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Context

It is widely acknowledged that man-made emissions of carbon dioxide and other greenhouse gases are
causing major changes to the planet’s climate. The global average surface temperature of the earth has
increased by 0.6 ºC during the 20th century and is predicted to increase by between 1.8 and 5.8 ºC by
the year 2100.1 By contrast, the last ice-age was 5 ºC cooler than the present ‘warm-period’. These
future temperature rises will have severe climate impacts, with higher local maximum temperatures,
fewer cold days, more heavy rain, summer droughts, decreased snow cover and sea ice, rising sea
levels an increase in storm intensity all deemed likely.1 The societal impacts of these changes are also
likely to be severe.
The acceptance of the fact that much of the observed and predicted future climate change is due to
human activity has led to a desire to reduce greenhouse gas emissions, so as to minimise the impacts of
climate change on society and individuals. The response has been far-reaching, with the international
community, and concerned businesses and individuals, seeking methods to minimise emissions.
At the international level, the Kyoto Protocol2 came into force in February 2005, and commits signatories
to legally binding emissions targets. Industrialised countries must reduce their total emissions by 5.2%
of 1990 levels by 2010 (actually an average of the period 2008-2012). The UK is committed to reducing
its emissions by 12.5% below 1990 levels by 2010.
Individuals and businesses have also expressed a desire to reduce their own emissions beyond the
requirement of policy, which has led to the principle of offsetting. An individual pays to offset their own
personal emissions - the money raised will fund energy efficiency or renewable energy projects which
lead to a reduction in greenhouse gas emissions equal to the amount offset.
Climate Care Approach
Climate Care, a major UK offsetting organisation, will only fund projects if they would not
have gone ahead without their assistance. Furthermore, they do not see it as their
responsibility to help UK Government to meet their emissions reduction targets. This is
the responsibility of government policy decisions, and not the financial contributions of
individuals via offsetting companies. Climate Care therefore typically fund projects
outside of the UK. Offsetting goes above and beyond international climate change
policy, such as the Kyoto Protocol, and should be seen as a separate process.
In order for offsetting to be credible, the greenhouse gas emissions to be offset have to be calculated
accurately, and the projects require equally rigorous verification to ensure that the savings are in fact
made. Carbon dioxide emissions from activities within the home, business, or terrestrial transport can be
simply calculated by knowing the amount of fuel burned for the given activity. However, greenhouse gas
emissions from flights requires a special approach, which is outlined in this report.
Aviation emissions have a greater climate impact than the same emissions made at ground level.3 This
is because emissions at altitude can instigate a host of chemical and physical processes that have
climate change consequences (See Appendix). This is identified through the use of a multiplier, known
as a ‘metric’ to account for the greater climate impacts of aviation.
Climate Care Approach
International policy measures do not yet include aviation emissions. However, because
Climate Care operates outside of, and in addition to, such instruments this constraint does
not apply. Climate Care feels it is important to acknowledge the greater impact of aviation
emissions, and so applies a metric in its calculations.
The basic methodology for calculating the impact of aviation emissions is merely the mass of carbon
dioxide emitted multiplied by the chosen metric. Once this extra impact has been accounted for, the
emissions may be costed in the usual manner. Sections 2-4, below, outline the calculation of carbon
dioxide emissions, relevant metrics and pricing strategies, respectively.
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Calculation of carbon dioxide emissions

Carbon dioxide emissions from aircraft can be calculated from a knowledge of the amount of fuel
consumed during the flight. However, unlike terrestrial transport, fuel consumed does not scale linearly
with distance travelled due to the extra fuel burn required to lift the plane up to cruising altitude, and the
necessity to carry large quantities of fuel for long distance flights. A model has been developed to
determine emissions accurately.
The emissions of carbon dioxide from an individual flight will depend on many different factors including
distance travelled, weather conditions (head or tail wind), cargo load, passenger load and flight altitude.
Obviously, for an individual seeking to offset, these conditions will be unknown. The model therefore
uses averaged data to determine emissions. Whilst the emissions from an individual flight may be under
or over that determined by the model, any errors will cancel each other out over multiple flight offsets.

Calculating fuel burn
The fuel burn is attributed to different sections of the flight (see Figure 1), which each use fuel at different
rates. Emissions occur during:
•

The Landing and Take Off cycle (LTO)4 which includes all activities near the airport that take place
below the altitude of 3000 feet (1000 m). This consists of taxi-out, take-off and climb out, and at the
end of the flight, the landing approach and taxi-in. This is the fuel required to get the aircraft into the
air (and down again) and are constant irrespective of flight length. Ascents require a much more
intense fuel burn than cruising at constant altitude.

•

The Climb, Cruise and Descent cycle (CCD) is defined as all activities that take place at altitudes
above 3000 feet (1000 m). This fuel use accounts for the bulk of the flight distance, and naturally
varies with flight length.

Figure 1. Phases of flight of aircraft4
The proportions of LTO to CCD will vary between flights, with short-haul flights (e.g. Heathrow to
Amsterdam) having a much larger contribution from LTO than a transatlantic flight (e.g. Heathrow to
Tokyo).
For simplicity of calculation, and because most passengers do not know the exact make of aircraft on
which they are flying, representative aircraft have been chosen to calculate the fuel burn. Boeing 737s,
the most popular aircraft ever produced, flew 14.8% of intra-EU flights in 19984 and so have been
chosen as the representative model for short-haul flights. Short-haul flights are defined as those less
than 3500 km.
Historically, medium to long-haul flights have been flown on Boeing 747s, but in recent times Airbus
A340s have attracted a significant proportion of the market share. The Airbus is newer and more
efficient, and so produces less CO2 per kilometre than the Boeing. The model has assumed that
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medium- and long-haul flights (>3500 km) are considered as an average of Airbus A340 and Boeing 747
emissions.
Tables of the amount of fuel consumed are available for all major types of aircraft as published by the
European Environment Agency (2003).4
Table 1. Representative calculations of fuel burn for a Boeing 7374

Calculating carbon dioxide emissions
When fuel oil is burned, it is converted to carbon dioxide and water vapour. Combustion of one kilogram
of fuel oil yields 3.15 kilograms of carbon dioxide gas. Carbon dioxide emissions are therefore 3.15
times the mass of fuel burned.
In an offsetting model such as this, it is important to attribute only the emissions for which the passenger
is directly responsible to that passenger. This has two effects:
•

The commercial freight load of the plane is ignored. Commercial freight loads are estimated to be
20% of the total weight of the plane,5 so only 80% of emissions are attributed to the passengers.

•

Emissions are allocated per seat. The number of seats on standard models of aeroplanes are
readily available.6,7,8
Climate Care Approach
Although emissions could be allocated per passenger, based on average flight occupancy
data, it is Climate Care’s policy that passengers should not be charged more to offset the
emissions from their flight, just because there are empty seats on the plane. Climate Care
therefore allocates emissions on a per seat basis, as if the plane is full.

Model output
The model gives a series of curves of carbon dioxide emissions per seat as a function of distance
travelled. Departure and destination airports are selected from a database, which returns the longitude
and latitude of the respective locations. The length of flight is then calculated using trigonometry, and
the corresponding emissions determined from the appropriate curve (Figure 2).
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.
Figure 2. Emissions per seat as a function of flight distance
It can be seen that there is a discontinuity between the aircraft used for short-haul versus medium to
long-haul flights. The smaller, lighter Boeing 737’s use less fuel per kilometre. As soon as larger
heavier aeroplanes with a greater fuel loads are used, flights become less efficient and emissions per
seat greater.
This can be seen on a plot of carbon dioxide emissions per seat per kilometre (Figure 3). For very short
flights, carbon efficiency is low, as the fuel burn required for the landing and take-off cycle is the major
component of emissions. This drops away such that flights over 2000 km in a Boeing 737 are the most
efficient flights (of those considered in this model). For larger aircraft on medium and long-haul flights,
the landing and take-off cycle is not so critical, and the climb, cruise and descent cycle forms the major
part of the fuel burn. There is a slight decrease in flight efficiency with increased distance, due to the
greater fuel load that must be carried.

Figure 3. Carbon efficiency per seat as a function of distance travelled

3.

Applying a metric for aviation emissions

Now that the carbon dioxide emissions are known, a metric must be applied to account for the full
environmental effect of aviation emissions. A metric is a mechanism for transformation of emissions of
gases with different effects on climate into one common scale. The full climate impact of aviation is
deemed to be between 2 and 4 times greater than CO2 alone,3 but the exact value is dependent on
which parameter is chosen to be measured by the metric. There are many different possible metrics for
comparing greenhouse gases, some of which have become commonly used (see below). However, it is
only possible to use some of these to examine aviation emissions.
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What to measure?
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Figure 4. Chain of influences on climate
The mass of carbon dioxide emissions can be calculated as outlined above, but quantifying their effect
on the environment is more complex, and depends on what is used as a measure of the climate impact.
This is true for any greenhouse gas emissions, not just the special case of aviation.
The ‘chain of influences’ shown in Figure 4 gives a range of possible measures of climate impact that
could all theoretically be used as the basis for a metric. The greenhouse gas emissions will alter the
atmospheric concentration, which in turn alters the energy balance of the atmosphere (known as
radiative forcing). The radiative forcing is the driving force behind climate change, but because the
atmosphere is a complex system, the effects of radiative forcing on the climate are not linear.
Furthermore, there are many measures of climate change including effects on temperature, rainfall,
average wind-speed and sea level rise. These changes in climate have impacts on society including
agriculture, land use, energy consumption. Ultimately, these societal changes can be quantified in terms
of financial impacts.
Any of these parameters can be used as a measure of the environmental influence of greenhouse gas
emissions. However, there is a trade-off to be made when determining which of these parameters to
utilise as a measure of climate change. The further down the chain one goes, the more relevant it
becomes to people and society, but the less well science and computer modelling can quantify it.
To date, science and policy has adopted radiative forcing (and derivatives thereof) as metrics of climate
change. However, climate models are becoming sophisticated enough to start quantifying the influence
on temperature – a more easily understood parameter for the layperson, and it is expected that metrics
based on temperature will become more commonly used in future.
Extent or rate?
Once the measure of environmental impacts has been decided, some assessment must also be made
as to whether it is the extent or rate of change that is the most important. For example, the extent of icecover will be influenced by the extent of temperature rise. Conversely, the ability of ecosystems to adapt
to climate change is determined by the rate of temperature rise. It is becoming increasingly apparent
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that both extent and rate of climate change are important, and that both are unprecedentedly high.
However, it is the extent that has been most widely studies and utilised.
Timeframes
Climate change metrics can operate over different timeframes. Some are instantaneous, whilst others
give the summed effect up to a chosen point in the future. Because different greenhouse gases have
different lifetimes in the atmosphere, the choice of metric timeframe is critical in determining the relative
importance of different gases. Other metrics examine the influence of historical emissions.
Sustained or pulse emissions?
A further difference between metrics is whether they consider a ‘pulse’ emission (i.e. the instantaneous
emission of 1 tonne of gas) or sustained emissions (emission of a profile of emissions over a specified
timeframe). Sustained emissions metrics may be more policy relevant, but pulse emissions are more
useful for carbon trading and offsetting projects.

Commonly used metrics
The Intergovernmental Panel on Climate Change has used two different metrics for assessing climate
change: radiative forcing and the global warming potential.
Radiative forcing
The radiative forcing is defined as “the change in the energy balance of the lower atmosphere by a
climate change mechanism” and is measured in units of Watts per square metre (W/m2). The ‘climate
change mechanism’ is typically the emission of a greenhouse gas (e.g. CO2 from human activity), or a
collection of different gases (e.g. all greenhouse gases from the agricultural sector). Radiative forcing
can therefore be used to examine the influence of the aviation sector as a whole, including all
atmospheric effects.
Radiative forcing is usually determined between two different points in time (e.g. the change in the
energy balance of the lower atmosphere between pre-industrial times and the present). Carbon dioxide
concentrations have increased from 280 ppm in 1750 to 365 ppm in 1998, resulting in an extra 1.46
W/m2 being trapped within the earth’s atmosphere.
Radiative forcing does not examine the influence of a single flight in the present day; instead it calculates
the total influence of all historic aviation emissions.
Radiative Forcing Index
The radiative forcing index (RFI) is an extension of the concept of radiative forcing, and is simply the
radiative forcing of a gas with respect to that of carbon dioxide. For aviation emissions the radiative
forcing of the different atmospheric effects can be calculated separately (see Figure 5). The radiative
forcing index is the ratio of the total radiative forcing compared to that of carbon dioxide alone. An
explanation of the main influences of aviation emissions on the chemistry and physics of the atmospheric
is presented in the Appendix.
The IPCC calculate the change in radiative forcing of aviation emissions since pre-aviation times to be
0.049 W/m2 (See Figure 5).. This corresponds to a radiative forcing index of 2.7 as the total radiative
forcing of 2.7 times that of CO2 alone (0.018 W/m2) However, a recent study (TRADEOFF9) has updated
this figure and a value of 1.9 is now the best-quantified estimate of radiative forcing index of aviation
emissions.
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Note: CO2 = carbon dioxide, O3 = ozone, CH4 = methane, H2O = water vapour, NOx = nitrogen oxides

Figure 5. Effect of historic aviation emissions on the heat trapping ability of the atmosphere.3 (See
Appendix for explanation of individual effects)
Global Warming Potential
The global warming potential is the most commonly used climate change metric and is used for
assessing different greenhouse gases under the Kyoto protocol and other international policy
instruments.
It is defined as ‘the [cumulative] radiative forcing of one kilogram of emitted gas relative to one kilogram
of reference gas’. In practice the reference gas is always carbon dioxide, so the global warming
potential is a measure of the warming effect of other greenhouse gases relative to carbon dioxide.
Typically, a 100-year time horizon is used although shorter and longer timescales are possible to
calculate.
Unfortunately, the global warming potential is not a suitable measure of the influence of aviation
emissions. This is because the global warming potential examines the effect of one tonne of emitted
gas, yet the climate impacts of one tonne of aviation emissions will depend on other factors due to the
impact of short-lived gases (especially nitrogen oxides), formation of contrails at altitude. These effects
depend on the location, altitude, temperature, season, light intensity and the concentrations of other
pollutants in the atmosphere.
Attempts have been made to quantify the global warming potential of aviation emissions, but results vary
widely due to the models used, and assumptions made about the climate impact of emissions of nitrogen
oxides (see Appendix).
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Climate Care approach
Whilst ideally GWP would be used, for consistency with other policy measures such as
the Kyoto protocol and emissions trading schemes, its shortcomings as a metric for
describing aviation emissions cannot be ignored. Climate Care therefore accepts that
the radiative forcing index is currently the best-quantified measure of the influence of
aviation emissions.
Climate Care has chosen to use a radiative forcing of 1.9 as the multiplier for aviation
emissions (relative to carbon dioxide only) to reflect current scientific knowledge.

4.

What price is charged?

Charging for aviation emissions, or terrestrial greenhouse gas emissions requires a price to be put on
the value of one tonne of carbon dioxide.
Three approaches are possible:

Charging for CO2
The exact charge for CO2 emissions levied by Climate Care is in itself a subjective matter. There are 3
basic measures of the cost of carbon emissions:
•

The social cost of carbon emissions. This is the economic cost of the climate impacts resulting from
the emissions. Such costs are very difficult to calculate, lying at the end of the chain of influences
(see Figure 4), and estimates vary considerably. A recent government report suggests a value of
£70 per tonne of carbon (with lower and upper estimates of £35 and £140).10

•

The cost of abatement. This is the cost of offsetting an equivalent amount of emissions. Efficiency
measures and changes in operational practice can reduce emissions much more cheaply than the
full social cost. (i.e. the cost at which Climate Care can economically offset emissions);

•

The market price of carbon. Carbon trading schemes, such as the EU Emissions Trading Scheme
(EU ETS), assign an economic value to emissions of carbon dioxide. Under such market based
schemes, the price is variable and is strongly influenced by supply and demand. At the time of
writing The EU ETS is currently trading at 10 per tonne of carbon dioxide.11
Climate Care Approach
Climate Care adopts the cost of abatement approach. As a not-for-profit organisation, the
price charged by Climate Care is sufficient solely to avoid emissions. Climate Care
currently charges £6.50 per tonne of carbon dioxide. However, to cover transaction costs,
Climate Care does charge a minimum of £5 per offset.

5.

Conclusions

A comprehensive model has been developed to estimate emissions arising from individuals taking
flights. The model accounts for the distance travelled, likely aircraft used, and freight load, and
apportions emissions arising from the flight to each seat in the aeroplane.
The full environmental effect of aviation emissions, compared to terrestrial emissions is accounted for by
the use of a metric. A Radiative Forcing Index metric was chosen as the best quantified measure, with
the recent TRADEOFF project giving a scaling factor of 1.9.
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Appendix: Atmospheric Chemistry of Aviation Emissions
Aviation is different from other energy-using activities as the majority of emissions occur at altitude, and
their influence on the atmosphere can be highly localised and short-lived. Emissions from aircraft are
responsible for other atmospheric chemical processes that also have atmospheric warming
consequences. Aviation emissions are therefore more significant contributors to climate change, than an
equivalent amount of carbon dioxide emitted at ground level.
Combustion of fuel in aeroplane engines results in emissions of carbon dioxide (CO2) and nitrogen
oxides, (termed NOx), as well as water vapour and particulates. It is the emission of NOx, water vapour
and particulates at altitude that account for the extra impacts of aviation emissions.

Carbon dioxide
Carbon dioxide is a greenhouse gas and alters the balance of incoming and outgoing radiation from the
earth’s surface and contributes to warming of the atmosphere. Aviation emissions of carbon dioxide
have the same effect on climate as terrestrial emissions, from power stations, industry or transport
sources. Carbon dioxide has an atmospheric lifetime of up to 200 years, so ends up well mixed in the
lower atmosphere over this timeframe no matter where it is emitted.

Nitrogen oxides
Emissions of nitrogen oxides initiate a series of chemical reactions in the atmosphere. Nitrogen oxides
form ozone (O3) in the presence of light, and light intensity is higher at altitude, so more ozone is formed
at altitude than from terrestrial sources of NOx. Emissions of nitrogen oxides from sub-sonic aircraft
accelerate local generation of ozone in the lower atmosphere where aircraft typically fly. The increase in
ozone concentration will generally be proportional to the amount of nitrogen oxides emitted from aircraft.
Ozone is a potent greenhouse gas whose concentration is highly variable and controlled by atmospheric
chemistry and dynamics. The increase in radiative forcing from ozone is greater than carbon dioxide
emissions (see Figure 5)
However, the ozone is responsible for the destruction of atmospheric methane (CH4). Methane is also a
potent greenhouse gas, with an atmospheric lifetime of 14 years. The destruction of methane as a direct
result of aviation therefore reduces the extent of warming caused by aviation emissions.

Water vapour
Water vapour is also an important greenhouse gas, but emissions of water vapour from aviation only
have a minor direct warming effect. However, emission of water vapour at high altitudes will produce
contrails – the cloud-like trails behind aircraft that are visible from the ground (Figure 6). These contrails
also trap heat in the atmosphere and their warming effect is believed to be equivalent to that of carbon
dioxide alone (see Figure 5). Contrails do not form at lower altitudes, so could be avoided by flying at
lower. In practice this is not done as the fuel burn, and therefore running cost, is greater when flying at
lower altitudes where the atmosphere is denser.
The contrails themselves are implicated in the formation of high altitude cirrus clouds, which are believed
to have a strong warming effect on the atmosphere (see Figure 5), although quantification remains
poorly understood.
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Figure 6. Contrails are implicated in the formation of cirrus clouds.12

Soot and aerosols
Sulphate aerosols and soot from combustion also have small temperature effects on the atmosphere.
Traces of sulphur are present in fuel oil, and form aerosols of sulphate compounds. These reflect
incoming solar radiation back into space and so have a small cooling effect. Conversely, small
particulates produced from combustion (soot) trap outgoing infra-red radiation within the atmosphere and
so have a small cooling effect. These are both poorly quantified but are believed to be small effects that
roughly cancel each other out.

Level of our under standing
The level of understanding of each of these effects varies. The influence of carbon dioxide is well
understood, ozone and methane progressively less so, and contrails and cirrus clouds poorly
understood. Therefore the more effects that are included, the better the scientific picture, but the greater
the uncertainty in values adopted.
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