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Bioethanol plant

Executive
summary

Sustainability of biofuels – a complex topic
Gauging the sustainability of liquid biofuels is a complex
undertaking. However, complexity is no excuse for inaction as
liquid biofuels will be needed if the UK’s ambitious decarbonisation
targets are to be met. The Academy’s work on future energy
systems shows that all possible low-carbon technologies and
fuels will be needed to reach 80% carbon reduction by 2050, as
legislated in the Climate Change Act. Biofuels will be particularly
needed in aviation, shipping and heavy goods vehicles where there
are few alternatives to fossil fuels other than biofuels.
There is still some way to go before a more complete understanding
and comprehensive methodological approaches to sustainability
assessment are developed. Such approaches must consider a wide
range of environmental, economic and social aspects. Even focusing
only on the carbon footprint of biofuels – one of the main drivers for
their development – brings with it a host of uncertainties. Moreover,
almost every aspect related to biofuels is dynamic in nature across
different scales, which adds to the complexity. Examples include
changes in soil carbon content over time (micro-scale); time needed
to replace vegetation used as feedstock for biofuels (meso-scale);
and development of global biofuel supply chains (macro-scale).
Considering these dynamic aspects and their interconnections
presents a considerable challenge.
In an attempt to provide greater clarity on the topic, this study
considers the most significant sustainability issues associated
with liquid biofuels, the methods available for assessing them and
the associated uncertainties, with the aim of supporting future
policy decisions. While the main focus of the study is on the carbon
footprints of different biofuels, other environmental, economic and
social issues related to their production and use are also discussed.

The carbon footprints of biofuels
It is essential that the carbon footprint and other sustainability
aspects of biofuels be evaluated on a life cycle basis across full
supply chains to avoid shifting the burdens from one part of the
life cycle or supply chain to another. Most sustainability studies of
biofuels to date have focused on their environmental impacts and,
in particular, on the carbon footprint. Life cycle assessment (LCA) is
the main tool used and some 250 LCA studies were investigated in
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IT IS IMPORTANT TO TAKE INTO ACCOUNT THAT
BIOFUELS DO NOT EXIST IN ISOLATION BUT ARE
PART OF MUCH WIDER SYSTEMS, INCLUDING
ENERGY, AGRICULTURE AND FORESTRY.

preparing this report. Two types of LCA approaches are applied in
practice: attributional and consequential. Attributional LCA accounts
for impacts directly related to biofuels, attributing them to various
activities in a specific supply chain, including production and use of
biofuels. In contrast, consequential LCA examines potential indirect
consequences of biofuels by considering various ‘what if’ scenarios
that could arise from their production, such as changes in demand
for feedstocks or technological improvements.
Every LCA study of biofuels will have been designed to address
a specific question and will contain different assumptions, data
sources and uncertainties. Therefore, it is not surprising that the
results vary widely across the studies and care must be taken in
making direct comparisons between them.
Despite variability, LCA studies demonstrate that, if no land-use
change is involved, first generation biofuels (those produced from
food or animal feed crops) can – on average – meet the greenhouse
gas (GHG) emissions savings relative to fossil fuels required by the
EU Renewable Energy Directive (RED). However, second generation
biofuels (from dedicated energy crops, waste and residues) have in
general a greater potential than first generation biofuels to reduce
GHG emissions, again provided there is no land-use change. Third
generation biofuels (produced from microalgae) do not represent
a feasible option at present state of development as their GHG
emissions are higher than those from fossil fuels.

Other sustainability issues
In addition to the carbon footprint, there are many other
sustainability issues that must be considered when assessing
the sustainability of biofuels. These include: costs of production
and competitiveness with fossil fuels; food, energy and water
security; employment provision; rural development; and human
health impacts. These are discussed in this report but have received
relatively little attention to date and should be considered further in
future policy.

A risk-based approach
One of the key aspects in developing biofuels policy should be
to ensure that risks from their production and consumption are

minimised along whole supply chains. The aim of a risk-based
approach is to promote those feedstocks and biofuels that present
a low risk of high GHG emissions and other sustainability impacts
while strongly disincentivising high-risk alternatives. For example,
feedstocks that result in either deforestation or drainage of peat
lands are considered high risk and should be avoided.
An example of a risk-based approach is that proposed by the
Department for Transport in relation to the proposed changes to
the Renewable Transport Fuels Obligation (RTFO). This includes:
• setting a cap on the supply of crop-based biofuels to mitigate the
risk of an increase in indirect land-use change
• introducing targets for fuels derived from wastes and residues
and incentivising their production
• ensuring that genuine wastes and residues are used and
that they are not diverted from applications that are more
environmentally sustainable.

A systems view and ecosystem services
It is also important to take into account that biofuels do not exist
in isolation but are part of much wider systems, including energy,
agriculture and forestry. Like other production systems with which
they interact, biofuels impact on various ecosystem services,
such as land, water and food. It is, therefore, essential to take an
integrated, systems view to developing future policy to ensure
that biofuels are not disadvantaged relative to other sectors or
that progress made in this sector is not undone by unsustainable
practices in others.

Recommendations for improvements
Life cycle assessment of biofuels
• To increase the utility of LCA as an evidence-based tool for
evaluating the environmental sustainability of biofuels, the
methodologies and practical applications of both attributional
and consequential LCA need to be improved. This also includes
improving the clarity with which studies and their findings are
communicated.

Sustainability of liquid biofuels
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COMPLETE VALUE CHAINS RATHER THAN SINGLE
BIOENERGY PRODUCTS SHOULD BE ANALYSED
TOGETHER, TAKING A SYSTEMS APPROACH, TO
UNDERSTAND THE INTERACTIONS ACROSS SECTORS
AND LAND USES AND IDENTIFY OPPORTUNITIES
WHERE COLLECTIVE BENEFITS CAN BE REALISED.

• There is a need to validate indirect land-use change models used
in consequential LCA with empirical evidence; empirical methods
are also needed to test alternative hypotheses.

• Stakeholder involvement in the development of risk-based
approaches would ensure their relevance and would facilitate
implementation.

• To improve transparency, data availability and sharing, open
national and global LCA databases should be developed.

Integrated management of ecosystem services

• All LCA studies should include uncertainty and sensitivity analyses
to improve the reliability of the findings and give more confidence
in policy or decision making based on these studies.
Robust auditing of sustainability
• Robust auditing of biofuel supply chains should continue to be
strengthened to ensure that criteria on sustainability, governance
and transparency are enforced.

• Work is needed to strengthen sustainability governance across
the different sectors that biofuels are part of, including energy,
agriculture, forestry and other land-based supply chains.
• Since biofuel production is often embedded in supply chains for
existing products and can have its own co-products, complete
value chains rather than single bioenergy products should be
analysed together, taking a systems approach, to understand
the interactions across sectors and land uses and identify
opportunities where collective benefits can be realised.

• Measures should be taken to ensure that all certification schemes
account for any significant negative sustainability impacts. The
transparency and governance of some schemes also needs to be
improved.

Summary of policy recommendations

• The verification of the origin of wastes and residues used for
second generation biofuels should be strengthened to ensure
traceability and reduce the potential for fraudulent activities. A
national database should be established, alongside a centralised
international database, to ensure traceability of the fuels and
to mitigate the risk of fraud. It is also necessary to use a means
to detect and resolve alleged infringements of schemes’ rules or
to verify that complaints are registered and appropriately acted
upon.

• Incentivise the development of second generation biofuels, in the
first instance those derived from wastes and agricultural, forest
and sawmill residues, followed by dedicated energy crops. The
proposed sub-targets for these fuels and the continuation of the
double-counting mechanism, both proposed in the 2017 revision
of the RTFO, are reasonable steps to take.

Developing a risk-based approach
• Sustainability assessment of biofuels should consider a range
of relevant environmental, economic and social aspects to avoid
solving one issue (eg. climate change) at the expense of another.
• Robust and transparent methods for sustainability assessment
should be developed taking a life cycle approach and integrating
different aspects of sustainability.
• To help deal with the complexity associated with such
approaches, further development of risk-based approaches to
biofuels according to feedstock type and geographical origin
is needed.
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The following priority steps by government are needed in the
short term:

• Set a cap for the supply of all crop-based biofuels to reduce the
risk of indirect land-use change.
• Where possible, incentivise the use of marginal land (eg.
land unsuitable for food production or degraded through
deforestation) for the production of biofuels, particularly if soilcarbon stocks can be restored through use.
• Provide and maintain a clear and consistent categorisation of
wastes and residues that will avoid unintended market distortions
within the UK and internationally.
• Disincentivise feedstocks that have the potential to drive
unsustainable land-use change, primarily deforestation and peat
land drainage.

Executive summary

Field of rapeseed

• Increase the level of biofuels required under the RTFO to drive
the development of the sector and increase competitiveness
of biofuels as well as help towards meeting climate change
mitigation targets.
Some of the above recommendations are already being
considered by government and we strongly encourage their
implementation.
Within the next five years, the following steps by
government are needed:
• Work to develop an integrated approach towards land-use
planning that integrates and optimises ecosystem services.
• Integrate consideration of biofuels in rural land-use planning
and agricultural incentive schemes.
• Continue to play a role in the development and use
of consequential LCA (CLCA) to drive methodological
improvements, including the models used, data, assumptions
and their verification. Consensus building and standardisation
of CLCA should be the goal.

• Consider other sustainability issues beyond the carbon footprint,
including competitiveness of biofuels with fossil fuels, food,
energy and water security, employment provision, rural
development and human health impacts. The latter is particularly
important in view of the current debate on emissions and health
impacts from diesel vehicles.
• Consider introducing different incentive bands for second
generation biofuels. This would provide differentials in the
incentives structure for biofuels that are in earlier stage of
development and require a greater incentive than the proven
options (eg. first generation fuels).
• Take a more active role in public engagement and debate.
Key areas of debate that need to be drawn out include food
security, the relationship between investment in agriculture and
investment in biofuels, as well as the need to develop biofuels for
key transport sectors that lack other low-carbon options (road
freight, shipping and aviation).

• Work towards applying CLCA across the full breadth of landuses and alternative products that biofuels are compared with,
including fossil fuels, to understand better the dynamics of land
use by different sectors as well as to ensure a fair treatment of
biofuels.
• Until a more comprehensive understanding of land-use systems
is available, adopt a risk-based approach to biofuels policy. Key
components of this should be:
– further CLCA studies aimed at informing biofuels policies
– continued regional assessments of biofuels production
– robust local audit and certification systems
– inclusion of social and economic impacts.
• Strengthen the assessment by which existing certification
schemes are recognised by the European Commission and
ensure that robust certification of biofuel supply chains is
maintained when the UK leaves the EU.

Sustainability of liquid biofuels
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Acidification: Change in a natural chemical balance
in waterways or soil caused by an increase in the
concentration of acidic substances, such as sulphur
dioxide and nitrogen oxides, washed out from the
atmosphere.
Agricultural residues: Biomass obtained from
agricultural activities as a natural by-product of the
main crop, including straw and processing residues,
such as husks, chaff, cobs or bagasse. These can be
used for the production of second generation biofuels.
Allocation: A term used in life cycle assessment. It
involves partitioning the inputs into, or emissions from a
multifunctional system between its different functions
or outputs, such as different co-products.
Biodiesel: An oil based biofuel, typically produced from
vegetable fats, such as rapeseed, sunflower seed, soya
bean and palm oil, and blended with conventional diesel
for use in motor vehicles.
Biodiversity: The variety of different life forms in a
given area. High biodiversity is viewed as an indication
of a healthy ecosystem.
Bioenergy: Energy from biomass with most common
applications in the transport, heat and electricity
sectors.
Bioethanol: An alcohol based biofuel, typically
produced from starch and sugar crops, such as wheat,
corn, barley and sugar beet or cane, and blended with
petrol for use in motor vehicles.
Biofuel: A fuel produced from biomass. The two most
common types of biofuel are bioethanol and biodiesel.
Biofuels are also distinguished by the type of feedstock
from which they are produced as first, second and third
generation:
• First generation biofuels (also referred to as
‘conventional’ biofuels): Biofuels produced from
food or animal feed crops. Bioethanol is obtained
by microbial fermentation of sugars from sugaror starch-based crops, such as sugar cane, sugar
beet, corn and wheat. Biodiesel is produced by
transesterification, whereby lipids (oils and fats) in
edible oil, such as palm, soybean and rapeseed, are
reacted with alcohols (ethanol or methanol).
• Second generation biofuels (also referred to
as ‘advanced’ biofuels): Biofuels derived from
dedicated energy crops (eg. Miscanthus, switchgrass,
short rotation coppice and other lignocellulosic
plants), agricultural residues, forest and sawmill
residues, wood wastes and other waste materials
(eg. used cooking oil and municipal solid waste). A
key characteristic is that these feedstocks cannot be
used for food.
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• Third generation biofuels (also referred to as
‘advanced’ biofuels): Biodiesel produced from
microalgae through conventional transesterification
or hydro-treatment of algal oil.
Biogenic carbon: In the context of biofuels, this term
refers to CO2 that is sequestered from the atmosphere
during the growth of feedstocks and subsequently
released during the combustion of the biofuel or via
decomposition of vegetation or biological waste
(eg. forest residues).
Biomass: Organic matter used for the production of
biofuels. Other uses include conversion into heat and
electricity and production of chemicals.
Blending obligation: A requirement on transport
fuel suppliers to ensure that a certain proportion of fuel
is supplied from renewable sources and blended with
conventional fossil fuels.
Blue water: Fresh surface and groundwater, in
other words, the water in freshwater lakes, rivers and
aquifers.
Carbon defaults (or ‘default values’): Default
carbon intensity (or greenhouse gas emission) of
biofuels expressed in grams of CO2 equivalent per
megaJoule of fuel used (g CO2 eq./MJ). Under the EU
Renewable Energy Directive, these values can be
used in place of specific assessment of biofuel supply
chains in Europe, provided a regional assessment
has determined that supply chains in that region are
equivalent or below the carbon default value.
Carbon footprint: Total life cycle emissions of
greenhouse gases from a system, expressed in carbon
dioxide equivalents (CO2 eq.). For biofuels, the life
cycle typically includes cultivation and harvesting or
collection of feedstocks (as relevant), their processing,
production and use of biofuels, waste management and
all intermediate transportation steps.
Certification: An inspection (audit and certification)
procedure by means of which the conditions for
issuing a certificate to an operator are assessed by an
appropriate certification body.
Counterfactual scenario: ‘Counter to the facts’ or
‘what if’ scenarios related to the possible consequences
of a given action, such as producing biofuels.
Cradle to gate: Life cycle stages from the extraction
of raw materials (‘cradle’) to the point at which the
product leaves the production facility (‘gate’).
Cradle to grave: Life cycle stages from the extraction
of raw materials (‘cradle’) to final disposal of waste
(‘grave’).

Glossary

Double counting: An incentive placed on biofuels
produced from waste, residues, non-food cellulosic
material and lignocellulosic material, whereby they
receives double credits by volume towards the targets
in the Renewable Transport Fuel Obligation and the
Renewable Energy Directive.
Ecosystem services: Environmental resources
used by humans, including clean air, water, food and
materials. According to the Millennium Ecosystem
Assessment, ecosystem services can be classified into:
i) supporting services (eg. photosynthesis, nutrient
and water cycling), ii) provisioning services (eg. food,
water), iii) regulating services (eg. air quality, climate
etc. regulation) and iv) cultural services (eg. recreational
amenities and aesthetic value of landscape).
Energy crops: As opposed to some crops that can
be used for the production of biofuels but also have
food and feed markets, dedicated energy crops are
grown specifically for the purpose of producing heat,
electricity or transport biofuels. Dedicated energy crops
are non-food crops, including Miscanthus, switchgrass,
short rotation coppice and other lignocellulosic plants
as well as non-food cellulosic material, except saw logs
and veneer logs, which have an alternative market
outlet.
EU Biofuels Directive: Originally Directive 2003/30/
EC, later amended by Directive 2009/28/EC (see
‘EU Renewable Energy Directive’). It stipulated
implementation of national measures by member states
aimed at replacing 5.75% of all transport fossil fuels
(petrol and diesel) with biofuels.
EU Fuels Quality Directive (FQD): Directive 98/70/
EC (as amended), requiring suppliers to reduce the lifecycle greenhouse gas intensity of transport fuels and
introducing sustainability criteria for biofuels.
EU ILUC Directive: Directive 2015/1513 amends
the Renewable Energy Directive and the Fuel Quality
Directive to take account of the effect of indirect landuse change (ILUC) and aims to encourage the transition
away from first generation biofuels.
EU Renewable Energy Directive (RED): Directive
2009/28/EC of the European Parliament and of the
Council of 23 April 2009 on the promotion of the use
of energy from renewable sources and amending
and subsequently repealing Directives 2001/77/EC
and 2003/30/EC. The RED requires member states to
ensure that 10% of the energy used in transport is from
renewable sources by 2020.

EU Waste Framework Directive: EU Directive
2008/98/EC. Sets the basic concepts and definitions
related to waste and lays down some basic waste
management principles, including the waste hierarchy
(see also ‘waste hierarchy’).
Eutrophication: Excessive enrichment of an aquatic
ecosystem with nutrients (such as nitrates and
phosphates) that favour the growth of algae and plants.
Eutrophication can lead to the death of other organisms
in the aquatic system as algae and plants deplete the
oxygen in the system by covering the surface of the
water and through their subsequent decay.
Fatty Acid Methyl Esters (FAME): Produced by the
chemical reaction (transesterification) of vegetable or
animal fats with alcohols, typically methanol or ethanol.
A mixture of fatty-acid-methyl-esters, or ‘FAME’, is
commonly referred to as biodiesel.
Feedstock (for biofuels): Matter of biological origin
(biomass) used to produce biofuels.
Forest residues: In this report, forest residues refer
to: i) the tree branches and tops that result from the
harvesting of wood products within forests, also known
as ‘harvesting residues’; and ii) wood resulting from
management practices to control the establishment,
growth, composition and health of forests, referred to
as ‘thinnings’. Forest residues may also include damaged
or diseased trees. Forest residues are a potential
feedstock for the production of second generation
biofuels.
Fungible fuels: Fuels in common use and with
common specifications that can be intermixed without
affecting the specified fuel quality and performance.
Functional unit: A measure of the function of the
system of interest and used as a unit of analysis
in life cycle assessment (LCA). For example, 1 MJ is
often used as the functional unit in LCA studies of
biofuels, reflecting its main function as the provision of
transportation energy.
Global warming potential (GWP): Cumulative
radiative forcing from the emission of a unit mass of a
greenhouse gas relative to carbon dioxide. The radiative
forcing effect is integrated over a period of time: 20,
100 or 500 years, with 100 years being used most
often. GWP is expressed in carbon dioxide equivalents
(CO2 eq.) where GWP of one mass unit of CO2 is equal
to one. In life cycle assessment, the term GWP is used
to denote the climate change impact from the total
emissions of greenhouse gas from a system and is
often used interchangeably with the term ‘carbon
footprint’.

Sustainability issuesSustainability
associated with
of liquid
liquidbiofuels
biofuels
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Greenhouse gases (GHG): Gases in the atmosphere
that absorb and re-emit infrared radiation reflected
from the Earth. This causes the so-called ‘greenhouse
effect’ whereby heat is trapped in the atmosphere
making the Earth warmer and leading to climate
change. The Kyoto Protocol covers a basket of six GHGs
produced by human activities: carbon dioxide (CO2),
methane (CH4), nitrous oxide (N2O), hydrofluorocarbons
(HFCs), perfluorocarbons (PFCs) and sulphur
hexafluoride (SF6).
Green waste: Biodegradable waste from gardens and
parks, such as grass cuttings and hedge trimmings.
Green water: The precipitation on land that does not
run off or recharge the groundwater but is stored in the
soil or temporarily stays on top of the soil or vegetation.
Hotspot: A unit process or a life-cycle stage that has
a potentially significant environmental, social and/or
economic impacts.
Hydro-treated vegetable oil (HVO): A diesel that
can be produced from a wide array of vegetable oils and
fats that are treated thermo-chemically with hydrogen.
ISO: International Organisation for Standardization.
Land-use change (LUC): Change in the purpose for
which land is used by humans (eg. crop land, grass land,
forest land, wetland, industrial land). Two types of LUC
are distinguished:
• Direct LUC: Change in the use of land at the location
of production of the product of interest.
• Indirect LUC: Change in the use of land elsewhere
occurring indirectly as a result of displaced demand
previously destined for food, feed and/or fibre
markets owing to biofuel demand.
Life cycle assessment (LCA): A method used
to quantify environmental impacts of products,
technologies or services on a life-cycle basis. An LCA
study can be from ‘cradle to grave’ or from ‘cradle to
gate’. A cradle-to-grave study of a product considers all
life- cycle stages from extraction of materials and fuels
(‘cradle’) through production and use of the product to
its final disposal as waste (‘grave’). A ‘cradle-to-gate’
study does not follow the product to the use stage but
stops at the factory ‘gate’ where the product has been
produced.
Marginal land: Degraded or generally poor quality
land, unsuitable for agricultural, housing and other uses.
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Microalgae: Microscopic algae ranging in size from a
few micrometres (µm) to a few hundred micrometres.
They can be cultivated in freshwater and marine
systems for production of third generation biofuels
(biodiesel). For simplicity, the term ‘microalgae’ is used
interchangeably with ‘algae’ in this report.
Natural capital: Natural resources such as soil, air,
water and all living things. They provide a wide range
of services, often called ecosystem services, which
contribute to human well-being (see also ‘ecosystem
services’).
NGO: Non-governmental organisation.
Photochemical smog: Ground-level (troposphere)
ozone created by various chemical reactions between
volatile organic compounds and nitrogen oxides in
sunlight, also often referred to as ‘summer smog’.
Renewable Transport Fuel Certificate (RTFC):
One RTFC is awarded for every litre of liquid biofuel
reported in the UK. Biofuels from waste, residues,
non-food cellulosic material and lignocellulosic material
receive double the number of RTFCs (see ‘double
counting’). RTFCs can be traded between suppliers.
Their value is determined by the market.
Renewable Transport Fuel Obligation (RTFO):
Introduced in 2008, the UK’s main mechanism for
supporting the supply of renewable fuels in transport.
It places an obligation on suppliers with more than
450,000 litres per year of fuel, intended for road
transport and non-road mobile machinery use, to
ensure a certain percentage of the fuel supplied is
renewable and operates as a certificate (RTFCs)
trading scheme.
Sawmill residues: Waste chippings, sawdust,
processing residues, shavings and off-cuts from
sawmills.
Soil organic carbon: Carbon present in soils as
organic matter. It includes carbon in living plants and in
materials derived from plant remains, such as humus
and charcoal.
Supply chain: The whole production chain from the
production of feedstock for the production of biofuels
up to the biofuel producer or trader.
System boundary: The boundary drawn around
the system of interest, denoting unit processes
and stages in the life cycle considered in a life cycle
assessment study.

Glossary

System expansion or substitution: Applied in life
cycle assessment studies to estimate environmental
impacts of the product of interest produced in a system
that also co-produces other products. The system
boundary is expanded to consider alternative ways of
producing the co-products. The system is ‘credited’ for
displacing (substituting) the need for these alternative
production systems by subtracting their impacts from
the overall impacts of the system under study.

Well to wheel (WTW): The life cycle of a fuel from
extraction (well) to its use in vehicles (wheel). For
biofuels, ‘extraction’ refers to feedstock cultivation
or acquisition, as appropriate. It is equivalent to the
‘cradle-to-grave’ approach in life cycle assessment.
Wood wastes: Waste wood from construction and
demolition.

Toxicity: The degree to which a substance can harm
a living organism. In general, two types of toxicity are
distinguished:
• Human toxicity: Impact on human health from
exposure to harmful/toxic substances, carcinogenic
and non-carcinogenic.
• Eco-toxicity: Impact of harmful/toxic substances on
aquatic, terrestrial and sediment ecosystems.
Used cooking oil (UCO): A feedstock used for the
production of second generation biofuels.
Verification: The process of providing assurance of
biofuel sustainability data or other fuel-related data (eg.
place of purchase, volume produced) supplied on behalf
of reporting parties. Verifiers must be independent of
the reporting party whose data they are verifying.
Voluntary certification scheme: Certification
system established to provide assurance that biofuels
meet certain sustainability criteria. The European
Commission currently recognises 19 voluntary
certification schemes as complying with the Renewable
Energy Directive (RED). Schemes vary significantly in
intention, geographical coverage, scope, organisation
and governance and can apply both stricter and
additional criteria beyond the mandatory criteria in
the RED.
Waste hierarchy: A waste management strategy
defined in the EU Waste Framework Directive (EU
Directive 2008/98/EC) that prioritises respectively the
prevention, re-use, recycling and recovery of waste
products over disposal.
Well to tank (WTT): The life-cycle of a fuel from
extraction (well) to delivery of the fuel to vehicles
(tank). For biofuels, ‘extraction’ refers to feedstock
cultivation or acquisition, as appropriate. Compared to
well-to-wheel (WTW) (see below), WTT does not take
into consideration fuel use in vehicle operations. It is
equivalent to the ‘cradle-to-gate’ approach in life cycle
assessment.

Sustainability issuesSustainability
associated with
liquidbiofuels
biofuels
of liquid
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Urban congestion

1.1. Aim of the study
Liquid biofuels currently make up about 3% of total road and nonroad mobile machinery fuel supplies in the UK [1]. While transport
fuels are not the first target for cost-effective carbon emission
reductions, deep reductions in carbon emissions from transportation
are essential if the UK is to meet its climate change obligations. The
Academy’s work on future energy systems [2] states that all possible
low-carbon technologies and fuels will be needed to reach the 80%
carbon reduction by 2050, as legislated by the Climate Change Act [3].
Developing viable liquid biofuel industries and markets is a longterm undertaking that could contribute to this goal, in particular in
sectors such as aviation, shipping and heavy goods vehicles where
substitution with electric vehicles is not a prospect in the short term,
so significant efforts are already under way.
It is important that the reductions in life-cycle greenhouse gas
(GHG) emissions that can be achieved by biofuels relative to their
fossil fuel equivalents are properly understood to inform policy
development and choice of best fuel options. Numerous studies
have considered the potential of biofuels to achieve reductions
in life cycle GHG emissions by estimating their carbon footprint.
However, their findings are often conflicting, with a wide variation
in the estimates. Thus, the main objective of this study is to provide
a greater clarity and understanding of the carbon footprints of
different liquid biofuels with the aim of informing future policy. A
further objective is to investigate state-of-the art knowledge of
other sustainability issues – environmental, economic and social
– associated with their production and consumption. As part of
that, the current expectations for the development of biofuels and
potential levels of supply that the UK could sustain in the future are
also considered. The study also reviews methods, standards and
regulations for assessing the sustainability of biofuels and makes
recommendations for policy development.
Currently, UK biofuels policy is driven by EU Directives in terms of
both the amount used and sustainability criteria. Following the
result of the EU referendum in June 2016, the UK will need to decide
upon its national policies and their relationship to EU biofuels
directives and regulations. However, until the UK actually leaves the
EU, it will continue to follow these regulations. Hence, this study
has been carried out in this context.
The main focus of the study is on:
• liquid biofuels currently used in the UK
• emerging liquid biofuels proposed for large-scale use in the UK.
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IF THE UK IS TO MEET ITS CLIMATE CHANGE
OBLIGATIONS, DEEP REDUCTIONS IN CARBON
EMISSIONS FROM TRANSPORTATION ARE
ESSENTIAL.

In both of the above cases, this covers both domestically produced
and imported biofuels.
The study was carried out by the Royal Academy of Engineering
under the auspices of the Academy’s Engineering Policy Committee
(EPC) and was overseen by an expert working group established by
the Academy. Members of the working group are listed in Appendix
1. This report was reviewed internally by the Academy’s EPC and
by external experts, also listed in Appendix 1. The original terms of
reference for the study can be found in Appendix 2.

1.2. Definition of biofuels
The term ‘biofuels’ commonly refers to liquid fuels that are derived
from biomass, such as biodegradable agricultural, forestry or
fishery products, wastes or residues, or biodegradable industrial
or municipal waste. Biofuels can be differentiated according to a
number of key characteristics, including feedstock type, conversion
process, technical specification of the fuel and its use. Owing to this
multitude of possible distinctions, various definitions are in use for
biofuel types. Two commonly used typologies, are ‘first, second and
third generation’ and ‘conventional and advanced’ biofuels (Table 1)
and can be defined as:
• First generation biofuels (also referred to as ‘conventional’
biofuels): Biofuels produced from food or animal feed crops.
Bioethanol is obtained by microbial fermentation of sugars from
sugar- or starch-based crops, such as sugar cane, sugar beet, corn
and wheat. Biodiesel is produced by transesterification, whereby
lipids (oils and fats) in edible oil, such as palm, soybean and
rapeseed, are reacted with alcohols (ethanol or methanol).
• Second generation biofuels (also referred to as ‘advanced’
biofuels): Biofuels derived from dedicated energy crops (eg.
Miscanthus, switchgrass, short rotation coppice and other
lignocellulosic plants), agricultural residues, forest and sawmill
residues, wood wastes and other waste materials (eg. used
cooking oil and municipal solid waste). A key characteristic is that
these feedstocks cannot be used for food.
• Third generation biofuels (also referred to as ‘advanced’
biofuels): Biodiesel produced from microalgae through
conventional transesterification or hydro-treatment of algal oil.
Since first generation biofuels, as defined above, are produced
through well-understood technologies and processes, such as
fermentation, distillation and transesterification, they are also
commonly referred to as ‘conventional biofuels’. Second and third

generation fuels are often referred to as ‘advanced biofuels’ as
their production techniques or pathways are still in the research and
development (R&D), pilot or demonstration phase.
While these distinctions are in common usage, they present some
difficulties and need to be used with caution. Firstly, the same
well-understood technologies and processes used to convert food
or feed crops into ‘conventional’ or ‘first generation’ biofuels, can
be used to convert many non-food or non-feed feedstocks into
biofuels. As such, a fuel that some may refer to as ‘advanced’ may be
advanced in so much as the feedstock is different (and potentially
more challenging to convert into a fuel) while the technological
process may in fact be the same.
The second main issue is related to defining wastes. Whether
something is defined as a waste depends upon whether it has a
pre-existing use or value, which is a contextual question. This is an
issue if consistency is to be maintained. For example, as described
in subsequent sections, the EU has introduced policy mechanisms
whereby, to incentivise their production, biofuels derived from
wastes, residues or other non-food biomass are ‘double counted’
towards obligations to blend low-carbon fuels into the fuel pool.
Until a recent amendment to the EU Renewable Energy Directive
(RED), in September 2015 [4], the same substance could be
considered as having a use and therefore not being waste in one
member state but considered as waste in another. For example,
tall oil (from wood processing industries) is double counted in
Sweden, but used as a chemical precursor in the UK and therefore
not considered eligible [5]. Since the amendment in September 2015,
the RED has a list of feedstocks for double-counted biofuels but still
allows for the production of advanced biofuels in the installations
existing prior to September 2015, the use of feedstocks not included
in the list but determined to be waste by the competent national
authorities. What is considered a waste may also change over time;
as industries and policymakers increasingly turn their attention to
making economies as ‘circular’ as possible, the value attached to
materials that are currently treated as wastes is liable to change.
While these nuances and challenges with defining biofuels are
significant and require a careful use of language, we have found it
useful to differentiate between biofuels derived from different food
and non-food feedstocks. Within the latter category, we distinguish
between biofuels derived from dedicated energy crops, residues,
wastes and algae. As such, for the purposes of this study, we have
adopted the terminology of first, second and third generation
biofuels and distinguish between them only by feedstocks as shown
in Table 1.
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Table 1
Biofuels classification according to the feedstock type adopted in this report, also showing an
alternative classification and biofuel production processes and products [adapted from [8]]
Classification
(used in this report)

Alternative
Feedstocks
classification		

Production

First generation
Conventional biofuels
Sugar crops
Transesterification
		Starch crops
Fermentation
		Vegetable oils
Hydrogenation
			Fischer-Tropsch
Used cooking oil
Gasification
Second generation
Ambiguous a
		
Animal fats
Pyrolysis
		
Energy crops
Hydrolysis

Products
Bioethanol
Biodiesel
Methanol
Butanol
Mixed alcohols
Jet fuels
Vegetable oil

Advanced biofuels
Agricultural residues
		Forest residues
		Sawmill residues
		Wood wastes
		Municipal solid waste			
Third generation		

Algae

a Used cooking oil and animal fats are converted via well-established processes. Some energy crops compete with food or feed crops or cause land-use change; hence, they may not

qualify as feedstocks for second generation (advanced) biofuels.

Table 1 also indicates that many different processes can be used
to produce biofuels [6,7]. They are at varying degrees of maturity,
with some being commonly labelled ‘conventional’, such as
transesterification or fermentation and others as ‘advanced’, such
as pyrolysis, gasification or hydrolysis. An in-depth discussion of
these is outside the scope of this report; instead, we focus on
the broad considerations that must be taken into account when
assessing the sustainability of biofuels.

1.3. Study methodology and coverage
This study has relied on two main sources for collection of data and
information: existing literature and an extensive consultation with
key UK and international stakeholders. These are described below.

1.3.1. Literature review
To identify relevant academic, peer-reviewed literature on the
sustainability of biofuels, a systematic literature search was
performed in relevant databases (Science Direct, Web of Science,
Scopus and websites of relevant academic journals). Over
250 studies were identified and reviewed, including life cycle
assessment (LCA) of biofuels and methodologies and policy aspects
related to their sustainability. The reviewed studies covered a wide
spectrum of first, second and third generation biofuels.
In addition, a systematic search of other publically available
literature was conducted. This included publications by policy
bodies (principally European Commission and the UK government),
industry, commissioned works by think tanks and specialist
consultancies, consortia of stakeholders – such as the Transport
Energy Taskforce [9] – and non-governmental organisations (NGOs).
These publications were prioritised for their relevance to the UK
biofuels context.

1.3.2. Stakeholder input
Stakeholder input was received through a number of mechanisms:
1. A stakeholder mapping exercise was conducted and an
open call for written evidence was issued and disseminated
internationally on 21 March 2016. The call was also made public
on the Academy’s website, promoted through its Fellowship and
circulated throughout the International Council of Academies
of Engineering and Technological Sciences (CAETS) Network. i
The call remained open until 2 May 2016. In total, 37 written
submissions of varying length were received.
2. Six oral evidence sessions were held whereby the study’s
expert working group questioned panels of four to six different
stakeholders on each panel. These sessions were used to either
follow up with stakeholders who had submitted written evidence
or as an opportunity to consult key stakeholders who had not
participated in the call.
3. Follow-up interviews were held with some stakeholders who had
not been able to feed into either of the above processes.
4. Finally, to test the predominantly UK-focused perspectives that
had been gained in the oral evidence sessions and interviews,
three teleconferences were held with panels of experts from
Australia, Brazil and the U.S.
A total of 59 contributors inputted into the above processes,
representing either organisations or individual experts from
industry associations and partnerships, professional engineering
institutions, biofuel producers, specialist consultancies, research
institutions, labs, networks and NGOs. Appendix 3 provides an
overview of the stakeholders consulted across these various
input mechanisms.

To avoid outdated information, the review of both academic and
other literature predominantly focused on the studies published
from the period 2009 to 2017. Some important earlier publications
that were frequently cited were also taken into account.

i

The international network of national academies focused on engineering and technological sciences (www.caets.org/).
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2.

History of biofuels
and policy landscape

Sugar cane

2.1. History of biofuels
Biofuels have been used since the early days of the automotive
industry. For instance, Rudolph Diesel tested his first engine on
peanut oil [10] after pulverised coal was found to be unsuccessful.
Until the 1940s, biofuels were seen as viable transport fuels and
bioethanol blends such as ‘Agrol’, ‘Discol’ and ‘Monopolin’ were
commonly used in the US, Europe and other regions [10]. Further
development of bioethanol ceased after the Second World War
as petroleum-derived fuel became cheaper. During the oil crisis
in 1970s, many countries showed renewed interest in production
of commercial biofuels; however, only Brazil started to produce
ethanol at a large scale. In Brazil, blending ethanol from sugar
cane into the fuel pool has been mandatory since 1977 and the
government incentivised the development of 100% ethanol fuel
vehicles and the associated distribution infrastructure.
During the late 1990s, with the rise in crude oil prices and concerns
over energy security, the US and many nations in Europe developed
policies in support of domestic biofuel industries [11]. The interest in
biofuels further increased in the past decade with the development
of policies on climate change mitigation and strategies to reduce
GHG emissions from the transport sector. More than 60 countries
have since launched biofuel programmes and set targets for
blending biofuels into their fuel pools [8]. As a consequence, the
biofuel sector has grown considerably in recent years and currently
it contributes around 4% to transportation fuels globally [12].
However, this has also led to various controversies over the
sustainability of biofuels production and use [13], which has affected
the growth of the sector [14]. The sustainability issues associated
with liquid biofuels are discussed in the rest of this report, with a
particular focus on their use in the UK. Prior to that, the next section
provides an overview of the biofuels policy landscape in the EU and
the UK, followed by their current and projected future production
worldwide and in the UK.

2.2. Policy landscape
Two key policies applicable to biofuels in Europe and the UK are
discussed in this section: the EU Renewable Energy Directive
(RED and the UK Renewable Transport Fuel Obligation (RTFO).

2.2.1. EU Renewable Energy Directive (RED)
The RED is a common European framework intended to promote
renewable energy sources. The 2009 Directive set mandatory
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IN BRAZIL, BLENDING ETHANOL FROM SUGAR CANE INTO
THE FUEL POOL HAS BEEN MANDATORY SINCE 1977 AND
THE GOVERNMENT INCENTIVISED THE DEVELOPMENT OF
100% ETHANOL FUEL VEHICLES AND THE ASSOCIATED
DISTRIBUTION INFRASTRUCTURE.

national targets for the overall share of energy from renewable
sources in gross final energy consumption and a minimum 10%
share (on energy basis) of renewable energy in transport by
2020 [15]. In practice, considering the present stage of technical
development and possibilities to use alternative energies in
transport, the 10% target can be achieved only through a
substantial use of biofuels [5].
RED Articles 17(2) to 17(6) set the following sustainability criteria
for biofuels that have to be met for them to contribute towards
national targets [15]:
• Minimum level of GHG savings: from 1 January 2017 this rose from
35% to 50% and will rise to 60% from 1 January 2018 for new
plants commencing operations after 1 January 2017.
• Land criteria, excluding land with high biodiversity value, or
change of use for high carbon stock or peat lands, with an
emissions bonus of 29 g CO2 eq./MJ for the use of restored
degraded land.
• Agricultural raw materials cultivated in the EU and used for the
production of biofuels shall respect the minimum requirements
for good agricultural and environmental conditions and some
statutory management requirements defined by the Common
Agricultural Policy.
There are no mandatory requirements on maintaining and
improving soil, water and air quality or for considering social issues,
such as engagement with affected communities, compliance with
the International Labour Organization’s (ILO) conventions, or food
security.
The RED legislation was amended through the Indirect Land-Use
Change (ILUC) Directive 2015 [4], which limits the contribution of
biofuels produced from crops grown on agricultural land to 7%
of the final energy consumption in transport in member states by
2020. It also includes indicative support for second generation
biofuels by:
• setting a target for 0.5% of the overall 10% share of renewable
energy in transport by 2020, required by the RED, to be met by
second generation biofuels
• allowing their contribution to be double-counted towards
meeting the overall EU mandate, focusing on biofuels produced

ii

from wastes, residues, non-food cellulosic and lignocellulosic
materials. This means that fuel distributors can blend only half of
the biofuel into fossil fuel to reach the requirements if the biofuel
is produced from these feedstocks. At the national level, this also
means that the member states can fulfil their target towards
10% share of renewable energy in transport with half the volume
of biofuels.
EU member states are responsible for ensuring that the amounts of
biofuels declared are backed by valid certificates and for collecting
and sending these data to the Eurostat database where they are
collated and made available in the public domain [16]. This is achieved
in the UK through the RTFO, detailed below. To ensure that
biofuels placed on the EU market are sustainable, member states
must require economic operators in the biofuels supply chain to
show that the sustainability criteria set out in the RED have been
fulfilled [15]. Operators can show that their consignments of biofuel
comply with the sustainability criteria by fulfilling the requirements
of national control systems or by making use of voluntary schemes
recognised by the European Commission [15].
During the course of this study, the Commission announced a new
package of policy proposals on the promotion of energy use from
renewable sources [17]. This included an overarching target of at
least 27% renewable energy across all energy sectors for the EU
by 2030 to be fulfilled through a collective delivery of individual
member states’ contributions, where member states can set more
ambitious national targets. Also proposed were the following
revisions to the RED:
• With effect from January 2021, member states shall require
transport fuel suppliers to provide an increasing share of
renewable and low-carbon fuels, including a minimum share of
energy from advanced biofuels, renewable transport fuels of
non-biological origin (eg. hydrogen), waste-based fossil fuels ii and
renewable electricity. The minimum share shall be at least 1.5%
in 2021, increasing to 6.8% in 2030, including at least 3.6% from
advanced biofuels. Preferential rules would apply to advanced
aviation fuels in order to support their deployment in the aviation
sector.
• The cap on the contribution of food-based biofuels towards the
EU renewable energy target will decrease progressively from 7%
in 2021 to 3.8% in 2030.

Where ‘waste-based fossil fuels’ are liquid and gaseous fuels produced from waste streams of non-renewable origin, including waste processing gases and exhaust
gases.
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FROM 2021, BIOFUELS SHOULD HAVE AT
LEAST 70% LOWER GHG EMISSIONS THAN
FOSSIL FUEL ALTERNATIVES.

• From 2021, biofuels should have at least 70% lower GHG
emissions than fossil fuel alternatives.
• New sustainability criteria will be introduced for forest biomass.
• National databases will be required to ensure traceability of the
fuels and to mitigate the risk of fraud.

2.2.2. Renewable Transport Fuel Obligation (RTFO)
The RTFO [18] was introduced in the UK as a policy measure to
encourage adoption of renewable transport fuels and to deliver
the objectives set out in the European Commission’s Biofuels
Directive [19]. It came into force in April 2008 and it originally
mandated a biofuel supply equivalent to 2.5% of total road
transport fuel sales (by volume) in 2008/09, increasing to 4.75%
by 2013. Until 2012, biofuels benefitted from £0.2/litre excise duty
exemption. Refiners, importers and any others who supply more
than 450,000 litres of road transport fuel per year to the UK market
are required to conform to the RTFO.

As mentioned in the previous section, the RED stipulates that
biofuels produced from second generation feedstocks shall be
considered to ‘count twice’. As such, biofuels derived from these
feedstocks are issued two RTFCs per litre/kg [20]. The stakeholders
consulted during the study generally agreed that this mechanism
had been highly effective at incentivising the production of second
generation biofuels, particularly those derived from wastes and
residues. Of the 2,485 million RTFCs issued between April 2015
and April 2016, 1,840 million were issued to double-counting
feedstocks [21].

In 2011, the RTFO was amended to introduce sustainability criteria
and a double-counting mechanism for wastes, residues, non-food
cellulosic material and lignocellulosic feedstocks to bring it in line
with the RED. Since 2013, the UK blending target for all types of
biofuels has remained at 4.75% of total volume of transport fuel
used for road and non-road mobile machinery, principally owing to
concerns related to the impacts of ILUC arising from production of
first generation biofuels.
Under the RTFO system, suppliers of sustainable biofuel can apply
for Renewable Transport Fuel Certificates (RTFCs). One RTFC is
issued per litre of liquid or per kg of gaseous biofuel derived from
crop-based feedstocks. Biofuels must be certified as meeting
the sustainability criteria outlined in the RED to receive an RTFC.
Obligated fuel suppliers are required to redeem a number of RTFCs
in proportion to the volume of fossil fuel and unsustainable biofuel
they supply. RTFCs are tradeable or fuel producers can pay a ‘buyout’ price iii if they do not produce the required amount of biofuel.

E10: 10% of ethanol blended with petrol

iii

Currently 30 pence per litre of biofuel that would otherwise have had to have been supplied to meet their obligation.
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3.

Current and future
supply of biofuels

Harvesting corn for bioethanol

3.1. Current supply
3.1.1. Global production
Over the decade from 2005 to 2015, world bioethanol production
increased by a factor of three, from 33 to 98.3 billion litres. During
the same period, biodiesel production increased almost eightfold, from less than four to 30.1 billion litres [12]. In 2015, biofuels
accounted for about 4% of total transportation fuels worldwide [12].
The global production of biofuels is dominated by the US and
Brazil – producing 72% of all biofuels in 2015 – followed by Europe
(EU–28), which produced 12% [12]. Production of bioethanol in the
US is almost exclusively from corn, while sugar cane is used in Brazil.
In Europe, the main feedstocks are corn for bioethanol and rapeseed
for biodiesel production. Argentina, Brazil and the USA also produce
significant quantities of biodiesel, predominantly from soybean,
while Malaysia and Indonesia produce biodiesel from palm oil.

3.1.2. Supply in the UK
In 2015/16, 1,565 million litres of biofuel were supplied in the UK,
comprising 50% bioethanol, 47% biodiesel and 2% biomethanol.
This is equivalent to 3% (by volume) of total road and non-road
mobile machinery fuel (see Figure 1). Virtually all (99.9%) of the
biofuel supplied met the sustainability requirements set by the
RED [21]. As can be inferred from Figure 1, the growth of the biofuels
market in the UK over the past eight years has been much slower
than in the rest of the world (see the previous section), effectively
stagnating over the period (for further discussion on this, see
section 3.2.2).
In 2015/16, UK feedstocks accounted for 24% of the biofuel
production, mainly consisting of wheat for bioethanol and used
cooking oil (UCO) for biodiesel (Figure 2). The main imported
biofuels/feedstocks were corn, sugar beet and wheat ethanol,
and UCO [1]. The UK Department for Environment, Farming and
Rural Affairs (DEFRA) estimates that, in 2015/16, a total of
93,000 hectares (ha) of agricultural land was used for bioenergy
in the UK [22], most of which was for wheat (41,000 ha) and corn
(34,000 ha) production, with the rest planted with sugar beet
(9,000 ha), Miscanthus (7,000 ha), short rotation coppice (3,000
ha) and rapeseed (300 ha) Iv. Of the total, 53% (49,000 ha) was

iv

Since these crop areas are derived from the amount of fuel supplied to UK road transport, they do not account for any UK grown crops that are processed into biofuels
and then exported (and not re-imported), that are supplied to markets other than road transport or are exported to be processed into biofuels elsewhere.
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Figure 1
Supply of biofuels in the UK by fuel type [based on data from [1]]
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production in 2014/15.
Currently, there are no biofuels in the UK derived from
lignocellulosic feedstocks. While there is some cultivation of energy
crops, used largely for power generation, the planted area is small;
this includes both established perennial crops, such as Miscanthus
and short rotation coppice (SRC) willow and novel species, like
switchgrass and reed canary grass [23].
On the other hand, the expansion of waste feedstocks has been
much more successful, largely driven by the double-counting
mechanism. This has been particularly effective for UCO, with
supplies in the UK being sourced from more than 50 countries.
The top suppliers in 2015/16 were Spain, USA, Germany, the
Netherlands, Saudi Arabia, UAE, Taiwan and France, respectively.
Currently, 57% of biofuel supplied in the UK (meeting RED criteria)
is produced from a waste/non-agricultural residue feedstock and is
eligible for double counting [1]. However, it should be borne in mind
that long-range transport of imported feedstocks leads to additional
GHG and other emissions, particularly those from shipping, including
sulphur dioxide (SO2), nitrogen oxides (NOx) and particulate matter.
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For example, transport of feedstocks or biofuels over a distance of
10,000 km can contribute 7% to 38% to the total carbon footprint
of biofuels [24,25].
Table 2 provides information on the nine largest UK biofuel plants,
most using wheat, UCO and other waste. In addition to these largescale production plants, there are a number of significantly smaller
operations producing biodiesel from UCO, typically ranging from a
few thousand to a million litres of biofuel production per year. As
can be seen in Table 2, the UK industry is dominated by the largescale operators. This is partly because smaller producers struggle
to sell RTFCs directly to obligated fuel suppliers as the number of
RTFCs that they can supply is too low to generate interest from
large suppliers [26]. Smaller suppliers also typically do not have
significant resources to handle complex certificate trading or price
forecasting and their cash-flow position pushes them to sell their
certificates as soon as possible, even if selling at a later stage could
achieve a better price [26]. These points were confirmed during our
stakeholder consultation.
Shipping, aviation and heavy goods vehicles (HGVs) have fewer
options for low-carbon fuels compared to passenger road transport
and analyses of the future energy system suggest that they
should be considered a priority for the development and use of
biofuels v. However, while progress has been made on increasing

Table 2
Large commercial biofuel plants operational in the UK (updated based on information from [26])
Company
Location
Capacity
		(million litres/year)

Fuel type

Current feedstock mix

Argent Energy
Motherwell, Scotland
60
Biodiesel
Used cooking oil, tallow,
				sewerage grease
Argent Energy
Stanlow, Ellesmere Port
85
Biodiesel
Used cooking oil, tallow,
				sewerage grease
Greenergy

Seal Sands, Teesside

284

Biodiesel

Primarily waste oils

British Sugar

Wissington, Norfolk

70

Bioethanol

Sugar beet

Convert 2 Green

Middlewich, Cheshire

20

Biodiesel

Used cooking oil

Greenergy

Immingham, Hull

220

Biodiesel

Waste oils

Ensus

Wilton, Teesside

400

Bioethanol

Wheat

Olleco

Bootle, Merseyside

16

Biodiesel

Used cooking oil

Vivergo

Immington, Hull

420

Bioethanol

Wheat
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Figure 2
Supply of biofuels in the UK by feedstock type [data from [1]]
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the contribution of biofuels to road transport in the UK (to 4.75%
by volume under the RTFO), less, if any, progress has been made
in aviation and shipping. The main constraint in aviation is the
need for fungible fuels that meet the sector’s high performance
specifications. Production via hydrogenated vegetable oils is
currently technically feasible but not cost competitive, requiring
further development. Incentives for this are currently stronger
in the US than they are in Europe. It should also be borne in mind
that fuel weight per unit of energy is a critical factor in aircraft
performance and operation. Biofuels are at a disadvantage as
they have lower calorific value per unit volume than fossil fuels.
This means that aircrafts must carry significantly more fuel, which
reduces their efficiency and may require design changes.
Shipping is considerably more ‘omnivorous’ in terms of fuel
specifications; however, biofuels are currently not used for marine
shipping in the UK [30]. The price, availability and speed of loading
are the key factors that determine choice of fuel for ships. Other
key technical challenges are the need to store fuel on board ships
for long periods of time and the range of environmental conditions
in which critical equipment must operate. The storage of biofuels
for long periods can cause hydrolysis of the fuel and subsequent
corrosion, ingress of water and microbial growth [30]. Sustainability
standards are currently not a significant driver of fuel quality; the
ISO 8217 standard on Marine Fuel Specification currently precludes
the use of biodiesel as a marine fuel (although a revision to this is
expected). In addition, the governance of shipping is international
and highly complex. There may, however, be some scope to extend
governance mechanisms, such as the MARPOL International
Convention for the Prevention of Pollution from Ships, which
currently covers sulphur emissions and energy-efficient ship design.
HGVs are generally powered by diesel engines and this is likely
to continue for the foreseeable future. As with passenger car
manufacturers, there is a general acceptance of B7 blend (7%
of biofuel by volume added to conventional diesel) in the HGV
sector [30]. Although there is a standard in the US for blends
up to B20 (ASTM D7467 [31]), early trials of blends at this level
showed various difficulties, including possible incompatibility
with some engine materials present in the fleet, higher engine
v
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component wear, higher dilution rate of lubrication oil than for
standard ultra-low-sulphur diesel, negative effects on particulate
filter regeneration and a fuel consumption penalty. The latter
is particularly significant as fuel costs dominate heavy duty
vehicle operating costs. There have also been concerns from fuel
injection manufacturers owing to concerns regarding viscosity,
density, lubrication and compatibility of materials. Effects are also
dependent on climatic conditions and the vehicle operating cycle;
for example, long distance haulage versus inner city buses and
refuse trucks. As a consequence, use of high blends would require
engine modifications. For that reason, operators have generally
been conservative over the introduction of biofuels. Work has been
ongoing to understand the mechanisms involved and to ameliorate
negative effects [32–34]. Successful trials [35] have led to the use of
B20/B30 for return-to-base vehicles, whereby the fuel quality may
be maintained and vehicle compatibility is known (manufacturers
quote a maximum blend percentage in their warranties).
More progress has been made in the aviation sector – where
some active supply chains currently exist – than in shipping and
HGVs. This has been driven by the introduction of some regional
sustainability requirements and airlines’ desire to achieve globally
harmonised standards. Aviation also receives more consumer and
public attention on environmental issues.

3.2. Future supply
3.2.1. Global production
Several international and national organisations have made midand long-term projections of the global production of biofuels.
These projections provide wide-ranging estimates on future
increase in liquid biofuels for transport globally. Some estimate
that as much as one-third of all transportation fuel by 2050 could
come from biofuels, while others predict more modest increases.
For example, the International Energy Agency (IEA) ‘technology
roadmap’ on transport biofuels suggests that biofuels might
constitute around 27% of global transport fuel supply in 2050 [36].
This projection is based on several assumptions that are optimistic

For example, analysis by the Committee on Climate Change [27,28] shows that the only options available for reduced emissions from aviation are measures on fuel
efficiency, operational efficiency, modal shifts, constraints on demand and use of biofuels. For shipping, measures include use of larger ships, improved fuel efficiency
through technology and operational innovations and the use of either biofuels or liquefied natural gas (LNG). For biofuels, the main constraint cited is availability while,
for LNG, there are practical constraints on use related to low energy density, lack of refuelling infrastructure and limited emissions reduction potential relative to
conventional fuel. For HGV, see, for example, the roadmap produced by Ricardo [29].
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and contentious. For instance, it assumes that the majority of
production will come from second generation feedstocks grown
on marginal lands that are not suitable for food crop production.
It also assumes that microalgae biodiesel will be commercially
available by the year 2030 – a claim that was disputed by a
number of stakeholders consulted as part of this study. A recent
assessment [37] also suggests that the IEA projections could be
impossible to achieve, estimating the maximum potential of
transport biofuels by 2050 to be at least 30% lower than those
projected by IEA. Other organisations, such as the OECD and BP,
project approximately a 7% share of biofuels by 2030 [14].
It should also be noted that the global context for biofuels is changing
owing to the volatile crude oil prices [38]. Lower oil prices since 2014
have resulted in a more challenging investment climate for biofuels.
However, with blending mandates driven by the need to decarbonise,
biofuels production is expected to rise, albeit slowly, reaching almost
4.3% of world road transport fuel in 2020 [38]. Although the impact
of a prolonged low oil price on the demand for biofuels has not been
evaluated, a review of the available studies [14] concludes that a
contribution of 7% to total transportation fuels by 2030 appears
reasonable since biofuels already contribute around 4%.
There are some developments that suggest demand for bioethanol
might increase significantly more than for biodiesel. The diesel
engine, and diesel cars in particular, have been under increasing
scrutiny owing to manipulation of the emissions homologation vi
process by some car manufacturers and the failure to replicate
expected NOx emissions in real driving conditions. Actual

measurements have indicated that average tailpipe NOx emissions
from diesel cars are seven times the certified emission limit for Euro
6 vehicles [39]. This issue is causing significant concern, particularly
in urban conditions, where air quality issues and related human
health impacts are receiving increasing political attention [40,41].
Diesel technology is also under pressure from the progressive
introduction of direct injection in petrol engines (approximately
50% of sales), which improves fuel consumption but maintains
emissions performance [42]. Finally, bioethanol is a comparatively
consistent product while biodiesel can have variable properties
that limit high blends in general use. For biodiesel, B7 blends are
typical, whereas E10 bioethanol blends are practical for the great
majority of UK petrol cars and have already been introduced in
other countries. It is also possible to engineer petrol engines to use
higher blends, including E85 and E100. For example, there have
been significant sales of such vehicles in Sweden, stimulated by
government incentives and provision of new filling stations. While
favourable climatic conditions have been an enabling factor vii, Brazil
has used E100 for some time and has a significant fleet. On the
other hand, there are no offerings of high-blend biodiesel cars thus
far. With the increasing tolerance of petrol cars to higher blends of
bioethanol and the penetration of direct injection technology, it is
likely that petrol vehicles will have superior carbon emissions on a
well-to-wheel basis [44].
With respect to algae, although numerous large-scale, commercial
cultivation, harvesting and processing facilities exist around
the world, most are used for the production of high-value food

vi

The term used for emissions testing for compliance with standards in the automotive industry.

vii

The cold starting of engines is affected since ethanol evaporates at a higher temperature (has a lower vapour pressure) than petrol. This is not a significant issue in Brazil
because of its warm climate. However, in Sweden, for example, ethanol blends are lowered during winter (from E85 to E70) as a response to the lower temperatures [43].
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Used cooking oil at recycling centre

additives rather than for low-cost transportation fuels [45]. Also,
many new technologies for extraction and separation of algal oils
and the transformation of those oils into biodiesel are unproven
at a commercial scale. Algae production using wastewater and
waste CO2 sources has received special attention. So far, however,
algal pathways are considered theoretical rather than mature, and
transformative breakthroughs are needed to make algal biodiesel
viable both economically and energetically [45]. The integrated
biorefinery concept could help overcome these challenges by
producing high-value products along with biofuels [46]. However, the
disparity in the size of the biofuels market compared to the market
for high-value products is an issue [47]. As such, both our national
and international stakeholder consultation suggested that algae
production would remain restricted to high-value products, such as
cosmetics, dietary supplements or speciality chemicals.

3.2.2. Supply in the UK
As mentioned earlier, the production of biofuels in the UK has
been stagnating over the past eight years. This is largely due to
the level of biofuels supply being limited by the RTFO, currently at
4.75% by volume. Producers have no policy or market incentives
to produce above this amount and there has been significant loss
of investor confidence since expected rises in the RTFO have
not been introduced. This has led to many plants running below
installed capacity and many UK investments to be written off. What
investments there have been since 2013 have largely focused on
retrofitting first generation plants to process a broader range of
feedstocks – particularly converting vegetable oil biodiesel plants

to run on waste fats and oils, with several plants transitioning
completely to UCO or tallow. A £25 million competition to
demonstrate ‘advanced’ (second or third generation) biofuels and
encourage scale up from pilot to commercial scale was announced
by the UK Department for Transport (DfT) in 2015, with three
winning projects [48]. Further funding of £20 million was announced
in late 2016, targeting the decarbonisation of HGVs and aviation [49].
However, any significant uplift in UK production is highly dependent
on a stable trajectory for increasing the blending obligation or a
similarly strong incentive and high investor confidence in such
policy signals.
Notwithstanding this, both existing studies and input from
producers consulted in this study indicate that there is sufficient
feedstock availability to meet any foreseeable uplift in blending
obligations to meet the current RED target. The UK Bioenergy
Strategy [50] indicates that sustainably sourced bioenergy (as
defined by the RED criteria) could contribute around 12% by
2050 to the UK’s total primary energy demand (within a range of
8% to 21%). However, international supplies, particularly from
North America, will be a key contributor to this deployment so this
potential increase in biofuels supply would partly depend on the
levels of domestic demand in other countries.
A recent report [51] estimates that the accessible viii biomass
feedstock in the UK could provide 580 PJ to 670 PJ in 2030 or 7%
to 8% of the UK’s primary energy demand (based on UK energy
demand of 8480 PJ in 2015). In terms of availability of second
generation biofuel feedstocks, the available analysis suggests

viii The accessible biomass resource is defined in the report as a resource available after price-independent competing uses have been subtracted from the total potential
resources [51].

Sustainability of liquid biofuels

21

THE NATIONAL NON-FOOD CROPS CENTRE (NNFCC)
ESTIMATES THAT THE UK HAS NEARLY 16 MILLION
TONNES OF DOMESTIC CROP WASTES, FOREST RESIDUES
AND OTHER WASTE MATERIALS. THE GREATEST
CONTRIBUTIONS ARE FROM GREEN WASTE (31%),
AGRICULTURAL STRAW (25%) AND WASTE PAPER (27%);
THE LATTER IS CURRENTLY COLLECTED AND EXPORTED.

that, if all the wastes and residues that are sustainably available in
the EU were converted only to biofuels, this could supply 16% of
road transport fuel in 2030 [52]. However, these feedstocks have
other competing uses, such as production of heat and power and
production of biochemicals [53].
Although at present no biofuels supplied in the UK are derived from
lignocellulosic feedstocks, it is expected that future sustainability
requirements will become more stringent. This is likely to drive
a shift towards lignocellulosic feedstocks or waste for biofuel
production, provided the technological challenges for these types of
feedstock can be overcome [54], together with reducing production
costs. In the regions where they are currently cheapest, some
feedstocks, such as agricultural and forest residues and municipal
solid waste, are close to being competitive without incentives [52].
The National Non-Food Crops Centre (NNFCC) estimates that the
UK has nearly 16 million tonnes of domestic crop wastes, forest
residues and other waste materials [55]. The greatest contributions
are from green waste (31%), agricultural straw (25%) and waste
paper (27%); the latter is currently collected and exported. The
availability of this biomass varies significantly by region and by
type, with most of it arising in the Eastern and Southern regions
of England. Scotland has the highest potential availability of forest
residues and a considerable amount of collected green waste.
Feedstocks with the most reliable year-round supply are likely to
be green waste, paper waste and forest residues, but could have
varying composition over time. Straw and energy crops are likely to
provide the most consistent composition, but year-round supply
requires storage of seasonal harvests. However, many alternative
uses exist for these feedstocks that may compete with their use as
biofuel feedstocks, including power generation, composting media,
or use for livestock bedding.
The NNFCC has also analysed the potential for non-food crops
grown specifically for energy generation in the UK [23]. This included
both established perennial crops, such as Miscanthus and short
rotation coppice (SRC) willow, and novel species such as switchgrass
and reed canary grass. The theoretical maximum area of land
available in England and Wales for growing Miscanthus and SRC,

not impinging on food production, was found to be between 0.93
and 3.63 Mha. However, in reality, planting will not take place
below a certain gross margin. Assuming a gross margin of £241/ha
for SRC ix (at £60 per oven dry tonne (odt)), this figure decreases
to 0.62 to 2.43 Mha. Miscanthus can attain higher gross margins
than SRC owing to higher productivity. Assuming planting would
not take place below a gross margin of £526/ha for Miscanthus x
(at £60/odt), the maximum area of land available would be 0.72 to
2.80 Mha. Despite these margins being available to some growers
in the current market, nothing approaching this level of uptake
has occurred yet, leading the NNFCC to conclude that education,
training and improved contract security are required [23]. Business
as usual would mean that perennial energy crops would continue
to play a marginal role.
E4Tech [56] has specifically assessed the potential for establishing
lignocellulosic biorefineries in the UK. The authors argue that
establishment of lignocellulosic biorefineries requires available
and sustainable feedstocks, viable business models across the
entire supply chain, suitable locations with potential for business
clustering and downstream users, as well as a supportive policy
framework. They analysed four feedstock-specific scenarios for UK
biorefineries and found the following:
• Co-location of a biorefinery with a biomass power station is
appealing owing to the existing feedstock supply chains, potential
scale of operation and integration with existing power generation
activities. Commercial competitiveness will depend on feedstock
costs and this option is currently technically challenging as wood
pellet conversion is less mature than, for example, straw.
• Conversion technologies for straw are comparatively mature and
relatively low cost but supply potential xi may be a limiting factor
in the UK, although there is a lignocellulosic ethanol plant in the
design phase. There is existing supply chain experience with
straw for power generation, which can be drawn upon to identify
regional concentrations of feedstock in the UK.
• Producing bio-based products from municipal solid waste (MSW)
is a favourable option with respect to feedstock costs, waste

ix

This margin was derived from the fact that SRC currently achieves between £45–60/odt on energy crop contracts with power stations, which would deliver a gross
margin of between £116/ha and £241/ha, respectively, based on 8.3 odt/ha.

x

This takes £60/odt as a typical contract price, which can be as low as £45/odt and as high as £75/odt.

xi

Based on the scenario focusing on Eastern England, the region with the highest straw availability in the UK. Straw is mainly derived from wheat grown in the region and,
to a smaller extent, from barley, oil seed rape and oats. However, uncollected straw is currently chopped and incorporated back into the soil, improving soil quality, so
only a fraction would be available and the farmers’ willingness to provide it may vary [56].
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policy and other sustainability objectives. However, it depends
on the identification of sites with available and accessible
feedstock that is not already contracted to a competing use.
A demonstration plant could give the UK a competitive edge
in Europe. The US already has a commercial facility producing
bioethanol from MSW mixed with woody waste [57].
• A biorefinery based on perennial crops could secure a dedicated
feedstock, but only if farmers can be engaged to grow the crops;
a significant challenge is establishing such dedicated supply
chains and would potentially involve issues with land-use change.
Generally, E4Tech also concludes that developing low-carbon
lignocellulosic biofuels will open broader opportunities for
producing renewable chemicals and materials that enable a circular
economy and are more sustainable than fossil-based products,
presenting significant scope for innovation that uses existing UK
strengths in lab and pilot-scale research [56].
When considering future production of biofuels, it is also important
to place it within the context of the whole energy system in the UK,
as the choice of fuels for transport will be affected by the fastdeveloping energy scene during the next few years. For example,
the rapid growth of wind-turbine installations in the UK could result
in transient surplus electricity that might then be used for water
electrolysis to produce hydrogen, a competing source of lowcarbon fuel. Alternatively, hydrogen could continue to be produced
by steam methane reforming but with the addition of carbon
capture and storage. Furthermore, biomass is already a subject
of competition from a range of applications that is expected to
increase in the future. This includes electricity and heat generation,
which represent a more efficient use of biomass than its conversion
to liquid transport fuels. However, greater use of gas-powered
combined heat and power, which is more efficient than individual
gas boilers and power stations, could release more biomass for
liquid biofuel production. This is particularly relevant as energy
needed to heat buildings in the UK is approximately equal to the
energy needed for road transport [58]. These examples highlight the
fact that liquid biofuels and related policy must be integrated into
the overall energy landscape and cannot be considered in isolation.

Municipal solid waste
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4.

Key sustainability
issues associated
with liquid biofuels

Third generation (algal) biofuels could also avoid the issue of food
competition and land use because microalgae can be grown on
non-arable land and in wastewater, saline or brackish water and
they grow extremely rapidly. However, the production of biofuels
from microalgae is energy intensive and remains economically
unviable [45].

Environmental
GHG emissions
Soil organic carbon

Energy balance

Acidification
Eutrophication
Land use change

Figure 3 depicts the sustainability aspects of biofuel production and
use considered in the study. The primary focus in this report is on
the carbon footprint of biofuels; however, consideration is given to
other environmental, economic and social aspects covered in the
studies reviewed and raised during stakeholder consultation. Prior
to discussing the findings, the following sections give an overview
of how the sustainability of biofuels can be evaluated and certified.

Boidiversity

Water use
Water pollution
Health impacts
Air pollution

Capital costs

Land rights

Operational costs
Valuable co-products

Jobs
Food security
Energy security
Rural
development

Economic
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Biofuels offer both advantages and pose risks in terms of
environmental, economic and social sustainability [59]. On the
one hand, reduction of GHG emissions, energy security and rural
development are the most important drivers for biofuels globally.
On the other hand, there are concerns related to the increasing
production of biofuels, such as upward pressure on food prices,
the risk of increase in GHG emissions through direct and indirect
land use change (LUC) from production of biofuel feedstocks, as
well as the risks of degradation of land, forests, water resources
and ecosystems. The use of first generation feedstocks, such as
corn, has become a particularly contentious issue, largely owing
to competition with food production and concerns over diverting
agricultural land into fuel production. A growing demand for
agricultural produce risks an increase in deforestation and use of
land with a high biodiversity value to meet this demand, as well
as associated usage of freshwater, fertilisers and pesticides,
with negative consequences on the environment. Some of these
issues could be addressed by using second generation feedstocks;
however, the economic viability of some second generation of
biofuels remains doubtful in the current economic context, largely
because of the low oil prices [60–62].

Royal Academy of Engineering

Labour related issues
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Figure 3
Sustainability aspects of biofuels considered in the study
The categorisation of different issues as environmental, economic or
social is based on their primary impact. For example, GHG emissions cause
climate change, which has environmental, economic and social implications.
Most sustainability issues also straddle two or all three dimensions of
sustainability.
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Methods, standards
and certification
schemes for assessing
sustainability of
biofuels

Soybean field

5.1. Life cycle assessment (LCA)
LCA is a method used to quantify environmental impacts of
products, technologies or services on a life-cycle basis. Depending
on the goal and scope, an LCA study can be from ‘cradle to grave’
or from ‘cradle to gate’. For example, a cradle-to-grave LCA study
of a product considers all life cycle stages from extraction of raw
materials and fuels (‘cradle’) through production and use of the
product to its final disposal as waste (‘grave’). By contrast, ‘cradle to
gate’ does not follow the product to the use stage but stops at the
factory ‘gate’ where the product has been produced.
LCA has been used widely in industry and by policymakers. Example
applications include evaluation of environmental sustainability
of products and technologies, comparisons of alternative
production systems, identification of environmental ‘hotspots’ and
improvement opportunities. In the case of biofuels, LCA has had
significant influence on the development and implementation of
policies and regulations in Europe and the USA.

5.1.1. Type of LCA approach: attributional vs.
consequential
LCA approaches can be classified as attributional (ALCA) or
consequential (CLCA). ALCA accounts for impacts directly related
to the system of interest, attributing them to the activities within
the system (hence the term ‘attributional’). For example, ALCA
of biofuels attributes estimated life cycle environmental impacts
to various activities in the supply chain, including cultivation of
feedstocks and production and use of biofuels. CLCA, in addition to
direct, also examines potential indirect consequences of the system
under study by considering various ‘what if’ scenarios that could
arise owing to this system; examples include changes in demand for
the product of interest or technological improvements. For instance,
CLCA can consider potential impacts of biofuel feedstock cultivation
on other land-using sectors and the effect this might have on
the food production system and LUC elsewhere in the global
economy [63,64]. Table 3 provides an overview of the key differences
between ALCA and CLCA.
ALCA has been used mainly as an ‘accounting’ tool for estimating
environmental impacts of different systems, comparisons of
alternative systems and identification of environmental ‘hotspots’
that can be targeted for improvements. By contrast, CLCA is not
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Table 3
Key differences between attributional and consequential LCA approaches [adapted from [69]]
Aspect

ALCA approach

CLCA approach

Goal of the study

To assess environmental impacts of the
system of interest

To determine potential environmental
consequences of the system of interest on
related systems, considering economy-wide
consequences

System boundary

Flows into, within and out of the system
directly related to the system of interest.
System boundary of the system of interest
does not overlap with other systems

As ALCA, plus flows that are indirectly
affected by a marginal (unit) change in the
output of a product (eg. through market
effects, substitution, use of constrained
resources, etc.). System boundary of the
system of interest overlaps with other
systems

Type of question (example)

What are the total impacts from the
production of a unit of the product of
interest?

What are the environmental consequences
on different production systems of
producing one additional unit of the product
of interest?

Perspective

Current/Future

Future

Approach

Calculates impacts directly related to the system
of interest, using life cycle inventory data.

Life cycle inventory data combined with
economic models to predict both direct and
indirect effects on markets

Treatment of co-products (allocation)

System expansion or allocation (eg. mass,
energy, economic value)

System expansion, including market-related
effects

Data

Marginal and average data

Marginal data with historical and future
projections

Indirect effects

Not considered

Includes different indirect effects, such as
interactions with existing policies

Market effects of production and consumption

Not considered

Considered

Uncertainty

Relatively low

High

appropriate as an accounting tool but is more suited for policy
applications. For example, the US Environmental Protection Agency
(EPA) has used partial equilibrium models to estimate the overall
ILUC associated with the biofuel scenario mandated by the Energy
Independence and Security Act of 2007 [65]. However, the use of
CLCA for policy is still in infancy and its application to biofuels is
controversial and subject to criticism [66,67]. One of the main reasons
is that consequential analysis is highly complex, being dependent
on future projections, formulation of possible ‘what if’ scenarios and
counterfactual circumstances, economic models of relationships
between demand for inputs, price elasticities, supply and markets
effects of co-products, all of which can be highly uncertain [63,68,69].
Therefore, caution should be exercised with the interpretation
of CLCA results [69]. Furthermore, unlike ALCA, there is still no
internationally agreed methodology for CLCA, making it difficult to
carry out and compare different studies.
It should be noted that ALCA and CLCA cannot be compared –
neither is ‘better’ or ‘more detailed’; they are different techniques
developed to address different questions. They, therefore, follow
different methodologies and will normally provide very different
results that must be interpreted carefully based on the goal and
scope of the study. For example, Searchinger et al. [70] found that
using ALCA results in a 20% saving in GHG emissions from US corn
ethanol compared to petrol. However, following a CLCA approach
and considering the increase in output required by the US Energy
Independence and Security Act leads to a 47% increase in emissions
relative to petrol. This increase was related to LUC induced by
higher prices of corn, soybean and other grains as a consequence of
the additional demand for corn for ethanol production.
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5.1.2. LCA standards
The methodology for ALCA is standardised by the ISO 14040 and
14044 standards [71,72]. It comprises four phases: goal and scope
definition, inventory analysis, life cycle impact assessment and
interpretation (see Figure 4). The ISO standards provide only
generic guidelines, leaving the individual practitioner with a range
of choices, which often makes comparisons of LCA studies difficult.
Moreover, the ISO standards do not provide detailed instructions on
how to address critical issues that typically occur when conducting
an LCA of biofuels, such as the impacts of LUC associated with
biomass production (see section 6.4.) or accounting for biogenic
carbon (see section 6.5.).

5.1.3. Greenhouse gas (GHG) standards
The drive to mitigate climate change has brought special attention
to the GHG emissions in the life cycle of products. Over the last
years, several standards, calculation methods and approaches for
assessing GHG emissions have been proposed and are being used at
the product level. The widely used standards are Publicly Available
Specifications (PAS) 2050[73], GHG Protocol – Product Life Cycle
Accounting and Reporting Standard [74] and ISO 14067 [75].
These standards are based on the LCA methodology established by
ISO 14040 and 14044 [71,72] and therefore follow the attributional
approach (note also that the approach used in the RED and RTFO
is also largely consistent with ALCA). They provide requirements
and guidelines for several common methodological issues, such as
goal and scope definition and allocation, as well as more specific
issues, including land-use change, biogenic carbon emissions, soil
carbon change, carbon storage in products and delayed emissions.
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Figure 4
The methodological framework for life cycle assessment according to the ISO 14040/14044 standards [71,72]

Goal and scope definition

Inventory analysis

Interpretation

Impact assessment

ISO 14067 is a general standard while PAS 2050 and GHG Protocol
provide more detailed requirements and guidance with less room
for interpretation. However, ISO 14067 provides more detailed
guidelines for communicating carbon footprints of products
through labelling, declarations and performance reports. PAS 2050,
developed in the UK and first published in 2008 and revised in 2011,
was one of the first carbon footprinting standards internationally.
The revised version is in alignment with the GHG Protocol on key
topics, such as biogenic carbon, recycling, LUC and delayed carbon
emissions.

5.2. Sustainability standards
Published in 2015, the ISO 13065 standard on Sustainability
Criteria for Bioenergy [76] provides a framework for evaluation of
environmental, social and economic sustainability of different
bioenergy products and supply chains, including biofuels. It specifies
a set of principles, criteria and indicators that should be used in
sustainability assessments. The standard deals only with direct
impacts, defined as those that are “under the direct control of the
economic operator and caused by the process being assessed”.
Therefore, indirect impacts are outside the scope of the standard.
Furthermore, the standard does not follow a life cycle approach. The
only exceptions to this are GHG emissions and energy use, which
must be estimated on a life cycle basis in accordance with the ISO
14067 and ISO 14040/44 standards. However, while the standard
does not mandate a life cycle approach for the other indicators, it

provides the operator with the flexibility to express environmental
impacts over the life cycle of the product considered.
The key principles considered in ISO 13065 are listed in Table
4. For most environmental principles, the criteria and indicators
generally follow a common format, setting out requirements for
describing the procedures applied to identify potential impacts;
listing impacts identified; describing measures taken to address
impacts; and reporting the relevant values and trends of key
parameters or metrics used to measure the effects of addressing
the impacts identified. The criteria and indicators associated
with the principles on social sustainability specify requirements
on describing relevant policies, procedures and practices that
safeguard against infringements on relevant human rights as well
as providing some specific indicators. For example, indicators for the
criterion on child labour includes the number of workers defined as
children in accordance with the applicable law and the form of the
work performed (regular or light) [76]. Finally, the economic principle
includes the criteria for the provision of information on procedures,
parameters, assessments and metrics on fraudulent, deceptive or
dishonest commercial business and consumer practices as well as
on financial risk management.

5.3. Certification schemes
Various voluntary sustainability certification schemes have been
developed for application by biofuels producers within their
supply chains. The European Commission currently recognises

Table 4
Sustainability principles considered in ISO 13065 [76]
Environmental

Social

Economic

Reduce life cycle anthropogenic GHG emissions

Respect human rights

Conserve and protect water resources

Respect labour rights

Produce and trade bioenergy in an
economically and financially viable way

Protect soil quality and productivity

Respect land use rights

Promote good air quality

Respect water use rights

Promote positive and reduce negative impacts
on biodiversity
Promote efficient use of energy resources
Promote responsible management of waste
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COMPLIANCE-BASED SCHEMES ARE WEAKER
ON SOCIAL ISSUES AND TEND NOT TO
INCLUDE STAKEHOLDER ENGAGEMENT,
WHILE THOSE WITH A BROADER
REMIT REQUIRE MULTI-STAKEHOLDER
ENGAGEMENT THROUGH ALL STAGES OF
STANDARD-SETTING, IMPLEMENTATION
AND FURTHER DEVELOPMENT.

19 voluntary certification schemes as meeting the requirements
under the RED and can be used to certify biofuels. This recognition
is based on an assessment by the Commission that is valid for five
years, after which schemes must be reassessed [5]. All 19 schemes
implement RED mandatory minimum requirements. However,
schemes vary significantly in intention, geographical coverage,
scope, organisation and governance and can apply both stricter
and additional criteria beyond the RED. As a consequence, some
schemes are compliance based, covering RED requirements only,
while others consider more comprehensive sets of environmental
and social criteria.
National systems require and accept the certificates issued under
the voluntary schemes recognised by the Commission as proof
of sustainability and usually several schemes operate in each
EU member state. Voluntary schemes are established mostly by
privately run entities. Many have been developed by groups of
economic operators and other interested parties, such as consortia
or ‘roundtables’. There are also schemes developed by biofuel
producers. In the UK, the International Sustainability and Carbon
Certification (ISCC) is the dominant scheme, being used to certify
89% of biofuels supplied in the UK during 2015/16 [21].
Schemes rely on independent auditors, who certify compliance by
economic operators on behalf of a scheme, according to contracts
with that scheme. Auditors from the certification bodies may also
carry out documentary and on-the-spot checks on farmers, first
biomass collection points, warehouses, oil mills, biofuels plants and
biomass or biofuels traders. The operator producing biomass or
biofuels pays certification costs to the certification body and fees
to the voluntary scheme from which they obtain certification. Every
economic operator in the chain of cultivation and conversion has to
provide purchasers of biomass or biofuels with information about
the sustainability characteristics of the products it delivers and their
certification. The recognised voluntary schemes certify biomass
produced in the EU and also imported into the EU.
Soon after the EU approved the first seven voluntary schemes in
July 2011, concerns were raised about a lack of social considerations;
two of the seven schemes initially approved had no commitments
to social sustainability [77]. Most recently, the 19 schemes currently
approved by the EU have been assessed by the European Court of
Auditors (ECA), considering whether the Commission and member
states have set up a reliable certification system for sustainable
biofuels [5]. The actual schemes and related certification bodies do
not benefit from any EU expenditure and thus could not be subject
to audit by the ECA. Therefore, the audit, conducted between May
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and November 2015, did not directly cover schemes and scheme
operators, although some scheme operators were visited by the
Court’s auditors, including in the UK. Instead, the main focus of
the audit was the Commission’s process of scheme assessment
and recognition, as well as the quality of the data the Commission
receives.
The Commission’s assessments of voluntary schemes, which are
carried out by an external contractor on behalf of the Commission,
only assess the RED mandatory sustainability criteria. Therefore,
the ECA concluded that the other important aspects necessary to
ensure the sustainability of biofuels were not assessed and that the
recognition process should be expanded. The audit also concluded
that weaknesses in the Commission’s recognition procedure and
subsequent supervision of voluntary schemes meant that the
EU certification system is not fully reliable. In particular, the ECA
highlighted the following:
• There was no requirement to verify that biofuel production did
not cause significant risks of negative socio-economic effects
such as land-tenure conflicts, forced or child labour, poor working
conditions for farmers and dangers to health and safety.
• The impact of ILUC on sustainability was not covered; although
the ECA acknowledged the technical difficulties in assessing
this, it concluded that the relevance of the EU sustainability
certification system is undermined without this information.
• The Commission recognised schemes that did not have
appropriate verification procedures to ensure:
– the origin of biofuels produced from waste was indeed waste
– feedstock cultivated in the EU fulfil the EU environmental
requirements for agriculture (a requirement of the RED).
• The Commission’s assessment process does not cover schemes’
governance, management, staff qualifications or transparency.
Some recognised schemes were found to be insufficiently
transparent or to have governance structures comprising only
representatives from a few economic operators, increasing
the risk of conflicts of interest and preventing effective
communication with other stakeholders.
• The Commission’s recognition was found to be based on a
documentary review of procedures only; standards presented
by the voluntary schemes as a basis for their recognition are not
always applied in practice.
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• There is no means to detect alleged infringements of schemes’
rules and neither a specific complaint system nor a check by the
Commission to verify that complaints addressed to the schemes
are correctly dealt with.

stakeholder engagement, complaints systems) and the rules for
the affiliation and for the acceptance of certificates from other
(sometimes weaker) schemes [78]. Particular rules that WWF [79]
raised concerns over are:

• Statistics reported by member states regarding meeting the
stated targets might be overestimated because they can report
biofuels as sustainable, even if sustainability is not in fact
verified; this is due to the weaknesses in the recognition process
for certification schemes detailed above. Problems were also
identified with the comparability of data reported by the
member states.

– on-site documentation and implementation, especially for
compliance-based schemes

In addition to the ECA assessment, a number of studies have
provided benchmarking and comparative analyses of the schemes.
The findings detailed below are drawn primarily from study by
the International Union for Conservation of Nature (IUCN) [78] who
reviewed eight comparative studies that were conducted between
2009 and 2013 as well as a comparative study performed by WWF
of the schemes certified by the Commission in 2013 [79]. The WWF
study was highlighted in both the IUCN’s review and our stakeholder
consultation for going beyond the content of schemes’ standards
to look at how they operate in practice. Common findings across the
available analyses are as follows:
• There are strong differences in strictness of criteria and quality of
control procedures within schemes [78].
• The level of assurance offered by schemes is strongly determined
by the rules governing them. These include the rules on the
audit system (such as audit procedures, sampling requirements,
verification procedures, quality requirements for auditors, and
sanctions for non-compliance), the management system (level
of transparency and accessibility of information, the level of

xii

– remote (rather than on-site) audits of farms
– group certification being granted to independently operated
farms without strong internal control systems
– a lack of well-developed monitoring and evaluation systems in
all but one scheme.
• There is an important distinction between schemes designed
specifically to meet market demand for compliance with the
RED minimum criteria and those that have broader missions.
Compliance-based schemes are weaker on social issues and tend
not to include stakeholder engagement while others (RSPO, RSB,
RTRS xii and Bonsucro) require multi-stakeholder engagement
through all stages of standard-setting, implementation
and further development. Both the IUCN and WWF argue
that schemes with stakeholder engagement have stronger
governance structures, transparency as well as audit and
accreditation requirements xiii, thereby offering higher levels of
assurance [78,79].
• Almost all schemes have a general requirement for reducing the
most hazardous agrochemicals (classes 1A and 1B defined by
the World Health Organization) and substances banned by the
Stockholm and Rotterdam Conventions, but most do not include
clear restrictions on hazardous agrochemicals [79].

The Roundtable on Sustainable Palm Oil (RSPO), Roundtable on Sustainable Biomaterials (RBS) and the Round Table on Responsible Soy Association (RTRS),
respectively.

xiii The dominant schemes in the UK (eg. Red Tractor and International Sustainability and Carbon Certification (ISCC)) are compliance-based schemes in that they seek only
to meet the minimum mandatory RED criteria. In the case of ISCC, voluntary add-ons that exceed the mandatory requirements are also available.
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Storage of wood chips

Future development of second generation biofuels requires
consideration of what audit and sustainability certification
processes will be needed to ensure their sustainability. As some
of the second generation feedstocks, such as energy crops,
forest and sawmill residues, are already used for electricity
generation, current regulation and certification schemes could
potentially serve as a starting point. In the UK, electricity generation
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from biomass is regulated under the Renewables Obligation Order
(ROO) [80]. Much like the RED for biofuels, the ROO defines the
criteria that must be met for biomass to be classed as ‘sustainable’
for regulatory purposes. A key criterion is that the biomass has to
be grown in a way that is consistent with the Forest Europe Criteria
and Indicators of Sustainable Forest Management [81] or equivalent
standard. Importantly, evidencing this can be based on a regional
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AS POLICYMAKERS AND DEVELOPERS SEEK TO MOVE
BIOFUELS AWAY FROM FIRST TOWARDS SECOND
GENERATION FEEDSTOCKS, THE RELATIONSHIP
BETWEEN THE CURRENT LEGISLATION AND THE
CERTIFICATION SCHEMES COVERING THEIR USE IN
ELECTRICITY GENERATION AND THE REQUIREMENTS
FOR LIQUID BIOFUEL PRODUCTION NEED TO BE
CLARIFIED AND HARMONISED.

assessment of the practices within a jurisdiction, rather than an
audit at the level of individual forests; if regional assessment
provides sufficient evidence that standards are met within a
particular region, then the burden of individual supply chains within
those regions is foregone. Where a risk is identified, more detailed
assessments are required. Other key criteria include:
• the maintenance of carbon stocks in the land (a key issue relating
to the carbon footprint of the feedstock, outlined in sections 6.5.
and 6.6.)
• protection of local biodiversity (an issue discussed in section 7.4.)
• environmental and social considerations
• a requirement for biomass production to meet the EU Timber
Regulation [82], in place since March 2013, covering illegal timber
trade.
There are a number of existing schemes that provide a basis for
sustainability certification in the biomass-for-electricity sector, for
example:
• the Programme for the Endorsement of Forest Certification
(PEFC): an umbrella scheme for national forest certification
schemes in 36 countries [83]
• Forestry Stewardship Council (FSC): a not-for-profit, global
scheme covering forest management and chain of custody
certification [84]
• the Sustainable Biomass Partnership (SBP): formed in 2013 by
European utilities using biomass, mostly wood pellets and chips in
large thermal generating plants [85].
These schemes do not necessarily cover all of the requirements of
the ROO for biomass used in the electricity generation sector (for
example, only SBP covers the minimum GHG emissions savings),
but they do form the basis of assurance for a number of the
sustainability requirements. The key point is that there is significant
overlap in the considerations required for liquid biofuels. As
policymakers and developers seek to move biofuels away from first
towards second generation feedstocks, the relationship between
the current legislation and the certification schemes covering their
use in electricity generation and the requirements for liquid biofuel
production need to be clarified and harmonised.
A useful benchmark for improving biofuels certification schemes
is the International Social and Environmental Accreditation and
Labelling (ISEAL) Alliance [86], an NGO seeking to strengthen

standards systems globally. Membership is open to all multistakeholder sustainability standards and accreditation bodies
demonstrating an ability to meet the ISEAL Code of Good Practice.
This is widely supported as a legitimate, effective and inclusive basis
for developing standards and their underlying processes [79]. Of the
19 schemes currently recognised by the European Commission,
three are full members of the ISEAL Alliance – RSB, Bonsucro and
RSPO [87] – and these are all among the best performing in the IUCN
and WWF comparative analyses [78,79]. They were also cited by
international stakeholders consulted as part of this study as wellperforming schemes. There is also an associate membership level,
signifying that members are on the pathway to full membership;
however, information is not available as to what schemes might be
on this pathway. Stronger adherence to the ISEAL Alliance standard,
which covers some of the key issues highlighted above, such as
scheme governance, could be an effective way of strengthening
biofuels certification.
For major fuel consumers and other stakeholders seeking to
evaluate and understand the sustainability performance of
different biofuel choices, or looking to evaluate options for
specifying certification by one of the available voluntary schemes,
the comparative analyses of schemes detailed above should prove
useful, though not necessarily accessible or user-friendly. The
Natural Resources Defense Council (NRDC) have also produced
a reference document, providing a framework more specifically
targeted at this purpose [88]. It provides guidelines that define a
suite of voluntary sustainability indicators for biofuels that can
be used to inform best value procurement decisions. This is based
on economic, environmental and social sustainability criteria and
associated performance indicators. In developing their guidelines,
the NRDC drew from broader international codes of good practice
like ISEAL and topic-specific protocol principles, such as the GHG
Protocol – Product Life Cycle Accounting and Reporting Standard [74].
It is also structured to follow a life cycle approach in conformance
with the ISO14040 standard [71].
In summary, as the above discussion demonstrates, there are many
certification schemes with differing criteria. While some require
strengthening, both in terms of the breadth of the criteria covered
and their governance and transparency, stakeholders consulted
as part of this study (both within the UK and internationally) were
generally of the view that they have driven an overall positive
change in the biofuels sector that would not have happened in
their absence.
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6.

Overview of life cycle
assessment studies

Deforestation for palm oil production

This section provides an overview of how different studies covered
in the review approached some critical elements of LCA, including
goal and scope of the study, definition of the functional unit, LUC
and consideration of soil and biogenic carbon.

6.1. Goal and scope of studies
Goal and scope definition is an important initial step in LCA studies
as the specific methodological approaches depend strongly on the
specific goal, scope and question being addressed. LCA studies
of biofuels have addressed a wide range of goals and research
questions, including:
• What are the environmental impacts of the biofuel system under
examination?
• How do biofuels compare with the reference system
(conventional fossil fuels)?
• What are the environmental hotspots in the life cycle of particular
biofuel systems under study?
• What are the improvement options to optimise the supply chain
under study?
• What are the environmental implications of biofuel policies?
The goal and scope of the study influence the definition of the
system boundary, determining what activities and life cycle stages
will be considered [71]. According the ISO 14040 LCA standard [71],
when defining the goal of the study, the following should be stated
clearly:
• the reasons for carrying out the study
• the intended application of the results
• the intended audience to whom the results will be communicated
• whether the results are intended to be used in comparative
assertions to be disclosed to the public.
The ISO standard also requires that the definition of the scope of
the study should include the following [71]:
• the product system to be studied and the system boundary
• the functional unit (unit of analysis)
• allocation procedures
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LCA PRACTITIONERS THAT GAVE EVIDENCE
TO THIS STUDY REPORTED THAT A COMMON
PROBLEM IN LCA STUDIES OF BIOFUELS WAS A
LACK OF OR UNCLEAR DEFINITION OF GOAL AND
SCOPE FOR THE STUDIES CONDUCTED. THIS CAN
ALSO MEAN THE STUDY METHOD AND RATIONALE
CAN BE UNCLEAR, MAKING COMPARABILITY OF
RESULTS DIFFICULT.

• environmental impacts to be considered and the impact
assessment method to estimate them
• data requirements, assumptions and limitations.
Despite the above requirements, the LCA practitioners that gave
evidence to this study reported that a common problem in LCA
studies of biofuels was a lack of or unclear definition of goal and
scope for the studies conducted. This can also mean the study
method and rationale can be unclear, making comparability of
results difficult [67]. A further issue is that the detail of goal and
scope is often lost if several studies, which may have been originally
produced for a different purpose, are used to compare alternative
products or to inform policy [89].
Two types of system boundaries have been used in the reviewed
LCA studies of biofuels: ‘cradle to gate’ (or ‘well to tank’) and ‘cradle
to grave’ (or ‘well to wheel’). However, the latter system boundary
is more appropriate as it is important to include the use of fuels to
enable comparisons of biofuels with their fossil substitutes, since
the combustion performance and associated emissions of biofuels
can significantly differ from their fossil substitutes for the same
type of vehicle [90,91].
Over half of the LCA studies reviewed (55%) considered a cradleto-grave system boundary to compare environmental impacts of
biofuels with fossil fuels, while the rest were from cradle to gate.
Other inconsistencies include the omission in some studies of
various inputs (such as enzymes, pesticides, fertilisers, etc.) and
co-products. These differences are often important enough to
influence the results significantly.

6.2. Functional units
In LCA, the term ‘functional unit’ describes the function of the
system under study and represents the unit of analysis on which
the study is based. The choice of the functional unit is driven by
the goal of the study and must be representative of the system(s)
studied and their main purpose (function). Biofuels regulations,
such as RED and RTFO, use the energy content of biofuels (MJ)
as the functional unit. While this functional unit was often used
in the reviewed literature, others include the distance travelled
by a vehicle (vehicle.km), volume (litre) and mass (kilogram or
tonne) of biofuels. Some studies also used the mass of biofuel

feedstock [92,93], agricultural land area [94,95] and annual operation of
refinery [96]. The use of such a wide array of functional units makes
comparisons of LCA studies challenging.

6.3. Allocation methods
Biofuel production processes often produce several co-products,
such as animal feed, heat, electricity and biochemicals. Therefore,
to determine the impacts from the biofuel of interest, it is necessary
to allocate the impacts between the biofuel and its co-products.
Allocation is one of the most controversial issues in LCA. The ISO
14040/14044 standards recommend that, if possible, allocation
should be avoided through subdivision of processes, or by system
expansion. In the system expansion approach, the production
system is credited for displacing production of the co-products
in alternative systems by subtracting the impacts from those
alternative production systems from the biofuels production
system. Hence, this method is also known as ‘substitution’ or
the ‘avoided burden’ approach. If allocation cannot be avoided,
the impacts can be allocated according to physical relationships,
for example, in proportion to the mass or energy content, or
by economic value, such as costs or prices of biofuel and its
co-products.
Both system expansion and allocation are subject to shortcomings:
for system expansion, the difficulty is to estimate various
substitution effects (similar to the related consequential issues in
CLCA), while different allocation methods produce very different
results. For instance, allocation by mass could result in the majority
of impacts being allocated to the co-products rather than the
biofuel which is the main (economic) product, while allocation
by product cost/price leads to changes in the estimates of
environmental impacts over time with variations in costs/prices
without any other changes in the system. Therefore, several
allocation methods should always be considered in an LCA study to
examine the sensitivity of results to this methodological choice.
In LCA of biofuels, the most common approaches used to apportion
the impacts between the biofuel and its co-products are system
expansion and allocation by the energy content. This perhaps
reflects the regulatory requirements in the US and Europe: RED
favours allocation based on the energy content of biofuels, while
the US EPA prefers system expansion.

Sustainability of liquid biofuels

33

THE EFFECTS OF ILUC AND HOW TO ACCOUNT
FOR THEM IN ASSESSING THE SUSTAINABILITY
OF BIOFUELS ARE KEY AREAS REQUIRING
FURTHER RESEARCH AND CONSENSUS
BUILDING. PART OF THE CHALLENGE IS
CONSTRUCTING AND ANALYSING CREDIBLE
COUNTERFACTUAL SCENARIOS.

Several studies considered more than one allocation approach
and found that the results were highly affected. For instance,
some studies [61,97] showed that biofuels had significantly lower
environmental impacts when using system expansion instead
of allocation. In some cases, system expansion can lead to the
environmental impacts from biofuels having negative values,
suggesting net savings of impacts, including GHG emissions.
However, studies assessing uncertainty in LCA of biofuels showed
that system expansion also results in higher uncertainties [98,99].
Other authors found that environmental impacts were higher
if economic allocation was used instead of mass and energy
allocation [100].
During consultation, stakeholders also agreed that allocation
is a significant challenge in biofuel LCA studies and the use of
one particular method does not fully capture reality. It was also
mentioned that for some biofuels (such as wheat ethanol and
rapeseed biodiesel), the co-products are sufficiently substantial
that choice of allocation procedure can tip the balance between
net benefit and net impact. Some of the stakeholders disagreed
with the RED’s stipulation of energy allocation, favouring economic
allocation instead. According to these stakeholders, the reason for
this is that biofuel producers are economic operators and they are
used to dealing with economic factors and consequences, including
their variability. However, the latter makes comparisons of different
biofuels even more challenging.

6.4. Land-use change: direct and indirect
LUC is an important source of GHG emissions that contributed
660 ± 290 Gt CO2 to the atmospheric CO2 in the period from 1750
and 2011 [101]. The reason for these CO2 emissions is that soils
and vegetation contain large stocks of carbon that are disturbed
through LUC, with part of the stored carbon being oxidised and
released to the atmosphere as CO2 (see sections 6.5. and 6.6. for
further details).
The majority of LUC is driven by demand for food, fibre and fuel [102].
An increasing global demand for biofuels highlighted the potential
for the competition for land use between cropland and natural
ecosystems. Converting natural vegetation or forest to cultivate
biofuel feedstocks releases a significant amount of carbon from
soil and plant biomass, creating a ‘carbon debt’ that can take years
to repay [103,104]. Similarly, concerns over the potential carbon debt
caused between harvesting and re-establishing timber stands have
become an important issue for climate and bioenergy policy [105].
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Furthermore, cultivation of biofuel feedstocks on land that has
high soil-carbon content, such as peat land, leads to a considerable
increase in GHG emissions [106]. Besides increasing GHG emissions,
changes in land use can have other environmental consequences,
such as soil erosion, nutrient depletion, water consumption and loss
of biodiversity [107].
Early LCA studies on biofuels, which excluded LUC, concluded that
first generation biofuels, such as corn ethanol, had lower carbon
footprints than gasoline [108]. However, when attempts were made
to account for the LUC effects of the expansion of first generation
biofuels, these findings came under question [70,103]. This prompted
a UK government-commissioned review that first recommended
a slowing of the rate at which biofuels were introduced in the
UK; specifically, that targets higher than 5% by volume should
only be implemented beyond 2013/14 if biofuels were shown to
be demonstrably sustainable, including avoiding ILUC [109]. Since
then, several other studies have cast doubt on the ability of first
generation biofuels to meet mandatory GHG emission targets if
LUC is involved [110,111].
LUC related to biofuels can occur in two ways: direct (DLUC)
or indirect (ILUC). DLUC refers to the direct transformation of
previously uncultivated areas (such as grasslands and forests)
into croplands for biofuel feedstock production. ILUC occurs when
additional demand for biofuel feedstock induces displacement of
food and feed crop production to new land areas previously not
used for cultivation. DLUC is strictly regulated through the RED
sustainability criteria, while ILUC was not explicitly considered
until 2015.
From an LCA perspective, DLUC is relatively straightforward and
easy to include in the assessment, although the uncertainty
remains high. Several approaches have been developed to calculate
the changes in land-based carbon stocks related to the use of
biomass. The Intergovernmental Panel on Climate Change
(IPCC) [112] and the European Commission [15,113] have published
guidelines for calculating the carbon stocks for agriculture, forestry
and other land uses. The IPCC guidelines allow calculating changes
in the stock of five carbon pools: above ground mass; below ground
mass; dead wood; litter; and soil organic matter. The European
Commission has proposed a simplified method by categorising the
LUC emissions into two carbon pools: carbon stock and soil organic
carbon (SOC).
ILUC associated with biofuels is a subject of an intense global
debate because of the methodological and model uncertainties,
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with estimated GHG emissions from ILUC ranging from zero to
‘very large’. For example, a study on the ILUC for US corn ethanol
found the ILUC emissions varying from 10–340 g CO2 eq./MJ [114].
This demonstrates that estimating ILUC from biofuel use remains
difficult, complex and highly uncertain [115,116].
For that reason, the effects of ILUC and how to account for them
in assessing the sustainability of biofuels are key areas requiring
further research and consensus building [102,116]. Part of the
challenge is constructing and analysing credible counterfactual
scenarios xiv. Another challenge is the economic (equilibrium)
models used for consequential modelling [66,119] and the assumed
yield-price elasticities for crops [63]. The lack of transparency in
ILUC models, many of which are proprietary, is also problematic.
These issues were also raised by stakeholders consulted in this
study who appealed for efforts to increase model transparency, the
understanding of LUC dynamics and impacts through stakeholder
collaboration (see section 6.8. for more on assumptions and
uncertainties, including existing efforts to address the challenges).
Given its focus on the potential effects of policy decisions,
the stakeholder consultation conducted as part of this study
highlighted international agreement that CLCA is highly relevant
to policy formulation. However, there is an ongoing question about
how policymakers should respond to the growing evidence on ILUC
from biofuel production. The blanket application of ‘ILUC factors’
according to feedstock type is unpopular as it offers producers no
opportunity to improve the performance of their individual supply
chains [120]. Moreover, there are many other drivers of LUC besides
biofuels, such as demand for food and timber, urban development
and infrastructure, leading some to argue that it is unfair to
consider ILUC for biofuels only [66,121]. Existing EU sustainability
criteria prohibit expansion into forests, peat lands and areas with
high biodiversity [15]. These measures mean that DLUC from biofuel

production is restricted and that biofuel feedstocks can be sourced
from existing farms and plantations or cultivated on marginal or
degraded land. However, unsustainable land conversion to meet
demand for food, feed and materials, or to supply markets outside
the EU, can still take place. Therefore, if sustainability criteria
providing similar protections are not extended to and effectively
enforced in the food, feed, materials and other related sectors,
unsustainable land conversions are likely to remain a serious
concern.

6.5. Biogenic carbon
In the context of biofuels, the term biogenic carbon refers to CO2
that is sequestered from the atmosphere during the growth of
feedstocks and subsequently released during the combustion of
the biofuel or via decomposition of vegetation or biological waste
(eg. forest and sawmill residues). ‘Carbon neutrality’ is achieved
when CO2 sequestered and subsequently released are in balance.
However, carbon neutrality cannot be claimed if there is a potential
imbalance between the amount of CO2 taken up during feedstock
growth and the amount released through biofuel production and
use. The same applies if any time delay between CO2 emissions and
rebalancing through feedstock regrowth, the so-called ‘payback
period’, is significant enough to impinge on targets for climate
change mitigation (see discussion of carbon debt in section 6.4.).
Since many bioenergy products – including annual crops and
perennial grasses – have relatively short lifespans, carbon neutrality
is commonly assumed in LCA standards and regulations, including
RED. Hence, most LCA studies of biofuels assume that biogenic CO2
emissions, both from end-use combustion and the use of biomass
during processing, such as the burning biomass to produce energy
for conversion processes, are fully balanced by CO2 uptake during

xiv Just one example of this is the question of ‘forgone sequestration’: the idea that, without demand for biofuels, cropland might decrease and partly revert to grassland
or forest, accumulating carbon in natural vegetation. It can be argued that using more cropland to produce biofuel feedstocks in Europe slows down processes of land
abandonment. This topic is, however, open to debate and the extent to which it would occur in reality is not well documented; cropland that is abandoned does not
always automatically revert to forest. Due to these difficulties, some studies have, therefore, not included foregone sequestration (eg. IFPRI 2011 study [117]; however,
those that have suggest that this has a material impact on the results (eg. [118]).
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Forest management

feedstock growth. While this assumption is reasonable for fuels
from annual crops and perennial grass feedstocks, it is open to
challenge in relation to biofuel production from feedstocks with
harvest cycles of more than a few years – such as longer-lived
lignocellulosic feedstocks from forestry [63,122]. For such feedstocks,
it is important to consider the balance of carbon sequestered
during feedstock growth versus that which is emitted during
biofuel production and use, together with the overall time profile of
biogenic carbon storage, emission and re-sequestration [122].

such as RED and the US EPA’s Renewable Fuels Standard [65] do
not require such reporting. Furthermore, the time between the
production of the product (storage of biogenic carbon) and its
end of life (release of the biogenic carbon), referred to as ‘delayed
emissions’ varies among the standards. For instance, in PAS 2050 [73]
all emissions that occur within a 100-year period are quantified
and treated as if they occurred at the beginning of the time period.
By contrast, ISO 14067 [75] makes a distinction between emissions
released within and after the first 10 years.

Forest bioenergy systems can have positive, neutral or negative
effects on carbon stocks within forests, depending on the
characteristics of the bioenergy system, soil and climate factors,
the vegetation cover and land-use history in the given location [123].
Therefore, accounting of the temporary carbon storage in bio-based
products is the subject of ongoing debate [124]. A lack of consensus
on the basic science of biogenic carbon – especially for forestry
feedstocks – and how these carbon flows should be handled in LCA
was reported by stakeholders consulted during this study.

The need to account for biogenic carbon is context dependent. If
land or a forest has been managed historically for a very long time
to produce bioenergy or the management practices are not altered
as a result of biomass production, then there are, effectively, no
biogenic carbon issues since the continuous cycling of CO2 will have
been established. This issue is well known in the pulp and paper
industry. However, when there is a large-scale increase and/or
intensification of production and changes to management practices,
there is potentially a significant impact on carbon sequestered.

Different approaches to account for the temporal impact of carbon
emissions are suggested in the literature; for example, carbon
payback period, carbon discounting and time-integrated accounting
of biogenic carbon [122,125]. Where accounting for the carbon storage
in other, more long-lived bio-based products is required, there are
various standards and methods [107] and these contain significant
procedural differences. For example, GHG Protocol [74], PAS 2050 [73]
and ISO 14067 [75] require reporting of emissions and removal of
GHG emissions from biogenic carbon sources while regulations

With a specific reference to forestry feedstocks, any method to
account for biogenic carbon requires a dynamic model of how the
forest growing stock will change and that accounts for changes
in carbon flows. This requires a characterisation of the forests
involved in supplying the biomass in terms of what the growing
stock is, its growth rates, current management practices and
how these may change against a range of realistic counterfactual
scenarios [126]. Examples of such models include the European Forest
Information SCENario (EFISCEN) [127], the Global Forest Model (G4M)
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IF LAND OR A FOREST HAS BEEN MANAGED
HISTORICALLY FOR A VERY LONG TIME TO
PRODUCE BIOENERGY OR THE MANAGEMENT
PRACTICES ARE NOT ALTERED AS A RESULT
OF BIOMASS PRODUCTION, THEN THERE
ARE, EFFECTIVELY, NO BIOGENIC CARBON
ISSUES SINCE THE CONTINUOUS CYCLING OF
CO2 WILL HAVE BEEN ESTABLISHED.

[128], CARBINE [129] and the Carbon Budget Model – Canadian Forest
Sector (CBM–CFS) [130]. As with ILUC modelling, models seeking to
characterise the stocks and flows of biogenic carbon need to be
transparent, including the assumptions and the uncertainties of
results (see section 6.8.).

Methodological decisions and assumptions on biogenic carbon in
forest bioenergy systems have a strong influence on the outcome,
partly explaining the strongly divergent views on the climate effects
of bioenergy from forest feedstocks. Major methodological choices
that can have large influence on results include [123]:
• the spatial and temporal system boundary
• definition of the counterfactual scenario
• what other economic and social aspects and market-mediated
effects are considered.
This is one of the reasons why the use of forestry feedstocks
for bioenergy has proved controversial as different studies tend
to make differing methodological choices with respect to the
above. For example, a recent study [131] that attracted much media
attention in the UK was criticised by the IEA [132] for failing to adopt
a long-term landscape-level view, realistic counterfactual scenarios
and treat forestry feedstocks as part of a wider value chain.
Spatially, stand-level assessments consider a small part of the
overall landscape and prescribe a strict sequence of events (site
preparation, planting or natural regeneration, thinning and final
felling) that, in reality, occur simultaneously across the forest
landscape. A forest landscape can, in effect, be represented by
a series of time-shifted stands at different stages of growth in a
process of ongoing rotation. Landscape-scale assessments can
provide a more complete representation of the dynamics of forest
systems, integrating the effects of ongoing activities across the
forest landscape that take place in response to bioenergy demand.
The assessment outcome can, therefore, vary drastically depending
on how the temporal carbon balance accounting window is defined.
Assessments that take a long-term, landscape-level view are
needed to align with timescales suitable for forest ecosystems and
forest management planning [123,131,132].
Similar to ILUC modelling, defining counterfactual scenarios is a
significant challenge. Aside from their active management, forests
have a natural carbon balance that changes over time. In the
absence of bioenergy/biofuels feedstock production, forests might
arguably be left to mature but if so, they are subject to a range of
natural and human disturbances, such as disease or fires, which can

result in the release of sequestered carbon (including, for example,
forest fires). Alternatively, they might also be harvested for
alternative uses such as pulp, paper or other wood products. Such
products will have various life cycles, storing carbon for potentially
many years, but also releasing it in various ways, depending upon
their end-of-life disposal. All of these factors make isolating the
change that is attributable to the activities of interest in LCA studies
a significant challenge.
It should be borne in mind that bioenergy from forest feedstocks is
one of several products from forestry that also includes products,
such as sawn wood, pulp, paper and chemicals. However, biofuels
are often evaluated in isolation from this wider bioenergy
system and its other products [123]. This is important as increase
in demand for bioenergy feedstocks can incentivise investments
to increase forest production and biomass output. Furthermore,
forest owners may implement measures to protect their forests
against disturbances by replanting and tending the forest, as well
as introducing more productive tree species and provenances [123].
Integrated modelling that captures these economic and biophysical
dynamics and interactions has been used to study how forest
management will vary depending on the characteristics of expected
demand, forest structure, climate and forest industry profile. One
broad lesson from such studies is that the effects of bioenergy on
atmospheric carbon are more variable than suggested by studies
that exclude such factors [123].
Considering forest bioenergy as an integrated system, utilisation
of forest and sawmill residues and wood wastes for the production
of liquid biofuels should avoid driving increased intensity of
forest harvesting. This would otherwise be of concern: while
increased forest utilisation and management can lead to the
replacement of old forests with faster growing, more productive
trees that sequester more carbon, conversion of forest type or
a marked intensification in forest management can also lead to
an overall reduction in the carbon sequestered in both the soil
and flora [133]. However, there would need to be a very significant
increase in bioenergy demand for production to expand into
otherwise unmanaged forest areas or for forest management to be
fundamentally restructured [126].
It should be noted that, while the above discussion focused largely
on forestry feedstocks, there are other feedstocks for which
biogenic carbon may be an important consideration – an example is
straw and the impact of its removal on soil organic carbon. The latter
is the subject of the next section.
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A REVIEW OF AVAILABLE EVIDENCE FOUND THAT
THE IMPACTS ON SOILS OF BIOMASS USE AND ITS
INTENSIFICATION VARY GREATLY, DEPENDING ON
MANY FACTORS, INCLUDING THE POLICY CONTEXT AND
FOREST MANAGEMENT STRATEGY. OVERALL, THERE
ARE NO CONSISTENT, UNEQUIVOCAL AND UNIVERSAL
EFFECTS ON SOILS OF MORE INTENSIVE BIOMASS
HARVEST ON FOREST SITES.

6.6. Soil organic carbon
Soil organic carbon (SOC) is one of the largest carbon pools in the
Earth system [134]. Its balance is affected because of agricultural
activities and LUC. Depending on various soil characteristics and
agricultural practices, soil can act as either a sink or a source of
carbon emissions. Soils may lose SOC by mineralisation through
cultivation, emitting CO2 to the atmosphere. Alternatively, SOC
may increase through cropping, or from repeated addition of crop
residues or organic manures [135]. When biomass is left to decay in
the soil, a part of the carbon content of the biomass is sequestered
into soil. Therefore, assuming biomass would have otherwise been
left to decay in the soil, harvesting it decreases SOC and this may
significantly affect the GHG balance of a biofuel [136,137].
Changes in SOC can have a major influence on GHG emissions
from LUC associated with biofuel feedstock production [134,138].
Therefore, quantifying changes in SOC storage is an important
factor in estimating GHG emissions of biofuels [139]. However, most
LCA studies do not account for potential SOC changes from biomass
cropping systems. This is probably due to inherent complexity of
soil science, the high degree of intra- and inter-site variability,
substantial data uncertainties and the challenges of linking biomass
feedstock supply to specific soils [107]. Furthermore, there is no
consensus in LCA on how to account for SOC change of agricultural
activities and delayed GHG emissions [140]. However, the work on
developing models to estimate SOC emissions related to biofuels is
ongoing [138,141,142].
Cultivation of perennial energy crops, such as SRC and Miscanthus,
could sequester into the soil CO2 from the atmosphere at
the rate of 2.2 t CO2/ha.yr [134]. However, the sequestration
potential is very site-specific and highly dependent on former
and current agronomic practices, previous land use, climate and
soil characteristics [61,96,134,141–143]. On the other hand, reversal of
grassland, woodland and perennial crops back to arable lands could
reduce soil carbon by 0.6–1.7 t C/ha yr, which would be emitted to
the atmosphere as CO2 (2.2–6.2 t/ha yr). Many studies note that
removal of crop residue for biofuel production can reduce organic
matter inputs to the soil and therefore deplete SOC, but suggest
that partial removal may be viable as long as the amount of the crop
residue left in the field maintains SOC levels [134,144]. For example,
a study that included the effects of the removal of corn residue
across the US corn belt concluded that the carbon footprint of
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corn-stover ethanol may exceed that of conventional gasoline [145].
Another study on wheat-straw ethanol suggested that there is only
a 30% probability that it will achieve a 35% GHG emission saving
target if SOC changes are included in the analysis [146]. Losses of
SOC from residue removal could be mitigated through better soil
management practices, including reduced tillage, no-till cover crops
and application of manure, compost and biochar [147].
The increased extraction of forest residues can also impact on SOC
in forests, as well as the level of nutrients, such as phosphorous,
entering the soil. However, a review of available evidence [123] found
that the impacts on soils of biomass use and its intensification vary
greatly, depending on many factors, including the policy context
and forest management strategy. Overall, there are no consistent,
unequivocal and universal effects on soils of more intensive biomass
harvest on forest sites [123].

6.7. Emissions of soil nitrous oxide
Emissions of nitrous oxide (N2O) arise from application of nitrogen
fertiliser and decomposition of organic matter in soil. N2O is a
potent GHG that has a GWP 298 xv times higher than CO2 [101]; hence,
its emission can have a significant effect on the GHG balance of
biofuels. The N2O emissions are particularly significant for annual
first generation biofuel crops since fertilisation rates are larger for
these than for second generation biofuels from perennial energy
crops, which are usually grown without fertilisers, except during the
initial establishment of the crop [148].
LCA studies often use the ‘Tier 1’ methodology developed by the
Intergovernmental Panel for Climate Change (IPPC) to estimate N2O
emissions from fertilisers [112]. According to this method, 1.0% to
1.5% of nitrogen in synthetic fertiliser applied to crops is emitted as
N2O [112]. Since in reality the occurrence and level of N2O emissions
depend on many factors, including soil characteristics and local
weather following fertiliser application on the soil, the default IPCC
emission factors represent an uncertain estimate [149]. For example,
a study by Crutzen et al. [150] suggested that N2O emissions in
feedstock production can be 3–5 times higher than those estimated
based on IPCC methodology. Inclusion of these variable N2O rates
leads to dramatically different estimates of GHG emissions in the
life cycles of biofuels. For instance, for corn ethanol, 5% nitrogen
conversion instead of 1.5% could change its GHG savings relative to
petrol from around 40% to zero [151].

Revised to 265 in the latest IPCC report [101] but the previous value of 298 is used in most LCA studies.

Royal Academy of Engineering

Overview of life cycle assessment studies

Soil scientist

Conversely, a recent five-year UK project involving 23 partners
from government, industry and academia [152] concluded that
N2O emissions averaged across arable land in the UK are below
those predicted by IPCC guidelines. Compared to the default IPCC
emissions factor of 1% (of the amount of nitrogen applied), direct
N2O emissions from soil related to the use of fertilisers on crops for
first generation biofuels were estimated to be, on average, 0.46%
of the nitrogen applied. However, the study noted that any one
instance of fertiliser application is subject to interacting effects of
rainfall and soil type, such that fertiliser-induced emissions could
also be larger than the default IPCC emission factors in the wetter
regions of the UK.
The study also found that the abatement of N2O emissions from
manufacture of nitrogen fertilisers reduced GHG intensities of
wheat bioethanol by 15% and oil seed rape biodiesel by 16%. The
project also analysed potential GHG mitigation measures, such as:
• fertilisers with low GHG emissions per unit of nitrogen applied
• selection of species, varieties and/or fertiliser systems that
convert nitrogen more efficiently into harvestable biomass
• sourcing of crop produce from regions with low rainfall and light
soils
• removal of crop residues (although this may reduce SOC stocks,
as discussed in section 6.6.).
The maximum GHG mitigation potential that might be achieved
from all of the above approaches was estimated to be around 30%
for the harvested produce and 5% to 25% for their food or fuel
products, depending on the contribution of crop produce to the
total carbon footprint of the product [152].

6.8. Assumptions and uncertainties
There are many sources of uncertainty in LCA of biofuels. These
include methodological, data and model uncertainties [67,98,153,154].
Methodological choices, including different allocation methods,
inconsistent system boundaries and the cut off criteria for auxiliary
inputs, affect the outcome of the study. Data availability is often
limited and was raised as a persistent challenge by LCA practitioners
consulted as part of this study, both in the UK and internationally.
This is particularly the case for second and third generation biofuels
that, along with the associated process technologies, are still

under development. As such, the use of unrepresentative data or
assumptions to fill data gaps becomes a source of uncertainty [67].
There is also a great deal of technical, spatial and temporal
variability associated with agronomic practices, such as fertiliser
inputs, cultivation intensities and yields, as well as with biofuel
conversion processes. LCA results are highly sensitive to variations
in crop yields, use of nitrogen fertiliser and energy sources for
biofuel conversion processes. For energy crops, recognised
sources of uncertainty are emissions of N2O and SOC during crop
production [98,151,155,156].
A further issue is that LCA relies on multiple and multi-scale models
drawn from different scientific and engineering disciplines. One
of the challenges associated with this is that these are changing
rapidly as new scientific knowledge becomes available but updating
these emerging insights in LCA is often lagging. For example, recent
evidence suggests that ‘black carbon’ (a constituent of particulate
matter PM2.5) could increase the carbon footprint of some biofuels
significantly [157] as it is on average 900 times more potent than
CO2, but so far this effect has largely been excluded from LCA
studies. Another challenge is ensuring that the data and models
from different disciplines that are used in LCA preserve reasonable
levels of transparency, rigour and robustness to avoid misuse and
misinterpretation [67].
Proliferation of different LCA tools presents another problem and
source of uncertainty. Even small inconsistencies in assumptions,
data and models among these tools can lead to very different
results with the same input data. For instance, the difference in the
carbon footprint of biofuels can vary by 20% to 35% between the
BioGrace and the Roundtable on Sustainable Biofuels tools [158]. This
means that, by choosing a more favourable tool, operators could
enhance the performance of their biofuel without any changes
to the production process. Acknowledging this and ensuring
consistency in underlying assumptions, data and models is key for
effective use of LCA in policy [67].
Although the ISO 14040 standard mentions some aspects related to
uncertainty analysis as part of the Interpretation phase, no concrete
guidance is provided. One of the ways to deal with the uncertainties
is to achieve consensus on models, data and methodological choices
among the scientific community. Furthermore, the goal and scope
of the study, inventory data and methodological choices need to be
communicated clearly as this is currently not always the case.
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WHEN APPLYING LCA FOR POLICY AND CORPORATE
DECISION-MAKING, THERE IS A REAL CHALLENGE
IN DEFINING MEANINGFUL SCENARIOS FOR HOW
THE WORLD WOULD DEVELOP BOTH WITH THE
BIOFUELS POLICY OR PRODUCTION IN PLACE AND
IN COUNTERFACTUAL SCENARIOS WHERE THESE
ARE ABSENT.

In terms of improving the availability of data, the LCA practitioners
consulted during this study reported that there was much room
for improvement in existing LCA databases and a need to develop
better, open access databases with common assumptions. Many
data in common usage were reportedly out-of-date and finding new
data is often difficult and time consuming.

• Elasticity factors and mathematical functions in the ILUC models
are driven by relative global commodity prices and levels of crop
substitutions. These determine the levels of LUC simulated while,
in reality, this is driven by complex interactions among many
local factors, including governance, policies, poverty and land
speculation or clearing to stake land claims [163–165].

Methodologies defined for regulatory purposes can also be selected
arbitrarily. For example, stakeholders consulted in this study
highlighted the RED for excluding avoided emissions from diverting
MSW from landfill and, more generally, not adequately taking into
account what would otherwise happen if biofuel production did not
take place (the counterfactual scenario).

• Land is either fully utilised or in a stable, natural state. This
assumption simulates biofuels displacing a current productive
use or leading to land conversion. In reality, less than one quarter
of global, non-forest, arable land is cultivated and there is scope
to improve management and productivity on previously cleared
land [164].

While many studies on biofuels have examined multiple scenarios
and conducted sensitivity analysis, only a few have conducted
comprehensive uncertainty analyses [98,153,159], demonstrating that
the variability in results can be large. Thus, LCA studies of biofuels
should include uncertainty and sensitivity analyses to quantify the
effect of varying key model parameters and presenting results as
ranges with confidence intervals or the probability distribution [137].
Such analysis would make the reliability of the findings easier to
evaluate and would give more confidence in any policy or decisionmaking based on these studies.

• In the absence of management, models often assume natural
forest regrowth whereas, in reality, underutilised arable lands
can suffer persistent disturbance [165,166].

When applying LCA for policy and corporate decision-making, there
is also a real challenge in defining meaningful scenarios for how the
world would develop both with the biofuels policy or production in
place and in counterfactual scenarios where these are absent. This
is true for individual feedstocks all the way up to the economic and
energy system models incorporated into CLCA studies. Projections
of future economic growth, fossil fuel prices, energy generation
costs, population and future climates often used (implicitly or
explicitly) in CLCA are all uncertain.
Models for estimating DLUC and ILUC are another source of
uncertainty in LCA [98,99]. In the case of ILUC, projections of up to
20 years into the future are made with common assumptions
including that:
• All land is privately owned and managed to maximise profit,
while in reality the land assumed to be converted can be public
property [160,161] and farmers in the neighbouring agricultural
frontiers often lack secure land titles xvi [163,164].

Given such assumptions, it is important to stress that ILUC
models estimate how much indirect change might be induced
under prescribed scenarios and thus only apply for the assumed
conditions. By including some mechanisms that are assumed to
cause deforestation, such as increases in crop prices, while omitting
other mechanisms, such as local policies and governance, model
assumptions drive the simulated results and must be interpreted
with caution [164].
There is ongoing effort internationally to improve the
understanding and transparency of ILUC models. For instance, USA
EPA estimates ILUC factors using data from at least eight models,
including Forestry and Agricultural Sector Organization Model
(FASOM) [65]. In Europe, the latest of a number of large studies [117,167]
uses the Global Biosphere Management (GLOBIOM) model and has
engaged multiple stakeholders in the development and testing
of scenarios and assumptions [118]. Another relevant study is the
Agricultural Model Intercomparison and Improvement Project
(AgMIP), which aims to:
• improve agricultural models based on their intercomparison
and evaluation using high-quality global and regional data and
document improvements for use in integrated assessments
• utilise multiple models, scenarios, locations, crops/livestock, and
participants to explore uncertainty and the effects of data and
methodological choices

xvi Under such conditions, land-clearing is often a key step in the process of staking claims for eventual tenure of the land [162].
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• develop modelling frameworks to facilitate data-sharing [168].
The project also has activities specifically addressing bioenergy
crops, including developing new field-scale pilot projects to improve
crop models and developing protocols for intercomparison and
improvement of models for existing and emerging biomass and
bioenergy crops [169].
Some stakeholders consulted in this study also recommended
developing scenario storylines with stakeholders for greater
transparency and understanding among stakeholders. An
example of such an approach is the E4Tech study [170] which
used a methodology based on descriptive, cause-and-effect
logic to develop a framework for describing and deriving the ILUC

impacts from biofuels. An expert advisory group and stakeholder
feedback were used to inform and validate the methodology and
assumptions. E4Tech claims that its approach is more transparent
and participative compared to the economic equilibrium modelling
typically used in ILUC studies. Many stakeholders consulted as part
of this study also cautioned against being too attracted to economic
models and the quantified outputs they provide since these can
hide underlying opinions and assumptions. However, while involving
stakeholders can help test and clarify methods, scenarios and
assumptions, uncertainty will remain and stakeholders may not
necessarily reach agreement.
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7.

Overview of
environmental
sustainability of
biofuels

Harvesting sugar beet

This section discusses the life cycle environmental impacts of
biofuels as reported in the LCA studies reviewed. Given that
reduction of GHG emissions is the main environmental driver for
the use of biofuels, the carbon footprint is discussed first, followed
by energy and water use and some other environmental impacts
covered in the LCA studies. Most LCA studies on biofuels found in
the literature are attributional.

7.1. Carbon footprint of biofuels
GHG emissions and savings in comparison to fossil fuels are the
centre of attention in most LCA studies on biofuels. Regarding GHG
savings, the studies present contradictory results from favourable
to unfavourable, even for the same type of feedstock. This is a
result of the differences in the LCA aspects discussed in section
6... The carbon footprints of biofuels reported in the reviewed LCA
studies are summarised in Figure 5 to Figure 9 and discussed in
sections 7.1.1 and 7.1.2. For further details on the carbon footprints
of biofuels, see Appendix 4. Note that in LCA, the carbon footprint is
also referred to as global warming potential.

7.1.1. First generation biofuels

Legend for Figure 5–Figure 10
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Figure 5 and Figure 6 show the carbon footprints for first
generation biofuels relative to fossil fuels. As can be seen in Figure
5, the estimated carbon footprints of bioethanol from different
feedstocks vary considerably, ranging from 4 to 138 g CO2 eq./MJ.
If the average values are considered and no LUC is involved, the
carbon footprint of bioethanol is lower than that of petrol for all the
feedstocks (25–73g CO2 eq./MJ vs 83.8g CO2 eq./MJ specified in the
RED and RTFO). However, even without LUC, only bioethanol from
sugar cane can meet the RED requirement of 50% reduction in GHG
emissions relative to petrol (although the requirement rises to 60%
from 1 January 2018 for new plants commencing operations after 1
January 2017). The average reductions in emissions from the other
three feedstocks – corn, wheat and sugar beet – are not sufficient to
meet this requirement. With LUC, bioethanol cannot meet the 50%
requirement regardless of the type of feedstock [98,111,171,172].
The main reasons that bioethanol from sugar cane can meet the
50% requirement (without LUC) are relatively lower inputs of
agro-chemicals and higher yields of sugar cane crops as well as
the credits for electricity produced in a biorefinery as a co-product.
However, in Brazil, the largest sugar cane producer globally, the
increasing demand for bioethanol from sugar cane has led to a
continuous expansion of land used for sugar cane production [104,173].
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Figure 5
Carbon footprint of first generation bioethanol
[Based on data from [98,99,111,156,171,172,174,178–201]. For the data used to plot this graph, see Figure A1 in Appendix 4. “Petrol (reference)” is the average
carbon intensity of petrol and diesel supplied in the EU (83.8 g CO2 eq./MJ) as specified in the EU RED and RTFO. A new EU directive [202], still under
consideration, proposes a new average value of 94.1 g CO2 eq./MJ for both fossil fuels. The guidance for 2016/17 states that RTFO will be amended
accordingly [20]. The GHG reduction requirement rises to 60% from 1 January 2018 for new plants commencing operation after 1 January 2017. “A” refers
to the number of LCA articles found in the literature and “n” refers to the number of analyses (sample size). NB: Most papers analysed several cases.]
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Figure 6
Carbon footprint of first generation biodiesel
[Based on data from [25,99,156,172,175,177,184,190,197,201,203–230]. For the data used to plot this graph, see Figure A2 in Appendix 4. “Diesel (reference)” is the
average carbon intensity of petrol and diesel supplied in the EU (83.8 g CO2 eq./MJ) as specified in the EU RED and RTFO. A new EU directive [202], still
under consideration, proposes a new average value of 94.1 g CO2 eq./MJ for both fossil fuels. The guidance for 2016/17 states that RTFO will be amended
accordingly [20]. The GHG reduction requirement rises to 60% from 1 January 2018 for new plants commencing operation after 1 January 2017. “A” refers to
the number of LCA articles found in the literature and “n” refers to the number of analyses (sample size). NB: Most papers analysed several cases.]
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If this involves deforestation of tropical rainforest, the carbon
footprint of bioethanol from sugar cane can be up to 60% higher
than that of petrol [174] (see Figure A1 in Appendix 4). Pre-harvest
burning (to help manual harvest) and associated changes in
SOC xvii could also significantly affect the GHG balance of sugarcane ethanol [173]. These effects are often ignored in LCA studies.

Without
With LUC
LUC
Sunflower

However, our stakeholder consultation with Brazilian experts
suggested that the practice of pre-harvest burning is being phased
out successfully.
The GHG emissions for first generation biodiesel also show a large
variation across the LCA studies reviewed, with the carbon footprint

xvii Field burning is often carried out prior to a sugar cane harvest to make the process easier and require less labour. The burning of biomass means that far less crop
residues are left on the land to be incorporated into the soil, impacting upon SOC.
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ranging between 4 and 505 g CO2 eq./MJ (see Figure A2 in Appendix
4). However, as shown in Figure 6, the average carbon footprint of
biodiesel from all the feedstocks considered is lower than that of
fossil diesel if no LUC is involved. Nevertheless, only biodiesel from
palm oil meets the RED requirement for 50% reduction of the
carbon footprint relative to diesel (average value). Rapeseed and
soybean also come close to fulfilling this requirement but sunflower
biodiesel cannot meet even the 35% reduction.
The results that include LUC indicate that biodiesel from all the
feedstocks has higher average carbon footprint than diesel.
Soybean is the worst option, because expansion of soybean
cultivation in Central and South America is driving both direct and
indirect LUC [175,176]. Similarly, cultivation of palm trees in Malaysia
and Indonesia is associated with deforestation and drainage of
peat lands. As a consequence, biodiesel from palm oil on peat and
forest lands can have three to 40 times higher GHG emissions
than diesel [177]. The findings of a recent study assessing the LUC
impact of biofuels consumed in Europe [118] also suggest that the
carbon footprint of palm oil and soybean diesel is very high, almost
three and two times higher than that of diesel, respectively. The
same study also estimates the carbon footprint of biodiesel from
rapeseed and sunflower to be 20% to 40% higher than from
conventional diesel.
The significant variability in the results related to LUC is due to
several reasons. For example, some authors considered only
ILUC [98,111,171,172] or DLUC [99,174,178,179], while others included
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both [180,181]. Furthermore, some studies applied partial
equilibrium models and counterfactual scenarios to estimate ILUC
emissions [98,111,172] whereas others used ILUC factors recommended
by the US EPA [171]. For DLUC, several authors focused only on SOC
changes [99,180], but others also considered changes in the carbon
stock related to the removal of biomass both above and below the
ground [174,179,181].

7.1.2. Second generation biofuels
Figure 7 and Figure 8 indicate that the average carbon footprints of
second generation biofuels are considerably lower than those of
conventional fossil fuels. However, there are large variations among
different studies and feedstocks, with the values ranging from -115
to 105 g CO2 eq./MJ for bioethanol and -88 to 80 g CO2 eq./MJ for
biodiesel. These variations reflect the diversity of feedstocks and
production routes, technology assumptions and methodological
differences. Furthermore, some studies also considered emissions
from ILUC [111] and SOC sequestration [181,231] associated with the
production of SRC and perennial grasses as well as the reductions
in SOC with removal of agricultural residues used as biofuel
feedstocks [181,232]. The uncertainty regarding technologies plays a
particularly important role in the assessment of advanced biofuels
as these are yet to be fully commercialised. Therefore, the quality
of the available data is not as robust as in the case of the wellestablished first generation biofuels.
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Figure 7
Carbon footprint of second generation bioethanol
[Based on data from [61,62,96,97,111,154,171,174,178,181,195,198,231,232,239–265]. For the data used to plot this graph, see Figure A3 in Appendix 4. The negative values
are due to the credits for co-products, such as heat and chemicals. “Petrol (reference)” is the average carbon intensity of petrol and diesel supplied in the
EU (83.8 g CO2 eq./MJ) as specified in the EU RED and RTFO. A new EU directive [202], still under consideration, proposes a new average value of 94.1 g CO2
eq./MJ for both fossil fuels. The guidance for 2016/17 states that RTFO will be amended accordingly [20]. The GHG reduction requirement rises to 60% from
1 January 2018 for new plants commencing operation after 1 January 2017. “A” refers to the number of LCA articles found in the literature and “n” refers to
the number of analyses (sample size). NB: Most papers analysed several cases.]
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In general, lignocellulosic bioethanol from agricultural and forest
residues has a lower carbon footprint than bioethanol from energy
crops (see Figure 7 and Figure A3 in Appendix 4). This is because of
N2O emissions during the cultivation of energy crops, related to the
use of fertilisers, which are avoided in the case of residues.
The lower GHG emissions from lignocellulosic bioethanol compared
to petrol are mainly a result of the assumption that the residual
lignin is used to co-generate heat and power, with some of the
latter exported to the grid. The biofuel production system is thus
credited for avoiding the GHG emissions from the equivalent
amount of grid electricity. For some feedstocks (SRC, forest residue,
straw and corn stover), the credits for electricity generation and
other co-products are higher than the direct emissions from the
biofuel production process. These studies report negative carbon
footprints, indicating the avoidance of GHG emissions. Some studies
reported negative GHG emissions even with LUC included, notably
for ethanol from SRC and perennial grasses [111,181]. This is mainly
because of the increase in the carbon stock on the land that was
converted to produce these crops [118] which leads to negative
overall GHG emissions. On the other hand, harvesting of agricultural
and forest residues can result in reduction of the carbon stock in the
land [233–235], so increasing GHG emissions [234,235]; however, most of
the reviewed studies did not account for these changes.
Despite the negative values for GHG emissions for some second
generation biofuels, a UK study [97] found that their potential to
reduce the carbon footprint of transport fuels at the national
level is small at the current blending levels of 5% (E5). The overall
estimated CO2 eq. saving of the E5 blend over petrol ranges
between 2.6% and 3.2% per MJ of fuel. If 5% of bioethanol
was added to all the petrol used annually in the UK, it would be
equivalent to an average total reduction in GHG emissions of 0.35%
per year [97]. Thus, these findings suggest that much higher blends
would be needed for more significant reductions in GHG emissions
from transport.
While LCA studies of second generation bioethanol cover a wide
range of feedstocks, the studies of biodiesel are more limited,
focusing largely on three feedstocks: Jatropha, Camelina and
used cooking oil/tallow. As can be seen in Figure 8 and Figure
A4 in Appendix 4, the average carbon footprints of Jatropha and

Bagasse

Molasses

used cooling oil/tallow are very similar (26 and 27 g CO2 eq./MJ),
followed closely by Camelina (33 g CO2 eq./MJ). However, they vary
widely across the three feedstocks because of variations in the
yield in different regions covered, differences in processes and
assumptions, especially with respect to co-product allocation. For
example, the yield of Jatropha oil seeds varied in different studies by
a factor of 30, from 0.4 to 12 t/ha.yr [236]. The influence of allocation
is also significant: using system expansion according to the US EPA
methodology results in the carbon footprint of Jatropha biodiesel of
-88 g CO2 eq./MJ, while energy allocation as per the RED approach
yields GHG emissions in the range of 15–20 g CO2 eq./MJ [237].
Most of the studies of biodiesel from used cooking oil (UCO) report
carbon footprints 60% to 90% lower than conventional diesel.
However, as shown in Figure 8, some studies also estimate that the
GHG savings from this type of biodiesel are not sufficient to meet
the 50% reduction target. This is due to some specific assumptions.
For example, Intarapong et al. [209] considered pyrolysis for
conversion of UCO to biodiesel, which is more energy intensive than
transesterification. Similarly, another study[184] assumed only a 5%
biodiesel production yield which is very low compared to more than
90% considered in other studies. Furthermore, a consequential
LCA study [238] that considered indirect impacts, such as changes in
the production of palm oil, soybean and production of animal feed,
suggests that ILUC and other indirect market impacts could have a
significant influence on the carbon footprint of UCO biodiesel, which
would be only 25% lower than that of diesel.

7.1.3. Third generation biofuels
Over 20 LCA studies have considered the carbon footprint of
third generation, algal biodiesel. However, they have all used
very different approaches, process designs, system boundaries,
methodologies and assumptions for feedstocks, nutrients and coproduct management. As a result of the variation in these choices,
the carbon footprints differ widely between the studies, ranging
from -2400 to 2880 g CO2 eq./MJ (see Figure 9 and Figure A5 in
Appendix 4). These results would suggest that microalgae diesel
can both reduce and increase GHG emissions significantly relative to
biodiesel, depending on the assumptions. However, the studies that
report the high savings of GHG in comparison to diesel are based
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Figure 8
Carbon footprint of second generation biodiesel

Carbon footprint (g CO2 eq./MJ)

[Based on data from [184,203,209,227,237,238,270–283]. For the data used to plot this graph, see Figure A4 in Appendix 4. The negative values are due to the credits
for co-products. “Diesel (reference)” is the average carbon intensity of petrol and diesel supplied in the EU (83.8 g CO2 eq./MJ) as specified in the EU RED and
RTFO. A new EU directive [202], still under consideration, proposes a new average value of 94.1 g CO2 eq./MJ for both fossil fuels. The guidance for 2016/17
states that RTFO will be amended accordingly [20]. The GHG reduction requirement rises to 60% from 1 January 2018 for new plants commencing operation
after 1 January 2017. “A” refers to the number of LCA articles found in the literature and “n” refers to the number of analyses (sample size). NB: Most papers
analysed several cases.]
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Figure 9
Carbon footprint of microalgae biodiesel
[Based on data from [45,159,194,227,248,264,268,269,273,284–293]. For the data used to plot this graph, see Figure A5 in Appendix 4. The negative values are due to
the credits for co-products and avoided processes, such as wastewater treatment. The GHG reduction requirement rises to 60% from 1 January 2018 for
new plants commencing operation after 1 January 2017. “A” refers to the number of LCA articles found in the literature and “n” refers to the number of
analyses (sample size). NB: Most papers analysed several cases.]
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on the best-case assumptions that may not be feasible for largescale implementation; for example, the use of CO2 from cement
plants as a feedstock [266], cane sugar as a nutrient/feedstock [267]
and recycling of nutrients from anaerobic digestion plants [268] or
wastewater [269]. Considering the average values across all the
studies, the carbon footprint of microalgae diesel is around 3.5
times higher than that of diesel. Therefore, at present state of
development, this type of biofuel does not represent a feasible
alternative to fossil diesel.

generation biofuels at below 0.5 MJ/MJ. However, there is a wide
variation across different types of biofuels, ranging from 0.04
to 0.86 MJ/MJ for first generation and -0.57 to 0.87 MJ/MJ for
second generation biofuels, where negative values are due to
energy credits from co-products, such as electricity and heat.
These variations result from several factors, including differences
in feedstock productivity, agricultural practices, conversion
technologies and allocation methods. The results are also affected
by the assumption on the type of energy (biomass or fossil) used in
the conversion process.

7.2. Energy use

The range of estimated values for fossil fuel consumption in the life
cycle of algal biodiesel is even wider, ranging from 0.15 to 33.4 MJ/
MJ (Figure 10 and Figure A6). Like the carbon footprint results, the
reasons for this variation are technological uncertainties and the
diversity of potential feedstocks and production systems. However,
most studies agree that algal biofuels are not energetically viable
because of high energy requirements for pumping, dewatering,
lipid extraction and thermal drying [248,284,295,296]. In general, algae
cultivation in raceway ponds has lower energy demand than photobioreactors, with some studies suggesting that the former can have
energy demand of less than 1 MJ/MJ [296].

Several indicators are used in LCA studies to quantify energy use
in the life cycle of biofuels, including fossil energy consumption,
primary, secondary or cumulative energy demand and net energy
ratio [294]. Given that energy security and independence from fossil
energy are key motivators for biofuel production (in addition to
climate change mitigation), most studies focus on fossil energy
consumption. This is expressed in terms of MJ of fossil energy
consumed per MJ of biofuel produced as discussed below.
As indicated in Figure 10 and Figure A6 in Appendix 4, most
estimates put the fossil energy demand for first and second
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Figure 10
Fossil energy use in the life cycle of biofuels
[Based on data from [45,61,62,96,97,159,171,174,175,181,182,184,187–189,193–195,203,205,211,217,219,220,226,228,229,232,238–240,243,245,246,250,251,254,259,260,262,264,265,269–
273,275,276,280,281,284–289,297–301]. For the data used to plot this graph, see Figure A6 in Appendix 4. The value for third generation biodiesel should be

multiplied by 10 to obtain the actual value. “A” refers to the number of LCA articles found in the literature and “n” refers to the number of analyses
(sample size). NB: Most papers analysed several cases.]
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Blue water consumption for biofuels consumed in Europe (based on data from [306]) [Data labels represent the average values.]
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7.3. Water use
Water use in the production of bio-feedstocks can be high,
particularly for first generation biofuels [11,302]. This is of concern
where requirements for irrigation water for certain feedstocks
might compete with water used for other purposes, such as
food production. With increased agricultural biomass production
for biofuels, the total global water consumption could increase
significantly by 2050 [303] and, in areas that are already water
stressed, additional water demand has a potential to increase
substantially the overall environmental impacts of biofuels.
Water use is usually not included in LCA studies of biofuels, but
there are numerous studies that have specifically focused on
this aspect of biofuels production. Most of these studies provide
a volumetric usage of water, such as the amount of green (rain)
and blue (surface) water. This is not sufficient to assess local
environmental impacts of water consumption as these are highly
dependent on the level of water availability in the local area and
the specific characteristics of the hydrological cycle, even if the
quantity used is the same for a particular product [304]. Furthermore,
consideration of green water results in very large total water

Biodiesel

use for most agricultural crops. Since the local hydrological cycle
may in reality be little affected by the use of green water in
agriculture, inclusion of green water could be misleading and could
overestimate the actual impact of water use for biofuels [305].
The results of a recent study [306] that assessed the water footprint
of first generation biofuels consumed in Europe suggests that
blue water consumption of biofuels is very diverse, depending on
the underlying crop and country (see Figure 11). Bioethanol from
sugar beet and wheat has lower water consumption because many
countries produce crops using little or no irrigation. In contrast, the
production of bioethanol from corn in Portugal consumes 86 m3/
GJ. Furthermore, while no irrigation is needed to cultivate crops for
biodiesel in the UK, Poland and Germany, in Spain, an average 90
m3 of irrigation water is consumed to produce 1 GJ of crop-based
biodiesel [306].
As indicated in Figure 11, the average blue water consumption of
bioethanol and biodiesel consumed in Europe is 3.3 m3/GJ and 1.9
m3/GJ, respectively, which is 40 and 60 times higher compared to
their respective fossil alternatives. If regional water stress is taken
into account, as opposed to just the volume of water consumed,
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biofuels have water footprints a factor of 55 to 246 higher than
fossil fuel [306]. This is a result of a large share of water consumption
in the production of biofuels occurring in relatively water-stressed
countries.
The blue water consumption of algae-based biofuels can be
higher or lower than first generation biofuels, depending on the
geographic location, production systems and conversion routes [307].
For example, the blue water consumption for biofuels produced in
a closed photo-reactor in the Netherlands is estimated at 8 m3/GJ,
while it can be as high as 193 m3/GJ if algae are cultivated in open
pond systems in Hawaii [307]. There is also a difference between dry
and wet conversion with the blue water consumption being higher
for the latter.

7.4. Biodiversity
The relationship between biofuels and biodiversity is complex.
Biofuels have the potential to contribute to loss of biodiversity
through habitat loss and degradation, excessive nutrient load
and other forms of pollution, over-exploitation and unsustainable
use of land, as well as the cultivation of invasive alien species
used as feedstocks [308]. The impact of biofuel production on
biodiversity depends on the feedstock used and scale of production,
management practices and LUC.
Intensive cultivation and use of agro-chemicals in the feedstock
production for first generation biofuels can create direct threats
on local biodiversity [309]. LUC resulting from increased biofuel
production exacerbates the risk of losing biodiversity through the
direct loss of wildlife habitats, such as tropical rainforests [11].
Compared to first generation biofuels, second generation biofuels
are considered to have fewer negative, or even positive, impacts on
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biodiversity [310]. With plant-based lignocellulosic feedstocks, this is
because of their long growth cycle, low requirement for fertilisers
and pesticides and less human intervention during the growth
period. For example, large-scale short rotation coppice willow can
provide benefits for some bird species, butterflies and flowering
plants [311]. Furthermore, if degraded land is used for cultivation of
feedstocks, the diversity of species might be enhanced. Similarly,
perennial grasslands used for biomass production may enhance
avian diversity, including migratory species. However, large
energy crop monocultures can be detrimental to local biodiversity,
particularly through habitat loss and the expansion of invasive
species [11]. Eucalyptus, switchgrass and some Miscanthus species
exhibit some features of invasiveness [312].
For forested areas, the most significant threat to biodiversity
is deforestation. However, deforestation could also be
reduced if there is a strong market for forestry products,
increasing investment in forests, thus protecting and enabling
them to compete with agriculture and urban and suburban
development [133,313,314]. Production of biofuels from forest and
sawmill residues may contribute in this way. However, conversion
of natural forests to plantations, while not leading to deforestation,
might contribute to habitat loss and species decline [133]. This is
because natural forests generally hold a greater range of habitats
and species than intensively managed plantations that have
comparably low amounts of snags (standing, dead or dying trees)
or coarse woody debris on the forest floor. These constitute an
important niche habitat for bacteria, fungi, invertebrates, birds and
mammals [315]. However, forest conversion is more likely a potential
outcome of using primary forestry products and the use of forest
and sawmill residues for biofuels is not likely to contribute to this.
Furthermore, it should be noted that:
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Table 5
Acidification and eutrophication of biofuels compared to fossil fuels
Biofuel type

Feedstock

Acidificationa

Eutrophicationa

LCA study

First generation bioethanol

Corn
Wheat
Sugar beet
Sugar cane

1.4 – 3
3
1.4 – 1.8
2

4.4 – 20
5
6 – 15
2.8

[317]
[187]
[200]
[196]

First generation biodiesel

Rapeseed
Soybean
Palm oil

1.3–1.7
1.3–1.7
1.3

3.1–5
4–5
14

[217,221]
[175]
[204]

Second generation bioethanol

Short rotation coppice
Switchgrass
Straw

0.45
1.1
1.6 – 3

1.2
3.2
2 – 3.6

[246]
[255]
[232]

Second generation biodiesel

Used cooking oil
Jatropha

0.2
1

0.63
1

[318]
[319]

Third generation biodiesel

Algae

2.6 – 3

2.1 –3.2

[266]

a The values represent the ratio of impacts from biofuels over fossil fuels and are dimensionless.

• the conversion of natural forests to plantation for biomass
production is regulated against under the Renewables Obligation
Order (ROO) [80]
• for managed forests, best management practices exist that seek
to ensure that a sufficient amount of residue is left behind; for
example, the Forest Europe Sustainable Forest Management
Criteria [81], compliance with which is also a key criterion for
biomass produced for electricity generation under the ROO [80].
Excessive removal of agricultural residue from fields would also be
a concern as it may increase weed growth, which could lead to the
increased use of herbicides and thus affect local biodiversity.
For algal biofuels, the impact on biodiversity is uncertain. The
large-scale cultivation of algae can bring significant risk to coastal
biodiversity through invasion of algal species of coastal shallow
ecosystems, such as mud flats, salt marshes, mangroves, sea grass
bed and coral reefs [309].
Although the loss of biodiversity is identified as one of the current
key environmental concerns, it is only seldom included as an impact
category in LCA studies of bioenergy systems [316]. Preserving
biodiversity or avoiding biodiversity loss from biofuels is one of the
criteria in sustainability certification schemes. However, biodiversity
loss is difficult to measure and there are no standard ways of
identifying and measuring systems that promote biodiversity. In
the absence of these, the ISO 13065 standard on the Sustainability
of Bioenergy provides some guidance on the procedures applied to
identify potential impacts of biofuels on biodiversity [76].

7.5. Other environmental impacts
Besides the carbon footprint, other typical environmental impact
categories considered in biofuel LCA studies include acidification,
eutrophication, photochemical smog, human toxicity and ecotoxicity. However, the number of studies that have assessed a
wider set of impact categories is still limited: of the 250 studies
reviewed, only 60 such studies were found in the literature.
Because the LCA studies reviewed have used different methods to
estimate the other environmental impacts, it is difficult to compare
them and provide a meaningful range of impacts for different
biofuels. Furthermore, the studies differ in scope, with some
considering the cradle to gate and others cradle to grave system

boundary. Results of the latter studies also depend on assumptions
regarding the type of vehicle. Nonetheless, several studies suggest
that reduction in GHG emissions from biofuels compared to fossil
fuels happens at the expense of other impacts, such as acidification
and eutrophication [175,187,196,200,204,217,221,232,246,255,266,317–319].
Table 5 compares these two impacts for different feedstocks
in comparison with fossil fuels. As can be seen, first generation
bioethanol has up to three times higher acidification and around
three to 20 times higher eutrophication impacts. Similarly, first
generation biodiesel has 30% to 70% higher acidification and at
three to 14 times greater eutrophication than fossil diesel. This is
mainly due to the use of fertilisers and associated emissions to air
and water that cause acidification and eutrophication.
Lignocellulosic bioethanol from short rotation coppice performs
better for acidification, but bioethanol from switchgrass and straw
is worse than petrol for both impact categories. However, biodiesel
from UCO has lower acidification and eutrophication than fossil diesel.
These two impacts are also higher for algal biodiesel than for the
fossil alternative [266]. However, absence of full-scale plant data,
large variability in production parameters and various assumptions
lead to high uncertainty in the LCA estimates for algal biofuels [159].
The available analyses of the voluntary certification
schemes [78,79,320,321] for biofuels show that the degree to which
other environmental impacts are covered by schemes varies. In
relation to ISCC, the scheme currently used to certify 89% of
biofuels supplied in the UK [21], the strengths highlighted include
comprehensive requirements on water management, integrated
pest management, riparian vegetation and buffer zones, as well as
a precise requirement for soil management. Areas suggested for
improvement include the fact that environmental management
systems are not explicitly required by ISCC, that the scheme has
limited criteria concerning biodiversity and conservation, and that
certain criteria, such as biodiversity assessments, are voluntary
add-ons. These observations are based on analysis performed in
2013 [78,79]. The most up-to-date comparative information appears
to be provided by the International Trade Centre [322]. This suggests
that environmental and social xviii management systems are now
required by ISCC. Requirements on biodiversity are still limited to the
mandatory criteria provided for by the RED, while other schemes,
such as the RSB, require a biodiversity assessment and have a
stronger set of requirements [324].

xviii Participatory social impact assessment is required, engaging all relevant stakeholders, including local communities and indigenous people [323].
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8.

Overview of
socio-economic
sustainability of
biofuels

Harvesting rapeseed crop

8.1. Social impacts
Some of the critical issues surrounding the social sustainability
of biofuels include food and energy security, rural development,
provision of employment and labour related issues, land rights
and human health issues [236,325–327]. However, although the
sustainability of biofuels has been a much-debated topic in the past
few years, there is still a lack of concrete evidence in the literature
reviewed, regarding both their positive and negative social impacts
[326]. Meanwhile, some stakeholders have highlighted negative
impacts, especially impacts on developing countries (eg.[328]).

8.1.1. Food security, energy security and rural
development
Food security and food prices are discussed extensively in academic
and other literature (eg.[109,329–334]). The key concern is the effect
that the production of biofuels, particularly first generation, can
have on food commodity prices through the diversion of food crops,
such as corn and soybean, towards the production of biofuels. A
related issue is feedstock production displacing land previously used
for the cultivation of food crops. While there is a general agreement
in the literature that the expansion of first generation biofuels
will have an impact on agricultural commodity prices, there is little
agreement on the magnitude and the relationship this has with
food security [14,331,333].
While some studies [333] claim that biofuels production has played
an important role in increasing regional and global food prices,
particularly during the 2007–2008 global food crisis, others
project that, as long as biofuels account for a small fraction of the
global transportation fuel demand (up to 10%), their impact on
food supply and prices should be small [14,335]. However, the latter
estimates are sensitive to the modelling approach and assumptions
used, particularly those on the future volume of biofuels produced.
A review of the literature listed above highlights at least two crucial
reasons why the relationship between first generation biofuels and
food security is not necessarily one of direct competition:
• biofuel markets have been proposed as one mechanism that can
absorb the surplus production of food-crops in normal years and
provide a cushion in years of unexpected supply disruptions
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BIOENERGY PROJECTS PROVIDE OPPORTUNITIES
FOR RURAL DEVELOPMENT AND DIVERSIFICATION
OF FARMERS’ MARKETS AND INCOMES, AND
CAN THEREFORE LEAD TO INVESTMENT IN
AGRICULTURAL PRODUCTIVITY AND RESILIENCE.

• bioenergy projects provide opportunities for rural development
and diversification of farmers’ markets and incomes, and can
therefore lead to investment in agricultural productivity and
resilience.
Many international organisations concerned with food security
support policies or market mechanisms that allow the diversion of
food crops from biofuels production to dampen volatility of food
commodity prices [332,336]. This dynamic switching strategy has been
demonstrated in Brazil, across their biofuels and sugar industries
and has been credited in the US for stabilising commodity prices in
times of drought by creating an ethanol ‘supply cushion’ [337]. Some
therefore argue that, provided farmers and the agro-industry are
free to respond, diversified markets for products can spread risk and
reduce price volatility compared with narrower markets [337]. Adding
bioenergy markets to existing uses of local produce can thereby
increase price stability [338].
Stakeholders consulted in the study reinforced this argument.
They highlighted that by raising and diversifying farm incomes the
additional demand for agricultural produce from biofuels provides
assurance for farmers, who in turn have more confidence to plant
food crops and invest in technologies and practices that drive higher
yields. Developments in agricultural technology, plant-breeding and
agricultural practices suggest that there are significant gains to be
made in this area if investment can be encouraged.
Given the overlapping feedstocks, investments in the infrastructure
and technology required for food production, processing, storage
and distribution also overlap with biofuels production. Investments
in Brazilian bioethanol industries have supported spin-off
benefits for neighbouring productive sectors and local economies
in rural areas where biomass and labour are abundant, but
infrastructure was previously limited [338]. One of the most pervasive
recommendations for improving food security is to invest in rural
agricultural technology and infrastructure, driving up productivity
and efficiencies [339,340]. There is an argument that the development
of bioenergy (including liquid biofuels) can help drive such
investment (provided the right flexibility through either policy or
market mechanisms); yet most analyses of bioenergy development
have been carried out independently of the development of food
systems [341]; this suggests that further research on these potential
benefits is required.

In their review of the topic, Ecofys [331] note some additional
factors in determining the relationship between biofuels, primary
agricultural commodity prices and food security:
• Prices of primary global agricultural commodities (from which
biofuels are produced) are not directly correlated to food
prices (this is in contrast to some other literature [14,333]). Local
food markets are often disconnected from global markets and
commodity costs are often only a small component of final food
production costs.
• Protein rich co-products from ethanol and biodiesel production
can avoid production and the associated land use elsewhere.
• Agricultural commodity prices are strongly linked to the oil price.
The production of biofuels could reduce oil prices and as such
limit future commodity price increases.
• Systemic factors, like reduced reserves, food waste, speculation,
transportation issues, storage costs and problems and hoarding
play a much larger role in local food prices.
The use of non-food energy crops for biofuel production does not
hold the same concerns related to food production (but may also
lack the potential benefits discussed above). Nevertheless, there
may still be conflict if feedstocks are grown on land suitable for
food production. However, feedstock production on set-aside,
marginal land and sustainable use of agricultural residues, forest
and sawmill residues and wood wastes can prevent these negative
effects [320,326]. There are, however, concerns over the availability
and use of such land, considering the need for high feedstock
yields to ensure economic viability. Furthermore, the set-aside land
could also be used for food production, leading to competition with
biofuels. There is also an ongoing debate on how marginal land is
defined in different locations and over time [342].
The assumption of no effects on food prices, land use or other
aspects from using residues and waste products holds true only
when feedstocks would genuinely otherwise be disposed of. For
this reason, it is also important to hold under review any emergent
alternative uses for feedstocks currently considered a waste. For
example, tallow has alternative uses in animal feed, food and pet
food (as well as for oleo-chemicals and soap production) and studies
have identified indirect displacement effects where alternative
users are forced to seek substitutes; for this reason, the UK only
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ANALYSIS CONDUCTED BY ECOFYS IN 2013 CONCLUDED
THAT THE UK BIOFUEL INDUSTRY SUPPORTS 3500 JOBS
ACROSS PRODUCTION, SUPPLY AND DISTRIBUTION, BUT
NOT INCLUDING FEEDSTOCK COLLECTION ACTIVITIES.
THEY FOUND THAT THE NINE LARGEST COMMERCIALSCALE BIOFUEL PRODUCERS DIRECTLY EMPLOYED 517
PEOPLE BUT THAT ADDITIONAL JOBS IN, FOR EXAMPLE,
FARMING, TRANSPORT AND DISTRIBUTION, WERE
SUPPORTED BY THE INDUSTRY.

offers double-counting to Category 1 tallow (used for purposes of
energy generation only) and is monitoring effects on the price and
availability of other categories [343]. As other feedstocks defined as
wastes are utilised for biofuel production, they should be subject to
similar ongoing scrutiny.

rural agricultural economy and between €0.7 and €2.3 billion to the
EU’s rural forest economy [346]. It should be noted that, in reality,
competition will be high from the heat and power sector, and
utilisation is unlikely to take off in all regions. Furthermore, reaching
this scale would require a sharp increase in investment [52].

The use of domestically produced biofuels can potentially improve
national energy security and reduce risks related to exposure to
fossil-fuel markets. However, the role of biofuels in this respect has
been so far limited because of its relatively small share in transport
fuels. Moreover, due to an expected high reliance on imported
biofuels in the future and the susceptibility of feedstock supply to
weather conditions, biofuels are unlikely to contribute significantly
to the long-term energy security of the European Union [344]. This
may also apply to second generation biofuels in the UK as the level
of achievable supply of UK-sourced feedstocks remains open to
question.

In the same way that it can be argued that first generation biofuels
can diversify markets for agriculture, the development of second
generation biofuels might similarly bolster other sectors. For
example, forest and sawmill residues and wood wastes for second
generation biofuels are gaining attention in Norway, Sweden and
Finland owing to a scale of resources and current employment in
the forestry sector, which is currently facing declining markets [347].
In Norway, approximately 24% of the total land area is covered by
productive forests, with forestry providing employment for 4000
people, the sawn-wood industries 16,000 and the pulp and paper
sector 6500 people [348]. Yet, European paper demand declined by
about 20% in the period from 2007 to 2012; in the US, demand for
office paper fell by 40% and newsprint by 60% in the period 2001
to 2011 [349]. Use of forest and sawmill residues and wood wastes
as feedstocks for second generation biofuels might utilise the
existing harvesting and transport infrastructure while diversifying
the market for an existing industry with significant existing human
capital associated with it [347].

8.1.2. Employment, labour-related issues and land
rights
Analysis conducted by Ecofys [26] in 2013 concluded that the UK
biofuel industry supports 3500 jobs across production, supply and
distribution, but not including feedstock collection activities. They
found that the nine largest commercial-scale biofuel producers
directly employed 517 people but that additional jobs in, for
example, farming, transport and distribution, were supported by
the industry. An evaluation by the Renewable Energy Association,
based on the levels of investment planned at the time (2013)
suggests that the employment figure could rise from 3500 to over
6000 by 2020 [345].
Ecofys [26] also considered job opportunities related to collection
of one particular feedstock – UCO. It found that these vary widely
depending upon the labour intensiveness of collection, location of
the UCO (urban or rural areas) and its source (food manufacturers,
restaurants or households) but that there could be several
thousand jobs in the UK related to collection of UCO alone.
It is not possible to indicate where in the EU waste and residue
feedstocks might be most effectively mobilised. However, the
NNFCC [346] predict that if all of the resource was utilised, between
56,000 and 133,000 additional permanent jobs in EU agricultural
and forestry sectors might be created, along with 4000 and
13,000 additional permanent jobs in plant operation and 87,000
to 162,000 temporary jobs in plant construction phase. This would
represent a net value of between €0.2 and €5.2 billion to the EU’s
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As with many other international supply chains, when importing
products, labour-related issues, such as child and forced labour,
health and safety and low wages, are a concern. Target-based
policies, such as those contained in the RED, were initially criticised
for contributing to human rights violations by incentivising
producers to scale up production quickly and in the easiest way
possible, often moving into countries with less rigorous regulatory
environments [350]. While voluntary certification schemes
have become more established since these policies were first
introduced, more recent analysis maintains that concerns still
apply to feedstock production for biofuels in many countries [351].
Furthermore, while the RED refers to the need to avoid such issues,
this is not mandatory. Instead, it mandates biennial reports on the
social sustainability impacts of biofuels in the EU and in developing
countries, and the impact of EU biofuel policy on the availability
of affordable foodstuffs. The ECA considers these reports to
contain only limited information and insufficient data to draw clear
conclusions [5]. Furthermore, biofuel feedstock expansion is, in some
countries, associated with unfair practices in land acquisition and
displacement of customary livelihoods resulting from large-scale
land transfer to investors [326,352], raising the issue of land acquisition
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and land rights. This is a concern particularly in countries where land
ownership is not secure. The establishment of large-scale biofuels
feedstock production can also cause smallholders, tenants and
herders to lose access to productive land [353].

8.1.3. Air quality and human health issues
Production and use of biofuel generate emissions of various air
pollutants, including particulate matter (PM), carbon monoxide
(CO), nitrogen oxides (NOx), hydrocarbons and volatile organic
compounds (VOCs). Unburned hydrocarbons, VOCs and NOx are
precursors for the formation of smog and ground-level ozone.
These pollutants are associated with increased morbidity and
mortality from cardiovascular and respiratory diseases and certain
cancers [327,354]. Air quality modelling studies show that life cycle
emissions of some pollutants may be higher for biofuels when
compared to fossil fuels, largely resulting from the emissions
associated with feedstock production and biofuel processing [327,355].
For example, in the case of sugar cane ethanol in Brazil, burning
of straw in fields is the common practice in certain areas and is
the predominant source of PM [327,355]. Studies on health impacts
of sugar cane ethanol in Brazil suggest that there is strong
evidence that burning straw in sugar cane fields causes substantial
respiratory diseases, such as asthma and pneumonia, in sugar
cane field workers and local populations [327,355–358]. However, as
mentioned in section 7.1.1, our consultation with Brazilian experts
suggested that the practice of pre-harvest burning is being phased
out.
Vehicular exhaust emissions of bioethanol blends vary with
blend strength. Consistent testing of vehicular emissions is also
a significant challenge since they are affected by many different
parameters, including the type of engine and how it is run (the
operational drive cycle), vehicle age and maintenance, the quality
of the base fuel and exhaust after treatment [359]. However, in
general, lower bioethanol blends (E5 to E15) have lower CO and PM
emissions compared to petrol [359,360]. Beer et al. [360] suggest that
lower PM emissions from low-ethanol blends used in spark-ignition
vehicles have slight health benefits over petrol. However, they
lead to significantly higher emissions of acetaldehyde, which is one
of the precursor VOCs involved in ground-level ozone formation.
Similarly, higher ethanol blends (E85) lead to comparable, or slightly
lower, levels of PM, NOx and CO emissions than petrol, but five to 10
times higher acetaldehyde emissions [359,361,362].
Compared to fossil diesel, biodiesel has generally lower exhaust
emissions of PM, CO, hydrocarbons and VOCs, but higher NOx

emissions [363,364]. These differences are small for 5% to 20%
biodiesel blends and would lead to negligible or non-measurable
impacts on air quality [363], but increase with higher blends [359].
On the other hand, Larcombe et al. [365] argue that, despite having
lower PM emissions, biodiesel exhaust emissions could potentially
be more harmful to human health because of higher proportion of
ultra-fine particles (<100 nm diameter) compared to diesel exhaust.
This is due to the fact that smaller particles remain suspended in
the air for longer, are more easily inhaled and are able to penetrate
more deeply into the lungs. However, other assessments on the
potential human health implications of biodiesel suggest that the
use of biodiesel fuel blends compared to fossil diesel results in
minimal changes in health impacts [363,364]. Thus, the topic of human
health impacts from biofuels remains open to debate, requiring
further research and evidence.
Besides air pollution, production of liquid biofuels could affect
human health directly through water and soil pollution and
occupational hazards [327]. However, these effects are scarcely
discussed in the literature and should be explored further to
understand whether there are risks that need to be addressed.

8.1.4. Further considerations
Ultimately, as with other sustainability considerations, social
impacts of biofuel supply chains depend on the biophysical and
socio-economic conditions of the production region and the
characteristics of the supply chains, such as types of energy crop,
conversion technologies, logistics, etc. Despite the concerns, in
existing literature social aspects tend to appear in the form of a
checklist of generic social criteria rather than appraisal of real or
potential social impacts of biofuels. Furthermore, as mentioned
previously, within the RED, sustainability criteria for biofuels cover
social aspects in a limited way and their further development thus
relies mainly on voluntary certification schemes.
One of the reasons for the social sustainability of biofuels not
being assessed more widely and systematically is the lack of an
internationally agreed methodology on how these issues could
be quantified and evaluated. Many approaches for assessing
social sustainability exist in the literature, but few are specific to
biofuels, with a notable exception of the RTFO methodology [366].
It is also possible to assess the social sustainability of biofuels
using a life cycle approach and applying the social LCA (S-LCA)
methodology [367]. However, this is a complex method with
over 190 social indicators, raising concerns over practicality of

Sustainability of liquid biofuels

53

THERE ARE TWO GENERAL AREAS WHERE POTENTIAL
FOR FRAUDULENT ACTIVITY EXISTS: WHERE AN
OPERATOR COULD CLASSIFY AS WASTE OR RESIDUE
SOMETHING THAT IS NOT (OR WAS ADULTERATED),
OR WHERE AN OPERATOR MAY ATTEMPT TO GET THE
SAME DOUBLE-COUNTED PRODUCT CERTIFIED TWICE BY
DIFFERENT VOLUNTARY SCHEMES.

implementation. Instead, some stakeholders consulted in this study
argued that a semi-quantitative risk approach would provide a
sound and more practicable basis for such assessments [368].
Some also highlighted that there are high risks of negative social
impacts of both fossil and biofuels and considering social criteria
only for biofuels can be seen as an unfair advantage for fossil
fuels, since additional investments and other costs are involved in
meeting those criteria [351].

8.2. Economic impacts
Economic indicators used to evaluate the commercial viability
of biofuel projects include capital and operating costs, price of
feedstocks, return on investments, fixed and variable costs, life
cycle costs and biofuel and fossil fuel prices [369]. Other indicators,
such as contribution of biofuels to gross domestic product (GDP),
changes in fossil energy prices, changes in food prices relative to
biofuel production and employment levels, are used at a national
level to monitor the contribution of biofuels to the economy. Some
of these indicators are discussed below.

8.2.1. Competitiveness with fossil fuels
The global biorefinery products market has been valued at £262
billion in 2014 and is expected to grow by 14% per annum to
2020 [56]. However, biofuels are not currently competitive with fossil
fuel equivalents, although this depends upon the prevailing price
of crude oil. Specifically, in Europe, ethanol from grain and sugar
beet and first generation biodiesel are not competitive on price
with petroleum fuels on an equivalent energy-content basis [370].
In 2013, the wholesale price of bioethanol in Europe was €27.7/
GJ (€0.59/litre), more than double the price of petrol (€13.1/GJ or
€0.43/litre). A similar differential applied to the wholesale prices of
biodiesel compared to fossil diesel: €25.7/GJ (€0.85/litre) vs €12.9/
GJ (€0.47/litre) [344]. By 2020, the wholesale price of bioethanol in
Europe is estimated to be €14.3/GJ higher than petrol and €11.7/
GJ for biodiesel [344]. Similarly, in the US, ethanol remains more
expensive than gasoline on an energy equivalent basis, but the price
gap between the two has decreased in recent years [14]. Brazilian
ethanol from sugar cane is more competitive than US ethanol but, at
low oil prices, it is still more expensive than petrol in Brazil.
Given this lack of price competitiveness, biofuels markets tend to be
highly dependent on policy for their creation. In the UK, the market
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is reliant on the blending obligation in place under the RTFO. Biofuel
producers consulted as part of this study reported that they would
not be able to produce and supply even a single litre of biofuels
beyond the mandated quantity since it would not be economically
viable. Therefore, any increase in the amount of biofuels supplied
would need to be driven by an increase in the blending obligation or
some other similarly strong policy incentive.
Although for legitimate sustainability concerns, the obligation has
not increased above 4.75% and investors have been badly hit as
expected increases in the obligation have not been forthcoming.
Further investment in the sector will not occur unless investors
have confidence that policies will drive expansion of what is
currently a stagnant market.
The evidence reviewed indicates that the UK should be able to meet
an increase in the blending obligation in line with current targets set
out in the RED because:
• existing first generation biofuel plants in the UK are currently
operating below capacity
• producers, supported by the available surveys on resource
availability, have reported that they can expand production from
existing waste feedstocks, such as UCO, tallow and MSW
• expansion in the market would provide producers of fuels from
waste lignocellulosic feedstocks, such as agricultural residues,
forest and sawmill residues and wood wastes, with the market
necessary to bring these fuels online.

8.2.2. Costs of producing biofuels
Biofuel production costs can vary widely by feedstock, conversion
process, scale of production and region. However, in general, for
first generation biofuels, the capital costs account for a relatively
small proportion of total production cost. Annualised capital costs
are estimated at 4% for biodiesel plants and 10% for bioethanol
plants [344]. On the other hand, the cost of feedstock is a major factor
in the viability of biofuel production, generally accounting for 60%
to 90% of the total operating costs of first generation biofuels [14].
Compared with first generation biofuels, the capital costs of second
generation biofuels account for a higher share of overall costs, while
the feedstock costs are significantly lower. Feedstocks for cellulosic
biofuels are expected to range between 30% to 45% of total
production costs in the long term [371]. Therefore, second generation
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biofuels will likely be less sensitive to variations in feedstock
prices. However, high capital costs is the significant barrier for
their deployment [372]. With potential improvements in conversion
efficiency and capital cost reduction, the production costs for future
second generation biofuels could become competitive, provided oil
price is above US$100 per barrel; however, if it falls below US$80
per barrel, second generation biofuels are very unlikely to be able to
compete directly with gasoline and diesel over the next 30 years [8].
Besides large uncertainties over technical feasibility and
environmental benefits, there are significant questions over the
economic viability of third generation biofuels as costs associated
with the production from microalgae are very high [292,297].
Depending on the techno-economic studies and the underlying
technological options, the prices for crude biodiesel from microalgae
have been estimated between 3 and 30 US$ per litre [372]. Literature
also suggests that without considerable improvement in current
production technologies [269] and identification of better means
for utilisation of co-products [286], algal biodiesel cannot provide a
sustainable alternative to fossil diesel. However, the costs could fall
in the future as technology improves and production expands.

8.2.3. Cost of waste feedstocks and potential for
fraud
One concern particular to second generation biofuels is the weak
verification of the origin of wastes and residues used for their
production and the potential for fraudulent activities. As noted
previously, a recent audit by the ECA found that the European
Commission recognised schemes that did not have appropriate
verification procedures to ensure that the origin of biofuels

produced from waste was indeed waste and did not assess whether
voluntary schemes verify the origin of waste used as feedstocks.
There are two general areas where potential for fraudulent
activity exists: where an operator could classify as waste or residue
something that is not (or was adulterated), or where an operator
may attempt to get the same double-counted product certified
twice by different voluntary schemes [5]. While low prices for
UCO and tallow significantly reduce the total production cost of
biodiesel [370], the double-counting mechanism within the RED has
led to situations where UCO biodiesel is traded at a higher price than
biodiesel from vegetable oil [373]. This carries the risk that virgin oil is
adulterated in order to be traded as UCO for biofuel production [374].
Given concerns over the verification of wastes or residues, the
possibility that virgin oils or fraudulently denatured virgin oils are
being used to produce biofuels cannot be ruled out. Measures to
monitor and prevent fraud have been discussed by EU member
states. However, discussions were deferred as it was felt that only
the Commission had the legitimacy to lead on the issue [5].
Concerns over fraud were echoed in our stakeholder consultation.
This was not just in relation to UCO but also other wastes and
residues for which the production of second generation biofuels
creates a market (or might do so in the future). Even where fraud is
controlled, stakeholders still expressed concerns regarding potential
reinforcing effects that incentivise the creation of ‘wastes’; for
example, discarding misshapen potatoes when their best use may
still be for use as food or feed.
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9.

Summary of findings
and recommendations
for improvements

The primary aim of this study was to assess the potential of liquid
biofuels to contribute towards reducing GHG emissions from
transport while satisfying other relevant sustainability criteria. In
relation to this, the following should be considered:
• If the UK is to meet its climate change mitigation targets, it must
pursue all available technological options for decarbonisation.
As liquid fuels are expected to continue to play a key role in the
foreseeable future in road transport, shipping and aviation, all
efforts should be made to further the sustainable production of
biofuels.
• However, biofuels should not be considered in isolation and must
be integrated carefully within the wider and rapidly changing
UK and global energy systems. The competing factors, such as
hydrogen, energy storage, etc., should be considered alongside
the drive to develop biofuel markets.
• Liquid biofuels are dependent on markets created by government
policy. It was clear from evidence gathered during the study that,
without obligations or subsidies for the use of biofuels, they
would not be able to compete on the open market, particularly
while the price of oil remains low.
• Currently, in the UK, biofuels policy is driven by EU Directives
in terms of both the amount used and sustainability criteria.
Following the result of the EU referendum in June 2016, the UK
will need to decide upon its national policies and their relationship
to EU biofuels directives and regulations. Until the UK actually
leaves the EU, it will continue to follow these regulations. Hence,
this study has been carried out in this context. It should also be
noted that supply chains for both biofuel feedstocks and biofuels
are global. Should the UK change, the sustainability standards
applicable in the UK following its exit from the EU, it is likely that
producers will continue to adhere to the standards applicable to
their most dominant markets.
This section provides a summary of the findings of the study
and recommendations for future improvements in key aspects
addressed in the study. These have been used to guide policy
recommendations set out in section 10.
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Summary of findings and recommendations for improvements

SECOND GENERATION BIOFUELS HAVE A
GREATER POTENTIAL THAN FIRST GENERATION
TO REDUCE GHG EMISSIONS, ASSUMING NO LAND
USE CHANGE. HOWEVER, THE DEVELOPMENT OF
SECOND GENERATION BIOFUELS WILL TAKE TIME
AND IS LIKELY TO DEPEND ON THE CONTINUED
SUPPORT OF FIRST GENERATION FUELS TO GIVE
THE INDUSTRY THE CONFIDENCE TO INVEST.

9.1. Improving the evidence base
All liquid biofuels must meet various sustainability criteria, in the
EU and UK regulated by the RED [15] and RTFO [18], respectively. One
of the criteria is the requirement for biofuels to have at least 50%
lower carbon footprint than their fossil fuel alternatives, rising to
60% lower for biofuel plants commencing operation after 1 January
2018. LCA is used as a tool to estimate the carbon footprint of
biofuels. However, as demonstrated in this study, the estimates
in LCA vary widely among the studies owing to a wide range of
methodological choices in LCA and various uncertainties. Thus, it is
important to understand both the utility and the limitations of LCA,
as summarised below.

9.1.1. Life cycle assessment
Summary of findings
1. LCA is a complex tool that lies at the interface between
science, engineering and policy. Despite this complexity, it
is often perceived as a tool that can give a definitive answer
to multifaceted questions. As the findings in this report
demonstrate clearly, there are no definitive answers – the
outcomes of LCA studies are highly situational and dependent
on many factors, including goal of the study, assumptions, data,
models, methodology and tools used. It is important to recognise
this and interpret the results accordingly. Furthermore, some
mechanisms to communicate complexity to policy makers as well
as to the public are needed.
2. Two types of LCA are used for appraisal of the carbon footprint
and other environmental impacts of biofuels: attributional (ALCA)
and consequential (CLCA). The former is generally applied to
specific biofuel supply chains, attributing the impacts to different
activities within that supply chain. CLCA evaluates potential
indirect consequences of biofuels by considering various ‘what if’
scenarios that could arise due to biofuels. ALCA is well established
and can help drive greater efficiency in supply chains, while
CLCA is still under development and is more suited for guiding
policy decisions. Most of the studies so far have followed the
attributional approach.
3. An important aspect to keep in mind when considering LCA
studies is that each will have a specific goal and scope. This
could include assessment of the carbon footprint and other
environmental impacts of a particular biofuel, comparison

to conventional fuels or optimisation of a supply chain. The
goal and scope of the study will in turn drive the choice of key
methodological aspects, such as definition of system boundary,
functional unit, allocation methods and data collection. As a
result, no two LCA studies are exactly equivalent and great care
must be taken when comparing results.
4. For the above reasons, the carbon footprints of biofuels
estimated in the reviewed LCA studies range widely. Despite
this, the existing evidence base is instructive. Firstly, it shows
that first generation biofuels can – on average – meet the
required GHG emissions savings if no LUC is involved and should
continue to play a role as transport fuels. Secondly, in general,
second generation biofuels have a greater potential than first
generation to reduce GHG emissions, assuming no LUC. However,
the development of second generation biofuels will take time and
is likely to depend on the continued support of first generation
fuels to give the industry the confidence to invest. It is also
clear from the evidence gathered that, even under optimistic
conditions, third generation biofuels from algae are unlikely to
make a contribution to the transport sector; they are unproven
and expensive to produce and, as such, the algal feedstock
will continue to be restricted to high-value markets, such as
cosmetics and dietary supplements.
5. In both ALCA and CLCA of biofuels, a number of key uncertainties
remain. These include methodological, data and model
uncertainties, with most significant uncertainties related to:
• models for estimating direct and indirect land-use change
• extent and duration of changes in soil and vegetation carbon
stocks
• soil nitrous oxide emissions.
6. There is debate on what role CLCA should play beyond informing
national and EU policy on the environmental sustainability
of biofuels and whether it should be integrated into the
overall assessment and sustainability certification of biofuels.
Stakeholder engagement initiatives have failed to reach a
consensus view on this [9] and this was reflected in differing views
expressed during stakeholder consultation for this study. While
all stakeholders recognised the limitations of ALCA, some argued
that environmental assessment of biofuels should be based
exclusively on the direct impacts from the biofuel supply chains
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IMPROVEMENTS FOR CONSEQUENTIAL LIFE
CYCLE ASSESSMENT (CLCA) INVOLVE BOTH
METHODOLOGICAL AND PRACTICAL ASPECTS.
FURTHER WORK IS REQUIRED TOWARDS THE
STANDARDISATION OF CLCA METHODOLOGY.
THERE IS A NEED TO IMPROVE DEVELOPMENT OF
COUNTERFACTUAL (‘WHAT IF’) SCENARIOS AND
THE INDIRECT LAND-USE CHANGE (ILUC) MODELS.

and that the ISO 14040/44 methodology is adequate for these
purposes. The argument for this is that there are simply too many
uncertainties in quantification of indirect effects and biofuel
producers can only be expected to assume responsibility for their
own actions and the sustainability of their supply chain; they
cannot address global trends in LUC and/or food security in an
unrelated location elsewhere in the world. This is also recognised
by the new ISO 13065 standard on Sustainability Criteria for
Bioenergy. Instead, global food security and ILUC are macroeconomic issues that should guide the development of biofuels
policy and cannot be devolved to individual producers.
Recommendations for improvements
While being originally a static tool, LCA is increasingly being
stretched to answer dynamic questions. To increase its utility as an
evidence-based tool for evaluating the environmental sustainability
of biofuels, both ALCA and CLCA need to be improved, as follows:
1. The main improvements required for ALCA are related to its
application in practice, with the need for studies to follow the ISO
14040 and 14044 standards [71,72] more rigorously. Among other
requirements, these standards require clear definition of goal,
scope, functional unit and allocation methods. However, in many
of the reviewed studies these were often omitted or unclear,
preventing accurate interpretation of the results and any crosscomparisons with other studies. Thus, a clear statement in LCA
studies of the goal, scope and methods used is required following
the guidance in the ISO standards, if the findings are to be useful
and comparable to other studies.
2. Improvements for CLCA involve both methodological and practical
aspects. For the former, further work is required towards the
standardisation of CLCA methodology. As part of that, there
is a need to improve development of counterfactual (‘what
if’) scenarios and the ILUC models. Involvement of multiple
stakeholders can help to build consensus on the definition of
the scenarios and to improve the transparency of ILUC models,
their assumptions and the associated uncertainty. Examples
of stakeholder involvement to achieve these goals include the
GLOBIOM [118] and E4Tech [170] studies. However, ILUC models and
scenarios will always contain a significant degree of uncertainty.
Nevertheless, they can still be used to provide a measure of risk
associated with biofuels expansion.
3. In addition to improving the CLCA methodology, much work
is required in its application in practice. Specifically, there is a
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need to validate ILUC models with empirical evidence; empirical
methods to test alternative hypotheses also require attention.
These will take some time to be developed and implemented but
in the meantime CLCA can still play an important role at a policy
level to help improve the methodology and practical applications,
including its use for:
• analysing and evaluating scenarios containing alternative policy
options
• identifying and appraising high-impact policy levers and barriers
to further development of biofuels
• informing discussion between policy-makers, analysts and
stakeholders.
4. Further work is needed on the development of models and
empirical evidence of changes in soil and plant carbon stocks as
well as emissions of nitrous oxide related to the application of
fertilisers. Research is also needed on estimations of biogenic
carbon, particularly changes in the forest carbon stock that may
be affected by an increase in biofuels demand. The assessment of
the balance of biogenic carbon emissions from forest bioenergy
systems needs to be based on long-term, landscape-level
modelling and integrate the characteristics of expected demand,
forest structure, climate and forest industry profile.
5. Common problems in LCA include lack of transparency and data
variation and gaps. Yet, the reliability and correct interpretation
of LCA results depend crucially on these factors. Therefore,
improving transparency, data availability and sharing are key if
LCA is to be trusted and useful for policy. This could be achieved
through development of open national and global databases, in
a similar way that national inventories have been developed for
GHG reporting under the Kyoto Protocol.
6. All LCA studies should include uncertainty and sensitivity analyses
to quantify the effect of key parameters and assumptions and
identify confidence intervals or probability distribution of the
results. Such analysis would make the reliability of the findings
easier to evaluate and would give more confidence in any policy
or decision making based on these studies.

Summary of findings and recommendations for improvements

Biofuels distribution

9.2. Robust auditing of sustainability
LCA and wider sustainability assessments are of little use if the
results cannot be trusted. Therefore, strong auditing of biofuel
supply chains is vital. International standards such as ISO 13065 [76]
are valuable in setting out key guiding principles and criteria and
should be kept up-to-date as understanding of the issues involved
develops. Certification schemes have a key role to play and are
already regarded as having contributed to the sustainability of
biofuels.
Summary of findings
1. Currently there are 19 voluntary certification schemes recognised
by the European Commission as meeting the requirements
under the RED and can be used to certify biofuels. All schemes
implement RED mandatory minimum requirements. However,
they vary significantly in intention, geographical coverage,
scope, organisation and governance and can apply both stricter
and additional criteria beyond the RED. As a consequence, some
schemes are compliance-based, covering RED requirements only,
while others contain more comprehensive sets of environmental
and social criteria.
2. In a recent study, the European Court of Auditors found that
the EU certification system is not fully reliable and member
states can report as sustainable biofuels whose sustainability
has not been verified [5]. This finding is of significant concern.
However, it was based on an analysis of the Commission’s
process for scheme recognition and should not be interpreted
as if the schemes themselves are not fit for purpose. Indeed,
many stakeholders consulted as part of this study argued that
biofuel sustainability schemes have had a wide impact, improving
sustainability standards across the whole agricultural sector.
Nevertheless, closer scrutiny of the schemes is required and the
recommendations for improvements are outlined below.

Recommendations for improvements
1. Measures should be taken to ensure that all certification
schemes account for any significant negative socio-economic
effects. The European Court of Auditors recommends that the
Commission should require voluntary schemes to report any
relevant information once a year based on their certification
activities [5]. Given that some certification schemes currently
omit important potential social impacts, this is likely to be
insufficient. As some existing schemes do cover socio-economic
effects comprehensively, it may be necessary to require the
use of these schemes. Alternatively, since producers appear
to be predominantly compliance-driven, the broadening and
strengthening of the schemes across the board might be
achieved by expanding the mandatory criteria in the RED.
2. The weak verification of the origin of wastes and residues used
for second generation biofuels and the potential for fraudulent
activities is another key concern. In October 2014 the European
Commission acknowledged that voluntary schemes were
not providing sufficient evidence of the origin of waste and
addressed a guidance note to all recognised schemes suggesting
they develop specific auditing procedures covering the origin
of waste and residues [373]. Furthermore, the latest package of
policy proposals from the Commission includes the introduction
of national databases to ensure traceability of the fuels and to
mitigate the risk of fraud. These are welcome measures that need
to ensure traceability and verification is strengthened.
3. More generally, the transparency and governance of some
schemes needs to be strengthened. The available analysis
has found that the transparency of governance is greater for
those schemes that are based on ‘open’ membership. Schemes
that include different stakeholder groups in their managing
bodies, such as producers, traders, environmentalists and
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researchers, have more balanced decision-making processes,
more comprehensive development of the schemes’ standards and
wider supervision of their implementation.
4. It is also necessary to use a means to detect and resolve alleged
infringements of schemes’ rules or to verify that complaints are
registered and appropriately acted upon.
5. Requiring stronger adherence to the ISEAL Alliance standard,
which covers some of the key issues highlighted above, such as
scheme governance, could be an effective way of strengthening
biofuels certification.

9.3. Developing a risk-based approach
Summary of findings
1. Any policy on sustainability of biofuels should ensure that risks
from their production and consumption are minimised along
the supply chains. Thus, developing a risk-based approach to
identifying sustainable biofuels is appropriate. The aim of a riskbased approach is to promote low-risk feedstocks and biofuels

while strongly disincentivising high-risk alternatives. For example,
feedstocks that result in either deforestation or drainage of peat
lands are considered high risk and should be avoided.
2. To develop a risk-based approach, it would be necessary to
gain empirical evidence for the emission trends for a particular
feedstock in a particular location or region. Existing evidence
reviewed in this study provides a foundation for achieving this
and there is already a degree of geographical granularity in the
information available. For example, as part of determining what
feedstocks are eligible for use of RED default values ixx, the socalled NUTS 2 report [375] presents total cultivation emissions for
each biofuel feedstock by UK region. Although the report does
not include an analysis of GHG emissions associated with ILUC,
the general conclusion is that significant portions of UK arable
crops represent low-risk feedstocks for first generation biofuels
in terms of carbon emissions. Scrutiny of similar analysis, required
by the European Commission across member states, provides
a solid foundation for the identification of low-risk biofuels
feedstocks.

ixx Annex V of the EU RED contains carbon defaults for the estimation of GHG emissions for a number of biofuel feedstocks. These defaults are made up of three
components, or disaggregated defaults: for cultivation, processing and transport. For feedstocks grown in the EU, the use of default values to report GHG emissions
is only permitted if the emissions arising from cultivation in the region where the crop was grown have been shown to be typically less than, or equal to, the
disaggregated default for cultivation values. For areas where estimated emissions exceed these values, actual values for cultivation must be used in GHG emissions
calculations. Article 19(2) of the EU RED seeks to identify those areas of the EU where typical GHG emissions from the cultivation of raw materials can be expected to
be less than or equal to the disaggregated default for cultivation used in the default values in EU RED; each member state had to identify these areas and report to the
Commission by 31 March 2010.
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Summary of findings and recommendations for improvements

THERE ARE MANY LAND-USING SECTORS THAT ARE
CURRENTLY NOT SUBJECT TO THE SAME LEVELS OF
SUSTAINABILITY GOVERNANCE AS BIOFUELS BUT
THAT HAVE SIMILAR SUSTAINABILITY CONCERNS.

3. In addition to this, key findings from ILUC studies to date support
the following:
• a cap on first generation biofuels would reduce overall LUC
emissions owing to increased share of second generation
biofuels with low or negative emissions
• greater utilisation of marginal or abandoned land in the EU
for biofuel production could reduce LUC emissions; this is a
particularly good policy option if the land is degraded and soilcarbon stocks are restored through use
• effective measures to prevent deforestation and peat land
drainage could reduce the LUC emissions associated with first
generation biofuels.
Recommendations for improvements

Based on the body of evidence reviewed and presented through
stakeholder consultation, this study finds all of these steps to be
constructive in the development of an appropriate, risk-based
approach to biofuels policy.

9.4. Integrated management of ecosystem
services
Summary of findings
1. Biofuels are part of much wider systems of land use in the UK
and elsewhere. This means that a key part of policy development
should be to consider biofuels as part of integrated management
of ecosystem services at the landscape and water catchment
levels.

1. Further development of risk-based approaches to biofuels
according to feedstocks type and geographical source would
assist in developing a more granular set of incentives that
better manage the risks presented by some of the higher-risk
feedstocks. As already discussed, this needs to be combined with
a strengthening of sustainability demonstration at a local level
through auditing feedstock production.

2. There are many land-using sectors that are currently not subject
to the same levels of sustainability governance as biofuels but
that have similar sustainability concerns. A significant number
of stakeholders consulted voiced concerns over piecemeal
approaches to ILUC through biofuels policy rather than through
wider policies for land-based industries; in effect that we should
not “seek to change the world through biofuels policy”.

2. Important steps have already been made to develop precisely the
kind of risk-based approach that we advocate. Specifically, the
DfT are proposing changes to the RTFO, including [376]:

Recommendations for improvements

• set a maximum level for the supply of crop based biofuels to
mitigate the risk of an increase in their supply and associated
ILUC impacts (a much lower maximum level than the 7%
proposed for the RED)
• introduce a sub-target for particular advanced, or
‘development’, fuels derived from specified wastes/residues
(in the terminology of this report, second and third generation
biofuels)
• define wastes to meet the definition used in the RED and
ensure that wastes eligible for additional reward are genuine
wastes (to be achieved by incorporating the waste hierarchy
concept set out in the Waste Framework Directive into the
RTFO)
• maintain double rewards under the RTFO, to incentivise the
production of fuels made from wastes that meet the new
definition and the hierarchy.

1. Work is needed to strengthen sustainability governance across all
land-based supply chains for the following reasons:
• both fossil and biofuels have the potential for negative social
impacts
• controlling ILUC impacts depends on wider agricultural and
forestry policy
• social impacts depend on social policies at a national level
(eg. labour laws)
• bioenergy sustainability criteria can help set high level
standards at project level in agriculture and forestry and
mitigate residual risk
• relative to many other land-uses, biofuels sustainability
reporting and governance can be seen as relatively strong
and the introduction of firmer criteria or governance within
solely the biofuels sector is unlikely to curb some of the key
sustainability issues
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APPLYING A SYSTEMS APPROACH TO SUSTAINABILITY
GOVERNANCE ACROSS ALL LAND-BASED SECTORS
WOULD NOT ONLY HELP TO IMPROVE ECOSYSTEM
SERVICES BUT WOULD ALSO ENSURE THAT BIOFUELS
ARE NOT BEING TREATED UNFAIRLY RELATIVE
TO OTHER SECTORS OR THAT PROGRESS MADE IN
THIS SECTOR IS NOT UNDONE BY EXPANSION OR
UNSUSTAINABLE PRACTICES IN OTHERS.

• many stakeholders who engaged with this study reported
the need for, as a minimum, stronger sustainability reporting
requirements across other land-based sectors, which would
also benefit from the experience from the biofuels sector (eg.
LCA methods, voluntary schemes and standards, etc.)
• applying a systems approach to sustainability governance
across all land-based sectors would not only help to improve
the ecosystem services but would also ensure that biofuels
are not being treated unfairly relative to other sectors or that
progress made in this sector is not undone by expansion or
unsustainable practices in others.
2. Given the highly situational nature of any land-based production,
including the production of feedstocks for biofuels, it is
important that a systems view is taken at a landscape level. If
integrated into an overall land-management plan, there are very
encouraging opportunities to develop biofuels in such a way as to
bring significant benefits at the landscape and catchment level.
Analysis and, ultimately, policies based on ecosystem services
and natural capital at a landscape level are needed to make the
best overall use of land. This would in turn optimise ecosystem
services, such as carbon storage, biodiversity, reductions of
agricultural run-off and increases in water quality and flood
risk management. Complete value chains rather than single
bioenergy products should be analysed together to understand
the interactions across sectors and land uses with the goal
of identifying opportunities where collective benefits can be
realised (also referred to as the triple bottom line of economic,
environmental and social benefits) [338].
3. The need to adopt such approaches in relation to land-use
planning and management is increasingly recognised in both
research and policy communities. DEFRA and its Natural Capital
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Committee have been working towards understanding the
benefits of land-management based on ecosystem services
and natural capital [377–386], developing such approaches and
embedding them into policy. This includes developing methods
for the valuation of environmental benefits based on economic
valuation [387,388] as well as non-monetary and participatory
methods [389]. There have being significant undertakings to
assess the state of ecosystems and to characterise ecosystem
services both nationally [380,382] and in specific areas [390–392].
However, while such work provides key concepts and frameworks
for thinking about the services that result from the natural
environment, there is a need for further research to identify and
characterise the ecosystem services that might result specifically
from the integration of biofuel crops into the landscape and
the considerations that need to be taken into account for the
realisation of benefits. Stakeholders consulted during this
study identified some potential benefits, such as energy crops
helping to manage and reduce nitrate run-off into water bodies
or benefits for biodiversity under appropriate plantation and
management practices. Some evidence is starting to emerge that
substantiates the case for these benefits and how they can be
realised xx; however, this area requires further research.
4. At the time of writing, a 25-year plan for the environment
is under development by DEFRA and the Natural Capital
Committee [394] and should be an important strategic step toward
embedding land-management based on ecosystem services and
natural capital. Working across the departments with interests in
both land-use planning and biofuels – BEIS, DCLG, DEFRA and the
DfT – to ensure that biofuel production is integrated into wellcoordinated land-use planning should be an important feature
of future policy development.

For example, Haughton et al. [393] demonstrate that non-food, perennial biomass crops, such as willows and Miscanthus, enhance farmland biodiversity at the landscape
level.
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Policy recommendations

10.

Policy
recommendations

Immediate actions
The following priority steps by government are needed in the short
term:
• Incentivise the development of second generation biofuels, in the
first instance those derived from wastes and agricultural, forest
and sawmill residues, followed by dedicated energy crops. The
proposed sub-targets for these fuels and the continuation of the
double-counting mechanism, both proposed in the 2017 revision
of the RTFO, are reasonable steps to take.
• Set a cap for the supply of all crop-based biofuels to reduce the
risk of indirect land-use change.
• Where possible, incentivise the use of marginal land (eg.
land unsuitable for food production or degraded through
deforestation) for the production of biofuels, particularly if
soil-carbon stocks can be restored through use.
• Provide and maintain a clear and consistent categorisation
of wastes and residues that will avoid unintended market
distortions within the UK and internationally.
• Disincentivise high-risk feedstocks that have the potential to
drive unsustainable land-use change, primarily deforestation
and peat land drainage.
• Increase the level of biofuels required under the RTFO to drive
the development of the sector and increase competitiveness
of biofuels as well as help towards meeting climate change
mitigation targets.
Some of the above recommendations are already being considered
by government and we strongly encourage their implementation.

Next five years
Within the next five years, the following steps by government are
needed:
• Work to develop an integrated approach towards land-use
planning that integrates and optimises ecosystem services.
• Integrate consideration of biofuels in rural land-use planning
and agricultural incentive schemes.

• Continue to play a role in the development and use of
consequential LCA (CLCA) to drive methodological improvements,
including the models used, data, assumptions and their
verification. Consensus building and standardisation of CLCA
should be the goal.
• Work towards applying CLCA across the full breadth of land-uses
and alternative products with which biofuels are compared,
including fossil fuels, to understand better the dynamics of land
use by different sectors as well as to ensure a fair treatment of
biofuels.
• Until a more comprehensive understanding of land-use systems
is available, adopt risk-based approach to biofuels policy.
Key components of this should be:
– further CLCA studies aimed at informing biofuels policies
– continued regional assessments of biofuels production
– robust local audit and certification systems
– inclusion of social and economic impacts.
• Strengthen the assessment by which existing certification
schemes are recognised by the European Commission and ensure
that robust certification of biofuel supply chains is maintained
when the UK leaves the EU.
• Consider other sustainability issues beyond the carbon footprint,
including competitiveness of biofuels with fossil fuels, food,
energy and water security, employment provision, rural
development and human health impacts. The latter is particularly
important in view of the current debate on emissions and health
impacts from diesel vehicles.
• Consider introducing different incentive bands for second
generation biofuels. This would provide differentials in the
incentives structure for biofuels that are in earlier stage of
development and require a greater incentive than the proven
options (eg. first generation fuels).
• Take a more active role in public engagement and debate.
Key areas of debate that need to be drawn out include food
security, the relationship between investment in agriculture and
investment in biofuels, as well as the need to develop biofuels for
key transport sectors that lack other low-carbon options (road
freight, shipping and aviation).
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Sustainability issues associated with liquid biofuels
Project summary
The aim of this study is to better understand the carbon footprint of liquid biofuels and to investigate current
understanding of other sustainability issues involved in their production, supply and use.

Project rationale
Liquid biofuels currently make up a relatively small but important proportion of primary fuel supplies in the
UK. However, with legislation requiring wholesale cuts in greenhouse gas emissions, this is likely to increase.
There is a lack of low-carbon alternative sources of fuel in sectors such as aviation, marine, defence and heavy
duty transport. While better traffic management and other efficiency gains are foreseeable in these sectors,
there will be a continued need for low-carbon liquid fuels with high energy densities if these sectors are to
successfully reduce greenhouse gas emissions. As a result, there are significant international efforts to develop
viable liquid biofuel markets and industries.
If biofuels are to be used more, it is important that they deliver in terms of reducing greenhouse gas emissions.
The key aim of this study will therefore be to better understand the carbon footprint from the production,
supply and use of liquid biofuels and its co-products. In addition, there are wider sustainability issues that may
need to be anticipated and mitigated, for example, conflicts of land use and other associated issues in the
production of biofuels such as water use, soil erosion, impacts on biodiversity and production and transport
infrastructure. There are also some significant economic opportunities that need to be analysed and appraised
such as greater national energy security, new uses for waste streams from certain sectors such as agriculture,
and better utilisation of marginal land.

Scope
The study will focus on:
• liquid biofuels currently used in the UK, either produced indigenously or imported
• emerging advanced liquid biofuels proposed for large-scale production in the UK.
The carbon footprint of these biofuels will be the primary focus of the study. This will include an assessment of
current life-cycle assessment (LCA) methodologies and standards with a focus on greenhouse gas emissions,
energy requirements and land-use changes. The assessment will include consideration of co-products related
to the production of biofuels.
Broader sustainability issues, incorporating economic, social and other environmental aspects, will be identified
and analysed. An assessment will also be made of the potential level of supply that the UK could sustain in the
future, including from advanced, next generation biofuels.
Given the international nature of the trade in biofuels, the project will seek to draw on similar work underway
internationally, for example, research funded by the Australian Renewable Energy Agency (ARENA).
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Project work plan
A working group (WG) will be established under the auspices of the Engineering Policy Committee. It will be chaired
by a Fellow of the Academy and include up to seven experts in the field, with at least three Fellows. The work shall
be directed and overseen by the WG but mainly carried out by the policy team of the Academy. Government funding
will be used to employ an additional researcher with experience in the field to carry out specific research or drafting
tasks.
The general sequence of work will be as follows:
• As this is primarily a metastudy of available knowledge, a comprehensive literature review will be conducted on:
– current LCA methodologies applicable to the appraisal of liquid biofuels
– LCA and sustainability studies that have been conducted on liquid biofuels to date.
• An open call for evidence will be issued. This will be followed by panel sessions at which oral evidence will be
provided to the WG. Interviews will also be conducted with relevant stakeholders from industry, academia and
government as needed.
• A report will be produced that draws together the findings of the literature review, expert evidence, stakeholder
interviews as well as the insights and recommendations of the WG.
• The complete report will be subject to the Academy’s quality control process and will be reviewed according to
Academy procedures.
• The final decision to publish will be made by the Academy’s Engineering Policy Committee.
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Written evidence
A stakeholder mapping exercise was conducted and an open call for written evidence was issued and disseminated
internationally on 21 March 2016. The call was also made public on the Academy’s website, promoted through its
Fellowship and circulated throughout the International Council of Academies of Engineering and Technological
Sciences (CAETS) Network1. The call remained open until 2 May 2016 and 37 submissions of varying length were
received.

Oral evidence
Six oral evidence sessions were held whereby the study’s expert working group questioned panels of four to six
stakeholders. These sessions were used to either follow up with stakeholders who had submitted written evidence
or as an opportunity to consult key stakeholders who had not participated in the call for written evidence. Although
participants were free to raise any items of discussion they wished, each session grouped particular stakeholders
together to promote discussion on particular topics. The panels were structured around: feedstocks for first
generation biofuels; feedstocks for advanced biofuels; biofuel producers; biofuel user groups; and cross-cutting
issues.

International input
In order to test the predominantly UK-focused perspectives that had been gained in the oral evidence sessions and
interviews, three teleconferences were held with panels of experts from Australia, Brazil and the U.S.

Summary of input
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Type of input
(Written - W, Oral – O, Both –W&O)

Governmental bodies
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O

Associations and Partnerships
Bioenergy Australia

O
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W
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W
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W&O
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W&O
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W&O

Society and Motor Manufacturers and Traders (SMMT)

W

Sustainable Aviation

W&O

UK Liquid Petroleum Gas

W

UNICA, Brazil

W

Professional Institutions
Institute of Marine Engineering, Science and Technology (IMarEST)

W&O

Royal Aeronautical Society

W
continued over

1

International network of national academies focused on engineering and technological sciences (www.caets.org/).
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Australian Academy of Technological Sciences and Engineering

W&O

National Academy of Engineering, USA

W

Individual companies
Argent Energy

O

Bioetanol, Brazil

O

C3 Bio-technologies

W

Edge Environmental

W&O

FiveBarGate Consulting Ltd

W&O

FSK Technology Research

W

Graeme Pearman Consulting

W&O

Greenergy

W&O

Ingenza

W

Life Cycle Strategies

W&O

Lloyd’s Register (Marine)

O

National Non-Food Crops Centre (NNFCC)

O

North Energy Associates

O

Shell International Petroleum Company

W&O

Velocys

W

Virgin Australia

O

Vivergo Fuel

W&O

NesteOil

W

Academia and research
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Lignocellulosic Biorefinery Network (LBNet)

W&O

SUPERGEN Bioenergy Hub

W

Heriot-Watt University

W

The Industrial Biotechnology Innovation Centre (IBioIC)

W

Argonne National Laboratory, USA

W

National Renewable Energy Laboratory, USA

W

Professor Geoffrey Hammond, University of Bath

W

Professor Nick Hewitt, Lancaster Environment Centre

W

Dr Rick Jefferys FREng, Mechanical Engineering, University of Edinburgh

W

Robert Matthews, Programme Group Manager, Centre for Forest Resources
and Management, Forest Research

O

Professor Susan Pond AM FTSE, Consultant and Adjunct Professor in Sustainability,
Alternative Transport Fuels Initiative at the United States Studies Centre

O

Dr Paulo Saldiva, University of São Paulo, Brazil

O

Professor Joaquim Seabra, University of Campinas, Brazil

O

Dr Raphael Slade, Imperial College, London

O
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Dr Patricia Thornley, Tyndall Centre, The University of Manchester

O

Dr Paul Upham, Centre for Integrated Energy Research and Sustainability
Research Institute, University of Leeds

W

Professor Graeme Walker, Abertay University

W

Dr Jeremy Woods, Imperial College, London

O

Dr Christina Canter, Argonne National Laboratory, USA

O

Ethan Warner, National Renewable Energy Laboratory, USA

O

Dr Rebecca Efroymson, Oak Ridge National Laboratory, USA

O

Keith Kline, Oak Ridge National Laboratory, USA

O

Dr Robert Brown, Iowa State University

O

Non-governmental organisations (NGOs)
Greenpeace

O

WWF

O
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Figure A1
Carbon footprint values for first generation bioethanol reported in LCA studies
[Based on data from [98,99,111,156,171,172,174,178–201]. Values in this figure were used to generate plots in Figure 5. LUC: land-use change].
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Figure A2
Carbon footprint values for first generation biodiesel reported in LCA studies
[Based on data from [25,99,156,172,175,177,184,190,197,201,203–230]. Values in this figure were used to generate plots in Figure 6. LUC: land-use change].
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Figure A3
Carbon footprint values for second generation bioethanol reported in LCA studies
[Based on data from [61,62,96,97,111,154,171,174,178,181,195,198,231,232,239–265]. Values in this figure were used to generate plots in Figure 7.]

150

100

Carbon footprint (g CO2 eq./MJ)

50

0
Average

-50

Petrol (reference)

-100

35% reduction on petrol
(EU RED requirement
until 2016)

-150

50% reduction on petrol
(EU RED requirement
after 2016)

Short
rotation
copice

Forest
residue

Miscanthus Switchgrass Straw/husk Corn stover

Bagasse

Molasses

Figure A4
Carbon footprint values for second generation biodiesel reported in LCA studies
[Based on data from [184,203,209,227,237,238,270–283]. Values in this figure were used to generate plots in Figure 8.]
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Figure A5
Carbon footprints for algae biodiesel
[Based on data from [45,159,194,227,248,264,268,269,273,284–293]. Values in this figure were used to generate plots in Figure 9.]
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Figure A6
Fossil energy use in the life cycle of biofuels
[Based on data from [45,61,62,96,97,159,171,174,175,181,182,184,187–189,193–195,203,205,211,217,219,220,226,228,229,232,238–240,243,245,246,250,251,254,259,260,262,
264,265,269–273,275,276,280,281,284–289,297–301]. Values in this figure were used to generate plots in Figure 10. The red squares represent
the average values across the studies. Values for 3rd generation biodiesel should be multiplied by 10 to obtain the actual value].
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Table A1
Overview of the findings of LCA studies for the carbon footprints of biofuels
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Carbon footprint Average
Geographic spread
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carbon
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(g CO2 eq./MJ)		
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analyses (sample
size) meeting
reduction in GHG
emissions relative
to fossil fuels (%)

Percentage of
analyses (sample
size) meeting 50%
reduction GHG
emissions relative
to fossil fuels (%)

1st generation

USA (94%); China (6%)

50

19

bioethanol		
with LUC
4
14
49–108
73
							

USA (57%);
Denmark (43%)

7

0

Wheat
no LUC
10
27
13–81
46
							
							
							

UK (41%); Germany (34%);
Spain (10%); Denmark 7%);
Spain (10%); France (4%);
Belgium (4%)

81

14

		
with LUC
4
11
48–138
101
							

Denmark (54%);
UK (36%); France (10%)

9

0

Brazil (75%); India (10%);
Mexico (10%);

100

95

		
with LUC
4
10
34–135
62
							

South Africa (5%)
Brazil (70%); Mexico (30%)

60

40

Sugar
no LUC
6
12
22–80
44
beet						
							

Germany (50%);
France (33%); Belgium (8%);
South Africa (8%)

75

42			

		
with LUC
2
7
31–68
50
							

Denmark (86%);
France (14%)

71

14

Palm
no LUC
15
24
3–81
30
oil						
							
							

Malaysia (50%);
Indonesia (25%);
Colombia (12%);
Thailand (12%)

75

71

		
with LUC
6
20
53–505
151
							

Malaysia (70%);
Indonesia (30%)

5

0

Rapeno LUC
14
22
4–101
47
seed						
							
							

USA (18%); Portugal (18%);
Denmark (14%); UK (9%);
Germany (9%); Spain (9%);
Others (23%)

68

45

		
with LUC
8
10
56–287
152
							
							
							
							

Portugal (20%);
0
South Africa (20%);
EU (20%); UK (10%);
Spain (10%); Denmark (10%);
Chile (10%)

0

Soybean no LUC
9
14
18–111
48
							
							

USA (50%); China (21%);
South Africa (14%);
Brazil (7%); Spain (7%)

71

57

		
with LUC
6
7
120–274
194
							
							

Brazil (43%);
Argentina (43%);
South Africa (14%)

0

0

South Africa (60%);
Italy (20%); Chile (20%)

20

20

South Africa (100%)

0

0

Corn

no LUC

8

16

31–131

59

Sugar
no LUC
13
20
4–54
25
cane						

Sunno LUC
4
5
19–83
63
flower						
		

with LUC

1

2

91–129
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Biofuel type
Feedstocks
No. of
No. of
Carbon footprint Average
Geographic spread
			
papers
analyses
range
carbon
(based on number of
				
(studies)
(g CO2 eq./MJ)
footprint
studies)
						
(g CO2 eq./MJ)		
				
				
					
			

Percentage of
analyses (sample
size) meeting
reduction in GHG
emissions relative
to fossil fuels (%)

Percentage of
analyses (sample
size) meeting 50%
reduction GHG
emissions relative
to fossil fuels (%)

2nd generation Short rotation coppice 13
31
-31–50
17
bioethanol							
							

Spain (23%); Denmark (19%); 100
UK (16%); Italy (16%);
USA (6%) ; others (19%)

87

Forest residue
7
15
-64–28
2
							
							

USA (27%); Denmark (27%);
UK (20%); Sweden (13%);
others (13%)

100

100

Miscanthus
6
17
-1–58
24
							

USA (53%); Denmark (35%);
UK (12%)

88

76

USA (85%); others (15%)

80

55

UK (31%); Denmark (27%);
India (12%); Italy (8%);
others (22%)

88

73

Switchgrass

8

20

2–58

36

Straw/husk
13
26
-115–47
8
							
							

USA (73%); Denmark (27%)

100

91

Bagasse		
3
4
4–52
20
							

Stover		

Brazil (50%); India (50%);
USA (25%)

100

75

Molasses		
6
8
3–105
36
							

Australia (50%); India (25%); 75
Brazil (13%); Mexico (12%)

75

Jatropha		
9
14
-88–80
27
							

Africa (36%); India (29%);
China (21%); Mexico (14%)

86

64

USA (60%); Canada (40%)

88

70

Used cooking oil
12
18
-43–75
26
							
							
							

Ireland (28%);
78
Portugal (22%); Spain (17%);
Brazil (11%); Thailand (11%);
UK (6%); China (6%)

78

3rd generation Algae		
20
42
-2400–2900
290
biodiesel							
							
							

USA & Canada (55%);
Europe (20%);
S. America (10%);
India (10%); Australia (5%)

26

Camelina		
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9

2

22

10

-49–47

33–60

7

3
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Foster better education and skills
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a shared purpose: to advance and promote excellence in
engineering.

To create a system of engineering education and training
that satisfies the aspirations of young people while
delivering the high-calibre engineers and technicians that
businesses need.

We have four strategic challenges:
Drive faster and more balanced economic growth
To improve the capacity of UK entrepreneurs and
enterprises to create innovative products and services,
increase wealth and employment and rebalance the
economy in favour of productive industry.

Lead the profession
To harness the collective expertise, energy and capacity of
the engineering profession to enhance the UK’s economic
and social development.
Promote engineering at the heart of society
To improve public understanding of engineering, increase
awareness of how engineering impacts on lives and increase
public recognition for our most talented engineers.
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