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The use of biofuels in aviation has been confirmed in recent trials as being
technically feasible and specifications for some types of aviation biofuels
have already been included in US standards. The extent to which biofuels
can be used to meet aviation emissions targets, however, will depend
crucially on sustainability, and the extent to which sustainable biofuels
are best used in aviation.
This chapter considers lifecycle emissions from biofuels, when emissions from
growth of feedstock, fuel production and land-use change are accounted for.
It sets out alternative uses for available bioenergy, including use of biofuels in
road transport and shipping, renewable heat, power generation and household
uses (e.g. cooking and heating). It considers broader sustainability questions
relating to the use of land for biofuels in the context of a significantly increasing
global population, constrained water resources, climate change impacts on
agriculture and concerns about biodiversity. Based on a high-level assessment
of these factors, the chapter sets out scenarios for the use of sustainable
biofuels in global and UK aviation. Finally, the chapter considers possible use
of hydrogen in aviation.
The key messages in the chapter are:
• There are at least three areas of uncertainty over the potential for use of
biofuels in aviation:
– It is not clear whether scarce biofuels should be used in aviation or other
sectors (e.g. road transport, shipping, etc.).
– It is also not clear that sufficient land required to grow substantial volumes
of biofuels feedstock will actually be available given the need to feed
a significantly increasing global population in the period to 2050, nor is
it clear that risks of indirect land-use change through growth of biofuels
crops can be adequately addressed.
– Technological breakthroughs are required in order that second and third
generation biofuels which do not require potential agricultural land
(e.g. algae) become commercially available.

• Given this uncertainty, we set out a range of scenarios for penetration
of biofuels in global aviation from 10% to 30% in 2050, with a lifecycle
emissions reduction of 50% compared to oil-derived kerosene. It is prudent
to plan for 10% penetration given current sustainability concerns, without
ruling out the possibility of significantly higher levels of penetration.
• Evidence suggests that there are significant challenges to use of hydrogen
power in aviation, and that a cautious approach is therefore justified.
We set out the analysis that underpins these messages in 2 sections:
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2. Use of hydrogen in aviation.

1. Use of sustainable biofuels in aviation
In understanding the role for use of biofuels in aviation, we have assessed
technical barriers, and high-level sustainability constraints including lifecycle
emissions impacts, alternative uses for biofuels and limits on the level of
sustainable biofuels given competing demands for land to produce food
to feed a growing global population.
We now consider:
(i) Technical potential for use of biofuels in aviation
(ii) Sustainability constraints on the use of biofuels
(iii) Scenarios for use of sustainable biofuels in aviation.

(i) Technical potential for use of biofuels in aviation
Industry focus on biofuels
There has recently been increasing interest in the use of biofuels1 in aviation
given concerns over the jet fuel prices, and carbon constraints due to the
introduction of cap and trade schemes:
• Jet fuel prices: historically fuel costs have accounted for up to 35% of airlines
operating costs and oil prices have been high and volatile over the past five
years, reaching a maximum of almost US $150/bbl relative to the current
level of around US $80/bbl.
• Carbon constraints: IATA estimates that inclusion of aviation in the EU ETS
will result in a cost increase equivalent to a 19% increase in fuel expenses
by 2020.

1 There is a wider range of ‘alternative fuels’ that could in principle be used in aviation, including not only
biomass derived fuels but also synthetic fuels derive from coal and natural gas. However these routes
have not been included in our analysis as they are unlikely to help significantly reduce CO2 emissions
from aviation (see the recent report by RAND and MIT Infrastructure, Safety and Environment, 2009).

Recent trials (Box 5.1) suggest that the use of biofuels in aviation is technically
feasible; additionally, some biofuels blends are already included in US jet fuel
specifications with new blends expected to be included in the coming years.

Box 5.1 Aviation trials of alternative fuels
In recent years the aviation industry has been conducting a series of laboratory, ground and (since 2008)
flight tests with a range of different alternative fuels in order to collect the data required by the
certification process.

The five flight tests conducted to date have all been of blends of fossil fuel with up to 50% of an
alternative fuel. Four of the tests have used fuel derived from a range of biomass feedstocks, while one
has used a Fischer-Tropsch (FT) fuel derived from natural gas. The flight tests ranged from 1.5 to 3 hours
duration and included a range of ‘normal’ and ‘non-normal’ flight manoeuvres (the latter including,
for example, in-flight engine shutdown and relight).
Table B5.1 Summary of civil aviation biofuels test flights
Date

Airline

Fuel supplier

Blend

Airframe
manufacturer

Engine
manufacturer

No. of
engines

Flight
duration

February 2008

Virgin Atlantic

UOP, Imperium
Renewables

20% coconut
and babassu
methyl ester

Boeing
747-400

GE CF6-80C2

1 of 4

3 hours

February 2008

Qatar Airways

Shell
International
Petroleum,
Qatar Fuel

40% GTL

Airbus A380

Rolls-Royce
Trent 900

1 of 4

3 hours

December
2008

Air New
Zealand

UOP, Terasol

50% jatropha

Boeing
747-400

Rolls-Royce
RB211-524G

1 of 4

2 hours

January 2009

Continental
Airlines

UOP, Terasol,
Sapphire
Energy

47.5% jatropha,
2.5% algae

Boeing
737-800

CFM56-7B

1 of 2

2 hours

January 2009

Japan Air Lines

UOP,
Sustainable
Oils

42% camelina,
7.5% jatropha,
0.5% algae

Boeing 747-300

Pratt &
Whitney JT9D

1 of 4

1.5 hours

October 2009

Qatar Airways

2010

Jet Blue

Airbus
A320-200

IAE v2500

2010

Interjet

Airbus A320

CFM56

To be
announced

British Airways

UOP

Source: E4tech (2009) based on industry press material.

Halophyte
derived
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The main players in these tests have been the large airframe manufacturers (Boeing, Airbus), aircraft
engine manufacturers (GE Aviation, Rolls-Royce, Pratt & Whitney and their respective joint ventures CFM
and IAE) and the petroleum, petrochemical and gas process technology supplier, UOP.

Routes for production of aviation biofuels
There are several potential routes for producing aviation biofuels (Figure 5.1).
In analysis commissioned by the Committee from E4tech, three main routes
are identified:
• Biomass to Liquid (BTL): this involves gasification of biomass feedstock
(e.g. woody crops or wastes), followed by Fischer-Tropsch (FT) synthesis and
upgrading steps, to produce jet fuel, diesel or gasoline. A similar process is
already used to produce specification-compliant jet fuels from coal
(e.g. in South Africa).
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• Hydrogenated Renewable Jet (HRJ): this involves the conversion of
vegetable oils (e.g. conventional oil crops such as palm and soy, but also
new oils crops such as jatropha and camelina) and algal oils to aviation
fuel through a process including treatment with hydrogen.
• ‘Novel synthetic hydrocarbons’: this is a generic term which covers
a variety of potential novel routes relying on conversion of biomass to jet
fuel via biological or chemical processes.
Figure 5.1 E4tech representation of potential biofuels routes
Feedstock

Conversion process

Fuel components

Hydrotreating

Hydrotreated
renewable jet
(jet range paraffinic
hydrocarbons)

Gasification and FT

BTL

Non biomass feedstocks,
coal, gas*

Pyrolysisi and upgrading

(Jet range
cyclic hydrocarbons)

Biodegradeable MSW,
sewage sludge,
wet wastes,
macroalgal residue

Conversion to sugars if
needed, then biological
and chemical routes to:

Novel Synthetic
hydrocarbons

Current oil crops
(soy, rape, corn) and
waste oils and fats
Future oil crops
(jatropha, camelina,
babassu, coconut etc.)
Oil from microalgae
Woody energy crops,
forestry residues,
agricultural residues

Sugar and starch crops
Source: E4tech (2009).
* Alternative fuel routes from non-biomass feedstocks have not been considered by E4tech.

Current stage of development/addressing technical challenges
The three routes identified above are at different stages of development,
with BTL being closest to commercial-scale production, challenges remaining
in production of high yield crops for HRJ, and novel synthetic hydrocarbons
at an early stage of development:
• Many of the individual technologies required for BTL are commercially
available, though their integration into a coherent process is only at the
demonstration scale. Commercial-scale plants for road transport BTL fuels
are planned from 2012/132.

• Novel synthetic hydrocarbon technologies are at an earlier stage of
development compared to the other two main routes. These technologies
are being developed principally by US companies and are currently at
pilot-scale testing. Demonstration may occur as early as 2013, but novel
synthetic hydrocarbons are unlikely to be commercially available before 2020.
There is therefore a question over the pace at which biofuels could be
introduced to aviation given current technical barriers and the required
investment to achieve production at scale. These relate, however, primarily
to the period to 2030. Going further out in the period to 2050, it is likely that
at least some technical barriers could be addressed and that significant use
of biofuels in aviation could be technically feasible.

(ii) Sustainability constraints on the use of biofuels
In assessing sustainability constraints on the use of biofuels we consider
in turn:
• Emissions of greenhouse gases from growing feedstock and
producing biofuels;
• Emissions associated with potential land-use change as a consequence
of growing biofuels feedstock;
• Competing demands for available biofuels from other sectors;

2 For example, commercial scale plants for BTL diesel are planned by CHOREN in Germany and by TRI in
the US from 2012. See E4tech (2009).
3 For example, UOP plans to have a dedicated HRJ plant up and running by Q4 2011 and to commercially
produce jet HVO from a diesel plant in 2010. See E4tech (2009).
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• Technologies required for HRJ are well known and very similar to those
currently used for producing hydro-treated vegetable oil biodiesel for road
transport. Small-scale production of jet fuel in existing biofuels plants is
expected from 2010, and production in dedicated plants from 20113.
Innovation is required to produce high-yield feedstock from new oil crops
such as jatropha and camelina, and to develop algal technology.

• Broader sustainability considerations, such as the competing pressure on
land-use from biofuels and food production (given the expected increase
in population, climate change, water scarcity and therefore possible limits
to improvements in agricultural productivity) and possible impacts
on biodiversity.
Given that sustainability impacts work through land impacts at the global
level, our approach is to consider limits on use of sustainable biofuels in
aviation globally, and then to assume that UK aviation biofuels penetration
is equal to the global average.
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The degree to which biofuels could deliver lifecycle GHG savings compared
with conventional kerosene depends heavily on the type of feedstock used.
Table 5.1 sets out E4tech’s assessment of possible lifecycle savings for different
aviation biofuels routes, based on a review of existing literature and abstracting
from possible land-use change effects. This shows that production from
conventional oil crops has relatively high emissions compared to production
from energy crops (e.g. woody crops and grasses), residues and wastes,
low input oil crops, or algae. Specifically:
• For biofuels based on conventional oils, emissions from the use of fertiliser
in growth of feedstock and from the production process reduce lifecycle
emissions savings by around 50-80%.
• Lifecycle GHG savings could be up to 95% for BTL, 66-89% for new oil crops,
up to 98% for algae and up to 90% for novel synthetic hydrocarbons.
Other studies suggest a figure for BTL lifecycle emissions reductions of around
85% (again, abstracting from possible land-use change effects).
Table 5.1 The E4tech assessment of lifecycle
savings from biofuels before land use effects
Route

Feedstock

Emissions,
g CO2e/MJ fuel

Savings CO2e vs. jet

Fossil jet (baseline)

–

87.5

–

BTL

Energy crops

7.3

92%

Forestry residues

4.8

95%

Conventional oil crops
(rapeseed, palm , soy etc)

40-70 (averages)

20-54%

Jatropha

30

66%

Camelina

13.5

85%

Tallow

10

89%

Algae
(Open ponds)

-21 (best case)
1.5 (realistic case)

124% (best case)
98% (realistic case)

HRJ

Synthetic hydrocarbons
Source: E4tech (2009).

Not specified

70-90%

Emissions from land-use change due to growth
of feedstock for biofuels
Lifecycle emissions savings could be reduced if growth of biofuels feedstock
were to result in direct or indirect land-use change:
• Direct land-use change occurs where growth of feedstock for biofuels
results in deforestation or conversion of other carbon-rich soils.
• Indirect land-use change occurs where growth of biofuels feedstock
displaces food production resulting in deforestation or conversion of other
carbon-rich soils or cultivation of less productive land requiring greater use
of carbon-intense fertilisers.

The risk of indirect land-use change, however, is more difficult to mitigate
through regulation, given complexities associated with tracking the chain of
impacts from biofuels production on agricultural production.
One key factor in helping to mitigate direct and indirect land-use impacts will
be whether or not carbon associated with land-use change and forestry is
brought within the scope of a global climate regime.

Estimates of lifecycle emissions reduction including
land-use impacts
There is therefore uncertainty about the level of lifecycle emissions reduction
of biofuels when land-use change is accounted for, reflected in a wide range
of estimates for lifecycle impacts:
• Sustainable Aviation assumes a 50% lifecycle saving in their roadmap.
• IATA assumes a 60-90% saving for BTL biofuels, with a negative 70% saving
(i.e. GHG increase) for HRJ biofuels depending on the type of feedstock and
where this is grown.

Competing demand for biofuels from other sectors
Analysis by E4tech suggests that biofuels could compete economically
with conventional jet fuels in a world of increasing oil and carbon prices,
particularly further out in the period to 2050. In particular, conversion of
woody crops and wastes (i.e. ‘Biomass to Liquid’) and use of woody crops
such as jatropha and camelina (i.e. ‘Hydrogenated Renewable Jet’) could
become viable from the 2020s.

4 See for instance Augustyn (2007). ‘A burning issue’. World Watch Magazine.
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Direct land-use change has occurred, for example, to support significantly
increased production of palm oil in South East Asia4. Going forward, the risk of
further direct land-use change could be mitigated through introduction of an
appropriate regulatory framework.
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However, even if biofuels could in theory compete in the future with
conventional jet fuels there is additional uncertainty about whether supplyconstrained biomass should be used in aviation or other sectors:
• Biofuels are currently used in road transport. While, as we set out in our
December 2008 report, electrification is likely to be the key technology for
decarbonising the surface transport sector, this technology is not applicable
to HGVs. In addition, liquid fuels would still be used in hybrid and plug-in
hybrid electric vehicles. Biofuels are therefore likely to play a role in road
transport in a carbon-constrained world.
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• Biomass will continue to be used for cooking and heating in developing
countries; currently around two-thirds of global biomass use is for this purpose.
• Biomass could be increasingly used in combined heat and power (CHP)
applications or co-firing with coal using CCS technology such that operation
results in zero or even negative emissions.
• Biofuels could in principle be used to contribute to emissions reduction
from the shipping sector (e.g. first generation biofuels such as biodiesel
and vegetable oils can readily be used for ships’ diesel). Analysis for our
December 2008 report suggested that fuel consumption from the shipping
sector in 2050 may exceed fuel consumption from aviation, so potentially
this sector could impose a significant extra demand on biomass resource.
The IEA BLUE scenarios5 assume that total bioenergy demand will amount
to 3.6 billion tonnes of oil equivalent in 2050, with total demand for transport
biofuels accounting for around 700 million tonnes (or 19%) of this total and
demand from aviation alone accounting for around 165 million tonnes under
an assumption of 30% penetration (Box 5.2).

Box 5.2 Land-use requirements from transport
biofuels in the IEA BLUE Map scenario
In their Energy Technology Perspectives 2008, the IEA set out global
scenarios for penetration of BTL-derived biofuels in aviation, reaching 15%
by 2050 in the BLUE Conservative scenario and 30% in the BLUE Map
scenario (Figure B5.2a), while noting that rates of penetration could be
much higher if sufficient land for growing feedstock became available.
In their recent World Energy Outlook 2009, the IEA presented a more
ambitious scenario consistent with stabilisation of atmospheric
concentrations of GHG at 450ppm where aviation biofuels achieve
a global penetration of 15% by 2030.

5 IEA (2008). Energy Technology Perspectives.

Box 5.2 continued
The IEA aviation biofuels scenarios were set in the context of biofuels
penetration in the transport sector (including surface transport and
shipping in addition to aviation) growing over time to provide energy
equivalent to 700 Mtoe by 2050 in the BLUE Map scenario (Figure B5.2b),
and of total bioenergy demand (including demand from transport
biofuels and from other sectors) increasing to 3.6 billion tonnes of oil
equivalent in 2050.

Land requirements for other biomass uses (e.g. in the power sector and in
industry) were projected to increase to between 2.15 and 5.9 million km2
by 2050.
Overall land requirements for biomass production in 2050 in the BLUE
Map scenarios were estimated to be between 3.75 and 7.5 million km2.
Figure B5.2a The IEA scenarios for biofuel
penetration to 2050

Source: IEA (2009).
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Land requirements for transport biofuels were projected to increase to
around 1.6 million km2 by 2050 under the BLUE Map scenario (Figure B5.2c).

Box 5.2 continued
Figure B5.2b Demand for transport biofuels in the
IEA BLUE Map scenario
800
700
600

106

400

Mtoe

500

300

100
0

Source: IEA (2008).

Figure B5.2c Land requirements for biofuel production
in the IEA BLUE Map scenario
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Source: IEA (2008).
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Broader sustainability considerations: tensions between production
of biofuels and food, and possible impacts on biodiversity

Figure 5.2 Prices of the principal vegetable oils 2004-2009

Source: FAO data (2009).

If 100% of projected aviation fuel use in 2050 were to come from BTL biofuels,
E4tech analysis suggests that this would imply a land requirement for growth
of feedstock of around 2.5 million km2. Together with use of biofuels in other
sectors as set out in the IEA’s BLUE Map scenario (as described above), the
implied land requirement for biofuels feedstock would be around 3.4 million
km2. In addition, the IEA estimate that there could be an additional demand
for other biomass uses of up to 5.9 million km2.
This may be compared to the 0.36 million km2 that are currently used for
biofuel feedstock production, out of the overall 14 million km2 currently
dedicated to crop production. Going forward, estimates of unused
agricultural land vary from very low to nearly 14 million km2 depending on
assumptions about agricultural productivity improvement, while marginal
land that could be converted to biofuel feedstock production may amount
to a few million km2.
6 See Mitchell (2008). A note on rising food prices. World Bank Policy Research Working Paper 4682.
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Increasing use of land for the growth of crops for first generation road transport
biofuels (e.g. corn-based ethanol), and the ensuing displacement of food
production, was a key driver of the food price shock in 20086. Prices of major
staples, such as grains and oilseeds, doubled in just two years between
mid-2006 and mid-2008 (Figure 5.2), which in turn led to significant social
consequences, particularly for the poor in developing countries. Going forward
(and notwithstanding a shift to less land-intensive second and third generation
biofuels), there could be further tension between deeper penetration of
biofuels and biomass in aviation and other sectors, and increasing agricultural
production required to feed a growing global population.

Figure 5.3 compares estimates of land requirements for 100% BTL biofuels
penetration in aviation by 2050 and other biomass uses with estimates of
available idle and marginal land under optimistic assumptions about agricultural
productivity improvement7, while Figure 5.4 provides more detail on the
amount and type of land that may be available in a very optimistic scenario.
Figure 5.3 Potential land requirements in 2050 from aviation biofuels and other biomass uses
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Source: E4tech (2009), IEA (2008), IEA (2009).

Figure 5.4 E4tech assessment of potential land availability for biomass feedstock (million km2)
Grassland, shrubland, savannah
2.3 to 11.5
23
Excluding
urban areas, nature
reserves, tundra
Other
40

130

Forest
40

3.1

Excluding area for future
nature reserves,
urbanisation, grazing,
ecosystem impacts,
recreation and
indigenous populations

Limiting by rate
of growth in
planted area

Abandoned agricultural land
6 to 13.7
Scenario
range

Pasture
35
Crops 15
Total land area

Scenario
range

Total land area
breakdown
– current

Excludes land
for food, feed
and pasture
Potential area available
for growing feedstock
in 2050

Source: E4tech (2009).

7 As noted by Field et al. (Field et al (2007). ‘Biomass Energy: the scale of the potential resource’. Trends in
Ecology and Evolution.) the available lands for biomass feedstock are likely to be at the lower end of the
spectrum for fertility and climate, with implications for yields.

However, the extent to which unused agricultural land or marginal land will
be available depends crucially on global population growth and agriculture
productivity improvement:
• In the period to 2050, it is expected that the global population will increase
from the current level of around 6.7 billion to over 9.1 billion. The FAO estimates
that meeting the associated increasing demand for food (and the predicted
shift toward western-style diets in developing countries) will require a 70%
increase in global food production by 20508.

• If historical rates of growth in agricultural productivity could be maintained
in the period to 2050, then the challenge of feeding a growing population
could be met without converting marginal and idle land into agricultural
production, which would leave more scope for energy crops. However the
‘green revolution’ of the early 1960s relied heavily on the use of fertilisers,
pesticides and water, and it is uncertain that these rates of growth in
productivity can be sustained in the future given greenhouse gas targets,
particularly as the impact of unavoidable climate change beyond a point
will be to reduce agricultural productivity (Box 5.3).
• In addition to land constraints, there are constraints on available water
resource as the global population increases. These have been highlighted
for instance by John Beddington, the UK government’s Chief Scientific
Adviser. He argues that demand for water in 2050 will be 30% above current
levels, and that this will limit availability of water for use in agriculture 9.
Recognising the tension between land-use for growth of biofuels, and
possible uses of biofuels in other sectors, the IEA in their Energy Technology
Perspectives 2008 set out a range of scenarios for biofuels penetration from
15% to 30% in 2050, while acknowledging the possibility that biofuels may
reach much higher penetration levels (and ultimately completely replace
conventional aviation kerosene) if sufficient land for growing feedstock were
to become available.

8 The increase in demand for food will reflect not only increased population but also changes in diet,
with a wide range of assumptions possible as to how far developing world diets will converge towards
developed world resource intensive patterns (e.g. with higher proportion of meat and dairy). Estimates of
total additional agricultural production required range from 50 to 100%.
9 Beddington (2009). Food, Energy, Water and the Climate: A Perfect Storm of Global Events.
See http://www.dius.gov.uk/news_and_speeches/speeches/john_beddington/~/media/publications/P/
Perfect-Storm-Paper
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• Over the last 50 years, agricultural production has increased at rates that
have outpaced population growth. FAO statistics show an increase of 138%
in gross world food production since 1961, and an increase of more than
200% in overall agricultural production, largely driven by productivity and
crop yield improvements (Figure 5.4) and with only a modest increase in
cultivated land. Over the same period, population increased by 123%.
As a result, the Royal Society estimates that for each person alive today
there is, in theory, an additional 29% more food compared with 1960.

Figure 5.5 Agricultural productivity per hectare since 1961
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Source: FAO data (2009).

Box 5.3 Potential for future productivity
improvements in agriculture
A number of major recent studies have looked at the challenges facing
the global agricultural sector in meeting the growing demand for food in
the period to 2050. A key underlying factor is the extent to which crop
yields can keep improving at the same rate as over the past 40 to 50 years
in the period to 2050, under a series of additional constraints such as
climate change, water scarcity and the need to limit the use of pesticides
and nitrogen-based fertilisers.
The OECD/FAO Outlook1 offers some medium-term perspectives on
these issues. It identifies three critical supply factors that could affect the
rate of growth in agricultural productivity:
• Land availability (including the speed with which new land can be
brought into production)
• Water availability
• Agricultural productivity, including crop yields and livestock productivity.

Box 5.3 continued
Overall, the OECD/FAO report concludes that agricultural production
could be increased considerably. However the report highlights the need
for investments (e.g. in water efficiency) and risk management, as well as
the potential role that concerns about broader environmental impact,
GM technology and food quality may have in shaping the future of the
agricultural sector.

The constraints on future crop production that need to be addressed
according to the Royal Society report are the following:
• Climate change, as a cross-cutting threat which will aggravate the effects
on crops of heat, drought, salinity and submergence
• Unsustainable water abstraction
• Temperature extremes
• Increased tropospheric concentrations of ozone, which can damage crops
• Soil quality depletion through erosion, pollution and urbanisation
• The need to maintain adequate levels of crop nutrition while reducing
the amount of synthetic nitrogen fertilisers
• The need for effective control of pests, diseases and weed competition
• The need to manage energy and CO2 implications of agriculture
• The need to maintain genetic diversity in crops.
The report suggests that in order to achieve a sustainable intensification in
global agriculture a combination of many different agricultural practices
and technologies will be needed, including:
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A recent Royal Society report2 looks at these issues over the longer term
(to 2050) and focuses more clearly on the need for the agricultural sector
to increase food production within clear sustainability boundaries.
The report acknowledges the remarkable success of the ‘green revolution’
in feeding an expanding world population, but also points to its
environmental shortcomings (including increasing emissions of nitrates
and pesticides and depletion of aquifers) and uneven distribution of the
benefits in different regions of the world and among different social
groups. It then sets out a blueprint for ‘sustainable intensification’ of the
global agricultural sector.

Box 5.3 continued
• Advanced biotechnology and crop genetics (both through GM crops
and conventional breeding techniques)
• Improved crop and soil management practices (e.g. integrated pest and
nutrient management, soil and water conservation, water harvesting,
integration of agroforestry into crop systems).
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A recent report by UNEP3 (which by contrast with the previous two reports
focuses on biofuels) also acknowledges these challenges and points to the
importance of fostering sustainable land-use for biomass production,
including increasing agricultural yields in an environmentally benign manner
(focusing in particular on regions where productivity increases have lagged),
directing new fields to degraded land and making more efficient use of
biomass, including enhancing the use of waste and residues.
1 OECD/FAO (2009). Agricultural Outlook 2009-2018.
2 Royal Society (2009). Reaping the benefits: science and the sustainable intensification of global agriculture.
3 UNEP (2009). Towards sustainable production and use of resources: assessing biofuels.

An alternative view is set out in scenarios commissioned by the Committee
from E4tech (Box 5.4). These assume that agricultural productivity improvement
is sufficiently large to offset population increases and/ or that there are
technological breakthroughs relating to biofuels with lower land requirements:
• The E4tech analysis is based on primary studies which assume that the
growth in agricultural productivity will not slow down in the foreseeable
future, so that currently unused agricultural land and marginal land will be
available to grow crops for biofuels.
• E4tech envisage that a significant contribution to the aviation biofuel mix
could come from the BTL route, which in principle could rely on forest
residues and waste and would therefore have a lower land-use impact than
woody crops.
Given these assumptions E4tech set out a range for penetration of sustainable
biofuels in aviation from 37% to 100% in 2050 (see Box 5.4).

Box 5.4 E4tech scenarios for aviation
biofuels penetration

The full set of 18 scenarios was then narrowed down to five summary
scenarios illustrated in Figure B5.4. None of the summary scenarios included
use of conventional oil crops for HRJ, as a result of potential sustainability
impacts, and the likelihood that prices will remain above the level needed
to make production competitive with conventional jet fuel. In the Central
(Low), Low and Very Low scenarios, commercial introduction of new crops
and algae is delayed by five years, and the development of synthetic
hydrocarbons is not successful for jet fuels.
Figure B5.4 Proportion of biofuel penetration
in aviation in the E4tech scenarios

Source: E4tech (2009).
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E4tech considered the technological and economic aspects of use of biofuels
in aviation. They then developed scenarios for different combinations of oil
prices and carbon prices and different assumptions on the use of conventional
vegetable oils and the speed and success of technology development in
new oil crops, algae, and novel synthetic hydrocarbons. In all scenarios,
uptake was limited by the speed at which new conversion plants could be
built, and new crops and algae plants established. Uptake is given as a
percentage of the highest global aviation fuel demand scenario used in the
IPCC 4th Assessment report (Consave ULS).

(iii) Scenarios for use of sustainable biofuels in aviation
Our scenarios for aviation biofuels penetration cover the period to 2050.
For the initial part of this period, the binding constraints on biofuels penetration
relate to technical barriers (e.g. the need for a technology breakthrough), limits
on planting rates for biofuels feedstock, limits on the pace of investment in
new plant for biofuels production, and commercial viability of biofuels given
relatively high initial costs and relatively low oil and carbon prices.
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Further out to 2050, sustainability constraints and use of biofuels in other
sectors become increasingly important.
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We set out three scenarios covering a range of uncertainty over possible
penetration of biofuels in aviation. The scenarios are defined by the penetration
of biofuels over time and the lifecycle biofuels emissions reduction.
We assume penetration in 2050 from 10% to 30% and lifecycle GHG savings of
50%, which we have chosen to reflect current significant sustainability risks. It is
currently prudent to plan for 10% penetration although significantly higher levels
of penetration should not be ruled out (e.g. subject to new evidence that there
will be abundant supplies of waste or residues, or technological breakthroughs
to facilitate mass production of sustainable algae or to allow production of
biofuels feedstocks in deserts using solar power and water desalination):
• Under our Likely scenario we assume that penetration of aviation biofuels
is below 2% in 2030 and reaches 10% by 2050, reflecting a world where
there is very limited resource available for use of biofuels in the aviation
sector (either due to land constraints, limited progress developing biofuels
from routes requiring less land input, or demand for biofuels from other
sectors). This is slightly more prudent than the IEA’s ‘BLUE conservative’
scenario, which assumes a 15% penetration of aviation biofuels by 2050.
We follow Sustainable Aviation and assume greenhouse gas lifecycle savings
of 50% to reflect emissions in production of biofuels and possible land-use
change impacts. Under these assumptions, an aviation emissions reduction
of 5% is achieved in 2050 compared to a counterfactual where no biofuels
are being used.
• Under our Optimistic scenario we assume that penetration of aviation
biofuels is around 3% by 2030 and 20% by 2050; this scenario reflects
constraints on the availability of sustainable biofuels and use of sustainable
biofuels in aviation, and is slightly higher than the IEA’s ‘Blue conservative’
scenario. Assuming greenhouse gas lifecycle savings of 50%, these assumptions
translate into a reduction of emissions from aviation of 10% by 2050
compared to a counterfactual where no biofuels are used.

• Under our Speculative scenario we assume that penetration of aviation
biofuels reaches 5% by 2030 and 30% by 2050; this scenario is consistent
with the high end of the range from the IEA Blue scenarios, and the low end
of the range from the E4tech analysis. Assuming greenhouse gas lifecycle
savings of 50%, this would translate into reductions in emissions from
aviation of around 15% by 2050 compared to a counterfactual where
no biofuels are being used.
Figure 5.6 illustrates our scenarios and compares them to the most relevant
scenarios from E4tech and IEA. We use these scenarios in our wider analysis
of options for meeting the 2050 UK aviation emissions target in Chapter 7.

Source: CCC (2009); E4tech (2009); IEA (2008).

2. Use of hydrogen in aviation
In the next section we outline the technical status and barriers of using
hydrogen-fuelled aircraft. Given challenges and uncertainties for using
hydrogen in aviation, we do not reflect any possible emissions reduction
in our scenarios.
In our December 2008 report we stated that in addition to biofuels, hydrogen
was another potential alternative fuel source to kerosene in the longer term.
However, we also highlighted significant infrastructure issues, the need for
a sustainable source of hydrogen and that the climate effect of water vapour
at altitude would need to be investigated more fully. Taking each in turn:
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Figure 5.6 Proportion of biofuel penetration in aviation:
CCC scenarios and comparable scenarios from E4tech and IEA
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Technical feasibility
Hydrogen-fuelled engines first ran in the 1930s. Since then research has
shown the feasibility of civil aircraft powered by liquid hydrogen and
manufacturers suggest that one could be developed in the medium term.
Last year, the Committee asked QinetiQ to review the potential for hydrogen
use in aviation and their key technical findings were as follows:
• Due to the need for civil aircraft to travel at high speed, liquid hydrogen,
as opposed to the gaseous form used in airships, at low temperatures and/
or under pressure offers the most potential.
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• For the aircraft itself, the key issues surrounding liquid hydrogen are storage
and reduction of drag; liquid hydrogen needs four times the size of fuel tank to
carry the same energy – this requires a bulkier or longer aerodynamic shape.
• The propulsion can be driven by a gas turbine and the modifications
required are relatively straightforward.
• One issue for the aircraft is that of safety, especially as the Hindenburg and
R101 airship fires remain in the public memory. However from a technical
perspective, in the open atmosphere, hydrogen rises quickly and burns
below the detonation limit without explosion. It does not form a burning
pool and Airbus suggests, in their CRYOPLANE project, that a hydrogen
aircraft could be at least as safe as a conventional aircraft. Public perception,
however, may remain an issue.

Availability of sustainably produced hydrogen
Notwithstanding the technical issues described above, there are barriers
to hydrogen as a sustainably-sourced energy carrier. Currently, commercial
production of hydrogen is dominated by the use of fossil fuels without
carbon capture and storage (CCS), primarily natural gas, although the use of
low-carbon energy sources for hydrogen production is technically proven.
However, in most locations these low-carbon resources can be used in other
ways to reduce emissions, often by a greater amount, in more mature
applications and at lower cost.
Hydrogen production using low-carbon electricity, via the electrolytic splitting
of water, would, in almost all countries in the short to medium-term, reduce
emissions by considerably less than the use of the same electricity simply to
reduce fossil fuel power generation (see Figure 5.7). There are three main
reasons for this:
i) The extra step of using electricity for hydrogen production involves
energy losses of at least 20% that could be avoided by its direct use in the
electricity system

ii) Fossil fuel-derived electricity is almost always more carbon-intense than
transport fuels, per unit of energy
iii) The further energy requirement for the liquefaction of the hydrogen for
use in aviation would take electricity equivalent to at least a further 30% of
the energy content of the hydrogen.
Figure 5.7 CO2 savings from use of hydrogen
produced with low-carbon electricity
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Until electricity generation is almost entirely decarbonised, it is difficult to see
how electrolytic hydrogen production could be considered genuinely lowcarbon. Such levels of electricity decarbonisation are unlikely to occur until
2030 at the earliest in most countries, although there are parts of the world in
which ‘stranded’ renewable electricity resources (i.e. those with limited or no
access to an electricity grid) could sensibly be used before then.
The use of biomass for hydrogen production again competes with a variety
of other uses, as outlined [in (iii) of section 1], including the production of
liquid biofuels.
The most promising medium-term source of low-carbon hydrogen may be
the use of fossil fuels with CCS, via processes such as coal gasification and
steam methane reforming. Although these processes are mainly being
considered as ‘pre-combustion’ CCS electricity generation options, the
production of hydrogen is one of the steps in the generation of electricity
within such plants. Indeed, avoiding the subsequent hydrogen combustion
step for electricity generation promises significant efficiency advantages in
using the hydrogen for transport.
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Source: CCC calculations.

The high energy consumption of the hydrogen liquefaction process will,
however, counteract this advantage unless a process with substantially lower
energy consumption can be used10. Furthermore, as CCS has not yet been
demonstrated at large scale it is not reasonable to expect significant
quantities of low-carbon hydrogen production via this route before 2025
at the earliest.
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In addition to the challenge of producing hydrogen sustainably, the introduction
of hydrogen-fuelled aircraft poses a significant logistical problem, as either two
fuel systems are maintained worldwide, which would be expensive, or a fleet
switchover would be required over say five to ten years, which would ‘write off’
the residual value of any kerosene-powered aircraft.
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Climate effects of hydrogen
Hydrogen-fuelled aircraft would not emit any CO2, the main emission from
hydrogen combustion being water. Therefore, sustainably produced hydrogen
would for the most part resolve the CO2 issue, but the water vapour would
have significant non-CO2 climate effects that could well be greater than those
from kerosene-powered aircraft:
• The burning of hydrogen generates about 2.6 times as much water as the
same energy content in kerosene. Accounting for the additional energy
required to lift and propel the bulkier aircraft, this rises to a factor of around 3.
• The greater water content of the exhaust from a hydrogen engine will cause
contrails and induced cirrus to form under a wider range of atmospheric
conditions. The CRYOPLANE project suggests that cloud cover due to
contrails may be up to 50% higher for hydrogen compared to kerosene
(see Chapter 6 for a discussion of the relative importance of induced
cloudiness and CO2 on warming).
• It is also possible that a bulkier hydrogen-fuelled aircraft would cruise at
higher altitude in order to reduce drag. Water vapour emissions would
therefore be delivered into the lower stratosphere, which is very dry.
The resulting climate warming effect is estimated to be some 13 times larger
than that of CO2 emissions from a lower flying, kerosene-powered aircraft11.
In conclusion, hydrogen-fuelled aircraft could be and indeed have been
built. There are, however, significant technical and logistical barriers including,
but not limited to: public perception, sustainably sourcing hydrogen and
logistical issues at airports. Even then, the concept should not be pursued
until the total climate impacts are more clearly understood.

10 F or example, the pre-cooling of hydrogen via heat exchange with liquefied natural gas (LNG) as
outlined in Allam & James (US patent no. 2005/0210914 A1), which is claimed to have the potential to
reduce the energy consumption for hydrogen liquefaction by around 70%.
11 See the Royal Commission on Environmental Pollution (2002). Short Report: The Environmental Effects
of Civil Aircraft in Flight.
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