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Abstract

This focus of this thesis is to provide an insight into fuel consumption and efficiency of
commercial aircraft. This is achieved by developing two methods to estimate the fuel
consumption using a top down, then a bottom up approach respectively. The estimation
methodologies allow comparisons to be made between the methods, enabling the most
applicable method to be selected to suit user requirements. The factors which affect fuel
consumption are discussed, with potential fuel saving techniques for existing aircraft

presented.

The fuel consumption estimations are incorporated into an innovative flight booking tool,
which allow users to select flight routes based on environmental impact and on their
individual needs. This enables users to do their part towards fulfilment of an eco-conscience

industry.

Fundamentally, the analysis finds that the industry growth predictions do not meet
sustainability requirements. The paper discusses the unacceptability of the industry’s
complacency and overreliance on carbon compensation schemes, proposing the introduction

of legislation to catalyse the shift towards a sustainable future.

The analysis concludes that sustainability 1s achievable within the industry, but that this will

only be achieved through active input and efforts from all parties involved.
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Background

New studies (e.g. AGAPE 2010) show that set goals for fuel efficiency and CO2 reduction in
aviation may not be reached as originally (ACARE 2001) planed. This perhaps painful
insight should lead to a fundamental rethinking. Instead of getting bogged down in details of
technology it 1s time to step back and remind ourselves what 1s truly important and to look at
the bigger picture. We need not only a metric for climate impact of aviation, but first of all a
fuel metric. One that is meaningful, based on publicly available information and
understandable also for the air traveller. Each offered flight needs a label that clearly states
what it contains comparable with Quantitative Ingredient Declarations for food as demanded
by Food Labelling Regulations. Only with this information the passenger can make an
informed selection among the different products offered. This could boost the revolution in
air transport as initiated by air transport liberalization and growth of low fare airlines. Again,
as with low fare airlines, it will “ensure continued competition, consumer choice ... lower
fares” and will “contribute to the development of ... environmentally efficient travel”
(ELFAA 2004).

Task

The tasks of this thesis is to follow the ideas as expressed under background and to take this
general view on fuel efficiency in commercial aviation by looking at facts maybe not
addressed sufficiently in the past. Subtasks of this thesis are (given here as a general
guidance):

e Review: Literature / state of the art review including current fuel metrics (3 litres), traffic
forecasts, and strategic goals in the aviation sector and limits to growth (World3).

e Aerodynamics: Extending concepts of estimating drag polars from simple geometric
parameters especially considering induced drag.

e Flight Mechanics: Taking an extended look at the payload range diagram and the Breguet
range equation. Proposing a metric for fuel efficiency.



e Aircraft Design and Aircraft Operation: Discussing (i.e.) the influence of speed, altitude
and range on fuel efficiency and climate change.

e Air Travel: Investigating offered flights, routings through Europe, fuel efficiency,
graphical representations, forms and effectiveness of compensation schemes, proposals

for their improvement or replacement, “flight labelling” and booking support followed by
a discussion of (political) measures for its introduction.

The report will be written in English based on German or international standards on report

writing.
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Terms & Definitions

Additionality

Reduction in emissions by sources, or enhancement of removals by sinks, that 1s additional to
any of these activities that would occur in the absence of a Joint Implementation or a Clean
Development Mechanism project activity, as defined in the Kyoto Protocol Articles on Joint

Implementation and the Clean Development Mechanism (Gosling 2007)

Afforestation

Planting of new forests on lands that historically have not contained forests (Gosling 2007)

Carbon Lock-In

The condition which creates persistent market and policy failures that can inhibit the
diffusion of carbon-saving technologies despite their apparent environmental and economic

advantages (Unruh 2000)

CO2-e or CO2 equivalent

The concentration of carbon dioxide that would cause the same amount of radiative forcing as

a given mixture of carbon dioxide and other GHGs (Gosling 2007)

Contraction and Convergence

A framework developed in the mid-1990s by the Global Commons Institute (GCI) as an
antidote to the expanding, diverging and climate-changing nature of global economic
development. The model now at the core of the UN Framework Convention on Climate

Change has been approved by the European Parliament and many governments out with

Europe (Meyer 2004)
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Emissions Trading

A market-based approach to achieving environmental objectives that allows those reducing
greenhouse gas emissions below what is required to use or trade the excess reductions, to
offset emissions at another source inside or outside the country. In general, trading can occur
at the intra-company, domestic and international levels. The IPCC Second Assessment
Report adopted the convention of using ‘permits’ for domestic trading systems and ‘quotas’
for international trading systems. Emissions trading under Article 17 of the Kyoto Protocol is
a tradable quota system based on the assigned amounts calculated from the emission

reduction and limitation commitments listed in Annex B of the Protocol (Gosling 2007)

Multi-Staging

The process of separating long haul routes into a series of short stages. Implementation of
Multi-staging allows a reduction in TOW, thereby achieving a significant reduction in fuel

required for flight.

Optimum & Optimisation

Optimum within this thesis refers to the condition which provides the minimum fuel
consumption, measured using mass fuel required for a predefined range. Optimisation refers
to methods or processes performed to maximise this efficiency by providing a reduction in

fuel burn or fuel consumption, for a defined or maximum range.

Radiative forcing

Radiative forcing is the change in the net vertical irradiance (expressed in watts per metre
square) at the tropopause due to an internal change or a change in the external forcing of the
climate system, such as a change in the concentration of carbon dioxide or the output of the
sun. Usually, radiative forcing is computed after allowing for stratospheric temperatures to
readjust to radiative equilibrium, but with all tropospheric properties held fixed at their

unperturbed values (Gosling 2007)
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Reference Aircraft

Reference Aircraft are used throughout this thesis to assess and compare methods and
parameters. Both Airbus and Boeing aircraft are used as reference aircraft and are referred to
by manufacturer (Airbus ‘A’ or Boeing ‘B”) and model 1.e. B737 or A320. All aircraft
referred to within this thesis are jet aircraft. For simplicity, propeller driven aircraft have not
been considered in this analysis, though many of the underlying theories would be universally

applicable.

Reforestation

Planting of forests on lands that have previously contained forests but that have been

converted to some other use (Gosling 2007)

Sustainable Development

Development that meets the needs of the present without compromising the ability of future

generations to meet their own needs (WCED 1987)

Sustained Global Temperature Change Potential

The global mean temperature change after A years of sustained emissions of 1 kg per year of

a gas species (or 1 nautical mile per year for contrails and cirrus) (Schwartz 2009)

Three Litre Aircraft

Three Litre Aircraft refers to the application of the ‘litres of fuel consumed per passenger and
per 100 km’ fuel metric in aviation. Three litres is taken as the benchmark or target value to

allow direct fuel efficiency comparison, between modes of transport.
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1 Introduction

1.1 Motivation

As the world economy continues to grow, the need to achieve sustainable development
mcreases. CO, emissions and the requirement for sustainability are a global concemn, across
all sectors. Each sector must do whatever is within its power to ensure this is achieved. Closer
analysis has identified clear gaps between current mobility trends and sustainable transport
scenarios. This is especially the case with aviation, which is currently experiencing the fastest
rates of growth among all transportation sectors.

There exists little transparency within the industry, despite the obvious benefits such
transparency would provide. The unavailability of data has, in this regard, made estimating
fuel consumption of commercial aircraft a complex task. The Airline Assessment Index
summarises this frustration with;

“While it is well known that most air carriers have detailed information in regards to their fitel
consumption and fuel efficiency, this information is not publicly available. At present, it was not
possible to identify any suitable public alternative data source” AAI 2012.

This thesis presents techniques with which to arrive at estimates for fuel consumption, and
discusses fuel consumption within aviation. Areas of concern are identified as are current
practices which require closer scrutiny and re-appraisal in an effort to encourage transparency
within the industry, and to bring about a change in thinking with regards to the current
operating model 1n aviation.
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1.2 Objectives

This paper intends to address some of the key issues within aviation that the author feels have
been of recent, unduly overlooked or ignored. The thesis presents two methods for fuel
consumption evaluation and discusses the operational factors which influence fuel
consumption. Finally, the air transport model which is currently adopted is discussed. An
innovative flight evaluator system is developed, along with a discussion on the legislation to
encourage sustainability within the industry.

1.3 Structure of the Thesis
This structure of this thesis is as follow:

Chapter 2 Literature Review to provide context for the reader, as to the purpose
and scope of the thesis complete

Chapter 3 Method presented to estimate Oswald Span Efficiency Factor
Chapter 4 Fuel mass estimation method presented and discussed, along with the

proposal of an aviation applicable fuel efficiency metric. Further, the
effects of range on total fuel consumption are analysed and discussed

Chapter 5 Environmental benefits of variation of flight parameters including
flight speed, altitude and cruise Mach number are analysed and
discussed

Chapter 6 Flight booking processes are analysed, along with carbon offset and

trading schemes
Chapter 7 Thesis conclusion and final remarks
The reference of much literature has been employed, both within the literature review and

within the main body of text. All sources have been referenced, with a complete reference list
reproduced at the end of the thesis.
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2 State of the Art

2.1 Environmental Targets & Goals

The UN estimates the global population by 2050 at around 9.3 billion (UN 2011). As world
population continues to expand, growth demands in all sectors will continue to escalate,
gaining momentum as lower-income countries become increasingly industrialised
(IEA 1998).

Aviation 1s continuing to experience the fastest growth rates among all modes of transport
(IPCC 1999), and with as much as sixty to eighty percent of air traffic growth being
attributable to economic growth (Boeing 2012), greenhouse gas emissions from aviation are
currently and will continue to grow at a rate far in excess of those of other sectors
(Bows 2005). Expansion on such a scale will bring with 1t high levels of pollution and will
further increase the pressure on all sectors to reduce emission levels.

In response to these pressures, the governing bodies within aviation have outlined a set of
goals which, if met, will go some way to ensuring the industry’s sustainability. The
commonly adopted goal 1s for carbon neutral growth from 2020, and a 50% reduction in net
carbon emissions by 2050 compared to 2005 levels. These goals are championed by
industries bodies, including ATAG 2012, IATA 2011, ACARE 2011, as well as by the
aircraft manufacturers including Boeing, Airbus, Bombardier and Embraer.

It 1s becoming increasingly clear that the industry will not achieve these goals as predicted
growth rates currently outpace efficiency improvements rates.

2.2 Forecasting Exponential Growth

The incumbent aircraft manufacturers produce annual forecasts which detail their expected
growth within the aviation industry. These forecasts are used by many, including “airlines,
suppliers and the financial community [to] make informed decisions” (Airbus 2011) in
matters regarding aviation and air transport. These forecasts provide estimates for demand
and traffic growth using market predictions and extrapolated historical data (Boeing 2012).

These forecasts are rarely challenged and are generally accepted by the industry at large
which 1s unsurprising given the vested interest the parties involved have in the predictions.
Manufacturers wish for a stable, growing market, operators wish to ensure strength of
demand, and passengers wish for aviation to remain competitive, cheap and available.
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Analysis of growth predictions in conjunction with the set environmental targets reveals
striking contradictions. Figure 2.1 illustrates relative industry growth, and emission levels, as
a result of 5% annual growth and 3.5% annual efficiency improvement as the figure
discussed by Egelhofer 2008, concurrent with the IATA 2011. It must be noted that this
quoted level of efficiency improvement represents the best possible scenario for efficiency
improvement within aviation. This is through the assumption of either instant integration of
new technologies as they are developed across the existing fleet or, through technology
improvements in new and modified aircraft of such magnitude that they positively affect
global fleet average to this extent. Figure 2.1 therefore demonstrates that even if these
assumptions are valid, i.e. that if the ACARE 2001 goals are met, relative emission levels
will still increase exponentially.

Relative Growths
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Figure 2.1 Relative growths of Industry, Emissions and Efficiency based upon predicted 5%

growth and desired (maximum) 3.5% annual improvement of efficiency.

Put simply, aviation will only be sustainable if growth rates match efficiency improvement
rates. That however assumes the current model of aviation is already sustainable, and that
efficiency improvements of such scale are possible.

The TATA 2011 publication has to some extent acknowledged this issue, by realising these
goals cannot be met, instead indicating that technological shortfalls in efficiency will be
compensated through carbon trading schemes. This is demonstrated in Figure 2.2. In stating
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this, IATA 1is failing to realise that the issue of sustainability is a universal problem across all
sectors. If transport, or specifically aviation, is granted a higher degree of leniency than other
sectors, then over-proportionally large reduction penalties will be imposed on every other
sector (Ceron 2007).

Deregulation of the aviation industry in Europe in 1997 brought with it massive changes in
the way airlines were permitted to operate, which enabled the growth and development of the
low cost carrier model. The EU currently has 20 low-cost carriers, representing 40.2% of the
internal EU market. In 1990 there were none (EUROPA 2011). Passengers are attracted to
low cost carriers through low prices, yet they are ignorant of, or insouciant to, the increasing
cost to the environment (Uherek 2006).

24077 L Fleet renewal Global Tonne
2= Operations Ellllll:vnll]eters
== Infrastructure

200- Engine retrofits
00 & airframe technology

Biofuels

lun Offset, credits,
etc.

1604

1204

Indexed to equal 100 in 2005

100+ : at 2020 level
80 . . 1 .
2005 2010 2015 2020 2025
Figure 2.2 IATA industry predicted growth and anticipated efficiency improvements IATA 2009.

Prior to 2009, IATA was adamant that carbon neutral growth would be possible
without the need for offsets and credits.

The persisting upward trend in oil prices over the last several decades is set to continue.
Realisation of ‘Peak Oil’! is anticipated some time before the middle of the century
(Hirsch 2005), the consequences of which will further cause reserves to diminish, bringing
with it accelerated inflation of oil prices.

The unavailability of oil this will bring with it will further cause prices to rise, with an ever
increasing rate. The coupling effect of exponential growth, the increasing demand for, and

! Peak Oil is the concept first explored by Hubbard 1956, which refers to the point at which maximum oil
production is met, following which, production would enter terminal decline. The date of the reference
bears additional significance, in identifying that this issue is not a new one, and the public have been
aware this will occur for sometime, however the exact date Peak Oil will occur is the topic of much
debate.
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decreasing availability of oil will only cause the cost of air travel to further rise. As aviation
begins to become more expensive, passenger numbers and demand will begin to decrease,
placing great strain on the industry at large.

Despite predicting growth alone, these market forecasts have large implications for industry.
The forecast’s authors must recognise their implications, and realise that this exponential
growth in unsustainable. Airlines welcome the security provided by these predictions,
although it is the airlines that will ultimately bear the burden of decreasing demand and price
inflation.

2.3 Emission Awareness and Fuel Metric

There exists a wide variation in public awareness of the magnitude of the environmental
impact of aviation (Gossling 2007). This is, in part, attributable to the difficulty the public
have in assessing the real impact of aviation. This lack of clarity is by no means the fault of
the passenger, but is due to the number of contradictory sources either unintentionally
conspiring with or condemning the impact of aviation.

The airlines and manufacturers, who have the most accurate and detailed data on fuel
consumption, are currently free to publish selectively the data they choose, and to a large
extent control what 1s published by the media. Papers published by the scientific community
rarely gain widespread media attention, and do not possess the lobbying power of the airline
industry at large, inhibiting them from effectively communicating any message regarding the
associated environmental damages.

The aviation industry currently contributes around £11 billion to UK GDP per annum and
directly supports around 186,000 jobs (Gill 2007). While the industry provides such
economic positives, there is little (economic) reason for government to pursue legislation
which promotes awareness of detrimental environmental impact.

While many passengers acknowledge the significant threat of aviation to the environment, a
recent study by Cohen 2011, found there was little evidence that many consumers would
forgo long-haul air travel because of climate concern. Instead passengers perceived that the
extraordinary personal benefits of air travel outweigh associated emission impacts.

Further difficulty arises from the complexity of measuring and assessing the actual impact air
travel is causing to our health and to the environment. The delay between the cause and effect
of pollution means that the true impacts of pollutants are not experienced for some time
following emission Turner 2008. Were this delay to not exist, it is possible that the
population would pay more attention to the way resources are used.
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The idea of substituting the cost to the environment against the cost of time also causes
problems. A recent article for Hamburger Abendblatt 2012, for example, weighed up the
environmental impact of flying versus driving, from Hamburg to the south of Spain. The
article concluded that, while air travel was significantly more damaging to the environment, it

1s not possible to drive from Hamburg to the south of Spain in only two hours, which served
to justify taking the flight over driving.

The introduction of a metric which provides an indication of an aircrafts’ environmental
performance could aid passengers in assessing flight options. This concept is explored in
detail in sections 4 and 6 with the proposal of a metric system and the implementation of the
system as part of a ticket booking scheme. This would assist the public in flight selection and
provide awareness of environmental impact using an understandable rating system.

There currently does not exist, an industry standard fuel metric, which provides a simple and
accurate reflection of aircraft efficiency. While the European standard transportation metric
‘litres of fuel per passenger 100 km’ is frequently used by the aviation industry, aircraft have
such disparity in their operating efficiencies, that use of this metric is extremely misleading.

Lufthansa publish annual sustainability reports, detailing their fleet’s ‘specific fuel
consumption’, which is obtained by expressing absolute values in relation to transport
performance, stating;

“The ratio ‘litres per 100 passenger kilometres’ (I/100 pax km) is calculated on the basis of
actual load factors, distances actually flown [great circle distance] and the kerosene actually
consumed”, Lufthansa 2011.

Airbus, for example, use the metric to compare the efficiencies of the A380, stating that it is
‘more efficient than a small family car’ (Airbus 2011). While the A380 may potentially
achieve an efficiency similar to a small family car, this figure 1s so highly dependent upon
operational factors including crucially, seating arrangements, that its use across the board, 1s
extremely misleading.
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2.4 Carbon Trading

Several airlines, charities and independent companies offer the option of carbon offset
schemes. These schemes estimate the emissions generated by a flight, and enable passengers
to offset their carbon emissions by paying towards carbon offset schemes. These schemes
generally have a ‘carbon calculator’, which estimates flight impact per passenger, enabling
the passenger to pay directly for the emissions that they cause by taking that particular flight.

There 1s however a debate on carbon trading, in that the process by which a passenger is able
to pay to offset the effect of their flights, may be further adding to public indifference on
climate change. Monbiot 2006 for example, claims that trading carbon offsets is an excuse to
continue with business as usual, likening carbon trading to the selling of indulgences.
Gosling 2007 comments that voluntary compensation schemes have been criticised for
creating and fostering the idea that there are simple, and financial, solutions to unsustainable
lifestyles.

Credible compensation schemes will, theoretically, increase awareness among passengers, to
create a more carbon conscious society by offering acceptable solutions to passengers, who
may otherwise reject restrictions to air travel for economic, or similar, reasons
(Gosling 2007).

Compensation schemes work by providing support to one of two categories. These may be
biological ‘sinks’ where carbon is sequestered in biomass i.e. through afforestation or
potentially through algae for biofuel growth. Alternatively the schemes are ‘emissions
saving’, where energy-efficiency gains or replacement of fossil fuels by renewable energy
sources reduces GHG emissions from a business-as-usual baseline (Gosling 2007).

The additionality principle in carbon trading is one of the key issues of the carbon offsetting
system (Kollmus 2007). Additionality 1s the concept by which a scheme is able to verify the
offsetting that it provides. A scheme is said to be additional if the project only occurs as a
direct result of the finances made available from the offset scheme. Additionality 1s why
many carbon offset projects take place in developing countries, given that this requirement is
easier to demonstrate. The project must also ensure that an equal quantity of energy is being
offset i.e. that electricity is no longer produced from non-renewable fossil fuels after
construction of a wind farm.

An often 1gnored fact 1s that offset schemes too, are finite solutions. The area, for example,
available for afforestation will be filled completely by aviation alone by 2050 if all aviation
related climate impacts were to be compensated through afforestation (Boon 2006).
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Further, unless the trees planted through afforestation are not used for the production of
biofuels, to substitute for fossil fuels, the area used for afforestation would have to be set
aside infinitely to satisfy availability (Read 2005), i.e. the replanted trees could never be cut
down. Ironically, this might be even more problematic given that forests will increasingly be
at risk from fire, and drought, and pestilence as a result of climate change (Ceron 2007).

Under the Contraction and Convergence model, which is the widely supported model to
harmonise global greenhouse gas emissions to a safe, sustainable levels (Meyer 2004), show
that aviation will soon fill its quota of complete allowable emissions. This indicated that even
if all other sectors are zero-emitters, aviation will not be able to find enough compensation
for its own growth.

Yet another difficulty arises due to the lack of certification standards common to all offset
projects and vendors (Gosling 2007). Several certification/verification schemes exist,
including the Gold Standard (GS), Voluntary Gold Standard (VGS) and the Voluntary
Carbon Standard (VCS), which go some way towards addressing this issue however the
certification process generally causes the price per CO, tonne equivalent to increase, which
further decreases the scheme’s competitiveness. However with no certification standard, it 1s
difficult for passengers to determine with confidence a scheme’s viability.

2.5 The Limits to Growth

In 1972, a team lead by Dennis Meadows published “The Limits to Growth”, (LtG) which
detailed the method and results of modelling the consequence of exponential economic and
population growth and finite resources. The LtG model, which was simulated using the
dynamic non-linear feedback World3 modelling software, produced output scenarios for the
future based upon world population, industrial output, pollution, food production
and resource availability or depletion (Meadows 1972).

The fundamental result of the LtG model was that continuous growth would eventually cause
planetary limits to be exceeded, and cause the system to overshoot and collapse
(Turner 2008). Put simply, indefinite growth 1is impossible in a finite world
(Meadows 1972).

Thirty years following its publication, predictions from the LtG were compared with
historical reality by Turner 2008. The report concludes that the predictions made were
strikingly close to the reality, stating that;
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“Unless the LtG is invalidated by other scientific research, the data comparison presented here
lends support to the conclusion from the LtG that the global system is on an unsustainable
trajectory unless there is substantial and rapid reduction in consumptive behaviour, in
combination with technological progress.” Turner 2008

The scenario titled ‘standard run’, most closely resonates with real, historical data, which
results in global collapse before the middle of this century (Turner 2008).

The growth forecasts in aviation, discussed in section 2.2, are similar to those at the root of
the cause of the LtG overshoot and collapse. If the LtG predictions are realised, and the world
does experience overshoot and collapse, the first to suffer will be the non-essential,
unsustainable, high cost, highly pollutant industries such as the current aviation model.

The LtG model however demonstrated that collapse was not inevitable, and that a sustainable
society 1s both technically and economically possible. Such a society is likely to be much
more desirable than a society that continually attempts to solve its problems of constant
expansion (Meadows 1992).

Hirsch 2005 discuss that, with adequate, timely mitigation, the economic costs to the world
can be limited. If legislative action is taken two decades prior to the crash, the consequences
could be limited. If action is only taken one decade prior, the legislation will help, but the
system will still experience significant shortfalls in liquid fuels for roughly a decade
following the peak. However, if legislation waits until following the crash to address the
situation, the outcome will be severe.

Interventions which are not sanctioned in a timely fashion will result in the world
supply/demand balance being achieved through massive shortages, which will create an
intense period of significant economic hardship. Delaying action only serves to exacerbate
the costs associated with world economic collapse. As the world locks itself into high-carbon
trajectories while stabilization options progressively disappear (World Bank 2011).

It is clear that decisive action must be taken now, and that all parties involved must realise the
consequence of their actions and work together in a timely and appropriate manner to avoid
economic collapse. New technologies will provide some relief, although these will inevitably
fall short of sustainability requirements.
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3 Aerodynamics

Much of the proposed ‘radical’ new aircraft configurations, including natural laminar flow or
the blended wing body aircraft, focus predominantly on a reduction of zero lift drag Cp,.
While much effort has been focused on studying such a task, it seems that less focus is being
made on the evaluation and understanding of lift induced drag, Cp..

The benefit of such understanding is significant and the effect of Cp; extends beyond the
influence it exerts on aircraft performance in cruise. During take-off for example, induced
drag can account for anything between 80-90% of aircraft drag. Given the influence of
engine-out climb constraints on aircraft design, reduction in these areas can have a significant
impact on cruise performance Kroo 2005.

A computational method for estimating Cp; developed in conjunction with Nita 2012a i1s
analysed and modified to accurately represent the data extracted from two reference aircraft,
the B737-800 and the MPC752. These are then compared with the results of the A320
presented by Nita 2012b.

This method, in conjunction with an estimation method for Cp,, allows detailed analysis of a
range of parameters and characteristics for each aircraft. Performed in this way, detailed
examination may be performed on a range of aircraft parameters, and detailed study on
parameter variation may be conducted.

2MPC 75 was a project of the German company "Deutsche Airbus". The aircraft reached advanced stages of
design however it was never produced, and the project was cancelled in 1993.
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3.1 The Oswald Span Efficiency Factor

The Oswald (Span Efficiency) Factor, e, is a measure of the induced drag which arises from
the non-elliptical lift distribution of a wing. This relationship may be presented in several
ways, and 1s commonly given as per Eqn. 3.1.

C,, =~ (3.1)

Oswald factor is generally estimated using statistical historic data, or using relationships such
as those presented by Raymer 1989 or by the Finck 1978, Datcom method. These methods
are often static values which do not account for the dynamic dependency which exists
between M and e, as shown in Eqn. 3.2. Without accounting for this relationship, computed
values for Cp; and hence Cp, are likely to contain significant errors.

e=f(M) (G2

The Owsald factor is calculated analytically using the relationship as given in Eqn. 3.3
(Nita 2012b). This equation estimates the theoretical e, given egme, based on aircraft
geometric properties A4, @5, 44, given by Eqn. 3.4 and Eqn. 3.5 (Horner 1965), and f(4)
given by Eqn 3.6 (DeYoung 1955). ey, 1s then multiplied by correction factors %, g, and
ke, to correct for flow compressibility effects and statistical hierarchical effects observed to
exist as a result of aircraft configuration.

€ana = Ctheo keM kaS“rar (3 . 3)
1
Cheo = (.4)
1+ f(A—AL)4
£(2)=0.5242* —0.152% +0.165942 —0.07064 +0.119 (3.5)
AL =—0.35659 + 0.45¢ %750 (3.6)

The geometric parameters required for computation for each aircraft are given in Table 3.1,
along with the values for es, Which are calculated using Eqns. 3.3 — 3.6.

Table 3.1 Parametric values for A, @5, €4, and A

A A P25 €iheo
B737 0.219 9.4519 25.0235 0.98195921
MPCT75 0.2609 9.6 23.5 0.98034658

A320 0.24 9.5 25 0.98106254
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3.2 Correction Factors

The correction factors k. s and kg are found by comparing analytical with empirical data
for the three reference aircraft. This data is extracted from aircraft high speed drag polars,
such as that presented in Appendix B. These drag polars graphically depict the relationship
between Cr and Cp over a range of M during cruise flight. Data was extracted from these
polars using a pixel counter tool built in MATLAB®, enabling data extraction to the accuracy
of C; = 7.0 E-04 and Cp + 3.0 E-05.

The linear approximation to Cp vs C;°, provides values for Cpy and G (given by Eqn. 3.7) for
each value of M. The Oswald factor, eenp, 1s then calculated over this range using Eqn. (3.8).

2

G = (éf (3.7)
Di

e:$ 3-8

The compressibility dependence factor, k., calculated using Eqn. (3.9), is dependent upon
M, Mcomp and arbitrary co-efficients a, and b, This compressibility factor k,»; provides
increased flexibility over the Prandtl-Glauert compressibility correction factor, allowing
closer correlation between eg,, and the values of e extracted from aircraft data, through
minimisation of Eqn. 3.10.

. b,
M

1, JorM <M,

Ae=(e —e_ )’ (3.10)

Values for the co-efficients a, and b, are given in Table 3.2, which are depicted graphically in
Figure 3.1. The geometric mean of the plane drawn in Figure 3.1 is presented as the average
values for commercial passenger jet aircraft.
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Oswald Correction Factors Oswald Correction Factors

Figure 3.1 Graphical representation of ae, be, and ke st to locate geometric mean for the three
points
Table 3.2 Parametric values for ae, be, and Ke stat
ac be Ko stat
B737 -0.00063987 11.6625538 0.77854711
MPC75 -0.00122212 12.1985819 0.8526102
A320 -0.00270205 8.60171108 0.87859677
Geographic Mean -0.00152135 10.8209489 0.83658469

The compressibility correction factor 4, 1s calculated using Eqn. 3.9, and the values for the
reference aircraft, presented in Table 3.2, and illustrated graphically in Figure 3.2. These are
calculated for each of the three reference aircraft, for the mean values and for the Prandtl-
Glauert method over a range of M typical of the high speed drag polars. It is observed that the
compressibility factors of the three aircraft exhibit a close relationship over the range of M, a
feature which the Prandtl-Glauert method does not accurately mimic.

The values presented for k. s:: in Table 3.2 are applicable to each individual aircraft, and
would produce reasonable accurate results were these to be used on similar category aircraft.
Nita 2012b however expands upon this, by presenting values for &, s, for other aircraft
categories, as per Table 3.3. These have not been analysed in detail within the context of this
thesis, and are hence presented for reference only. The rank applied to each aircraft category
1s concurrent with expectations for each category aircraft i.e. it is expected that fighter aircraft
would have a lower Cp; than a commercial airliner etc.

Table 3.3 Values for ke siatfor a range of aircraft
Aircraft type Kestat Rank
Jet Airliner 0.837 1
Business Jet 0.836 2
Propeller Aircraft 0.786 3
General Aviation Aircraft 0.779 4
Military Fast Jet 0.762 5
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Compressibility Correction Method Comparison
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Figure 3.2 Comparison of compressibility factors k.,M observed from reference aircraft, Prandtl-

Glauert correction and averaged method using the geometric mean of plane mapped
using the reference aircraft data

3.3 Resulting Analysis

The applicability of the method extends beyond fuel mass estimation techniques, and along
with several other parameter estimation methods, provides a powerful tool for aircraft
analysis. To 1llustrate this, the results obtained using the method, eemp, and eaq are plotted
against M in Figure 3.3 for both the B737 and the MPC75. The results demonstrate close
correlation between the empirical and analytical data, which serves to verify the accuracy of
the method.



33

737evs M MPC75evs M
08 09
0.75} . 08r
07
07}
06}
0.65f
® o 05F
06}
04t
055} 03l
05} * Cemp 02}
—e
ana 1 L 1 1 0 1 I 1 I
0'4%_2 04 06 08 1 '6_2 04 06 08 1
M M
Figure 3.3 Measured eemp and eapa vs. M

Similarly, a range of parameters may be calculated to examine the relationship between M
and Cp; on aircraft behaviour. This is illustrated in Figure 3.4, which depicts the relationship
between the lift to drag ratio, Ejg,, and M. The analytical model assumes constant Cp, and
does not include any effects which may arise due to wave drag, which explains the deviation
between empirical and analytical methods at lower M. E,,, 1s calculated using Eqn. 3.11.

1 |zde
E, =—|— 3.11
Max 2 C ( )

Do

T3TEvsM
1851

181 *
175F
17

165F

155F

151

145 «

emp

141 E e

13_5 I T 1 1 1 L 1 1
02 03 04 0.5 06 0.7 0.8 09 1
M

Figure 3.4 Empirical and analytical values for Eyay vs. M plotted for comparison

Finally, the drag polars, from which the original data was extracted, are reproduced
analytically, as presented in Figure 3.5. These may be compared directly with the original
drag polar, given in Appendix B.
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737 High Speed Drag Polar
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Figure 3.5 B737 high speed drag polar reproduced analytically, for comparison with real drag
polar, given in Appendix (B)

The results of the analysis, notably the drag polar reproduction in Figure 3.5 demonstrate the
accuracy and versatility of the method presented. The method may be applied to any aircraft,
requiring only basic aircraft geometric parameters, and the correction factors given in Table
3.2 and Table 3.3 for computation. It was found during the analysis that the geometric mean
of the points for the three reference aircraft provided a good approximation for these
correction factors, and did not produce significant deviation from any of the reference aircraft
individually.

Access to drag polars for a range of aircraft, including in different categories of aircraft,
would enable further verification of these results enabling overall improvements in the
accuracy of this method.
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4 Flight Mechanics

4.1 Breguet Factor

The Breguet Range Equation, given by Eqn. 4.1 1s a range estimation method, developed by
French aviation engineer, Louis-Charles Breguet (1880-1955).

R:@h{ﬁj (4.1)
cg \m,
g-VE
g 4.2)

The Breguet factor given by Eqn. 4.2 may be calculated using several methods, two of which
are presented here. The first uses a bottom up approach, by calculating aerodynamic and
aircraft parameters empirically. Methods such as those presented in Section 3 along with
Eqn. 4.3 provides computation of Cr, and Cp, hence these parameters, in conjunction with the
fuel consumption estimation method developed by Hermann 2010, given in Eqn. 4.3, and
method for flight speed estimation provide every parameters required to for B. The full
derivation of the Hermann 2010 method may be found in Appendix C for reference.

€, = m: (4.3)
pV-S
0.697\/?(.;;5 —g9-—£)
c= 0 M comp (44)
\/ S X0 agiver "1+ 15 XBPR)(G +0.2xMa>BPR™™) _ Ma x(1 + BPR)
Npr

This method enables computation of B, and hence fuel consumption (as per Section 4.2), to
be performed with relative ease, to a significant degree of accuracy. However much of the
data required here is often difficult to find, accurately predict or compute. This can cause
problems when using this method for analysis of commercial aircraft, and hence an
alternative method is developed to be contrast with the method presented above.
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The approximation that B remains constant during cruise flight allows manipulation of
Eqns. 4.1 and 4.4, to arrive at a method to calculate B, given by Eqn. 4.5, using only mass
and range data. This provides a straightforward method of calculating B given that the data
required is readily available in airport planning and aircraft payload range diagrams.

B=—"— (4.5)

Airport planning documents, used for airport construction purposes, are generated by the
aircraft manufacturers and are specific to individual aircraft or variants. These documents
contain aircraft data including range and mass composition, presented in the form of a
payload-range diagram. A typical payload-range diagram is presented in Figure 4.1. Many
airport planning documents are available for free online, with both Boeing and Airbus, for
example, publishing them via their respective websites (Airbus 2011, Boeing 20121).

MZFW Limited

MTOW Limited

Fuel Capacity Limited

Py frmrmrmimmim e

1
i
1
1
1
Y
i
i
1
1
1
1
i
1

Payload

Ry Rz Ra
Range

Figure 4.1 Schematic of typical payload range diagram

Referring to Figure 4.1, the points R;, R, and R3, are commonly referred to as ‘range at
maximum payload’, ‘maximum range’, and ‘ferry range’ respectively. Flight section 1 1is
between 0 and R; flight section 2 is between R; and R, and flight section 3 is between R, and
R;. The flight sections are limited by payload (MZFW), MTOW and by maximum fuel
capacity respectively. Flight section 2 require a trade-off between fuel and available payload,
while flight section 3 is unique in that range is dependent on payload carried, and not on fuel
available, since fuel is already at maximum.
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Standard payload-range diagrams consist of three flight sections, defined by aircraft range.
Each flight phase is limited by an inherent aircraft parameter/capacity, which i1s illustrated in
Figure 4.1 and in Table 4.1. The parameters required to calculate B for each flight phase are
also identified in Table 4.1.

Table 4.1 Flight Phase limiting parameters, including details on mass and range composition for
use in Breguet factor estimation method discussed in section 4.1.
Flight Limitin
Rar%ll ge Paramet?ar m m2 R
1 MZFW Muto MuzF R + Rges+ Vioi tor
2 MTOW Myto Muyto - MEMax R2 + Rees+ Vior fro
3 Fuel Capacity Mog + Mg pax Moe R3 + Rres *+ Vior tior

This method provides three values for Breguet factor, at the extreme of each flight section.
These however assume the aircraft is i cruise from point to point, and does not account for
losses accrued during the flight stages of the LTO cycle. Fuel mass fractions, defined as the
ratio of fuel mass between flight stages, in per Eqn. 4.7, are factors to account for the various
losses or changes during each flight phase.

M, _m (4.7)

m,

The fuel mass fractions for the full mission are given by Eqn. 4.8. This defines the fuel
fraction for each flight stage, working from left to right from shut-off through to take-off
flight stage. Eqn. 4.8 is redefined using Eqn. 4.9. Figure 4.2 is used to illustrate the various
flight stages as they occur during flight.

Mgy myp My Mpps Mpge Meg Mpge Meg Meg Mgy N
My = = =— (4.8

m; My Mpgs Mggs Mep Mpps Meg Mo My My 0

Mﬁ“ = Mjfi. Wﬁ,wf Mﬁ',DES Wﬁ’,RES Mﬁ',(ﬂi Mﬂ,DES Mﬁ',CR Mﬂﬂw Mﬁ=m (4.9)
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Figure 4.2 Mission fuel and reserve schematic, including reserve flight phases
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Defining the separate mission stages as per Eqns. 4.10 and 4.11, we can shorten Eqn. 4.9, to
arrive at 4.12.

Mﬁ',LTO = Mﬂ,m XMﬁQCLB XMﬂ,DES XM;?',L X*Mﬁtcw XMﬁ',DES (4.10)
M ff .CR-RES—LOI — M fF.CR xM fF.RES xM f.Lor (4.11)
Mg =M g 170 "M g crges-ror (4.12)

The fuel mass fractions for each stage of the LTO cycle were calculated using an aircraft
design optimisation tool OPERA. While it 1s recognised that the fraction fuel burn for each
stage of the LTO cycle are not equal, it was found during the analysis that the errors produced
through estimating each stage fuel fraction as 0.994 was not significant, and provided better
results over estimating individual stage fractions. The fuel fraction for the LTO cycle is hence
given as per Eqn. 4.13.

M 4 170 =0.95929 (4.13)

Eqns. 4.14 - 4.16 are therefore used to calculate the Breguet factor at the Max payload range,
max range and ferry range or B;, B, and B; respectively.

— Rl +RRES + VLOI )Q‘LOI

]Il[Mﬂ:Lm mrm]

Mg — Myge

B, (4.14)
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B — RZ +RRES +VLOI >¢LOJ (415)

2
111[ MﬁZLIU XM o ]

m

—m

MTO F _Max

_ Ry + Ry +Vior X0 _
ln[ M f.LTO XMy + ”?F:Max)]

Mg

B, = (4.16)

B; 1s taken to represent the Breguet factor for the entire first flight range, and linear
interpolation, calculated using Eqn. 4.17, which calculates B, for values between B; and B,

and between B, and B;.
B . —B
[7'“ d ] (4.17)
V... —F:

4.2 Fuel Mass Calculation

Employing the method to calculate B(r), as per Section 4.1, fuel mass may be then calculated
by using Eqns. 4.18 - 4.20, which determine the fuel fraction for each stage of the flight
regime.

My :’;ﬂ:e E (4.18)
CR
RRES
. "”DES _ 3
RES
Viortior
_omy
Mﬁf:wf = —e (4.20)
Myo;

The fuel fractions for the standard flight, 1.e. a flight which does not make use of the reserve
fuel is defined as per Eqn. 4.21. The remaining, unused, fuel left on-board is then defined as
per Eqn. 4.22.

Mg =M g XM g ppe XM g g XM g c15 XM 4 1 4.21)

M g zmry =M g 10 XM g pps XM g gog XM & 15 4.22)
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Fuel mass is calculated using Eqn. 4.23 for any range between r; and 1.

Mg op = Mpo (1 _Mﬁ',sm) (4.23)
Between point 1 and point 2: mro= MuTO
Between point 2 and point 3: mro= mog + myr + mpr(R)

For a flight range up to section R;, the take-off mass mzois imitially unknown. Using
Eqn. 4.24, we arrive at Eqn. 4.25, which calculates the fuel remaining i.e. the unused reserve
fuel for the flight.

mz =m

—m, (4.24)

S mm[ ! —l] (4.25)

A g .REM

Total fuel mass 1s then calculated by Eqn 4.26, and standard fuel mass is using Eqn. 4.27.

Mg rorar = mm[% —1J (4.26)
ff.TOTAL
Mg syp = Mg goras — My rey (4.27)

Eqn. 4.27 may then be manipulated mto a full mission fuel metric, as given in Eqn. 4.28. This
may also be expanded into the common I/ (100 km.Passenger) metric using cargo and
passenger load factors, similar to that which is performed in the automotive industry, as per
the analysis performed for Figures 4.6 and 4.7 in Section 4.3.

m m —m
F_STD F TOTAL F_REM
= (4.28)

R R
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4.3 Fuel Consumption Analysis

To validate the results of the fuel mass estimation methods, fuel consumption calculated for
the B737 reference flight i1s compared with the payload range method presented in
Section 4.1, and with data on 737 fuel consumption taken from ICAO 2010, which estimates
fuel consumption using the CORINAIR fuel database. The reference flight conditions are
defined as per the payload range diagram, for a flight range of 3000km. For the B737 this
equates to a flight between 31 kft and 35 kft (9.5 km and 10.7 km), at M of 0.76 (LRC) for
standard atmospheric day + 10°C. For this flight, take-off weight is estimated using an
approximate TOW resulting from the payload range analysis method, at approximately
maximum payload.

The results of this comparison are presented in Figure 4.3, which demonstrates the close
correlation between all four estimation methods. The ICAO estimates include default airline
load factors 1.e. reduced TOW, which have not been accounted for in the payload range or
Breguet analysis. This serves to explain the differences which exist between the estimation
methods. The Breguet method including fuel reserves is presented to illustrate the fuel
reserves which would be required for the flight specified as opposed to the fuel actually

consumed.
Comparison of Fuel Mass Estimation Methods
12000
10000+ -
8000 -
< 6000} ]
E
4000 -
v s . Breguet Method
2000 . ---- Payload Range Method |
g —— ICAOQ Estimates
— Breguet Method w/Reserves
00 1000 2000 3000 4000
R [km]
Figure 4.3 Comparison of fuel mass, mg estimation methods for 3000km - B737

Following verification of the method(s), an analysis tool was developed using MATLAB®,
which allowed analysis to be performed on a large number of aircraft simultaneously,
requiring only weight and range data to be input for each aircraft. The resulting fuel masses
required for the complete aircraft range are then analysed to examine changes in both
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consumption and efficiency over each flight section. The results for the B737-800 are
illustrated graphically in Figure 4.2 - Figure 4.5.

B737 - m, vs R
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Figure 4.4 Fuel mass, mg vs. range, R - B737-800

Figure 4.2, illustrates the exponential relationship between fuel mass and range over the first
and second range conditions, demonstrating a quasi-linear relationship over these ranges,
which becomes more apparent on aircraft with longer ranges.

Fuel mass required is constant, at maximum fuel capacity, for the third range condition.
Flights in this region require a reduction in payload to allow additional range, which is
approximated using the linear relationship given in the payload range diagrams.

Figure 4.2 and Figure 4.3 demonstrate the efficiency behaviour of the aircraft. For both flight
ranges one and two, the efficiency of the aircraft worsens with range. It is interesting to note
that flight range two is considerably more efficient than flight range one, since B, is greater
than B;. This efficiency improvement is however at the expense of additional payload, a
phenomenon which 1s not easily observed when using the Breguet range equation alone. It is
hence that this method of analysis presentation provides interesting insight into the real
implications of aircraft range.
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Figure 4.5 Fuel mass, me /Range, R vs. Range, R - B737-800

Figure 4.6 and Figure 4.7 illustrate demonstrate the discussed 1/ (100 km.Passenger) for both
the B737 and the B777. These have been calculated using the standard number of seats as
specified by the manufacturer, using the EASA 2008 recommended weight of 94 km per
passenger, incorporating the load and cargo factors specified by AAI 2012 to arrive at an
approximate average value with which to compare aircraft to the much used
1/ (100 km.Passenger) metric used for road transport.

Figure 4.7 1s presented to further illustrate the changes which occur over longer ranges, where
the exponential relationship between range and fuel consumption is more apparent.

It is observed that the aircraft efficiencies are almost linear for the first and second flight
section and that in all instances, efficiency decreases with range. The efficiency change in the
third flight section diverges towards infinity at R;, hence both figures only depict the change
in efficiency up to the point mid-way between R, and R;, to illustrate the concept.
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Figure 4.6 Litres per passenger 100 km vs Range R - B737-800
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Figure 4.7 Litres per passenger 100 km vs. Range R - B777-ER
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4.4 Fuel Consumption Summary

The payload range method presented 1s differentiated from other fuel consumption estimation
methods 1in that it uses a top down approach using real flight data, as opposed to approaches
which calculate fuel consumption based upon aircraft build up and composition, such as the
method of calculating B using aerodynamic data. The comparative analysis performed,
indicate that the method produces accurate results, despite requiring significantly less input
data and computation than alternate methods.

The method is, however, limited to aircraft with specific payload range diagrams, Boeing for
example produce only one payload range diagram for both the B737-800 and the B737-800
winglets. While both aircraft are fundamentally similar, they possess small, but significantly
different performance characteristics. In such circumstances however, correction factors
could be employed to reflect these performance differences. This may also be said for

performance upgrades or deteriorations over time, which would similarly, not be reflected in
the method.

Furthermore, the method requires little assumptions be made regarding actual aircraft
operation, using only data which is provided directly from the manufacturer in the
computation process. Despite this however, these assumptions may possess the potential to
create non-negligible errors in absolute fuel mass calculations. If the user of the method is
aware of these issues, and the methods limitations, then it may be used in relative fuel
consumption estimation purposes, such as that presented in Section 6.
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S Operation & Aircraft Design

5.1 Introduction

When assessing operating costs, an airline must consider both the time and monetary
implications of each flight. Factors including, aircraft lease agreements, staff salaries and
desire to maximise productivity, for example, all carry financial implications, which must be
accounted for during flight planning. If the price of oil however, continues to rise as is
predicted, or if taxes were imposed upon aviation fuel, minimising fuel consumption would
become the primary factor which influences airline operations.

To combat fuel price rises, several airlines have taken measures such as reducing flight speed
in an effort to reduce fuel consumption. Northwest Airlines have, for example, adopted lower
flight speeds which they project will, on one long haul (Minneapolis to Paris) route, save
them approximately 162 gallons (481.5 kg) of fuel, while only increasing total trip time by
around 1.5% (New York Times 2008).

The effects of similar parameter variation is analysed in detail, to investigate the fuel saving
potential through operation and flight regime optimisation. The analysis is achieved through
application of the method to calculate e, as discussed in Section 3.

The analysis 1s performed using both the B737 and A320 reference aircraft, using the aircraft
specific values for the co-efficients a, and b, to ensure greatest accuracy in the method. The
Breguet factor, is then calculated using the aerodynamic equations and the method of
calculating ¢, presented in Hermann 2010, as per Section 4.

The reference flight is taken as a flight with a range of 3000km, which for the B737 this is a
flight between 31 kft and 35 kft (9.5 km and 10.7 km), at a cruise Mach of 0.76 (LRC) for
standard day + 10°C.
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5.2 The Effect of Independent Variation of Cruise Speed and
Altitude on Fuel Consumption

Fuel consumption is affected by flight altitude due to the effects of both temperature and
density changes on E, M, V and c. The relationship between mg and h is depicted graphically
in Figure 5.1(a), from this, it 1s clear that the optimum flight altitude lies at approximately
9700m. This represents the optimum altitude at an instantaneous point in time for the cruise
flight. Over the course of the flight this optimum would increase as fuel 1s burned i.e. for the
cruise climb condition, which in reality would be approximated using a stepped
approximation to cruise climb, dictated by ATC.

These findings are concurrent with the optimum / suggested by the manufacturer in the
payload range diagram, and it is clear that deviation from this optimum would result in a non-
insignificant reduction in fuel burn.

Similar analysis is repeated to study the possibilities for fuel burn reduction through a
decrease in cruise speed. The analysis performed returns a similar outcome, depicted in
Figure 5.1(b), arriving at an optimum cruise speed of around 220m/s, which at 9700m
translates to a cruise M of 0.76 (LRC), as given in the payload-range diagram. This speed
would allow significant reduction in fuel consumption over higher flight speeds typical of
standard aircraft cruise speed, which for the 737-800 1s approximately M of 0.79.

" hvs m, (M=0.76) " Vvs m, (=11000m)
35X10 : . : 14210
3l 13F
12+
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g 2 11
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1 L . h 0‘? r L r L r
0 05 1 15 2 40 160 180 200 220 240 260
h (m) x10* V (mis)

Figure 5.1 (a) (left) Altitude, h, vs. fuel mass required, mg, (b) (right) True Airspeed, V, vs. fuel
mass required, mg
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5.3 The Effect of a Parallel Variation of Mach and Altitude on
Fuel Consumption

The analysis performed in Section 5.2 did not yield a significant fuel reduction through
variation of eirther cruise speed or altitude independently over the reference case. The effect
of a parallel variation of both M and / 1s performed on the aircraft.

The analysis 1s performed using an iterative process, which is required due to the inherent
dependency which exists between the flight condition parameters. Figure 5.2 illustrates this
process, which is repeated for each value of M between 0.3 and 0.82 in 0.01 step intervals, for
an altitude range of 1000m to 11000m in 500m intervals. Eqns. 3.3, to find ¢, and 4.4 to find
B are required to calculate each block in the diagram. Speed of sound «, and flight speed, V
are calculated using Eqns. 5.1, and Eqns. 5.2, respectively, using standard atmospheric data
for p and T, and standard value for the 1deal gas constant R.

Adjust h
Repeat for each M
A
M > e > h » P T,a V > B »| Compare > V&h
me (Opt)
Figure 5.2 Simplified process schematic for evaluating optimum V and h for each M

a=+\RT (5.1)
V =aM (5.2)

It is observed that hopr decreases as M decreases until a point at which the increasing
atmospheric density causes an increase in Cp, and reduction of £, which in turn causes an
Increase in mg.

The resulting parallel variation in both cruise Mach and altitude is plotted in Figure 5.3 for M
0.76 (LRC) and M 0.7. Figure 5.3 clearly demonstrates that the optimum / decreases as M
decreasing.

The optimum flight speed and altitude for the 737-800 is found to be M of 0.7, at an altitude
of approximately 8300m. Flight at this regime yields a 3.75% saving in fuel, which equates to
323.67kg fuel saved over the 3000km range when compared with the reference case. This
corresponding decrease in M and /# would only result a flight time increase of just over 17
minutes, assuming only cruise flight.
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Interestingly, the optimum flight attitude for the A320 occurs at M of 0.66, which 1is

significantly lower than the quoted M for long range cruise of 0.76, and significantly lower
than that of the B737-800.
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Figure 5.3
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Altitude, h, vs. fuel mass required mg for 3000km trip. lllustrates the decreasing
optimum h with decreasing M. M of 0.76 (LRC), M of 0.7 (optimum) and M of 0.65
plotted here to illustrate example - B737

The saving potential for one flight does not seem significant, but such optimisation would
allow significant savings were they to be adopted across an entire fleet. The trade-off which
would have to be performed between the additional flight time and the fuel saved would
however need to be addressed, and it may only become the case that this be viable in the
event of a fuel price shock.
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5.4 Emission at Altitude

The relationship between radiative forcing due to emission release and flight altitude as
discussed by, Kohler 2008 and Radel 2008 is analysed to assess the full environmental
implication of flight regime variation. Schwartz 2009 method of calculating the total global
temperature change, AT j00, as a result of one flight, given by Eqn. (5.3), is hence used to
assess the impact relative to the reference flight case.

N
woEis, +> SGTP, Ls, (5.3)

i=1 Jj=1

i=CO0,,H,0,CH,.O, Short, O, Long, soot, SO,

Ni
AT, = SGIP,

J = contrails, cirrus

This method assesses the impact of CO,, H,O O; Short, O3 Long, CHy, soot, SO, and Aircraft
Induced Clouds (41C), by taking the sustained global temperature change potentials SGTP; ;00
of each species, as a fraction of the species emission index E; and the aforementioned
radiative forcing factor s;; which occurs due to flight altitude implications. The SGTP; ;90 of
each species are presented in Table 5.1.

The emission index, E; defined by Eqn. 5.4, is the mass ratio of species emitted, EZ;, to fuel
burned. Values for EI; are also given in Table 5.1. The emission of species O3 Short, O3 Long,
CH,, are dependent on the release of NOx which is dictated by engine parameters, specific to
individual aircraft. An average value for Elyo, release for the 737-800, taken for from the
IPCC Guidelines on National Greenhouse Gas Inventories, was utilised in this analysis,
however Schwartz 2011, presents a method to approximate, given by Eqn. 5.5, which is
upon engine operating conditions including pressure, Pr;, measured in Pascal’s, temperature,
T3, in Kelvin, and specific humidity, Hy, in grams of water per kilogram of dry air.

E, =EI, xmn 549

P, T, H,
El,, =00986 —2 | exp 2 - —% 55
Nox (101325} p(194.4 53.2_) ©-3)

The change in radiative forcing factor s;;due to altitude for Oz Short, O3 Long, CHy, are given
in Figure 5.4. The forcing of CO,, H>O, soot and SO, does not change with altitude, and are

hence given a constant factor of unity.
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Table 5.1 Emission Index and SGTP; 4o radiative forcing for each species
i SGTP,; 190 E;
CO; [K/kg CO4] 3.58E-14 3160 [g/kg fuel]
H,O [K/kg H,0] 4 85E-15 1230 [g/kg fuel]
Soot [K/kg sulphate] 2.01E-10 0.04 [g/kg fuel]
S0, [K/kg sulphate] -6.19E-11 0.2 [g/kg fuel]
O5 (Short) [K/kg NO,] 7.97E-12 7.7 [g/kg fuel]
CH, [K/kg NO,] -3.90E-12 7.7 [g/kg fuel]
Os; (Long) [K/kg NO,] -9.14E-13 7.7 [g/kg fuel]
Contrails 2.54E-13 n/a
Cirrus 7.63E-13 n/a

This method does not provide a definitive approach to the effect or absolute values of
emissions, but is useful to estimate relative emission, by accounting for the effects of flight
altitude for a range of pollutant species, and not just CO,. This allows computation of the
method with a reasonable degree of accuracy. Only the cruise section of the flight has been
considered during this analysis, as the remaining cycles would be comparatively similar for
each given flight 1.e. the variation in cruise conditions does not affect the LTO cycle.

Forcing Factor vs Altitude
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Figure 5.4 Relationship between emission forcing factor, s, and altitude, h Schwartz 2009

The results of the analysis, presented in Table 5.2, further strengthen the case to reduce
aircraft flight speed and operating altitude. This reduction is most prevalent in the case of
Aircraft Induced Cloud (AIC) formation, which is highly dependent on altitude, demonstrated
in Figure 5.4.
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This analysis has been performed using optimised conditions for both # and M. It is visible
however from Figure 5.4 that a further reduction in flight altitude would result in further
reduction in radiative forcing due to emission release despite the increase in my, which would
occur as a result of a deviation from the optimum point. At this point, the trade-off between
increased fuel consumption for a decrease of environmental impact would have to be made

by the operator.
Table 5.2 Change in SGTP due to emissions as a result of flight parameter variation on 3000km
flight - B737
Normal Flight Flight at Reduced Mach & Altitude
mg 8625.5 8301.8
h (m) 11000 8300
h (ft) 36089.24 27230.97
Forcing Factor (AIC) 1.447396014 0.785862462
Forcing Factor (O;S) 1.548097175 0.79018154
Forcing Factor (O;L & CH,) 1.155631023 0.91045275
AT Gas 1.51E-05 1.45E-05
AT AIC 3.15E-06 1.71E-06
AT Total 1.83E-05 1.62E-05
% Decrease Gas n/a 3.75%
% Decrease AIC n/a 4571%
% Decrease Total n/a 10.99%

5.5 Implications of a Reduction of Altitude and Flight Speed

A variation in flight regime for lower cruise speed and lower altitude does hold implications
for aircraft operators. Aircraft at this altitude would become prone to increased levels of
turbulence typical of flight at such altitudes, which could increase pilot workload, through
IFR only flight, and could increase passenger discomfort.

Accustomisation to increased traffic at lower flight levels may be required by ATC to
accommodate flight at lower cruise altitudes, while maintaining sufficient separation between
aircraft. In reality, it may not be feasible that aircraft could operate exactly at individual
optimum conditions, as this would cause unrealistic constraints on ATC.

Other implications could include decreased available recovery time in the event of a stall or
dive, however the risk presented by these could be minimised through measures such as
increased or specific pilot training. Stall speed however would decrease with altitude, which
would reduce the likelihood of stall given this flight regime.
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5.6 Summary

It is apparent from this analysis that a reduction of either flight altitude or cruise speed alone
does not produce a significant reduction in fuel consumption from the LRC flight condition,
however through parallel variation of both Mach and altitude, it 1s clear that this potential
does exist. This analysis, therefore demonstrates that LRC speed trajectories are not
necessarily fully optimised flight profiles.

The industry resistance to the potentials available through a reduction in flight speed and
altitude is an example of ‘Carbon Lock-in’? (Unruh 2000), which if overcome, could allow
significant benefits through efficiency improvements. At present however, the tendency in
aircraft design is to focus on maximising productivity through financial return, with little
thought given to environmental implications.

From the perspective of the airline, any time lost through cruise speed reduction could be
recouped 1f attention was directed towards minimising aircraft turnaround time. Generally,
maximising productivity and aircraft usage is a primary driver of operation, however in
circumstances where this does not dictate schedules i.e. if the aircraft must be parked or
unused overnight the savings available through fuel reduction could be of greater magnitude
than the cost associated with the additional flight time.

From the environmental perspective, the significant benefits of flight speed and altitude
reduction should outweigh the financial implications to the airlines. However motivation to
make significant changes for ethical reasons will inevitably carry less influence than financial
considerations.

* Carbon Lock-in is the condition which creates persistent market and policy failures that can inhibit the
diffusion of carbon-saving technologies despite their apparent environmental and economic advantages
UNRUH 2000
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6 Air Travel

The often neglected issue with carbon trading schemes is that the practice of emission trading
and purchase of offsets does nothing to directly reduce aviation emissions. These trading
mechanisms are (or should be) ways with which to mitigate the damage of (unavoidable)
emission release. When taking a flight is unavoidable, a method with which to assess the
impact of individual flights would greatly increase the options available to the passenger to
select the most environmentally friendly flight.

This chapter explores the options available to passengers for reducing emissions, through
intelligent flight evaluation and emission offset schemes, finally proposing the introduction of
legislation within the industry to induce sustainability.

6.1 Flight Selection

There are many factors which influence ticket price, and many components to flight cost
breakdown. The cost of fuel represents a significant component to the price of each ticket,
however it 1s often not the case that the shortest, direct flight, or flight which requires the
least fuel 1s also the cheapest. This phenomenon is frequently observed when airlines hold a
monopoly on a direct route or on city pairs, enabling freedom through price adjustment based
on increased demand and convenience.

The results of the analysis conclude that there is often no relationship between environmental
impact (fuel burn/fuel required) and ticket price. On the contrary, in many cases flight options
with large, excessive detours would often be the cheapest travel option. The author of this
thesis has, for example, first-hand experience of this, flying several times with significant
detours to save on ticket cost. These flights have included from Glasgow (GLA) to Barcelona
(BCN) via Ibiza (IBZ), and from Glasgow (GLA) to Budapest (BUD) via Paris (CDG). In
both instances, direct flights, or flights with lesser detours, were available, only at a
significantly higher price.

In certain instances however, it is the case that the direct or shortest distance flight does
offers the cheapest route option. This is frequently observed in the presence of a low cost
carrier, or when several airlines offer the same or similar services, forcing competition.



6.2 Emission Estimation & Compensation Scheme Effectiveness

The discussed complexity of accurately estimating fuel consumption causes significant
deviation between the mass of fuel, and therefore CO,, estimated per flight by each carbon
offset supplier. In an attempt to overcome these difficulties, several organisations, such as
ICAO 2012 and Atmosfair 2012, have developed intuitive CO, emission calculation
methodologies. Several airlines too provide this service, such as Air France/KLM, by way of
online carbon or emission calculators. In the case of the airlines however, the complex
estimation methods are not required given their access to real consumption data. Despite this,
it cannot be concluded that the airlines’ predictions are the most accurate given the perceived
economic implications of publishing such figures. As a result of this, it can be problematic to
arrive at a scientifically sound evaluation for a given offset supplier beyond that which is
published or stated by the supplier.

Of the 27 offset providers for which detailed information was available online, the price to
offset one tonne of CO,e ranged from 4.05 € to 34.27 €. The average price per tonne was
11.85 €/t with a standard deviation of 6.55 over the entire data set. This analysis illustrates
the lack of correlation between the costs each provider values to compensate one tonne of
COge.

Using this information, a comparison is performed to assess whether such (low) costs could
feasibly remove, or in this case, prevent release of, one tonne of CO, from the atmosphere.

Table 6.1 details the equivalent electricity generated, in both joules and kWH, which would
result from the consumption of 316.54 kg of fuel, equating to the release of approximately
one tonne CO, tonne using a typical diesel generator. Table 6.2 details the fuel price per kg
and price for the mass of fuel consumed in this example. A large proportion of projects occur
in developing countries, which makes it considerably easier to prove they would not have
occurred without the financial support provided by the offsetters, as per the requirement of an
additional project, hence the price of fuel is estimated using prices defined by the Nigerian

oil index.
Table 6.1 Electricity generated through the equivalent consumption of 316.54 kg fuel which
equates to the release of one tonne CO,.

CO, (kg) Fuel (kg) Energy (Joule) Electricity (J) Electricity (kWH)
1E+03 316.45 13449.36 4539.16 1260.87
Table 6.2 Cost per kg, and cost for 316.54 kg diesel, taken as average price for diesel, Nigerian

oil index 2012

Cost/kg (€/kg) Total Cost 316.34kg Fuel (€)
0.89 282.19
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The German ‘Renewable Energy Sources Act’ (EEG 2012) defines the minimum prices
which must be paid to the supplier for energy produced through renewable means. This is
similar to the prices set by the UK authorities which are paid to suppliers who ‘sell’
electricity back to the national grid. Both include as a percentage, the costs which are
required to build and maintain the generating source. The prices of electricity generated using
solar technologies and both small and large wind turbines, defined by EEG 2012, are
therefore used to calculate price the equivalent electricity generated using the diesel generator
would cost to buy, as presented in Table 6.3.

It can be observed through comparison of Table 6.1 and 6.3 that in the cases of both
electricity generation through wind power, the price of offset is fully recoverable, and in the
case of solar power, falls only just short. This implies that provided a nominal fee 1s charged
for the electricity provided by these new green generation methods, which is anything up to
the cost of the fuel which would have been required to produce that energy using the diesel
generator, then the cost of offsetting one tonne of carbon is dependent on the fee charged, and
not on the price paid by the offset customer.

Table 6.3 Cost to consumer for 1260.87 kKWH electricity EEG 2012
Price Wind (€) Price Wind Large (€) Price Solar (€)
112.6 61.4 314.59

This illustrates the potential return available through selling carbon offsets for-profit. The
1ssue at this point, ceases to exist in the field of science or engineering, but rather becomes an
issue of ethics.

6.3 The Flight Evaluator

Several organisations have performed airline evaluations, including Atmosfair’s ‘Airline
Assessment Index,” AAI 2012, however this practice only serves to differentiate between
airlines and does not differentiate between individual flights or routes, which may result in an
unfair comparison being made. A flight evaluation tool the ‘Flight Evaluator’ has therefore
been developed to assess flight options based on cost, trip time and efficiency.

There are currently many possible methods of purchasing airline tickets. These include; direct
from the airline, through a third party such as travel agent or through an online flight search
engine. These search engines generally include options to arrange or choose flights by trip
time, price, airline and route etc, whereas at present there is no simple or straightforward way
of selecting or sorting flights by fuel consumption or environmental impact.
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The fuel burn estimation method presented in Section 4, allows the possibility of predicting
fuel consumption, which allows direct comparison between the environmental impact of
specific flights or routes. The concept is applied to a booking system to estimate both
absolute and relative emissions over the desired route or set of city pairs. Presented in such a
way, the system could be incorporated into an online website booking service, thus allowing
travellers the option of choosing or sorting flights based on the environmental impact.

To illustrate the potential of the Flight Evaluator, analysis is performed on a single trip
between Madrid (MAD) and Hamburg (HAM). This route was chosen as there is only one
standard carrier (Lufthansa) that offers the route directly, with no low cost carriers offering
the service. The direct flight between MAD and HAM is subsequently considerably more
expensive than the indirect options, despite consuming the least fuel of the possible route
options allowing a significant saving in fuel costs for the airline over the other airlines.

Performing a route search online, presents several possible indirect travel options. These
routes have been filtered to include only the cheapest option per airline operating the same
route 1.e. the flight evaluator only identifies the cheapest flight when several pricing options
exist for the same airline and route 1.e. due to the time of the flight etc. The system also does
not include route options which are more expensive than the available direct flight, or beyond
the flight with the least fuel burn since passengers would not, except in special circumstances
pay more for a longer travel time. The Flight Evaluator therefore presents a total of seven
possible flight routes, which are presented in Table 6.4, and illustrated graphically using a
route map as per Figure 6.1.

Table 6.3 highlights the potential for disparity between the cost of a ticket, distance travelled,
and the mr per passenger. Interestingly, the longest flight available is also the second
cheapest, and the two shortest flights are the first and second most expensive. Each of these
flights occurs within the first flight section for each aircraft, which is fairly typical of aircraft
operations worldwide.

Table 6.4 Flight Evaluator Possible Route Options, including route aircraft, price, GCR distance
and stop over aircraft, between Madrid (MAD) and Hamburg (HAM), typical day
- Stage 1 . Airport Stage2 GCR Distance Price mg
Airline AIC Via Code AIC (km) € (kg)
TAP A319 Lisbon LIS A319 2709 303 6879
Portugal
Aeroflot A320 Moscow SVO A320 5181 453 143.09
Swiss Air A319 Zurich ZRH A319 1931 516 47.62
Air Berlin A320 Palma PMI A321 2203 517 53.81
orkish - B737-800  Istanbul IST A321 4697 528 122.05
KLM B737-800 Amsterdam AMS B737-800 1837 682 47.97

Lufthansa B737-300 Direct n/a n/a 1778 717 4717
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Figures 6.2 - 6.4 present the flight data by graphically depicting the absolute values of cost,
price and time against one another.
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The horizontal and vertical dashed lines on Figures 6.2 - 6.4, represent the lowest value for
each axis. The point at which they cross is referred to the ideal condition. The coloured
dashed lines represent lines of constant change relative to this ideal condition as per the
legend on each figure. The purpose of these lines is to clearly illustrate each flights position
relative to the best possible option. This will allow the traveller to make their choices based
upon their specific requirements.

While these graphs provide helpful tools, for many, their addition may prove only to
complicate matters further, by appearing to 'overload the user with information. To prevent
this, the flights are also presented using a ranking system, again based upon relative
efficiency, time and price.

P —-P
X, = x ~ Mn (6.1)
PMax PMH
X, =1 Laam 62)
rMaX - tM."n
m —m N
X :1_ F,I F,Mﬂ (63)

j'”P’kaa'x _?”F=Mn

The ranking is calculated using Eqns. (6.1 - 6.3), which provide a rank based on the attributes
of each flight. This ranking is indexed to between 0 and 100, with 0 being the least efficient
or worst, and 100 being the most efficient or best. Presented in this way, the data the A-G
energy efficiency labelling system as per (EU 2006)” is applied to the output of the flight
evaluator, as per Table 6.5. The raking is also presented using the spider diagram charts given
in Figure 6.5, whereby the flights with highest area coverage represent the better or more
efficiently flight option.

Table 6.5 Relative ranking output from Flight Evaluator
TAP Portugal Lufthansa Lufthansa
Aeroflot 64 D Swiss Air Swiss Air
Swiss Air 49 E KLM KLM
Air Berlin 48 E Air Berlin 73 C Air Berlin
Turkish Airlines | 46 | E TAP Portugal | 48 E TAP Portugal 7 | C
KLM Turkish Airlines Turkish Airlines 22 F
Lufthansa Aeroflot Aeroflot

* EU Directive 2006/32/EC is applicable to ‘Energy End-use Efficiency and Energy Services’. To ensure

complete suifability, the introduction of an aviation specific directive would be advised
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6.3.1 User Customised Weighting System

Employing similar methods to those presented in 6.3, a fully customisable flight ranking tool
1s created to include both user Labour Rate, given L, and user carbon compensation rate, C.
The labour rate variable, in p/f, 1s equivalent to the user’s salary, providing a useful
benchmark for all travellers who directly evaluate their time in monetary terms, such as done
by for businesses. The Compensation Rate variable, in p/mco,, 1s the amount the passenger 1s
willing to pay to compensate per one tonne of CO,. This feature provides a useful comparison
with which to evaluate flight options against offered compensatory devices, and highlights an
important issue in the practice of carbon compensation.

The effective ticket price, Peg, calculated using Eqn. 6.4. Eqn. 6.5, 1s then used to rank the
user price, Py based upon the weighting system which 1s automatically applied via the user
input variables. This ranking is again evaluated on a scale from 0-100.

To provide illustration of the system, predefined rates for L and C of 6 €//h leisure, 20 €//h
business, and 0 €/tCO, indifferent, 25 €/tCO, green, respectively, are used in the analysis. The
results of which are presented in Tables 6.6 and 6.7 which allowing direct comparison of the
‘efficiencies’ of X,,, X;, and X,,r according to predefined input.

Py =P+ L(t, —tys,) + CMp pox — Mg pox ) (6.4)
P
_ eff .x
X I 1-—— (6.5)
eff . Max
Table 6.6 Flight Evaluator Leisure traveller Green and Indifferent customised ranking
Leisure
Green Indifferent
Airline Rankin Airline Rankin
TAP Portugal 100 TAP Portugal 100
Swiss Air 58 E Aeroflot 54 D
Air Berlin 52 E Swiss Air 50 E
Aeroflot E Air Berlin 48 E
KLM F Turkish Airlines 35 E

9
6
Lufthansa 4 - KLM 6 -
Turkish Airlines 0 Lufthansa 0
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Table 6.7 Flight Evaluator Business traveller Green and Indifferent customised ranking
Business
Green Indifferent
Airline Rankin Airline Rankin
TAP Portugal 100 TAP Portugal 100
Swiss Air 75 Swiss Air 54 D
Air Berlin 67 Air Berlin 48 E
Lufthansa 35 Aeroflot 25 F
KLM 33 Turkish Airlines 3
Aeroflot 7 - Lufthansa 1
Turkish Airlines 0 KLM 0

Tables 6.6 and 6.7 demonstrate that due to the low cost of carbon offsetting, unless
significant sums are willing to be wagered for the offset per tonne, then in almost every
instance, it 1s more economical to take the flight which best suits the user according to the
price, then time indexes. This highlights an important and disturbing issue in the current
model of aviation, that the environmental impact is getting ignored, not due to the fault of the
passenger, but due to the construct of the system. Unless interjectory action is taken to
change this, these practices will exist, and be accepted despite their environmental impact.

6.4 Political Influence within Aviation

The booking scheme presented in Section 6.3 will inevitably force competition between
airlines providing similar services. The ranking system and flight labelling would help to
increase passenger awareness of the consequences of each particular journey or flight. This
would serve to reward airlines with highest efficiency and lowest environmental impact.

Introduction of competition based upon emission reduction will not however be welcomed in
an industry which already struggles to retain profitability. As fuel prices continue to rise and
encroach on available profit margins, measures such as the flight evaluator encouraging
tougher competition would be met with strong resistance within the industry.
Environmentally positive competition will therefore not arise voluntarily, but will require
legislative action to encourage adoption by the industry. This issue 1s summarised well by
Hirsch 2005, stating;

“Intervention by governments will be required, because the economic and social implications of
oil peaking would otherwise be chaoftic ... Expediency may require major changes to existing
administrative and regulatory procedures such as lengthy environmental reviews and lengthy
public involvement”” Hirsch 2005.
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Mensen 2003, define three branches or tools, which can be used to create influence within
the aviation industry. These branches, defined as fiscal policy, administrative policy and
regulatory policy instruments are represented by Figure 6.6. Sections 6.4.1 — 6.4.3 discuss the
potential for utilisation of these tools to specifically influence a reduction in fuel burn
promoting sustainability within the industry.

It 1s important that policy which is introduced rewards those who operate efficiently and
provides incentives for airlines and operators to follow suit. This is a further example of the
limitation of voluntary carbon trading, as they provide airlines no incentive to increase fuel

efficiency.
Tools for Political Influence
I I
Fiscal Policy Administrative Policy Regulatory Policy
Charges Traffic Regulations Market Authorisation
Subsidies Administrative Regulations Capacity Control
Capital Investments Technical Regulations Price Regulation
Personnel Certification Monopoly Prevention,
Code-share & Co-operation
Table 6.8 Branches of political and regulatory influence. Reproduced from Mensen 2003

6.4.1 Fiscal Policy

Air transport currently enjoys an ‘unjustified competitive advantage over other modes of
transport’ (BUND 2007), through tax breaks and exemptions. Environmentally speaking,
fiscal policy should favour low pollutant modes of transport, such as rail. The introduction of
aviation fuel tax and the addition of VAT would help reduce the dichotomy between
transportation mequalities, going some way towards fairly aligning legislation applied across
all transport sectors.

The UK ‘Air Passenger Duty’ or German ‘Air Passenger Taxes’ are fixed fees dictated by
country of origin and destination, providing operators no incentive to reduce fuel burn. Such
taxes, result in little aside from potential growth-reduction effects resulting from higher ticket
price.
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The introduction of a tax on aviation fuel would not only provide incentives to reduce fuel
burn, but also raise substantial revenue. This revenue could be re-directed elsewhere, such as,
for example, towards development of greener transportation methods. The German Federal
Environment Agency, estimate that by 2020, the release of 14 million tons of carbon dioxide
would be prevented as a result of the introduction of a 0.30 € per litre tax on kerosene
(Matthes 2008).

Past attempts to introduce such a tax have however encountered vehement resistance from
within the industry. Lufthansa 2010 argue that taxes are counterproductive stating that:

“Aviation is the only global industry to have already pledged its unconditional support for climate
protection. By 2050, carbon emissions stemming fiom fossil fiiels are to be cut in half relative to
2005 levels” Lufthansa 2010.

The tax would need to be applied universally throughout block areas or countries such as by
EU, or by UN agreement, otherwise imposition of fuel tax would allow opportunity for
operation malpractice such as ‘tankering’’, or traffic re-direction.

6.4.2 Administrative Policy

Administrative policy, such as the introduction of flight altitude or flight speed restriction, as
discussed 1n section 5, offers a great source of, as yet, unexplored potential for emission
reduction. These policies could be extended to influence aircraft design, forcing mandatory
inclusion of efficient technologies and optimum design parameters, such as high aspect ratio
wings. This could further extend requirements for mandatory upgrades of technologies
including, for example, winglet retrofitting to existing aircraft. Short haul flights or flights
below a defined range of 1000 km for example, could be banned, and replaced with a clear
promotion of alternate greener transport, such as rail. Restriction of flight speed and
definition of a minimum range also provides the additional benefit of increasing the
desirability of alternative modes of transport over flight options.

3 Tankering is the term given to the practice of flying with additional fuel than is required when operating
to/from a country that imposes aviation fuel tax. This practice enables airlines to bypass paying fuel tax.
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6.4.3 Regulatory Policy

Perhaps the area with largest potential for policy induced efficiency improvement is to ban
the practice of selective publication through implementation of legislation which demands
that airlines and operators publically open up their data. The analysis performed in Section 3,
for example would not have been made possible were it not for the acquisition of drag polar
data for several aircraft, which serves as the perfect example of what may be achieved
through the release of only a very small amount of data. Simos 2010 indicates a similar desire
within the industry stating that;

“_..inefficiencies cannot be eliminated, but they can be reduced. Public transparency is as
powerfill a tool as coercion for reducing CO2 emissions. At a minimum, transparency is a
prerequisite to fair regulation” Simos 2010.

Aircraft cannot be copied or re-created using this data hence no competitive advantage would
be lost in it release. Further, operators, especially those who operate aircraft of competing
manufacturers, can and often do, exercise their right to receive detailed data for aircraft they
have, or would consider to purchase, leaving only the public, the end user of these products,
in the dark regarding the aircraft. Transparency within aviation will do nothing except
highlight areas of inefficiencies, which if dealt with correctly, will drive the industry towards
a more efficient future.

In this regard, given that the flight evaluator is limited to information available from the
payload-range diagrams, it cannot accurately discern between aircraft specific operational or
technological modifications if these are not specifically reflected in published payload-range
data. While this limits the applicability of the method, it would also encourage airlines to
adopt public release of consumption data to better reflect any positive changes or
modifications the airline has carried out on their fleet.

This policy, which could be implemented through, for example, adoption of an SAE Standard
of Recommended Practice to ‘Specify Fuel Efficiency’, using the fuel metric proposed in
Section 4 to provide reference to aircraft fuel efficiency. Adoption of this would actively
reward airlines that have pursued emission reduction techniques, through improved public
and eco-image leading to increased client-customer relationships.

Such a policy would not only improve transparency, it also enable enhances scientific
research in the field of aviation, which may be the only way the industry can or will ever
achieve the efficiency improvements required to achieve sustainable growth.
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7 Conclusion

Aviation 1s fast approaching a crucial point in its history, where the future of the industry is
somewhat uncertain. The industry has achieved a high level of technological maturity.
Remaining potential for efficiency improvements will continue to diminish, and only to be
fully realised at great expense.

Current growth in aviation is a classic example of ‘Jevon’s Paradox’, which states that
increases in efficiencies lead to increased, not decreased, levels of consumption. This
phenomenon is not a sustainable one.

It 1s not acceptable, or sustainable, for the industry to rely heavily on carbon offsetting, and it
must recognise the pressures that this practice imposes on every other sector. It must be also
be realised that efficiency improvements do not substitute avoidance, and legislation must
begin to reflect this especially when there are alternate modes of transportation available.

The industry must take responsibility for its actions, and realise that continuous growth may
not be required, or indeed be appropriate. Crucially, the industry must realise that to satisfy
sustainability, growth rates must be matched with, or exceeded by, efficiency improvements.
The point at which this unachievable should alert the industry that growth cannot continue.

Air travel and aviation are not often discussed within the context of overconsumption.
However the issues the industry will soon face are echoed by those industries facing similar
shortages and decline through ever increasing, unchecked growth. Similar to the issue of
overfishing for example, air transport has simply become too easy, too cheap, and too
available. Unlike fishing stock decline, the damage caused by aviation, 1s almost
immeasurable, and the true effect may not be witnessed for some time.

As with the LtG predictions, this thesis does not intend to portray air transportation
negatively. On the contrary, the intention is to stress the importance of working to achieve
sustainability, a goal which is both possible, and essential, and continual, unrestrained growth
1s not a requirement of overall industry prosperity. Air travel has the potential to be a
sustainable industry, without the need for carbon schemes, offsets or credits. This will
however, only occur if appropriate measures are taken to achieve this.

The implementation of legislation, such as that discussed, is an example of what is required
within the industry to ensure it achieves this goal. Sustainability is not something which will
occur naturally, but a goal that must be worked towards. Simple steps such as allowing open
access to data, promoting alternate means of transport for shorter distances, optimising
aircraft design for intended purpose, the implementation of new aircraft configurations, the
introduction of fuel tax and the development of algae based biofuels will all provide
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significant contributions to the problem of sustainability. Passengers, operators and
manufacturers must each play their part in working together towards this common goal.

The benefits and opportunity provided by aviation are unparalleled, and the possibility of
intercontinental and international travel is a luxury for which there is little or no comparable
substitute. It 1s for these reasons that the industry must achieve sustainability, to prevent the
deprivation of aviation from future generations.
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Appendix A —Fuel Metric Derivation

A.1 Breguet Equation

Range 1s calculated by integrating the specific air range. Breguet assumed that V, E and ¢ are
constant values. The aircraft mass however changes due to fuel burn.

_ dx
dmp
[ dr'_(g?]_ d \_V
? dm, ) \dt dm, ) O
vV _VE
O cgm
R=—[" Ea’ﬂf.ﬁv = mlEdm
™ cgim m cgm
The famous Breguet Range Equation 1s then
R= Em[&]
cg \m,

The constant factor in this equation is called the Breguet factor B and is define as

B="=
cg

Shortened

R:BmFﬁ]
m,
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A.2 Calculation of the Breguet Factor from a Payload-Range
Diagram

The 1dea 1s to extract B from a payload range diagram. So, re-arrange the Breguet Range
Equation for B to yield

R

m
111[ —L ]
.3”'2

B= (A1)

R 1s the range for which the fuel mass
Mg =m; —m, (A2)

1s burned m, 1s the mass of the aircraft before the flight (with trip fuel and reserve fuel) and
my 1s the mass of the aircraft after the flight (without trip fuel, but still with reserve fuel).

A.3 Fuel Mass Fractions

From A.2

Mg . My

=1

m m

1 1

With the definition of a fuel mass fraction

m
_ 1
M, =

m,

my = ml(l —Mﬂ) (A3)

The fuel mass fraction may be divided into the various flight phases and related mission
segment fuel mass fractions in which fuel 1s consumed. Going from shut-off (SO) to take-off
(TO) all mission segment fuel mass fractions multiplied yield

M. =Mso ML Mo Mpps Mzes M Mps Mer  Mas _ Mso _ M
5= = -2

m m m m m m m m m m m

L Lor DES RES CLB DES CR CLB o Io 1



77

my 1s the mass at the beginning of the respective flight phase. Taxi-out is not included
because the calculation here starts with maximum take-off mass #1750 at break release as
starting mass m; _

My =My, M g M oo M g s XM g XM g e XM e XM XM 1

Lol ff.DES f.CLB #.DES F.CR

If e.g. the fuel mass fraction for a flight phase 1s 0.994, then at the end of that flight phase the
aircraft mass is 0.6 % less than at the beginning of the very same flight phase. The total
sequence of flight phases is given in Figure A.1.

Cruise
w/ Steps

Reserves

Climb

Descent

Descent

Take-off

Taxi

Still Air Range Reserves

A

B d
» W

Block Time & Fuel

v

A
A J

Figure A.1: Sequence of commercial flight phases consisting of a normal flight carried on to an alternate
airport

Let us combine the mission segment fuel mass fractions that are concerned with take-off,
climb, descent and landing. The fuel consumed in these flight phases cannot be calculated
from Brequet but 1s given from experience

Mg 100 =M g 10 XM g 5 XM g ppg XM g 1 XM 4 o153 XM g s

The other mission segment fuel mass fractions for which the fuel consumed can be calculated
from Breguet are combined to

M ff .CR-RES—LOI — M fF.CR xM fF.RES xM f.LOI

By definition both newly defined fuel mass fractions multiplied give

M F= M f.LTO XMﬁ’:CR—RES—LOI
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Substituting this into the original fuel mass fraction equation;

_my

M g 170 XM 4 cp_ges—ror = "
1

which is re-arranged to give
m,

M ==
f.CR—RES-LOI
m, XM #.L70

We now apply the general equation A.1 for B, which in this full case is

B— Rer +_RRES Vo tior _ (A.4)

111[ Mﬁr:Lm X, ]

2

Ryps = kgps Reg + R 7
The required reserves follow from FAR Part 121 and CS-OPS. FAR Part 121 requires for

International reserves: kggs=0.10 (according to CS-OPS also lower e.g. 0.05)

tror=1800 s

R,;7=200 NM = 370400 m (for passenger aircraft with np,y > 100)
Domestic reserves: kres=0

tror=2700 s

R4r7=200 NM = 370400 m (for passenger aircraft with npsx > 100)

The numerator in A 4 contains the total range flown with the fuel

mg = (Mﬁ.’Lm ><m1)— m,

given as fuel mass fraction in the log-function. Note, the flight phases (abbreviated LTO) that
cannot be calculated with Breguet have been taken out from considerations.

The fuel mass fractions for each segment of the LTO cycle were calculated as 0.994, which
when combined (0.994°) give us

M =0.95929

f.LTO

B i1s calculated at three points in the payload-range diagram:
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e Point 1: range at maximum payload / maximum payload
e Point 2: maximum range / payload at maximum range
e Point 3: ferry range / zero payload

B — Ry + Rpgs +Vior >lror
1
M g 1o Xy
Myze

Myme = Mog + mymr

Mpy = Mymo — Mo — Mypr = Mymo — My

B — R, "_‘RRES Vo tior

2
In M #2710 Mpmo
—m

- Mymo MF

m m

Mmro — M

F2 = o — Mpy

From point 2 to point 3 the aircraft takes off with maximum fuel (MF) mass 1.e. with full
tank.

Myp = Mpy = Mg,

R; + Ryps +Vior X101
ln[Mf’Lm X(m +mMF))

Mog

B, =

Linear interpolation is then taken to find B between point 1 and point 2 and between point 2
and point 3. B; is used for the entire range from zero to max payload range. The linear
interpolation is calculated using;

B;r'+1 B Br‘ ]

¥,

i+1 '

B(r)=B, + (r—r})[

Between point 1 and point 2: i=1
Between point 2 and point 3: =2
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A4 Calculating Required Fuel Mass

Mission segment fuel mass fractions are calculated from A.1 for those flight phases where the

Breguet equation can find an answer.

For the three specific flight phases CR, RES, LOI

Rex
m
_Mpes _ 3
Mgo=—""=e
Mg
RR.ES
Y,  Mpgs —
f.RES =
T g
i,
?}I Lor*ror
_ mg B
Mg, o =
Mo

The fuel fraction for a standard (STD) flight 1s

Mﬁ',sm = Mﬁt}: XMﬁ',DES XMﬁ',CR X*Mﬁ:cm XMﬂ,m

The fuel remaining (REM) onboard 1s

xM XM g pes XM 5 15

Mﬂ REM M f.Lor ff.DES

The taxi-out fuel is neglected because the maximum mass of the aircraft is considered the
maximum take-off mass which the aircraft is allowed to carry when it is lining up on the
runway. The aircraft has a higher mass on the apron call the taxi mass to allow for sufficient

taxi fuel.

With A.3 we finally calculate the standard (STD) fuel consumption of the aircraft (without

reserves)
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I) For range between point 1 and point 3:

Mp s = mm(l—Mﬁr:m) . @
Between point 1 and point 2: Mro= Myro
Between point 2 and point 3: mro= mog + myr + mpr(R)

II) For range R on the left of point 1 the take-off mass nizo 1s initially unknown. From A.2
Mg =my —1n,

mp _ M

m, m,

m —m[ L 1.]
F M T T
M
N .

m =m [71 1]
F.REM — "'umzF -
: M

f.REM
This left over fuel is the reserve fuel that contains the fixed amount of reserve fuel and the

variable amount of reserve fuel that depends on distance flown in cruise. The total fuel used
1s

1
Mg rorar = mm[r - IJ
f.TOTAL

and

Mg stp = Mprorar — Mprey - (I
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Appendix B - Boeing 737-800 Drag Polar

High Speed Drag Polar
Mid-Cruise CG (26.2% AAC)
Nominal Revnolds Number Schedale

0.8

0.020 0.024 0.028 0.032 0.038 0.040 0.044

Co
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Appendix C — Hermann SFC Estimation Method

C1 - Hermann 2011 Fuel Consumption Estimation

0.697 \/Z(.;;s B T S
rﬂ jr?mmp'

c=

\/ 590w X1+ 1157 XBPR)(G +0.2x0Ma*BPRI=™)) — Ma x(1 + BPR)

Mar

Parameter G is given by;

G=(p-—E )1 1.01 .
—)

??comp Jr?C‘ompT (/1, - ‘9)(1 -

¢ ><I}?Camp ??Turb )

Where is the ratio of Turbine Exit Temperature to aircraft ambient temperature;

TET
E
T(h)
Parameter G is given by;
g=L 15y
t 2

Parameter x 1s given by, where OAPR is the compressor Overall Pressure Ratio;

1

OAPR * -1

K

=9

Diffuser efficiency is estimated using;

O'TMGZ (1 — }?Nozzfe)
1+0.2Ma?

ndgﬁﬁugr -+

Arbitary efficiency BT is the combined nozzle and turbine efficiencies;

n BT — n Nozzle )q?i'hrbme
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