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Abstract. The purpose of this paper is to see if airlines in general, and U.S. air-carriers in particular, are meeting their
TATA-agreed 1.5% average annual fuel efficiency improvements between 2010 and 2020. To assess the fuel efficiency per-
formance, a quantitative analysis was performed using data provided by ICAO, IATA and the U.S. Bureau of Transportation
Statistics (BTS) Form 41 Schedules P 12(a) and T-2. The metric used to assess fuel efficiency is the one advanced by ICAO,
namely Litres per Revenue Tonne Kilometre performed. Trends are examined over an extended timeframe to establish an-
nual fuel efficiency improvements. The findings show that the overall performance of U.S. air-carriers from 2010 to 2018
has just met IATA’s 1.5% target with a 1.52% year-upon-year annual fuel efficiency improvement, with domestic operations
showing a greater level of improvement than international operations. Such performance suggests that the U.S.A, and by
inference, the rest of the world, are just likely to meet their IATA target by 2020. This achievement has largely been made
possible through industry’s tremendous efforts to enhance aircraft engine technologies, implement operational improve-
ments, and reduce airframe weight through the extensive application of composite materials.
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Introduction

Commercial airlines and governments worldwide recog-
nize the vital role which international aviation plays in
global economic and social development. Since the turn
of the millennium, global air traffic demand has grown
significantly, driven by the availability of new flight routes
and the emergence of low-cost carriers and major airline
alliances (Lumbroso, 2019; Zhang et al., 2008). Forecasts
from IATA (2018a) and other reputable sources such as
Airbus (2019) and Boeing (2019) predict an annual com-
pound growth rate of between 3.5% to 4.5% in both air
passenger numbers and air cargo out to 2037. To ensure
that international aviation continues to develop in a sus-
tainable manner there are many challenges to address, not
least the sector’s continued reliance on fossil fuels and the
associated damage that results to the environment from
greenhouse gases such as carbon dioxide (CO,) and other
harmful emissions (Hassan, Pfaender, & Mavris, 2018).
Although aviation’s contribution to global warming is
relatively minor, accounting for approximately 2%-3% of
total global CO, emissions (Nelson & Reddy, 2018), it is

nonetheless projected to increase significantly as the pub-
lic’s appetite for air travel continues unchecked.

The International Air Transport Association (IATA)
is the trade association for the world’s airlines, currently
representing some 290 airlines that equals 82% of total air
traffic (IATA, 2019). In 2007 IATA introduced its vision of
a net zero emissions future (IATA, 2007). Two years later,
IATA’s Board of Governors underlined their commitment
to addressing aviation carbon emissions — with the col-
lective agreement of the worldwide aviation industry - by
proposing three sequential goals!:

(i) 1.5% average annual fuel efficiency improvement

between 2010 and 2020%

1 This commitment was adopted by IATA at the 2010 AGM Resolution
on Climate Change (CNG2020, n.d.)

2 A year later, the 37th Session of the International Civil Aviation Or-
ganization (ICAO, 2010) Assembly affirmed two main resolutions for
aviation: to achieve an annual 2% average fuel efficiency improvement
until 2020 and an aspirational 2% improvement per annum from 2021
to 2050, and to achieve carbon neutral growth from 2020.
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(i) Carbon neutral growth from 2020°.
(iii) A reduction of 50% in net emissions by 2050 com-
pared to 2005 levels (IATA, 2009).
Furthermore, IATA, through its member airlines, and
ICAOQ, through its 193 member states (ICAO, 2019), are
implementing a broad range of practical measures* to im-
prove airline fuel efficiency and ensure the sustainability
of the aviation industry. This accords with the United Na-
tions’ definition of a sustainable development as one that
“meets current needs without compromising the ability of
future generations to meet their needs” (Engelman, 2013).
However, the forecast growth in the number of people
flying will see the industry’s emissions continue to rise un-
less combatted by other means (Budd, Griggs, & Howarth,
2013). Indeed, as Gossling and Upham (2009) noted, the
main challenge facing the industry is whether or not the
fuel efficiency improvements can keep up with the growth
in demand for air transportation.
Hence the aim of this paper is to assess if airlines in gen-
eral, and those in the U.S. in particular, are meeting the first
of their IATA-agreed goals, namely achieving a 1.5% aver-
age annual fuel efficiency improvement. This study further
accounts for both domestic and international markets, and
distinguishes between scheduled and non-scheduled flights,
in an attempt to provide a comprehensive overview of how
fuel efficiencies vary within different aviation sectors.
According to ICAO (2009), scheduled services are
flights scheduled and performed for remuneration accord-
ing to a published timetable, or so regular or frequent as
to constitute a recognizably systematic series, which are
open to direct booking by members of the public. A non-
scheduled air service is a commercial air transport service
performed as other than a scheduled air service. Though
the terms non-scheduled and charter (i.e. a contractual
arrangement between an air carrier and an entity hiring or
leasing its aircraft) have come to be used interchangeably,
it should be noted that not all commercial non-scheduled
operations are charter flights.
Attention is focused here on U.S. air carriers primarily
because:
(i) The U.S. is home to the largest aviation market in
the world, in terms of revenue tonne kilometres
(TATA, 2018a), and

(ii) the only freely-available source of commercial avi-
ation data that includes both traffic volumes and
fuel consumption usage belongs to the U.S. Bureau
of Transportation Statistics (BTS Schedule P-12(a)
2019, BTS Schedule T-2, 2019).

3 More recently, ICAO has adopted a new aircraft CO, emissions stand-
ard which will reduce the impact of aviation greenhouse gas emissions
on the global climate. This represents the world’s first global design
certification standard governing CO, emissions for any industry sec-
tor, and will apply to new aircraft type designs from 2020, and to air-
craft type designs already in-production as of 2023 (ICAO, 2017).

These measures include improvements in aircraft technology and op-
erations, more efficient use of airspace, and the increasing uptake of
sustainable alternative fuels for aviation.

With reference to (i), it must be pointed out that the
U.S.A. only accounts for approximately 20% of total world-
wide aviation activity® (IATA, 2018b; IATA, 2018c). Hence
whilst the trends in U.S. aviation fuel efficiency that are re-
ported here may not be fully reflective of other regions in
the world, they should nonetheless provide a broad indica-
tion of what might be expected. With reference to (ii), it
is regrettable that other aviation-intensive world markets,
such as those in Europe, S.E. Asia and China, do not pub-
lish such fuel and traffic volume information. This limita-
tion has previously been noted by other researchers, such
as Peeters, Middel, and Hoolhorst (2005), and the dearth
of publicly available information about aviation fuel effi-
ciency continues to frustrate further research efforts.

1. Fuel efficiency metric

Aircraft fuel efficiency performance can encompass a
wide range of capabilities such as range, payload, speed,
altitude etc. As a result, many different studies have been
conducted, ranging from comparisons between differ-
ent aircraft types (Lee et al., 2001; Babikian, Lukachko,
& Waitz, 2002) to the energy efficiency of entire airlines
(Miyoshi & Merkert, 2010; Cui & Li, 2015, 2016). Seminal
work by Nangia (2006) and Hileman et al. (2008) demon-
strated that the productivity of aviation could be quanti-
fied in its simplest form as the “product of passenger and
cargo payload and the distance travelled while the cost is
examined in terms of fuel energy consumed”. They termed
this metric the Payload Fuel Energy Efficiency (PFEE). A
similar fuel efficiency metric was adopted by ICAO (2010)
in Article A3719, Item 4, defined as the volume of fuel
used per Revenue Tonne-Kilometre (RTK) performed. As
such, this metric represents the amount of fuel in litres
that is required to move one tonne of revenue payload a
distance of one kilometre by air. The main advantages of
using such a simple measure are:

- Only a limited amount of input data is required, im-
proving the chances of success;

- A given fleet of aircraft will generally be represented
by a mix of new, efficient aircraft types, and older, less
efficient models. The ICAO metric will hence provide
an overall fleet average;

— The ICAO metric represents an absolute measure
of how much payload has actually been transport-
ed in a given time period’, and how much fuel was
expended in the process.

> In 2018 the North American passenger market (RPK) and air cargo
market (FTK) accounted for 22.4% and 23.7% respectively of the
world market.

“Although world aviation traffic statistics are available from several
sources, relevant fuel consumption data for commercial aviation are
hardly available in an appropriate format.” Peeters, Middel, and Hool-
horst (2005).

This is preferable to using a relative measure, such as the passenger or

cargo load factor, which is not a technical property of the aircraft but
more a measure of the operational efficiency of the airline.
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It is also noted that an aircraft’s trip fuel burn can vary
significantly as a function of both the payload carried and
the mission range for a given trip, along with a variety of
other operational factors that cannot easily be predicted®.
However, all these complicating factors are accounted for
in the ICAO metric, since only the gross fuel consumption
in a given time period is required.

In the context of commercial aviation, the unit of payload
depends on whether the aircraft is being used to transport
passengers, freight/post/express, or a combination of these.
Attention is paid to the following three types of service:

- cargo payload (freight and mail) carried on sched-
uled or non-scheduled all-cargo dedicated freight-
er aircraft, e.g., Boeing 777F;

- cargo payload (freight and mail) carried on sched-
uled or non-scheduled passenger aircraft (this is
sometimes referred to as belly-freight), e.g., Airbus
A330-200;

- passenger payload carried on scheduled or non-
scheduled passenger aircraft, e.g., Airbus A380-800.

At this stage it is important to recall two standard
measures frequently used in aviation:

- Air passenger traffic is measured in RPKs, Rev-
enue Passenger-Kilometres. A revenue passenger-
kilometre is generated when one revenue-paying
passenger is transported one kilometre.

- Air cargo traffic is measured in RTKs, Revenue
Tonne-Kilometres. A revenue tonne-kilometre is
generated when a metric tonne of revenue load is
carried one kilometre.

Hence, to reflect the productivities of both passenger
transport and cargo, it is necessary to convert the number
of RPKs to RTKs so that the overall productivity is ren-
dered in consistent tonne units. This conversion requires
an average weight for passengers, including their luggage,
assumed here to be 200 Ibf (90.7 kg) per passenger (BTS
Schedule T100, 2019). The ICAO fuel efficiency metric,
denoted here by the symbol 1, can then be formulated as:

M= Vi /(RTKW + RTK i +RTKmm-l), (1)

where Vi, is the volume in litres of fuel required to deliv-
er the service performed; n has units of L/RTK and is used
herein for all the subsequent analyses of fuel efficiency.

2. Methodology

This research methodology adopted here is categorized as
quantitative research, based on secondary data, obtained
from the U.S. DoT Schedules T-2 and P-12(a) (BTS Sched-

8 These operational factors include the cruising altitude (often decid-
ed by ATC controllers, not the aircrew), en-route traffic conditions
(which means the cruising altitude can change several times during a
single flight), airport restrictions on climb-out to minimise the noise
footprint (which means more fuel is consumed because the flaps must
be extended for a longer time), and, of course, the fact that in straight
and level cruise conditions, the fuel consumption reduces as the plane
gets lighter as it gradually burns its own fuel (which is a key assump-
tion used in deriving the Breguet Range equation).
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ule T-100, 2019). All subsequent data manipulation fol-
lows standard analytical procedures, as described in Sec-
tions 2.3-2.5 and Table 1.

The Bureau of Transportation Statistics is a U.S. De-
partment of Transport database freely available to the gen-
eral public that provides a wealth of data on commercial
aviation, multimodal freight, and transportation econom-
ics (BTS Schedule P-12(a) 2019, BTS Schedule T-2 2019).
The Air Carrier Statistics database, referred to as Form 41
Traffic, contains domestic and international airline mar-
ket and segment data. Certificated U.S. air carriers report
monthly air carrier traffic information using Form T-100.
The data is collected by the Office of Airline Information,
Bureau of Transportation Statistics. Durso (2007) provides
a comprehensive overview of the Form 41 database and
the interested reader is encouraged to consult her work.

2.1. Schedule T-2: U.S. air carrier traffic and
capacity statistics by aircraft type

The Schedule T-2 database (BTS Schedule T-2, 2019) sum-
marizes the T-100 traffic data reported by U.S. air carri-
ers only. The quarterly summary is compiled by aircraft
types/configurations, carrier entities (geographical regions
in which a carrier operates), and service classes, and in-
cludes available seat miles (ASMs), available ton miles
(ATMs), revenue passenger miles (RPMs), revenue ton
miles (RTMs), and aircraft fuels issued in U.S. gallons®.
For a given single year of operation, this information gen-
erally amounts to thousands of lines of numerical data
(5,000-6,500).

2.2. Schedule P-12(a) (all carriers)

Schedule P-12(a) (BTS Schedule P-12(a), 2019) contains
monthly reported fuel costs, and U.S. gallons of fuel con-
sumed, by air carrier and category of fuel use, including
scheduled and non-scheduled services for domestic and
international traffic regions.

2.3. Data filtering and manipulation - service class

According to the T-100 Traffic Reporting Guide (2007),
the data in Schedule T-2 is reported in different service
classes; the ones of interest in this study are limited to:

F - Scheduled Passenger Service (includes Freight/
Mail in the Belly),

G - Scheduled ALL Cargo Service (NO Passengers),

L - Non-Scheduled Passenger Service (includes
Freight/Mail in the Belly),

N - Non-Scheduled Military Passenger Service by U.S.
Carriers (includes Freight/Mail in the Belly),

9 1t is noted that fuel data can only be found in Schedule P-12(a), al-
though it should appear in Schedule T-2 in the column “AIRCRAFT_
FUELS_921” - most likely this column is suppressed due to company
confidentiality issues, and only fleet-wide totals by geographical region
are provided in Schedule P-12(a).
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P - Non-Scheduled ALL Cargo Service (NO Passen-
gers), and

R - Non-Scheduled Military ALL Cargo Service by
U.S. Carriers (NO Passengers).

2.4. Data filtering and manipulation - Carrier Region

Carrier Region includes A ~ Atlantic, D ~ Domestic,
I ~ International, L ~ Latin America, P ~ Pacific and § ~
System. No information could be found to explain what
the categories I ~ International and S ~ System referred
to - both contained sparse data and probably result from
incorrect data entries in the T-100 database. Both catego-
ries were omitted from this work. Hence, it is important
for the reader to understand that when the term “Inter-
national region’, is used in this work, it refers to the sum-
mation of data entries from the A ~ Atlantic, L ~ Latin
America, and P ~ Pacific regions.

2.5. Data filtering and manipulation - filtered data

The Schedule T-2 data used in the current work were
filtered year-by-year according to the service class and
carrier regions described above in section 2.3 and 2.4 re-
spectively. This reduces the number of numerical records
and for the work reported here, although different years
contained different volumes of data, no single year con-
tained less than 2,500 entries. The following columns were
then processed:

REV_PAX_ MILES_140

REV_TON_MILES_240 (total RTM - freight, mail
and passengers performed in a given time period)

REV_TON_MILES_FREIGHT_247

REV_TON_MILES_MAIL_249

Each column identified above of suitably filtered data
is then summed, and rendered into the corresponding SI
unit, noting:

- The weight of both freight and mail is given in
short tons. 1 short ton = 907 kg or 0.907 tonnes.
Freight and mail are combined here under the
heading “cargo”;

- Distances are quoted in statute miles. 1 statute
mile = 1.6093 km;

- Fuel volumes are quoted in U.S. gallons. 1 U.S. gal-
lon = 3.7854 Litres.

With reference to Equation (1), Schedule T-2 is fil-
tered for the passenger RPMs for service classes F, L and
N across domestic and international regions for both
scheduled and non-scheduled services. The RPMs are
then multiplied by the average passenger weight to give
RTMs, and then converted to SI units to give RTK,,.
Similar filtering applies to freight and mail, noting such
cargo payload can occur as payload carried exclusively on
freighter aircraft (extracted from service classes G, P and
R) and cargo payload carried on passenger aircraft in the
belly hold (extracted from service classes F, L and N). This
yields the RTM values for freight and mail, which can then
be rendered into the corresponding SI values for RTKp;qp
and RTK,,, ;.

A sample calculation for domestic U.S. air carriers in
2007 is presented in Table 1 to demonstrate the stages of
the analysis conducted herein. The steps are self-explan-
atory and show how the total RTK and fuel volume are
established for all services (scheduled + non-scheduled).
The values shown in Table 1 for items [3], [6] and [7] are
shown highlighted in bold in Tables 3, 2, and 4 respec-
tively.

Table 1. RTK and fuel volumes for both scheduled and non-scheduled U.S. air carriers, Domestic region, 2007

1D Summed values

(BTS Schedule T-2 2019)*

SI Converted values

REV_PAX_MILES_140
(service class: F, L and N)

(1]

RPMpax = 607,563,958,736

RPM converted to RTM

2] 200 Ibf (90.7 kg) per passenger

RPTPaX = 60,756,395,874

RTK,,, = 88.7027 x 10°

[3] REV_TON_MILES_240
(This is the sum of [2], [4], and [5]):

RTM, o = 75,898,917,209

RTK,o(, = 110.8103 x 10°

REV_TON_MILES_FREIGHT_247

4] | (service class: F, L. N, and G, P, B) RTMygighs = 14,612,308,613 RTKfygign = 213336 x 10
REV_TON_MILES_MAIL_249 - - .
(5] | (service class: F, L. N, and G P, B) RTM,,; = 530,212,722 RTK,, . = 0.7741 x 10
Total fuel volume consumed by U.S. carriers 13.6817 x 10°
[6] |operating domestically in 2007. ) 51.7908 x 10° Litres
(BTS Schedule P-12(a), 2019) US. gallons
= [6]/([2] + [4] + [5])
[7] | Fuel efficiency from Equation (1) =(51.7908 x 10°) / (110.8103 x 10°)

= 0.4674 L/RTK

*Filtering was performed to include only Region D.
Note: The results shown in bold font in Table 1 are highlighted in Tables 2, 3 and 4 for traceability.
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3. Results

The fuel volumes used across domestic and international
regions on an annual basis for both scheduled and non-
scheduled services are sourced from BTS Schedule P-12(a)
(2019), converted into litres, and presented in Table 2.

Likewise, the RTK values, denoting the productivity
across domestic and international regions for both sched-
uled and non-scheduled services, are presented in Table 3
on an annual basis.

Finally, the ICAO fuel efficiency metric, n, is deter-
mined by dividing the fuel volumes presented in Table 2
by the corresponding RTK values shown in Table 3.
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The data from Table 4 is plotted graphically as follows:
Figure 1 shows how the fuel efficiency has changed [im-
proved] with time for all services operated domestically and
internationally by U.S. air carriers between 2005-2018; the
component data for the scheduled services and the non-
scheduled services is displayed in Figures 2 and 3 respec-
tively. Since the metric used for fuel efficiency is expressed
in terms of litres per RTK, then the smaller the number for
n, the better the performance in fuel efficiency.

Despite the lack of a uniform reduction in n every
year, the general downward trend shown in Figure 1
clearly shows a definite improvement in fuel efficiency, 1,

Table 2. Annual fuel consumption (Litres x 10°) of U.S. air carriers on an annual basis

All Services
Non-Scheduled Service Scheduled Service (Scheduled + Non-Scheduled
Year Services)
Dom Intl Total Dom Intl Total Dom Intl Total
2005 2.6180 3.5630 0.1543 50.2861 19.0796 69.3657 52.9041 2.6159 75.5201
2006 0.5555 0.0185 5.5736 49.2838 19.7610 69.0447 51.8389 22.7791 74.6184
2007 0.5851 0.9394 0.5244 49.2058 20.5472 69.7530 51.7908 23.4866 75.2774
2008 0.8184 0.5658 3.3845 47.2018 20.8534 68.0556 48.0206 23.4192 71.4398
2009 0.7260 2.4026 3.1286 42.1975 19.2549 61.4523 42.9235 21.6575 64.5810
2010 0.7578 3.0090 3.7672 41.8541 19.8602 61.7143 42.6120 22.8696 65.4815
2011 0.7840 3.7915 4.5754 40.9896 20.8992 61.8888 41.7735 24.6907 66.4642
2012 0.7635 3.3505 4.1140 38.7550 21.2785 60.0336 39.5185 24.6290 64.1476
2013 0.6844 2.7963 3.4807 38.4450 21.7608 60.2058 39.1298 24.5571 63.6869
2014 0.6280 0.5967 2.2251 38.9617 22.3320 61.2941 39.5901 23.9291 63.5188
2015 0.7094 1.6364 0.3458 40.6598 22.6682 63.3284 41.3692 24.3046 65.6742
2016 0.7809 1.5800 2.3610 42.2728 22.2480 64.5212 43.0537 23.8284 66.8821
2017 0.9358 0.8416 2.7770 42.9281 22.5414 65.4698 43.8638 24.3830 68.2468
2018 1.1440 0.1906 3.3346 44.8431 22.7901 67.6332 45.9859 24.9803 70.9662
Table 3. Revenue Tonne-kilometres (RTKs x 10°) for U.S. air carriers on an annual basis
All Services
Non-Scheduled Service Scheduled Service (Scheduled + Non-Scheduled
Year Services)
Dom Intl Total Dom Intl Total Dom Intl Total
2005 4.0824 4.3335 8.4159 104.1350 499161 154.0510 108.2174 54.2495 162.4669
2006 3.4946 3.8239 7.3186 104.8494 53.3636 158.2129 108.3440 57.1875 165.5315
2007 3.2916 3.6512 6.9427 107.5188 55.8152 163.3339 110.8103 59.4663 170.2766
2008 2.4053 2.1668 4.5721 102.8236 56.4234 159.2470 105.2289 58.5902 163.8191
2009 1.8141 1.8683 3.6824 96.2980 52.3289 148.6269 98.1122 54.1972 152.3093
2010 1.8610 2.3544 4.2154 98.8914 58.0693 156.9607 100.7524 60.4237 161.1761
2011 1.6621 2.4714 4.1335 100.0907 59.2481 159.3388 101.7528 61.7195 163.4723
2012 1.8605 2.0064 3.8669 100.9470 59.3575 160.3045 102.8075 61.3639 164.1714
2013 2.0124 2.5103 4.5228 102.2248 58.9923 161.2171 104.2373 61.5026 165.7399
2014 2.3564 2.7049 5.0613 105.1303 60.1573 165.2875 107.4867 62.8622 170.3488
2015 2.7810 3.4092 6.1903 110.1931 60.3723 170.5654 112.9741 63.7816 176.7557
2016 3.1098 3.2853 6.3951 114.8584 60.8541 175.7125 117.9683 64.1394 182.1076
2017 4.2843 3.3468 7.6311 119.1150 64.6228 183.7378 123.3993 67.9696 191.3689
2018 5.1631 3.2609 8.4240 124.8420 67.1757 192.0176 130.0050 70.4366 200.4416
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Table 4. Fuel Efficiency Values, 1 (Litres/RTK), for U.S. air carriers on an annual basis

All Services
Non-Scheduled Service Scheduled Service (Scheduled + Non-Scheduled
Year Services)
Dom Intl Total Dom Intl Total Dom Intl Total
2005 0.6413 0.8161 0.7313 0.4829 0.3822 0.4503 0.4889 0.4169 0.4648
2006 0.7313 0.7894 0.7616 0.4700 0.3703 0.4364 0.4785 0.3983 0.4508
2007 0.7854 0.8051 0.7957 0.4576 0.3681 0.4271 0.4674 0.3950 0.4421
2008 0.3402 1.1841 0.7403 0.4591 0.3696 0.4274 0.4563 0.3997 0.4361
2009 0.4002 1.2860 0.8496 0.4382 0.3680 0.4135 0.4375 0.3996 0.4240
2010 0.4072 1.2780 0.8937 0.4232 0.3420 0.3932 0.4229 0.3785 0.4063
2011 0.4717 1.5341 1.1069 0.4095 0.3527 0.3884 0.4105 0.4000 0.4066
2012 0.4104 1.6699 1.0639 0.3839 0.3585 0.3745 0.3844 0.4014 0.3907
2013 0.3401 1.1139 0.7696 0.3761 0.3689 0.3734 0.3754 0.3993 0.3843
2014 0.2665 0.5903 0.4396 0.3706 0.3712 0.3708 0.3683 0.3807 0.3729
2015 0.2551 0.4800 0.3790 0.3690 0.3755 0.3713 0.3662 0.3811 0.3716
2016 0.2511 0.4809 0.3692 0.3680 0.3656 0.3672 0.3650 0.3715 0.3673
2017 0.2184 0.5503 0.3639 0.3604 0.3488 0.3563 0.3555 0.3587 0.3566
2018 0.2216 0.6718 0.3958 0.3592 0.3393 0.3522 0.3537 0.3546 0.3540

All Services
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Figure 1. Domestic, international, and total Fuel Efficiency
Values 1 (L/RTK) for all U.S. air carriers on an annual basis:
2005-2018

over time. The annual percentage improvement in fuel ef-
ficiency can be gauged by using a simple difference tech-
nique applied to each year’s data. However, the values for
each year can fluctuate considerably and finding a single
figure to represent a year-on-year improvement is difficult.
An alternative method to obtain the average annual per-
centage improvement in 1 over the 9 years from 2010 to
2018, in accordance with the title problem, is to use the
standard compound annual growth rate formula given by
Equation (2).

9
Naots = Maoro (L+ x%) . (2)

Although this simple measure assumes uniform com-
pound growth, and hides fluctuations such as the global
financial crisis, it nonetheless provides a good indication
of the longer term average improvement rate for the in-

dustry. Table 5 presents the solution for x in Equation (2)
for domestic, international, and total U.S. air carrier fleets
over the 9 years from 2010 to 2018. The negative number
assigned to the percentage growth x indicates a year-on-
year reduction [improvement].

Table 5. Domestic, international, and total U.S. air carrier fleet
fuel efficiency improvements on an annual basis
from 2010 to 2018

All Services (Scheduled and Non-
Scheduled Flights)
Year Source
Domestic Intl Total
[Litres/RTK] | [Litres/RTK] | [Litres/RTK]
2010 0.4229 0.3785 0.4063 Table 4
2018 0.3537 0.3546 0.3540 Table 4
x -197% | -0.72% | -1.52% | Eqn(2)

Although the overall total annual fuel efficiency im-
provement over the past 9 years is 1.52%, perhaps of more
significance is the fact that U.S. international aviation fuel
efficiency has improved by only 0.72% per annum between
2010 and 2018, well below IATA’s 1.5% target (CNG2020,
n.d.), while domestic U.S. aviation has improved by a
more impressive 1.97% per annum!?. This suggests:

1. there is an increased uptake of more efficient air-
craft and/or other efficiency-improving changes in
the domestic U.S. aviation market, such as increased
passenger load factors year-on-year, and

2. international operations are already relatively

10'If the data for the full 14-year time span illustrated here (from 2005 to
2018) is utilised, the corresponding annual fuel efficiency improvement
values are: Total, —~1.93%; international, —-1.15%; and domestic, —2.28%.
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efficient and any efficiency gains made in this mar-
ket have less of an overall impact.

These year-on-year figures certainly imply that for the
time being the fuel efficiency of U.S. air carriers is just
keeping pace with the increased growth in air travel. It is
also interesting to note from Table 2 that although Do-
mestic RTKs always exceed International RTKs, the fuel
efficiency trends shown in Figure 1 suggest U.S. domestic
operations are generally much less fuel efficient. This has
been noted previously by Bardell and Yue (2018), who
showed that a large quantity of domestic flights in the
U.S.A. occur over relatively short distances, and hence in-
cur a fuel penalty.

Figures 2 and 3 show the contribution the scheduled
and non-scheduled sectors respectively make to the to-
tal fuel efficiency shown in Figure 1. Clearly, scheduled
flights dominate commercial U.S. air traffic and the data
underlying Figure 2 also makes the main contribution to
Figure 1. The effects of the global financial crisis (GFC)
are apparent around 2009-2011. As reported by IATA
(2010), “Airlines responded to the severity of the recession
with an unprecedented reduction in both passenger and
freight capacity. By the end of 2009, passenger capacity
in international markets had shrunk 5%. Freight capacity
was down 10%, and even more at its lowest point in mid-
2009. These capacity cuts, combined with the upturns in
demand, led to load factors rising very sharply from their
early 2009 lows. By the end of the year, load factors had
reached record highs”

Consequently, the fewer international flights that were
available achieved higher load factors than normal which
accounts for the sudden improvement in the fuel efficien-
cy (from 0.368 L/RTK in 2009 to 0.342 L/RTK in 2010) of
international flights at that time. Once market conditions
improved, passenger and cargo load factors returned to
pre-GFC levels and the fuel efficiency value of internation-
al flights slowly returned to its 2008 values. It peaked at
around 0.371 L/RTK in 2014, but from then on, a gradual
improvement is evident.

It is also possible, with the data presented in Table 4,
to assess the relative contribution non-scheduled services
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Figure 2. Domestic, international, and total Fuel Efficiency
Values (Litres/RTK) for scheduled U.S. air carriers on an
annual basis: 2005-2018
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make to U.S. aviation, and also to investigate the fuel ef-
ficiency of this sector. In a given year between 2005 and
2018, non-scheduled services accounted for anything from
3.5% to 8% of the total fuel volume consumed whilst car-
rying between 2.5% to 5% of total RTKs in the U.S. mar-
ket. It is evident that until 2015, non-scheduled operations
were significantly less fuel-efficient than scheduled servic-
es and delivered poor returns on a L/RTK performed basis
(see Figure 3).

From Figure 3, it is apparent the non-scheduled sec-
tor performed poorly in terms of fuel efficiency from
2005 to 2015, and especially between 2010 to 2014 in
the international arena; understanding the reason why
is harder to explain. It is noted that the fuel efficiency
in the domestic and international sectors diverged sig-
nificantly in 2007 and has only begun to converge again
since 2014. One major characteristic of the non-sched-
uled industry is that companies generally operate on the
basis of full-plane sales. Hence the poor fuel efficiency
demonstrated in Figure 3 cannot simply be ascribed to
poor passenger or cargo load factors. However, for the
period in question, poor load factors do, in fact, appear
to be the underlying reason why the non-scheduled in-
ternational sector performed so badly in comparison
with the non-scheduled domestic sector. Between 2008
and 2013 the L/RTK performed in the non-scheduled in-
ternational sector were more than double those achieved
by the corresponding non-scheduled domestic sector.
Whilst there is no single identifiable cause for this spike
in L/RTK, the following two factors are offered as the
most likely contributors:

- between 2010 to 2014 there were a lot of military
ferry flights to the Middle East (Iraq, Syria, Yemen)
and Afghanistan to support U.S. and coalition force
military operations. Delivering hardware and person-
nel took priority over mission load factors and the
fuel efficiency suffered accordingly. This is borne out
by the RTK proportion of non-scheduled interna-
tional military flights (service class N + R) compared
with the total number of non-scheduled international
flights, which exceeded 40% in 2010 and 2011, but
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Values (Litres/RTK) for non-scheduled U.S. air carriers on an
annual basis: 2005-2018
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then gradually decreased to 27% in 2012, 12% in
2013, and only 4% in 2014 (BTS Schedule T-2, 2019);

- As a knock-on consequence of the GFC, the RTK
proportion for non-scheduled international freight
flights (service class L + N + P + R) compared with
the total number of non-scheduled international
flights plummeted in 2011-2012 by some 22%.
Again, whilst capacity was also downsized, the
net effect here was a drop in freight load factors
which adversely affected the fuel efficiency during
2011-2012 (BTS Schedule T-2, 2019).

4. Discussion

The Air Transport Action Group (2018) recently claimed,
“an average annual fuel efficiency of 2.1% has been
achieved across the [world-wide] fleet between 2009 and
2016”. The work presented here suggests a slightly less up-
beat view based on a detailed review of U.S. air carriers,
although a similar analysis of other aviation-centric mar-
kets, such as Europe, China, and S.E. Asia!! might help
account for the difference.

The use of biofuels has also received much attention in
the literature (IATA, 2015). However, its use does not alter
the fuel efficiency of a given aircraft, but it does help to re-
duce net emissions in line with IATAs (2009) second and
third goals. The US BTS Schedule P-12(a) (2019) does not
distinguish between the types of fuel (fossil fuel, biofuel)
consumed, and further investigation shows that only one
US airline — United Airlines - currently uses biofuel in
regular operations. The quantities of biofuel used, whilst
cost-competitive and on a commercial scale, are minis-
cule compared to fossil fuel usage (Australian Aviation,
2019), so it is safe to infer that the fuel quantities shown
in Table 2 effectively refer only to fossil fuels. However, the
gradual adoption of sustainable aviation fuel is a promis-
ing development and one which will play an increasingly
important role in helping airlines reduce aviation emis-
sions over the next 30 years.

According to historic trends, civil aircraft fuel efficien-
cy has improved significantly in the past 40 years (IATA,
2010). Kharina and Rutherford (2015) estimated that the
average fuel burn of new aircraft has reduced by approxi-
mately 45% from 1968 to 2014. The primary drivers that
help improve an aircraft’s fuel-efficiency (Air Transport
Action Group, 2010) are

(i) Advances in propulsive efficiency are:

- All modern subsonic passenger jet aircraft use com-
plex high-bypass turbofan engines. The continuing de-
velopment of such engines, for example advanced high-
bypass turbofans, geared turbofans, and even open-rotor
engines (Blockley et al., 2016; Pratt & Whitney Division,
2019; Benito & Alonso, 2018), promises to deliver sub-
stantial improvements in aviation fuel efficiency. It is
noted that gains in engine efficiency eclipse any other

1 The lack of publicly available databases that share relevant information
from these regions is regrettable.

gains that may be made (see (ii) and (iii)), as typified by
the new generation of Airbus A320neo aircraft. These are
essentially existing A320 airframes, albeit somewhat re-
fined, complemented by newer, more efficient engines. It is
claimed the new type delivers a 15% improvement in fuel
efficiency (Stemart, 2015) - it is obviously the engines that
are delivering the majority of this level of improvement.
Boeing has adopted a similar approach with its 737MAX
program.

(ii) Drag reduction through aerodynamic refinements:

— This includes various types of wing optimisation, the
addition of blended winglets to reduce tip vortex drag,
novel layouts or configurations, morphing structures, and
even the application of riblets (Garcia-Mayoral & Jiménez,
2011). NASA (2017) gives an overview of current and fu-
ture research in this area.

(iii) Reducing the overall weight of the aircraft:

— This includes simplifying the onboard systems, the
use of light-weight seats and cabin/galley equipment,
reducing the weight of the auxiliary power unit and the
belly-hold freight containers, and of course the adoption
of carbon fibre composites for airframe primary structure
(Hamerton & Mooring, 2012; Sadaba et al., 2015). Addi-
tive manufacture, or 3D printing, is also slowly finding
its way into aerospace applications (Joshi & Sheikh, 2015)
where it promises to help reduce aircraft weight while in-
creasing customization and overall construction efficiency.

When the technological advances described in (i) -
(iii) above are combined into a state-of-the-art twin-en-
gine passenger aircraft, the fuel efficiency gains over the
previous generation of comparable aircraft could possibly
amount to 15%-20% (Stemart, 2015). Further technologi-
cal advances at an operational level, such as optimising an
airline’s network, along with improvements in navigation
and air traffic management (Airservices Australia, 2013),
can also help airlines reduce flight times and fuel con-
sumption on long-haul flights (Green Air, 2013).

Many of these technological developments have oc-
curred in the past 5-10 years, and are reflected in the asso-
ciated trends in fuel-efficiency improvement. As one of the
wealthiest nations on earth, U.S. airlines tend to operate a
relatively young fleet of passenger aircraft both domesti-
cally and internationally, and thus they reap the benefits
of all the aforementioned efficiency gains as they become
available. However, since other aviation regions worldwide
are unlikely to match the same uptake of new aircraft as
seen in the U.S,, it would be misleading to extrapolate
the current promising results to a global level. Indeed, as
worldwide airlines update their individual fleets, it is com-
mon for many older aircraft to be on-sold to lower-income
aviation markets in developing countries, or re-purposed
as passenger-to-freighter conversions. Hence, whilst tech-
nological improvements are just managing to keep U.S.
air carriers abreast of IATAs ambitious target (CNG2020,
n.d.), at a global level the dominance of types older than
10 years will continue to be a drag on global aircraft fuel
efficiency (IATA, 2018a).
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Conclusions

This paper has examined the progress in fuel efficiency
made by U.S. air carriers over the past decade. A long-
er time-span, from 2005 to 2018 has been considered,
which helps establish the longer-term trend and smooths
any irregularities, like the sudden market downturn in
the aftermath of the global financial crisis. Whilst non-
scheduled services contribute less than 10% of total U.S.
aviation, the fuel efficiency of this sector has, until re-
cently, been significantly worse than that demonstrated
by the scheduled sector. This has, in turn, adversely af-
fected the overall performance of the total aviation in-
dustry in the U.S. However, some recent welcome im-
provements in L/RTK within the non-scheduled sector
bode well for the future.

U.S. air carriers have achieved an overall 1.52% an-
nual fuel efficiency improvement over the years 2010 to
2018, which accords with the IATA-agreed annual 1.5%
fuel efficiency improvement targeted for the decade from
2010 to 2020. This result suggests that U.S. air carriers
are very likely to meet, or even marginally exceed, their
IATA-agreed target by 2020. By inference, and subject to
the caveats discussed in Section 1, it can be postulated
that the remainder of the world’s airlines will also achieve
a similar result. Whilst improvements in aviation fuel efhi-
ciency continue, despite the increased numbers of passen-
gers and flights, it is recognized this trend cannot continue
indefinitely and some natural limit will soon be reached.
This reinforces the urgency of all ICAO contracting states
to actively pursue IATAs (2009) second and third goals,
namely carbon neutral growth from 2020, and a reduction
of 50% in net emissions by 2050 compared to 2005 levels.
Whilst these ambitions involve many challenges which the
global aviation industry has yet to solve, there are indica-
tions of progress that are encouraging, such as the recent
second ICAO Conference on Aviation Alternative Fuels
(CAAF2, 2017), which fully endorsed the 2050 ICAO Vi-
sion for Sustainable Aviation Fuels. Widespread adoption
of initiatives like this will go a long way towards ensuring
a carbon-neutral future for aviation (Staples et al., 2018).
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