental Research (IFEU).  
Results do not take into account CO2 emissions from soils or carbon storage in soils.  
Average values of results are evaluated with estimates of accuracy signified by error 
bars.  Using existing work, comparative results are generated for ultra low sulphur 
diesel from crude oil. 
Transparency: 
Results are presented in standard tables, laid out in the form of spreadsheets, which 
record all the values of key parameters and methods of calculation.  Accompanying 
notes provide details of important assumptions and references indicate the original 
sources of data.  This means of presentation is transparent. 
Relevance: 
The report uses values for key parameters and basic data which reflect average 
conditions in the United Kingdom, especially regarding fertiliser application rates and 
oilseed rape yields.  Due to the transparency of the report, these could be modified to 
represent production in Scotland provided that values of relevant data could be 
established.  However, it should be noted that some of the main technological and 
related assumptions incorporated in the report, mainly concerning the means for 
providing processing heat and the use of joint products, would probably be regarded 
as out-of-date by current producers and prospective developers. 
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Source: 
Mortimer, N. D., Elsayed, M. A., and Horne, R. E. (2004) “Energy and Greenhouse 
Gas Emissions for Bioethanol Production from Wheat Grain and Sugar Beet” Final 
Report for British Sugar plc, Resources Research Unit, Sheffield Hallam University, 
Sheffield, United Kingdom. 
Summary: 
This research report presents the results from the evaluation of total primary energy 
inputs and total CO2, CH4, N2O and greenhouse gas emissions associated with various 
options for producing bioethanol from wheat grain and sugar beet by British Sugar plc 
in England. 
Coverage: 
The report examines the conventional production of bioethanol from wheat grain and 
sugar beet using fermentation and distillation.  For each biomass feedstock, 4 different 
production options, relating to the provision of heat and electricity in the processing 
plant, are investigated.  These consist of providing heat from a natural gas-fired boiler 
and electricity imported from the grid, natural gas-fired combined heat and power 
using steam and gas turbines, and a straw-fired combined heat and power plant using 
a steam turbine.  The calculations include estimates of N2O emissions from soils taken 
from a German study undertaken by the Institute for Energy and Environmental 
Research (IFEU).  Results do not take into account CO2 emissions from soils or 
carbon storage in soils. 
Transparency: 
Results are presented in standard tables, laid out in the form of spreadsheets, which 
record all the values of key parameters and methods of calculation.  Accompanying 
notes provide details of important assumptions and references indicate the original 
sources of data.  This means of presentation is transparent. 
Relevance: 
The results reflect growing conditions and processing arrangements typical of British 
Sugar plc (for sugar beet) and its parent group (for wheat grain) in England.  
However, due to the transparency of the report and provided that suitable data can be 
obtained for Scotland, calculations could be modified to reflect Scottish conditions. 
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Source: 
Mortimer, N. D., and Elsayed, M. A. (2006) “North East Biofuel Supply Chain 
Carbon Intensity Assessment” Northeast Bio-fuels Ltd., Teeside, United Kingdom. 
Summary: 
This research report presents the results from the evaluation of total primary energy 
inputs and total CO2, CH4, N2O and greenhouse gas emissions associated with the 
proposed production of biodiesel from oilseed rape in the North East of England. 
Coverage: 
The evaluation of results assumes conventional cultivation and harvesting of oilseed 
rape in the North East of England, local drying and storage, transport to Teeside, 
solvent extraction for rapeseed oil, esterification, storage, and distribution for sale. In 
this specific production process, it is assumed that heat is provided by natural gas and 
electricity is imported from the grid.  Two particular options are examined for the use 
of rape meal as a major by-product of this process; in the first, rape meal is sold as an 
animal feed and in the second rape meal is sent for co-firing in a coal-fired power 
station.  The variation of oilseed rape yield with the nitrogen fertiliser application rate 
is explored to determine the optimum value for maximum primary energy and 
greenhouse gas emissions savings relative to the production of ultra low sulphur 
diesel from crude oil.  The calculations include estimates of N2O emissions from soils 
taken from work at the Joint Research Centre at Ispra for the CONCAWE study but 
do not take into account CO2 emissions from soils or carbon storage in soils. 
Transparency: 
Results are presented in standard tables, laid out in the form of spreadsheets, which 
record all the values of key parameters and methods of calculation.  Accompanying 
notes provide details of important assumptions and references indicate the original 
sources of data.  This means of presentation is transparent. 
Relevance: 
The report uses values for key parameters and basic data which reflect average 
conditions in the North East of England, especially regarding fertiliser application 
rates, oilseed rape yields and processing details.  In particular, the processing 
arrangements are specific to the planned arrangements on Teeside.  Consequently, it 
would not be appropriate to modify the calculations used in this report to provide 
suitable results for Scottish conditions. 
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Source: 
Pehnt, M. (2006) “Dynamic Life Cycle Assessment (LCA) of Renewable Energy 
Technologies” Renewable Energy, Vol. 31, pp. 55 – 71. 
Summary: 
This journal paper summarises and compares the results of life cycle assessment 
studies, including total primary energy inputs and total CO2, CH4 and N2O emissions, 
for a range of renewable energy technologies that generate electricity or produce heat. 
Coverage: 
The paper addresses selected natural resource inputs and environmental impacts for 
electricity-generating renewable energy technologies, consisting of biogas, biomass 
(forest wood, short rotation forest and waste wood combustion with steam turbine, 
forest wood and short rotation forest wood combustion with reciprocating engine, and 
forest wood and short rotation wood co-combustion), hot dry rock geothermal energy, 
hydro power (small- and medium-scale), solar thermal power, solar photovoltaics, and 
wind power (onshore and offshore), and heat-producing renewable energy 
technologies, consisting of biomass (forest wood, short rotation forest wood and straw 
heating, and forest wood and short rotation forest wood central heating).  Results are 
derived from a range of life cycle assessment studies, the database of the Institute for 
Energy and Environmental Research (IFEU) in Heidelburg, Germany, and the 
Umberto life cycle assessment software package. 
Transparency: 
This paper summarises results and, hence, it is not transparent.  However, it is 
possible that the original studies on which the paper is based may be transparent. 
Relevance: 
Since the original studies cited in the paper were produced either in Germany or 
Switzerland, this suggests that results are relevant to conditions in these two countries.  
If the original studies are accessible and transparent, then it may be possible to modify 
them with suitable data to derive results which are relevant to Scotland. 
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Source: 
Punter, G., Rickeard, D., Larivé, J.-F., Edwards, R., Mortimer, N. D., Horne, R. E., 
Bauen, A., and Woods, J. (2004) “Well-to-Wheel Evaluation for Production of 
Ethanol from Wheat” Report FWG-P-04-024 by the WTW Sub-Group of the Fuels 
Working Group, Low Carbon Vehicles Partnership, London, United Kingdom. 
Summary: 
This research report evaluates the primary energy inputs and total greenhouse gas 
emissions associated with various options for the production of bioethanol from wheat 
grain in the United Kingdom. 
Coverage: 
The options considered in this research report relate to two essential considerations; 
the sources of heat and electricity used in bioethanol production and the allocation 
procedures adopted for distillers’ dark gains which are a by-product of bioethanol 
production.  In terms of sources of heat and electricity, 6 models are examined; 
process heating from a natural gas-fired boiler and electricity imported from the 
national grid (Model a), combined heat and power based on a natural gas-fired boiler 
and a steam turbine (Model b1), combined heat and power based on a natural gas 
turbine with steam generator and a steam turbine (Model b21), combined heat and 
power based on a natural gas turbine and co-fired steam generator with a steam 
turbine (Model b22), a straw-fired boiler with a steam turbine (Model c1) and a straw-
fired boiler with a steam turbine and condensing turbine (Model c2).  The allocation 
procedures investigated consist of using distillers’ dark grains either as an animal feed 
or as a biomass feedstock for co-firing in coal-fired power stations.  In both these 
instances, allocation is achieved by means of substitution credits.  Estimates total 
primary energy inputs and total greenhouse gas emissions are derived for all these 
options.  Separate CO2, CH4 and N2O emissions are not recorded.  Estimates of N2O 
emissions from soils are taken from work by the Joint Research Centre at Ispra quoted 
in the CONCAWE study.  However, no account is taken of CO2 emissions from soils 
or carbon storage in soils. 
Transparency: 
Many of the key parameters and assumptions used in the calculations are documented.  
However, the details of these calculations are not provided.  In particular, the 
calculation of CH4 and N2O emissions is not shown as these are aggregated into total 
greenhouse gas emissions.  The research report is not completely transparent although 
details are contained in supporting Excel spreadsheets. 
Relevance: 
The research report derives results which are intended to reflect conditions in the 
United Kingdom.  As such the results are not directly applicable to Scotland.  
However, the research report demonstrates the effect of technological options and 
allocation procedures on total primary energy inputs and total greenhouse gas 
emissions.  This is relevant to any subsequent work which might be performed on 
bioethanol production from wheat grain in Scotland. 
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Source: 
Scheisner, L. (2000) "Life-Cycle Assessment of a Wind Farm and Related 
Externalities" Renewable Energy, Vol. 20, p. 279 – 288. 
Summary: 
This journal paper presents the results of life cycle assessment, including the 
evaluation of total primary energy inputs and total greenhouse gas emissions for 
onshore and offshore wind power. 
Coverage: 
The life cycle assessment reported in this paper examines an onshore wind farm 
consisting of 18 wind turbines, each with a tower height of 41.5 metres and power 
rating of 500 kW, and an offshore wind farm consisting of 10 wind turbines, each 
with a tower height of 40.5 metres and a power rating of 500 kW.  The specific sites 
chosen for this life cycle assessment consist of the Fjaldene onshore wind farm on 
Jutland, Denmark, and the Tunø Knob offshore wind farm off the east coast of 
Jutland, Denmark.  The life cycle analysis is based on a full materials weight 
inventory for both wind farms and data from a Danish database of energy and 
emissions factors per unit weight for materials.  The full cycle, consisting of materials 
production and manufacture, construction, operation, maintenance, decommissioning 
and disposal, is considered.  The effects of materials recycling after decommissioning 
are examined.  Results include total primary energy inputs and total greenhouse gas 
emission but separate CH4 and N2O emissions are not recorded. 
Transparency: 
Considerable detail is provided in this paper but it is not complete.  Hence, the paper 
itself is not totally transparent.  It is possible that the work on which the original 
model is based is transparent. 
Relevance: 
The results specifically refer to onshore and offshore wind power in Denmark.  
However, it is possible that data provided in the paper could be used, in conjunction 
with relevant values for key parameters and supporting data, to assist the preparation 
of results for Scotland. 
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Source: 
Spath, P. L., Mann, M. K., and Kerr, D. R. (1999) "Life Cycle Assessment of Coal-
Fired Power Production" Report No. TP-570—25119, National Renewable Energy 
Laboratory, Golden, Colorado, United States of America. 
Summary: 
This research report estimates the emissions, resource consumption and energy use of 
all processes required to operate coal-fired power plants, including any necessary 
waste disposal and material recycling, in the United States of America. 
Coverage: 
The report addresses electric power generation from coal extracted by surface or 
underground mining, transported by road, rail or barge, and combusted in one of three 
types of power plant; a current operating design of power plant (360 MW net) 
representing the 1990s average for the United States of America, a new design of 
power plant (425 MW net) which would meet the New Source Performance Standards 
in the United States of America, or a highly-advanced power plant design (404 MW 
net) incorporating a low emissions boiler system.  Primary energy consumption, 14 
natural resources (including fossil fuels, limestone, iron ore, iron scrap and water), 34 
emissions to air (including CO2, CH4 and N2O), 27 emissions to water and 21 
discharges to land are evaluated.  Materials and energy flows between processes are 
recorded by means of Tools for Environmental Analysis and Management (TEAM) 
software provided by Ecobalance Inc.  Data for the evaluation was obtained from the 
Data for Environmental Analysis and Management (DEAM)) software database 
supplemented with information from other sources. 
Transparency: 
Considerable information is provided on the key parameters and essential features for 
coal-fired power generation.  However, the complete details are contained in the 
software used to produce results and, hence, the report itself is not completely 
transparent. 
Relevance: 
The report specifically concerns coal-fired electricity generation in the United States 
of America and, hence, it is not directly relevant to Scotland.  However, in the 
absence of suitable studies and results, it might be possible to adapt the data contained 
in this report, by means of relevant information, to derive suitable results for Scotland.
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Source: 
Spath, P. L, and Mann, M. K. (2000) "Life Cycle Assessment of a Natural Gas 
Combined-Cycle Power Generation System" Report No. TP-570—27715, National 
Renewable Energy Laboratory, Golden, Colorado, United States of America. 
Summary: 
This research report estimates the emissions, resource consumption and energy use of 
all processes required to operate a natural-fired combined cycle power plant in the 
United States of America. 
Coverage: 
The report addresses electric power generation from a natural gas combined cycle 
power plant (507 MW net) consisting of two gas turbines, three pressure heat 
recovery steam generators and one pre-heat steam turbine.  The full life cycle of 
natural gas combined cycle electric power generation including natural gas production 
and distribution, pipeline construction and operation, natural gas combustion and NOx 
reduction, power plant construction and decommissioning is examined.  Primary 
energy consumption, natural resources (including fossil fuels, limestone, iron ore, iron 
scrap and water), emissions to air (including CO2, CH4 and N2O) and emissions to 
water are evaluated.  Materials and energy flows between processes are recorded by 
means of Tools for Environmental Analysis and Management (TEAM) software 
provided by Ecobalance Inc.  Data for the evaluation was obtained from the Data for 
Environmental Analysis and Management (DEAM)) software database supplemented 
with information from other sources. 
Transparency: 
Considerable information is provided on the key parameters and essential features for 
natural gas-fired combined cycle power generation.  However, the complete details 
are contained in the software used to produce results and, hence, the report itself is not 
completely transparent. 
Relevance: 
The report specifically concerns natural gas-fired electricity generation in the United 
States of America and, hence, it is not directly relevant to Scotland.  However, in the 
absence of suitable studies and results, it might be possible to adapt the data contained 
in this report, by means of relevant information, to derive suitable results for Scotland.
 



Annex 2: Literature reviews of greenhouse gas and energy balance studies 

 238

 
Source: 
Storm van Leeuwen, J. W. S., and Smith, P. (2005) “Nuclear Power, the Energy 
Balance” Rijkuniversiteit Groningen, the Netherlands. 
Summary: 
This research report evaluates the total primary energy inputs and CO2 emissions of 
nuclear power. 
Coverage: 
The report provides a very thorough investigation of the energy requirements of the 
complete nuclear fuel cycle, including uranium ore mining, milling and processing, 
conversion, enrichment, fuel processing, spent fuel reprocessing and waste 
management, and power station construction, operation and decommissioning.  The 
assumed design is a pressurised water reactor (PWR) and this affects the details of the 
supporting nuclear fuel cycle.  The effect of varying key parameters, such as the 
uranium ore grade and type, are investigated.  Energy requirements are converted into 
CO2 emissions.  CH4 and N2O emissions are not calculated. 
Transparency: 
Considerable details are documented on the calculation of the energy requirements of 
each part of the nuclear fuel cycle.  However, the actual means for converting energy 
requirements to CO2 emissions are unclear but may involve approximations based on 
average emission factors for fossil fuels.  Values of key parameters and basic data as 
well as important assumptions are explicit.  Uncertainties regarding decommissioning 
and waste management are apparent. 
Relevance: 
Since this report focuses on nuclear power based on the PWR design, subsequent 
results are not relevant to current nuclear power stations, which are based on the 
Advanced Gas-cooled Reactor (AGR) design, operating in Scotland.  Although 
estimates of total CO2 emissions could be used indicatively of nuclear power based on 
previous PWR designs, they may not reflect new PWR designs which are being 
proposed for the United Kingdom. 
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Source: 
Tokimatsu, K. (2000) “Evaluation of CO2 Emissions in the Life Cycle of Tokamak 
Fusion Power Reactors” Nuclear Fusion, Vol. 40, p. 653 – 659. 
Summary: 
This journal paper calculates the likely total CO2 emissions arising from future 
commercial fusion power reactors and compares estimates with results for the 
generation of electricity from coal, hydro power, nuclear power and solar 
photovoltaics. 
Coverage: 
Analysis and comparison are restricted to CO2 emissions in this paper.  Primary 
energy inputs, and CH4 and N2O emissions are not evaluated.  Although the main 
focus is fusion power, comparisons for existing energy technologies derived from an 
original study, in Japanese.  This may contain relevant data for these technologies, 
especially solar photovoltaics. 
Transparency: 
The paper contains some basic data but does not present the details of relevant 
calculations which may be available, for the comparative energy technologies, in the 
original study.  By itself, the paper is not transparent. 
Relevance: 
The results of the paper are not directly relevant to Scotland.  However, the original 
study may be sufficiently transparent for use with suitable information and supporting 
sources to obtain results for the use of certain energy technologies, such as solar 
photovoltaics, in Scotland.  However, it would be necessary to establish whether the 
original study covers the estimation of primary energy inputs, and CH4 and N2O 
emissions adequately. 
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Source: 
Voorspools, K. R., Brouwers, E. A., and D'Haeseleer, W. D. (2000) "Energy Content 
and Indirect Greenhouse-Gas Emissions Embedded in 'Emission-Free' Plants: Results 
from the Low Countries" Applied Energy, Vol. 67, p. 207 – 330. 
Summary: 
This journal paper compares the total primary energy inputs and total greenhouse gas 
emissions for the production of electricity from nuclear power, solar photovoltaics 
and wind power. 
Coverage: 
The evaluation of nuclear power is based on a 1000 MW pressurised water reactor 
power station and associated nuclear fuel cycle using data supplied from the 
engineering office responsible for constructing plants in Belgium.  The assessment of 
wind power uses an average of studies including those from the Danish Energy Centre 
and data from the European Commission and wind turbine manufacturers.  The 
analysis of solar photovoltaics is based on square, mono-crystalline silicon modules.  
Results are presented in the form of total primary energy inputs and total greenhouse 
gas emissions.  Total CO2, CH4 and N2O emissions are not separated. 
Transparency: 
Basic assumptions are explained but essential data and details of calculations are not 
provided.  The paper, in itself, is not transparent. 
Relevance: 
The results presented in this paper are not relevant to Scotland mainly because they 
reflect the use of energy technologies in Belgium, Denmark and, probably, the 
Netherlands.  However, if the original study on which the paper is based is accessible 
and transparent, it might be used, with suitable data and in conjunction with other 
work, to determine total primary energy inputs and total CO2, CH4 and N2O emissions 
for nuclear power, solar photovoltaics and wind power. 
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Annex 3:  Summary of Studies on Life Cycle Greenhouse Gas and  
Energy Balances of Biomass Energy Options. 

 
Table 1: Review Evaluation of Conventional Energy Technologies in 

Scotland 
 
Energy Technology Review Evaluation 
Heat from Natural Gas 
 

Might be assembled from existing work including 
Bakkane 1994 but would need new work on 
natural gas transmission, distribution and heating 
systems. 

Heat from Oil 
 

Might be assembled from existing work including 
Bakkane 1994 but would need new work on oil 
refining, distribution and heating systems. 

Heat from Liquefied Petroleum Gas 
 

Might be assembled from existing work including 
Bakkane 1994 but would need new work on oil 
refining, distribution and heating systems. 

Electricity from Coal Might be modified from Spath et al 1999. 
Electricity from Natural Gas 
 

Might be modified from Spath et al 2000 
supplemented with Bakkane 1994. 

Electricity from Nuclear Power 
 

Covered by Fritsche 1997 and Storm van 
Leeuwen and Smith 2005 but only for pressurised 
water reactors (PWRs) and with inadequate 
transparency so new work is needed. 

Petrol from Crude Oil 
 

Could be assembled from existing work including 
Bakkane 1994 and Beer et al 2002 or, 
alternatively, CONCAWE 2003 could be used. 

Diesel from Crude Oil 
 

Could be assembled from existing work including 
Bakkane 1994 and Mortimer et al 2003, or, 
alternatively, CONCAWE 2003 could be used. 

 
 
 
Colour Code: 
 

 green: an energy technology which can probably be represented by the 
results of a specified, existing LCA study, with little or no modification 

 orange: an energy technology which can probably be represented by 
the results of a specified, existing LCA study, with basic modification 

 red: an energy technology for which there is no suitable, complete, 
existing LCA study 
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Table 2: Review Evaluation of Other Renewable Energy Technologies in 
Scotland 

 
Energy Technology Review Evaluation 
Wind Power – Onshore 
 

Might be modified from Lenzen and Munksgaard 
2001, Lenzen and Wachsmann 2004, Schleisner 
2000 and Hinsch 1996. 

Wind Power – Offshore 
 

Might be modified from Schleisner 2000 and 
Hinsch 1996. 

Solar Water Heating 
 

No recent relevant published work known. 

Solar Photovoltaics 
 

Might be modified from Koroneos et al 2004, 
Gagnon et al 2002, Voorspools et al 2000 and 
Tokimatsu 2000. 

Hydro Power – Run-of-River 
 

Might be modified from Gagnon et al 2002. 

Hydro Power – Whole River 
 

Might be modified from Chamberland and 
Levesque 1996 and Gagnon and Van de Vate 
1997. 

Wave Power 
 

No recent relevant published work known. 
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Table 3: Review Evaluation of Biomass Energy Technologies for Heat in 
Scotland 

 
Energy Technology Review Evaluation 

Heat by Combustion of Biogas from Anaerobic 
Digestion of Slurry 

No previous published work with adequate transparency known. 

Heat by Combustion of Miscanthus Chips Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

Heat by Combustion of Miscanthus Pellets Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

Heat from Combustion of Straw Covered by Elsayed et al 2003 and Environment Agency 2005. 
Heat by Combustion of Wood Chips from 
Forestry Residues 

Covered by Elsayed et al 2003 and Environment Agency 2005 

Heat by Combustion of Wood Chips from 
Timber Industry Co-Products 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

Heat by Combustion of Wood Chips from Short 
Rotation Coppice 

Covered by Elsayed et al 2003 or Environment Agency 2005 but 
for willow only not poplar. 

Heat by Combustion of Wood Chips from Short 
Rotation Forestry 

No previous published work known. 

Heat by Combustion of Wood Pellets from 
Forestry Residues 

Could be modified from Environment Agency 2005 

Heat by Combustion of Wood Pellets from 
Timber Industry Co-Products 

Could be modified from Environment Agency 2005. 

Heat by Combustion of Wood Pellets from Short 
Rotation Coppice 

Could be modified from Environment Agency, but for willow only 
not popular. 

Heat by Combustion of Wood Pellets from Short 
Rotation Forestry 

No previous published work known. 

Heat by Co-Combustion of Miscanthus Chips Could be modified from Elsayed et al 2003 or Environment 
Agency 2005 but information on co-combustion required. 

Heat by Co-Combustion of Miscanthus Pellets Could be modified from Elsayed et al 2003 or Environment 
Agency 2005 but information on co-combustion required. 

Heat by Co-Combustion of Wood Chips from 
Forestry Residues 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005 but information on co-combustion required. 

Heat by Co-Combustion of Wood Chips from 
Timber Industry Co-Products 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005 but information on co-combustion required. 

Heat by Co-Combustion of Wood Chips from 
Short Rotation Coppice 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005 but information on co-combustion required. 

Heat by Co-Combustion of Wood Chips from 
Short Rotation Forestry 

No previous published work. 

Heat by Co-Combustion of Wood Pellets from 
Forestry Residues 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005 but information on co-combustion required. 

Heat by Co-Combustion of Wood Pellets from 
Timber Industry Co-Products 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005 but information on co-combustion required. 

Heat by Co-Combustion of Wood Pellets from 
Short Rotation Coppice 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005 but information on co-combustion required. 

Heat by Gasification of Miscanthus Chips Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

Heat by Gasification of Miscanthus Pellets Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

Heat from Gasification of Straw Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

Heat by Gasification of Wood Chips from 
Forestry Residues 

Covered by Elsayed et al 2003 and Environment Agency 2005. 

Heat by Gasification of Wood Chips from 
Timber Industry Co-Products 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

Heat by Gasification of Wood Chips from Short 
Rotation Coppice 

Covered by Elsayed et al 2003 and Environment Agency 2005, 
but for willow only not poplar. 

Heat by Gasification of Wood Chips from Short 
Rotation Forestry 

No previous published work known. 
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Table 3: Review Evaluation of Biomass Energy Technologies for Heat in 
Scotland (cont’d) 
 
Heat by Gasification of Wood Pellets from 
Forestry Residues 

Could be modified from Environment Agency 2005. 

Heat by Gasification of Wood Pellets from 
Timber Industry Co-Products 

Could be modified from Environment Agency 2005. 

Heat by Gasification of Wood Pellets from Short 
Rotation Coppice 

Could be modified from Environment Agency 2005, but for willow 
only not popular. 

Heat by Gasification of Wood Pellets from Short 
Rotation Forestry 

No previous published work known. 

Heat by Pyrolysis of Miscanthus Chips Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

Heat by Pyrolysis of Miscanthus Pellets Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

Heat by Pyrolysis of Straw Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

Heat by Pyrolysis of Wood Chips from Forestry 
Residues 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

Heat by Pyrolysis of Wood Chips from Timber 
Industry Co-Products 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

Heat by Pyrolysis of Wood Chips from Short 
Rotation Coppice 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005, but for willow only not poplar. 

Heat by Pyrolysis of Wood Chips from Short 
Rotation Forestry 

No previous published work known. 

Heat by Pyrolysis of Wood Pellets from Forestry 
Residues 

Could be modified from Environment Agency 2005. 

Heat by Pyrolysis of Wood Pellets from Timber 
Industry Co-Products 

Could be modified from Environment Agency 2005. 

Heat by Pyrolysis of Wood Pellets from Short 
Rotation Coppice 

Could be modified from Environment Agency 2005 but for willow 
only not popular. 

Heat by Pyrolysis of Wood Pellets from Short 
Rotation Forestry 

No previous published work known. 
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Table 4: Review Evaluation of Biomass Energy Technologies for 
Electricity in Scotland 

 
Energy Technology Review Evaluation 

Electricity by Combustion of Meat and Bonemeal No previous published work known. 
Electricity by Combustion of Miscanthus Chips Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
Electricity by Combustion of Miscanthus Pellets Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
Electricity by Combustion of Poultry Litter No previous published work known. 
Electricity by Combustion of Straw Covered by Elsayed et al 2003 and Environment Agency 

2005. 
Electricity by Combustion of Wood Chips from Forestry 
Residues 

Covered by Elsayed et al 2003 and Environment Agency 
2005. 

Electricity by Combustion of Wood Chips from Timber 
Industry Co-Products 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

Electricity by Combustion of Wood Chips from Short 
Rotation Coppice 

Covered by Elsayed et al 2003 and Environment Agency 
2005, but for willow only not poplar. 

Electricity by Combustion of Wood Chips from Short 
Rotation Forestry 

No previous published work known. 

Electricity by Combustion of Wood Pellets from Forestry 
Residues 

Could be modified from Environment Agency 2005. 

Electricity by Combustion of Wood Pellets from Timber 
Industry Co-Products 

Could be modified from Environment Agency 2005. 

Electricity by Combustion of Wood Pellets from Short 
Rotation Coppice 

Could be modified from Environment Agency 2005, but for 
willow only not popular. 

Electricity by Combustion of Wood Pellets from Short 
Rotation Forestry 

No previous published work known. 

Electricity by Co-Combustion of Meat and Bonemeal No previous published work known. 
Electricity by Co-Combustion of Miscanthus Chips Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
Electricity by Co-Combustion of Miscanthus Pellets Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
Electricity by Co-Combustion of Poultry Litter No previous published work known. 
Electricity from Co-Combustion of Straw Covered by Elsayed et al 2003 and Environment Agency 

2005. 
Electricity by Co-Combustion of Wood Chips from Forestry 
Residues 

Covered by Elsayed et al 2003 and Environment Agency 
2005. 

Electricity by Co-Combustion of Wood Chips from Timber 
Industry Co-Products 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

Electricity by Co-Combustion of Wood Chips from Short 
Rotation Coppice 

Covered by Elsayed et al 2003 and Environment Agency 
2005, but for willow only not poplar. 

Electricity by Co-Combustion of Wood Chips from Short 
Rotation Forestry 

No previous published work known. 

Electricity by Co-Combustion of Wood Pellets from Forestry 
Residues 

Could be modified from Environment Agency 2005. 

Electricity by Co-Combustion of Wood Pellets from Timber 
Industry Co-Products 

Could be modified from Environment Agency 2005. 

Electricity by Co-Combustion of Wood Pellets from Short 
Rotation Coppice 

Could be modified from Environment Agency 2005, but for 
willow only not popular. 

Electricity by Co-Combustion of Wood Pellets from Short 
Rotation Forestry 

No previous published work known. 

Electricity by Gasification of Meat and Bonemeal No previous published work known. 
Electricity by Gasification of Miscanthus Chips Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
Electricity by Gasification of Miscanthus Pellets Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
Electricity from Gasification of Poultry Litter No previous published work known. 
Electricity by Gasification of Straw Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
Electricity by Gasification of Wood Chips from Forestry 
Residues 

Covered by Elsayed et al 2003 and Environment Agency 
2005. 

Electricity by Gasification of Wood Chips from Timber 
Industry Co-Products 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 
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Table 4: Review Evaluation of Biomass Energy Technologies for 
Electricity in Scotland (cont’d) 

 
Electricity by Gasification of Wood Chips from Short 
Rotation Coppice 

Covered by Elsayed et al 2003 and Environment Agency 
2005, but for willow only not poplar. 

Electricity by Gasification of Wood Chips from Short 
Rotation Forestry 

No previous published work known. 

Electricity by Gasification of Wood Pellets from Forestry 
Residues 

Could be modified from Environment Agency 2005. 

Electricity by Gasification of Wood Pellets from Timber 
Industry Co-Products 

Could be modified from Environment Agency 2005. 

Electricity by Gasification of Wood Pellets from Short 
Rotation Coppice 

Could be modified from Environment Agency 2005, but for 
willow only not popular. 

Electricity by Gasification of Wood Pellets from Short 
Rotation Forestry 

No previous published work known. 

Electricity by Pyrolysis of Meat and Bonemeal No previous published work known. 
Electricity by Pyrolysis of Miscanthus Chips Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
Electricity by Pyrolysis of Miscanthus Pellets Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
Electricity by Pyrolysis of Poultry Litter No previous published work known. 
Electricity by Pyrolysis of Straw Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
Electricity by Pyrolysis of Wood Chips from Forestry 
Residues 

Covered by Elsayed et al 2003 and Environment Agency 
2005. 

Electricity by Pyrolysis of Wood Chips from Timber Industry 
Co-Products 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

Electricity by Pyrolysis of Wood Chips from Short Rotation 
Coppice 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005, but for willow only not poplar. 

Electricity by Pyrolysis of Wood Chips from Short Rotation 
Forestry 

No previous published work known. 

Electricity by Pyrolysis of Wood Pellets from Forestry 
Residues 

Could be modified from Environment Agency 2005. 

Electricity by Pyrolysis of Wood Pellets from Timber Industry 
Co-Products 

Could be modified from Environment Agency 2005. 

Electricity by Pyrolysis of Wood Pellets from Short Rotation 
Coppice 

Could be modified from Environment Agency 2005, but for 
willow only not popular. 

Electricity by Pyrolysis of Wood Pellets from Short Rotation 
Forestry 

No previous published work known. 
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Table 5: Review Evaluation of Biomass Energy Technologies for 
Combined Heat and Power in Scotland 

 
Energy Technology Review Evaluation 

CHP by Combustion of Meat and Bonemeal No previous published work known. 
CHP by Combustion of Miscanthus Chips Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
CHP by Combustion of Miscanthus Pellets Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
CHP by Combustion of Poultry Litter No previous published work known. 
CHP by Combustion of Straw Covered by Elsayed et al 2003 and Environment Agency 2005 
CHP by Combustion of Wood Chips from Forestry 
Residues 

Covered by Elsayed et al 2003 and Environment Agency 
2005. 

CHP by Combustion of Wood Chips from Timber Industry 
Co-Products 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

CHP by Combustion of Wood Chips from Short Rotation 
Coppice 

Covered by Elsayed et al 2003 and Environment Agency 
2005, but for willow only not poplar. 

CHP by Combustion of Wood Chips from Short Rotation 
Forestry 

No previous published work known. 

CHP by Combustion of Wood Pellets from Forestry 
Residues 

Could be modified from Environment Agency 2005. 

CHP by Combustion of Wood Pellets from Timber 
Industry Co-Products 

Could be modified from Environment Agency 2005. 

CHP by Combustion of Wood Pellets from Short Rotation 
Coppice 

Could be modified from BEAT, but for willow only not popular. 

CHP by Combustion of Wood Pellets from Short Rotation 
Forestry 

No previous published work known. 

CHP by Co-Combustion of Meat and Bonemeal No previous published work known. 
CHP by Co-Combustion of Miscanthus Chips Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
CHP by Co-Combustion of Miscanthus Pellets Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
CHP by Co-Combustion of Poultry Litter No previous published work known. 
CHP by Co-Combustion of Straw Could be modified from Elsayed et al 2003 or Environment 

Agency 2005 
CHP by Co-Combustion of Wood Chips from Forestry 
Residues 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

CHP by Co-Combustion of Wood Chips from Timber 
Industry Co-Products 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

CHP by Co-Combustion of Wood Chips from Short 
Rotation Coppice 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005, but for willow only not poplar. 

CHP by Co-Combustion of Wood Chips from Short 
Rotation Forestry 

No previous published work known. 

CHP by Co-Combustion of Wood Pellets from Forestry 
Residues 

Could be modified from Environment Agency 2005. 

CHP by Co-Combustion of Wood Pellets from Timber 
Industry Co-Products 

Could be modified from Environment Agency 2005. 

CHP by Co-Combustion of Wood Pellets from Short 
Rotation Coppice 

Could be modified from BEAT, but for willow only not popular. 

CHP by Co-Combustion of Wood Pellets from Short 
Rotation Forestry 

No previous published work known. 

CHP by Gasification of Meat and Bonemeal No previous published work known. 
CHP by Gasification of Miscanthus Chips Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
CHP by Gasification of Miscanthus Pellets Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
CHP by Gasification of Poultry Litter No previous published work known. 
CHP by Gasification of Straw Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
CHP by Gasification of Wood Chips from Forestry 
Residues 

Covered by Elsayed et al 2003 and Environment Agency 
2005. 

CHP by Gasification of Wood Chips from Timber Industry 
Co-Products 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

CHP by Gasification of Wood Chips from Short Rotation Covered by Elsayed et al 2003 and Environment Agency 
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Coppice 2005, but for willow only not poplar. 
CHP by Gasification of Wood Chips from Short Rotation 
Forestry 

No previous published work known. 

  
CHP by Gasification of Wood Pellets from Forestry 
Residues 

Could be modified from Environment Agency 2005. 

CHP by Gasification of Wood Pellets from Timber Industry 
Co-Products 

Could be modified from Environment Agency 2005. 

CHP by Gasification of Wood Pellets from Short Rotation 
Coppice 

Could be modified from Environment Agency 2005, but for 
willow only not popular. 

CHP by Gasification of Wood Pellets from Short Rotation 
Forestry 

No previous published work known. 

CHP by Pyrolysis of Meat and Bonemeal No previous published work known. 
CHP by Pyrolysis of Miscanthus Chips Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
CHP by Pyrolysis of Miscanthus Pellets Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
CHP by Pyrolysis of Poultry Litter No previous published work known. 
CHP by Pyrolysis of Straw Could be modified from Elsayed et al 2003 or Environment 

Agency 2005. 
CHP by Pyrolysis of Wood Chips from Forestry Residues Covered by Elsayed et al 2003 and Environment Agency 

2005. 
CHP by Pyrolysis of Wood Chips from Timber Industry 
Co-Products 

Could be modified from Elsayed et al 2003 or Environment 
Agency 2005. 

CHP by Pyrolysis of Wood Chips from Short Rotation 
Coppice 

Covered by Elsayed et al 2003 and Environment Agency 
2005, but for willow only not poplar. 

CHP by Pyrolysis of Wood Chips from Short Rotation 
Forestry 

No previous published work known. 

CHP by Pyrolysis of Wood Pellets from Forestry Residues Could be modified from Environment Agency 2005. 
CHP by Pyrolysis of Wood Pellets from Timber Industry 
Co-Products 

Could be modified from Environment Agency 2005. 

CHP by Pyrolysis of Wood Pellets from Short Rotation 
Coppice 

Could be modified from Environment Agency 2005, but for 
willow only not popular. 

CHP by Pyrolysis of Wood Pellets from Short Rotation 
Forestry 

No previous published work known. 

 
 
Table 6: Review Evaluation of Biomass Energy Technologies of 

Transport Biofuels in Scotland 
 

Energy Technology Review Evaluation 
Biodiesel from Oilseed Rape Covered by Elsayed et al 2003, Environment 

Agency 2005 and Mortimer and Elsayed 2006 but 
would need adjustment to Scottish conditions. 

Biodiesel from Tallow Covered by Beer et al 2002 but inadequate 
transparency. 

Biodiesel from Used Vegetable Oil 
 

Covered by Elsayed et al 2003 and Environment 
Agency 2005. 

Bioethanol from Barley No previous published work known. 
Bioethanol from Wheat Covered by Elsayed et al 2003, Punter et al 2004 

and Environment Agency 2005 but would need 
adjustment to Scottish conditions. 

Bioethanol from Potatoes No previous published work known. 
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ANNEX 4:   SUMMARY OF STUDIES ON LIFE CYCLE AIR POLLUTANT 
BALANCES OF BIOMASS ENERGY TECHNOLOGIES 
 
Table 1: Review of LCA Studies with Information on Air Pollutant 

Balances of Biomass Heat Systems (Degree of transparency not    
          assessed) 

 
Energy Technology Studies Reviewed 

Heat by Combustion of Biogas from Anaerobic 
Digestion of Slurry 

Swedish data available from Berglund and Borjesson (2006). 

Heat by Combustion of Wood Chips from Forestry 
Residues 

German data available from Pehnt (2006), Kaltschmitt & Reinhardt 
(1996); European data from Calzoni et al. (2000) 

Heat by Combustion of Wood Chips from Timber 
Industry Co-Products 

No previous published work known. 

Heat by Combustion of Wood Chips from Short 
Rotation Coppice 

German data available from Pehnt (2006); American data from Spitzley 
& Kooleian (2005) 

Heat by combustion of miscanthus European data from Calzoni et al. (2000) 
Heat by Combustion of Wood Chips from Short 
Rotation Forestry 

No previous published work known. 

Heat by combustion of wood pellets from forestry Swedish data from Karlsson and Gustavsson 2002. 
Heat by Combustion of Wood Pellets from Timber 
Industry Co-Products 

No previous published work known.. 

Heat by Combustion of Wood Pellets from Short 
Rotation Coppice 

No previous published work known.. 

Heat by Combustion of Wood Pellets from Short 
Rotation Forestry 

No previous published work known.. 

Heat from Combustion of Straw German data from Pehnt (2006), Kaltscmitt and Reinhardt (1996) 
Heat from combustion of miscanthus German data from Kaltschmitt and Reinhardt (1996) 
Heat by Gasification of Wood Chips from Forestry 
Residues 

No previous published work known.. 

Heat by Gasification of Wood Chips from Timber 
Industry Co-Products 

No previous published work known. 

Heat by Gasification of Wood Chips from Short 
Rotation Coppice 

No previous published work known.. 

Heat by Gasification of Wood Chips from Short 
Rotation Forestry 

No previous published work known. 

Heat by Gasification of Wood Pellets from Forestry 
Residues 

No previous published work known. 

Heat by Gasification of Wood Pellets from Timber 
Industry Co-Products 

No previous published work known. 

Heat by Gasification of Wood Pellets from Short 
Rotation Coppice 

No previous published work known.. 

Heat by Gasification of Wood Pellets from Short 
Rotation Forestry 

No previous published work known.. 

Heat from Gasification of Straw No previous published work known.. 
Heat by Pyrolysis of Wood Chips from Forestry 
Residues 

No previous published work known.. 

Heat by Pyrolysis of Wood Chips from Timber Industry 
Co-Products 

No previous published work known.. 

Heat by Pyrolysis of Wood Chips from Short Rotation 
Coppice 

No previous published work known. 

Heat by Pyrolysis of Wood Chips from Short Rotation 
Forestry 

No previous published work known.. 

Heat by Pyrolysis of Wood Pellets from Forestry 
Residues 

No previous published work known.. 

Heat by Pyrolysis of Wood Pellets from Timber 
Industry Co-Products 

No previous published work known.. 

Heat by Pyrolysis of Wood Pellets from Short Rotation 
Coppice 

No previous published work known.. 

Heat by Pyrolysis of Wood Pellets from Short Rotation 
Forestry 

No previous published work known.. 

Heat from Pyrolysis of Straw No previous published work known. 
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Table 2: Review of LCA Studies with Information on Air Pollutant 
Balances of Biomass Electricity Systems (Degree of 
transparency not assessed). 

 
Energy Technology Studies Reviewed 

Electricity by Combustion of Wood Chips from Forestry Residues German data from Pehnt (2006) 
Electricity by Combustion of Wood Chips from Timber Industry Co-Products German data from Pehnt (2006). 
Electricity by Combustion of Wood Chips from Short Rotation Coppice German data from Pehnt (2006) 
Electricity by Combustion of Wood Chips from Short Rotation Forestry No previous published work known 
Electricity by Combustion of Wood Pellets from Forestry Residues No previous published work known. 
Electricity by Combustion of Wood Pellets from Timber Industry Co-Products No previous published work known. 
Electricity by Combustion of Wood Pellets from Short Rotation Coppice No previous published work known. 
Electricity by Combustion of Wood Pellets from Short Rotation Forestry No previous published work known. 
Electricity from Combustion of Straw No previous published work known 
Electricity from Combustion of Poultry Litter No previous published work known. 
Electricity from Combustion of Meat and Bonemeal No previous published work known. 
Electricity by Gasification of Wood Chips from Forestry Residues No previous work known. 
Electricity by Gasification of Wood Chips from Timber Industry Co-Products No previous published work known 
Electricity by Gasification of Wood Chips from Short Rotation Coppice American data from Spitzley & Kooleian (2005) (willow) and Mann and 

Spath (1997) poplar 

Electricity by Gasification of Wood Chips from Short Rotation Forestry No previous published work known. 
Electricity by Gasification of Wood Pellets from Forestry Residues No previous published  work known. 
Electricity by Gasification of Wood Pellets from Timber Industry Co-Products Could be modified from Environment Agency 2005. 
Electricity by Gasification of Wood Pellets from Short Rotation Coppice Could be modified from Environment Agency 2005, but for willow only 

not popular. 

Electricity by Gasification of Wood Pellets from Short Rotation Forestry No previous published work known. 
Electricity from Gasification of Straw No previous published work known. 
Electricity from Gasification of Poultry Litter No previous published work known. 
Electricity from Gasification of Meat and Bonemeal No previous published work known. 
Electricity by Pyrolysis of Wood Chips from Forestry Residues No previous published work known. 
Electricity by Pyrolysis of Wood Chips from Timber Industry Co-Products No previous published work known. 
Electricity by Pyrolysis of Wood Chips from Short Rotation Coppice No previous published work known. 
Electricity by Pyrolysis of Wood Chips from Short Rotation Forestry No previous published work known. 
Electricity by Pyrolysis of Wood Pellets from Forestry Residues No previous published work known. 
Electricity by Pyrolysis of Wood Pellets from Timber Industry Co-Products No previous published work known. 
Electricity by Pyrolysis of Wood Pellets from Short Rotation Coppice No previous published work known. 
Electricity by Pyrolysis of Wood Pellets from Short Rotation Forestry No previous published work known. 
Electricity from Pyrolysis of Straw No previous published work known. 
Electricity from Pyrolysis of Poultry Litter No previous published work known. 
Electricity from Pyrolysis of Meat and Bonemeal No previous published work known. 
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Table 3:  Review of LCA Studies with Information on Electricity by Co-firing  
   Biomass with Coal (Degree of transparency not assessed) 
 

Energy Technology Studies Reviewed  
Electricity by Co-firing Wood Chips from Forestry Residues German data from Pehnt (2006) 
Electricity by Co-firing Wood Chips from Timber Industry Co-Products German data from Pehnt (2006). 
Electricity by Co-firing Wood Chips from Short Rotation Coppice American data from Keoleian & Volk (2005), Heller (2004) 
Electricity by Co-firing  Wood Chips from Short Rotation Forestry No previous published work known. 
Electricity by Co-firing Wood Pellets from Forestry Residues No previous published work known. 
Electricity by Co-firing Wood Pellets from Timber Industry Co-
Products 

No previous published work known. 

Electricity by Co-firing Wood Pellets from Short Rotation Coppice No previous published work known. 
Electricity by Co-firing Wood Pellets from Short Rotation Forestry No previous published work known. 
Electricity from Co-firing Straw German data from Kaltschmitt and Hartmann (1999) 
Electricity from Co-firing  Poultry Litter No previous published work known. 
Electricity from Co-firing Meat and Bonemeal No previous published work known. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Annex 4: Summary of studies on LCA pollutant balances of bioenergy systems 

 252

Table 4: Review of LCA Studies with Information on Air Pollutant 
Balances of Biomass CHP Systems  (Degree of transparency not 
assessed). 

 
Energy Technology Studies Reviewed 

CHP by Combustion of Wood Chips from Forestry Residues Austrian data by Jungmeier (1998).   
CHP by Combustion of Wood Chips from Timber Industry Co-
Products 

Groscurth et al. (2000) 

CHP by Combustion of Wood Chips from Short Rotation 
Coppice 

 

CHP by Combustion of Wood Chips from Short Rotation 
Forestry 

No previous published work known. 

CHP by Combustion of Wood Pellets from Forestry Residues No previous published work known. 
CHP by Combustion of Wood Pellets from Timber Industry Co-
Products 

No previous published work known. 

CHP by Combustion of Wood Pellets from Short Rotation 
Coppice 

No previous published work known. 

CHP by Combustion of Wood Pellets from Short Rotation 
Forestry 

No previous published work known. 

CHP from Combustion of Straw No previous published work known. 
CHP from Combustion of Poultry Litter No previous published work known. 
CHP from Combustion of Meat and Bonemeal No previous published work known. 
CHP by Gasification of Wood Chips from Forestry Residues Groscurth et al. 2000 
CHP by Gasification of Wood Chips from Timber Industry Co-
Products 

Groscurth et al. 2000 

CHP by Gasification of Wood Chips from Short Rotation 
Coppice 

Groscurth et al 2000. 

CHP by Gasification of Wood Chips from Short Rotation 
Forestry 

No previous published work known. 

CHP by Gasification of Wood Pellets from Forestry Residues No previous published work known. 
CHP by Gasification of Wood Pellets from Timber Industry Co-
Products 

No previous published work known. 

CHP by Gasification of Wood Pellets from Short Rotation 
Coppice 

No previous published work known. 

CHP by Gasification of Wood Pellets from Short Rotation 
Forestry 

No previous published work known. 

CHP from Gasification of Straw No previous published work known. 
CHP from Gasification of Poultry Litter No previous published work known. 
CHP from Gasification of Meat and Bonemeal No previous published work known. 
CHP by Pyrolysis of Wood Chips from Forestry Residues No previous published work known. 
CHP by Pyrolysis of Wood Chips from Timber Industry Co-
Products 

No previous published work known. 

CHP by Pyrolysis of Wood Chips from Short Rotation Coppice No previous published work known. 
CHP by Pyrolysis of Wood Chips from Short Rotation Forestry No previous published work known. 
CHP by Pyrolysis of Wood Pellets from Forestry Residues No previous published work known. 
CHP by Pyrolysis of Wood Pellets from Timber Industry Co-
Products 

No previous published work known. 

CHP by Pyrolysis of Wood Pellets from Short Rotation 
Coppice 

No previous published work known. 

CHP by Pyrolysis of Wood Pellets from Short Rotation 
Forestry 

No previous published work known. 

CHP from Pyrolysis of Straw No previous published work known. 
CHP from Pyrolysis of Poultry Litter No previous published work known. 
CHP from Pyrolysis of Meat and Bonemeal No previous published work known. 
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Table 5: Review of LCA Studies with Information on Air Pollutant 
Balances of Biomass Transport Fuel Systems  (Degree of 
transparency not assessed). 

 
Energy Technology Review Evaluation 

Biodiesel from Oilseed Rape Dutch data from Senter Novem 2005. 
Biodiesel from Tallow Referred to in IFEU 2005.  Possible original study 

is in German. 
Biodiesel from Used Vegetable Oil 
 

Reviewed in IFEU 2004. 

Bioethanol from Barley No previous work known. 
Bioethanol from Wheat Dutch data from Senter Novem 2005 
Bioethanol from Potatoes Reviewed in IFEU 2004. 
Bioethanol from lignocellulosics Reviewed in IFEU 2004. 
Bioethanol from sugar beet. Reviewed in IFEU 2004. 
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