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ABSTRACT

Background: Global demand for air travel is increasing. Concurrently, the average weight of global population has been rising in the past decades, and this
trend is set to persist in the near future. These two issues converge to the inevitable problem of dealing with a combination of increasing passengers on
aircraft and their corresponding weight. Most aircraft performance assumptions rely on knowing the weight of the aircraft. However, the precise passenger
payload weight is unknown and pilots rely on estimates that are often out of date and may not reflect the current population demography.

Methods: This paper explores the effects an increasing passenger weight payload has on key performance characteristics of commercial aircraft. A
passenger demographic model is developed based on varying body mass index levels. Aircraft performance characteristics are determined from
established analytical methods to examine three aircraft types. Comparisons are made between standard passenger weights from key aviation
regulators around the world with scenarios reflecting various degrees of obesity prevalence. These scenarios are further compared to global var-
iation across different regions around the world.

Findings: In parts of Africa and Asia that have low obesity prevalence but use standard passenger weights are overestimating aircraft performance
characteristics, particularly fuel costs. Juxtaposed, regions of higher obesity prevalence such as those encompassing westernised nations may begin
to see significantly compromised safety margins if increasing weight trends continue.

Conclusions: Overall performance characteristics for any aircraft type considered in this study will be significantly affected should existing obesity
growth forecasts for the next decades are proven to be accurate. Thereby, justifying the need for more accurate regulations and improved flight
operational procedures.

1. Introduction

It is widely known that the average person's weight is increasing and obesity has become a global problem especially in developed
regions (NCD Risk Factor Collaboration, 2016c; Wang and Lim, 2014; Finucane et al., 2011). The World Health Organisation noted
that between 1975 and 2016 worldwide obesity prevalence tripled (WHO, 2016). Increasing body weight has many social im-
plications, especially in health. People with a higher body mass potentially become more susceptible to diseases such as diabetes,
vascular disorders or muscular-skeletal problems. Management and preventing direct health effects can be costly to society. Further,
there are other secondary and tertiary indirect costs to the economy due to obesity (Ananthapavan et al., 2014; Hammond and
Levine, 2010); for example, Lobstein (2015) highlights that medical costs relating to associated obesity health issues cost $150 billion
to the economy of the United States of America and £5 billion for the United Kingdom.

Pertinent issues encompassing changes in airline passenger anthropometry focus primarily on passenger comfort and experience
(Vink and van Mastrigt, 2011; Ahmadpour et al., 2014; Patel & D'Cruz, 2017). Passengers of all sizes feel discomfort during flight,
especially long-haul flights. Aircraft seat pitches (distance between two rows) have generally decreased in size with most airlines
offering a seat pitch between 30 and 32 inches (Vasel, 2017). However, larger framed passengers experience greater discomfort
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owing to the tight spaces available; this then places a stigma on these passengers by both cabin crew and fellow passengers (Small and
Harris, 2012; Mylrea, 2009; Bolton, 2004).

Commercial aviation continues to grow with largely falling airfares and increasing demand, particularly in emerging economies.
Airlines continue to balance customer expectations for high levels of service while striving to maintain profitability and market share. This
situation is further complicated by the demand for continual safety improvements and efficiency increases. These drivers have led to
substantial research into technologies that predominantly strive to make aircraft operations more efficient: bio-fuels, light-weight mate-
rials, more aerodynamic designs and advancements in air traffic management. Despite the advances across all these areas, Melis et al.
(2018) have demonstrated that there is a limited amount of research being conducted exploring the issues associated with anthro-
pometrical changes of commercial aviation passengers, which is a key factor impacting the performance of commercial aircraft.

A significant cost for airlines is the fuel expenditure. Global fuel demand is expected to rise 1.9% annually between 2008 and
2025 (Cheze et al., 2011). Conjunctly, as fuel usage increases so too the greenhouse emissions produced by aircraft. The International
Civil Aviation Organisation (ICAO) has estimated that for every kilogram of aviation fuel burnt, 3.157 kg of carbon-dioxide emissions
is produced (International Civil Aviation Organisation, 2014). Surprisingly, the effects of the relationship between aircraft fuel burnt
and passenger weight are limited to a few studies only.

Dannenberg et al. (2004) initially estimated 1.3 billion litres of extra fuel due to excess weight in the decade around 1994 in the
USA. A comprehensive study by Tom et al. (2014) of the USA domestic transport systems for 1970-2010 has been conducted,
showing that 95.2 billion litres of extra fuel was required by the domestic aviation sector due to excess passenger weight. This
resulted in a net output of 238 billion metric tonnes of additional greenhouse emissions, from $37 billion USD (adjusted to 2012) of
extra fuel. In another geographical context, a recent study by Melis et al. (2017) estimated the Australian domestic commercial
aviation sector had used 561 kilo-tonnes of fuel between 1990 and 2014 to transport 15.8 tonnes of excess passenger weight at the
cost of A$411.7 million dollars. Further, 1.7 million-tonnes of equivalent carbon-dioxide were released into the atmosphere. Yin et al.
(2015) has explored the greenhouse emissions produced by international flights for selected Australian routes using actual passenger
and cargo data from airlines. Their study compared aircraft and airline frequency to determine greenhouse emissions rely not only on
aircraft type and passengers but also on cargo payload.

Various studies have explored the fuel saving measure for the different phases of a flight. Fuel savings during the ground phase can
vary greatly from various airport layouts through improved ground operating procedures (Khadilkar and Balakrishnan, 2012); for example
taxi scenarios consisting of multiple stops and starts can experience 18% higher fuel requirements (Nikoleris et al., 2011). Aircraft can be
held on the ground for a considerable time and often the pilot may request a single engine taxi to potentially save fuel. Fuel savings are also
explored during the climb and descent phases (Soler et al., 2012; Slater, 2002). However, these savings are explored from an operational
point of view. Ultimately, the cruise portion of the flight consumes the majority of the fuel depending on the range. Dalmau and Prats
(2015) highlight that for a continuous cruise climb profile phase; fuel savings range from 0.5% to 2% for a narrow body aircraft, whilst for
a wider body aircraft potential savings sit between 1% and 2%. In the same way, Turgut et al. (2014) demonstrate that a reduction of one
tonne of aircraft mass can result in 15-21 kg less of hourly fuel consumption, based on statistical data.

Kaivanto and Zhang (2018) developed a new metric for idealised optimal flight segmentation based on the Breguet range
equations and the weight model presented by Kiichemann (1978). Their approach verifies the conventional representation of the
payload-fuel-efficiency metric and complements the model with new findings. The payload-fuel-efficiency metric proposed by these
authors gives direction on comparing the efficiency levels of multiple aircraft with different design ranges, including aircraft that can
be grouped to serve a flight route containing multiple segments. Similarly, Hileman et al. (2008) incorporate the specific energy of
aviation fuel into the payload-range efficiency metric to highlight the energy costs for a given range and payload. They highlight that
due to the advent of new technologies there has been a 51% increase in payload-fuel-energy efficiency between 1991 and 2007.

Understanding the demographic composition of the passenger payload can play an important role in understanding the performance
characteristics of an aircraft. For example, some airlines operate fly-in-fly-out (FIFO) operations. In this context, FIFO operations consist of
primarily charter flight operations that transport workers to remote locations; such as mines and off-shore oil platforms. Generally, FIFO
workers are predominantly male and characterised as being more overweight than the general public and other industry sectors (Barclay
et al., 2013). In a study by Joyce et al. (2013), 79.3% of the FIFO workers surveyed were either overweight or obese. This proportion is
higher than the average of 56% in the National Health and Nutrition Examination Survey (NHANES) 2013-2014 data (CDC, 2015).
Aircraft operated on FIFO missions are generally narrow-bodied 90 to 150 seat aircraft, such as Boeing 717, Embraer 170,/190 and Fokker
100. In an emergency, these aircraft carry large FIFO workers who may have added difficulty in exiting the aircraft through the emergency
overwing exits as these are often smaller than those on larger narrow-bodied aircraft.

Similar to FIFO operations, airlines providing contracts for transporting military personnel have to consider the difference in
additional carry-on weight of individual military equipment. In most cases, this additional carry-on weight may not match the
civilian standards being used by the charter airline. One such instance was that of Arrow Air in 1988 in Gander, Canada. Part of the
cause of the fatal crash was that the pilots estimated the military personnel weight using standard passenger weight issued for civilian
flight. The consequence was that the pilots underestimated the weight and thus failed to calculate the incorrect thrust required for
take-off and take-off distance (CASB, 1988).

The opposite can be true; pilots may overestimate the passenger payload causing incorrect trim conditions resulting in increased
fuel burn due to drag from incorrect attitude settings. One such occurrence occurred to a Qantas flight that was carrying a large
number of school children. In this event, the pilots were not aware that the children were on-board and subsequently calculated the
passenger weight to be comprised of adults. It was only at the lift-off that the pilots noticed that the aircraft was nose heavy; as the
children were seated at the rear of the cabin. As a consequence, the pilots exceed the calculated lift-off speed calculated by 25 knots
and potentially used more runway distance (ATSB, 2014).
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A study by Van Es (2007) surveyed occurrences relating to weight and balance issues of aircraft and noted from the collated data,
1.9% of passenger flights had incorrect payload information. A notable incident was that of Midwest Airlines Flight 5481 in 2003, the
aircraft experienced a tail heavy attitude during take-off and subsequently stalled and crashed due to improper weight and balance.
The investigation noted, in part, that a contributing factor was that inaccurate weight estimation of the passengers (NTSB, 2004). As
part of the recommendations, the National Transport Safety Board recommended that the passenger weight standards should be
updated. In fact, weight and balance is a key factor in determining the stability and performance of the aircraft. By knowing the
centre of gravity position relative to the mean aerodynamic centre, the pilot can elevate the moment created by setting the correct
trim condition. It has been noted that pilots rely heavily on the standard passenger weight estimators for weight and balance and that
an in-flight centre of gravity position estimator could be used to improve cruise flight trim and fuel savings (Chaves et al., 2018).

The literature has not explored the detailed effects of aircraft flight and ground performance characteristics concerning passenger
weight changes. Aircraft experience different conditions for each consecutive flight, particularly for characteristic change depending
on the weight of the aircraft. Manufacturers provide airlines with detailed performance charts and data in aircraft manuals, technical
documents and on-board software packages to calculate flight performance. These software packages calculate everything from
arrival to departure; ground characteristics such as take-off distance, lift-off and landing speeds and distances; flight characteristics
such as climb thrust, cruising speed and distances and particularly fuel consumed, are all calculated with the on-board computer.

Although aircraft experience different passenger payloads for consecutive missions the long-term implication of increasing pas-
senger weight changes have not been analysed. This paper uses established analytical methods to explore the effects of passenger
weight change on selected aircraft mission performance attributes. Three types of aircraft will be explored; narrow-body (turbofan)
Airbus A320, wide-body (turbofan) Airbus A330-200 and regional commuter (turboprop) aircraft Avions de Transport Regional ATR-
72. The paper aims to answer two situations related to passenger weight and obesity. Firstly, how the current obesity environment
impacts the selected flight parameters about current standard weights recommended by leading national aviation regulatory au-
thorities; secondly how different scenarios of varying obesity prevalence will affect the same selected flight parameters.

2. Analytical method
2.1. Data sources

The model presented in this paper is based on data collected from various sources, such as aircraft handling documents for aircraft
weights; the International Civil Aviation Organisation (2017) engine emissions databank for engine information (e.g. maximum
thrust and fuel flow at particular phases of flight at certain thrust levels); and reference literature on aircraft performance, including
Sadraey (2017), Filippone (2012), Nita (2008), Howe (2000), Eshelby (2000) and McCormick (1995).

Furthermore, the aforementioned reference texts provide examples and case studies of particular aspects of flight that can be compared
to verify the analysis developed in this paper. Additionally, literature cited in Section 1 contributes with some examples for comparison
purposes. A flight plan for an A320 flight between Singapore and Male (SIN-MLE) was obtained from an undisclosed airline source. This
flight flew 3,060 km and used 11.6 tonnes of fuel and carried 13.9 tonnes of payload. Additional comparisons are made using the Airbus
issued Aircraft Characteristics - Airport And Maintenance Planning document for the A320 and A330 aircraft (Airbus 2014, 2015).

The characteristics of the population weight and obesity profiles were obtained from the National Health and Nutrition Examination
Survey 2013-2014 report issued by the Centre for Disease Control in the United States of America (CDC, 2015). Additional global data is
sourced from the Global Health Observatory Data from the World Health Organisation (WHO, 2016) and the NCD Risk Factor
Collaboration (2016a), in which the individual country data in the later is divided into several categories based on regions (Table 1).

2.2. Passenger characteristics

Two passenger models are presented; the first describes the current situation for various nations around the world, the second
incorporates changes in the overall obesity prevalence using a sample population from NCD Risk Factor Collaboration (2016a) with
constant BMI category ratios.

Table 1

Obesity prevalence of nine regions around the world, as stipulated by NCD Risk Factor Collaboration (2016a).
Region Name Region Number Obesity Prevalence (mean% =+ SD)
Sub-Saharan Africa 1 28.21 + 8.4
Central Asia, Middle East and North Africa 2 57.63 = 11.6
South Asia 3 24.62 += 3.5
East and South East Asia 4 57.82 + 12.1
Oceania 5 71.81 = 10.1
High Income Asia Pacific 6 61.31 = 5.6
Latin America and Caribbean 7 57.00 + 5.7
High Income Western Countries 8 59.67 + 3.6
Central and Eastern Europe 9 53.92 + 9.3
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Table 2
BMI categories with associated BMI range values, as issued by the World Health
Organisation (2016).

BMI Category BMI Range (kgm ~2) i
Under Less than 18.5 1
Normal 1 18.5 to 19.9 2
Normal 2 20.0 to 24.9 3
Overweight 25.0 to 29.9 4
Obese 1 30.0 to 34.9 5
Obese 2 35.0 to 39.9 6
Morbid Obesity Greater than 40 7

i is used in successive equations

2.2.1. Modelling current situation
NCD Risk Factor Collaboration (2016a) obesity data is provided for 200 countries around the world from 1975 until 2014. The data
presents the level of obesity along with the WHO BMI categories as shown in Table 2 Additional information is provided by NCD Risk Factor
Collaboration (2016b) data providing the mean height of males and females. Data from this source does not account for age groupings.
Using only the prevalence percentages of each BMI category, known heights and population percentages for each gender, an
average weight for each BMI category are calculated from Eq. (1). Where BMJ, is the average BMI value for a given category i, and h)
is the average height for a given gender.

Wiy = BMTh; e}

Eq. (2) determines the proportion of the population that fits within a particular BMI category, where P is the percentage of the
population for a given gender and P ¢) is the proportion of the BMI category within the given gender. The weight of the passenger
payload is then determined by resorting to Eq. (7).

Pi6) = P6)Pauc) (2)

2.2.2. Modelling for different scenarios

Anthropometric data has been sourced from the Centre for Disease Control and Prevention biennially survey known as NHANES
(National Health And Nutrition Examination Survey). This survey covers the populations of the USA and provides a large sample of
current physical characteristics, such as height, weight, BMI and age. This information was sorted into age and BMI categories for the
sake of a more practical approach. The NHANES data contained n = 5229 sample individuals with useable data of which 47.5% and
53.5% are male to female respectively.

Once the data was sorted into their respective categories, the next step consisted in determining the proportion of the given
population size (n) with a specific BMI category i (Table 2). For an age group and gender (A,G), the number of the elements of that set
is divided by the total number of elements in the population as shown by Eq. (3). These values are shown in Table 3a and b

ni,6)

P =
2 N6 3)

Eq. (4) describes the sum of the element weights for a given BMI category (i) for an age group and gender (A,G). It is then divided
by the number of elements in that group to determine the average weight for that particular age group and gender (A4,G). The results
are shown in Table 4a and b.

_ > Wiao)
Wue =—"—
ni(4,6) 4
Table 3a
Percentage of the male population by age and BMI category from the NHANES data.
BMI Under Normal 1 Normal 2 Over Obese 1 Obese 2 Morbid Total
Age
18-24 0.98% 0.40% 2.10% 1.42% 1.03% 0.46% 0.23% 6.6%
25-34 1.13% 0.38% 2.14% 2.12% 1.26% 0.34% 0.48% 7.9%
35-44 1.11% 0.36% 1.64% 2.20% 1.45% 0.61% 0.25% 7.6%
45-54 1.13% 0.33% 1.80% 2.22% 1.22% 0.42% 0.42% 7.5%
55-64 1.19% 0.40% 1.80% 2.24% 1.30% 0.55% 0.46% 7.9%
65-74 0.63% 0.27% 1.30% 1.63% 0.96% 0.55% 0.29% 5.6%
75+ 0.63% 0.15% 1.07% 1.15% 0.90% 0.17% 0.23% 4.3%
Total 6.79% 2.29% 11.86% 12.97% 8.13% 3.12% 2.35% 47.50%
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Table 3b

Percentage of the female population by age and BMI category from the NHANES data.
BMI Under Normal 1 Normal 2 Over Obese 1 Obese 2 Morbid Total
Age
18-24 1.19% 0.48% 1.76% 1.91% 1.05% 0.44% 0.42% 7.2%
25-34 1.07% 0.40% 2.07% 2.05% 1.15% 0.73% 0.55% 8.0%
35-44 1.51% 0.42% 2.45% 2.12% 1.53% 0.90% 0.27% 9.2%
45-54 1.40% 0.33% 1.78% 1.97% 1.45% 0.75% 0.63% 8.3%
55-64 1.28% 0.57% 1.84% 2.26% 1.26% 0.63% 0.65% 8.5%
65-74 1.15% 0.23% 1.47% 1.76% 1.09% 0.52% 0.48% 6.7%
75+ 0.96% 0.23% 1.17% 1.13% 0.55% 0.36% 0.15% 4.6%
Total 8.55% 2.66% 12.53% 13.20% 8.09% 4.32% 3.16% 52.50%

Table 4a

Average weight of men calculated from NHANES data and categorised by age and BMI category.
BMI Under Normal 1 Normal 2 Over Obese 1 Obese 2 Morbid
Age
18-24 29.4 51.1 63.6 78.0 90.9 109.1 128.7
25-34 26.9 49.1 64.1 80.6 93.0 104.4 130.5
35-44 24.6 45.3 62.7 80.1 93.1 107.7 123.2
45-54 27.9 43.7 63.0 82.1 93.7 108.9 129.8
55-64 26.6 40.0 61.6 78.7 94.2 105.4 132.7
65-74 28.0 46.1 63.1 76.5 93.3 102.4 127.7
75+ 25.9 48.9 61.8 77.4 93.8 103.0 127.4

Exploring the effects of passenger weight changes for this paper is dependent on the prevalence of obesity being modelled. The
total percentage of (Pl - 25)(g) 1s determined by Eq. (5), where REF is the reference value calculated from NHANES and j represents
the obesity prevalence in percentage. The same equation is used to evaluate the percentage of BMI < 25.

A P}
REF BMI > 25
(PléMI > 25)((;) = (Pt > 25)(0)(—REF )
Pyyrr s 25 Total

(5)

Using the same process as Eq. (5), the proportion of a newly estimated sample size j was determined with Eq. (6). Where REF
denotes the reference value calculated from NHANES. This value is then used in the following section in Eq. (7) (section 2.3.1) to
calculate the passenger payload weight.

; ; B,
J _ J i(A,G)
Pi(A,G) - (PBMI > 25)(0)( (PBMI R 25)(G))
REF

(6)

2.3. Passenger payload and fuel fraction relation

2.3.1. Passenger payload

It is assumed that the model explores the effect of obesity of an adult population; therefore aircraft are assumed to carry no
passengers under the age of 18 years. The second assumption is that the demographic distribution of adults of the NHANES popu-
lation mirrors the aircraft passenger payload population. The final assumption is that the aircraft has a 100% load factor. However,
airline statistics show that load factors on domestic markets can range from 75% to 85% (Arul, 2014; Mazarrati et al., 2009).

The total weight of the passenger payload (W) is limited by the capacity of that aircraft. Knowing the proportion of the particular
BMI group and the average weight of that group, the total weight for that BMI group on board the aircraft can be determined using Eq. (7),
where N is the aircraft passenger capacity. It is important to note that the value of NF,4 ) will be an integer, as there cannot be a fraction
person on an aircraft. If the value is rounded to the nearest smaller whole number, the value representing the number of passengers is
underestimated, for lower capacity aircraft and towards the outer extremes of the BMI range.

Woasiac) = NP6y Wia,6) @

Once the weight for the individual category is calculated, the total sum of the passenger payload can be determined by using Eq. (8).

Woax = Wsmr > 25) + Wismr < 2s) 8)
where,
Wemr > 25) = 2 Whaxi(ac) Wsmr < 25) = Z Whaxi(ac)
i=4567 =123
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Fig. 1. Aircraft passenger payload for the three aircraft at various obesity levels.

This study explored one set of conditions relating to BMI demographics. In each case the underlining ratio between the higher BMI
categories remained constant, i.e. the ratio of Under, Normal 1, Normal 2, Over, Obese 1, Obese 2 and Morbid remains the same. The
model is capable of determining the payload (passenger) weight based on any given aircraft capacity and total obesity prevalence.
Conducting the study in this manner, therefore, does not take into account the various BMI categories periodic change, as the scope of
this paper is to compare current obesity prevalence trends implications while using current passenger weight standards.

Additional passenger payload scenarios using standard weights based on the ICAO, Federal Aviation Administration (FAA),
Europe, European Aviation Safety Authority (EASA) or Civil Aviation Authority UK (CAA UK) are used to establish a baseline
comparison. ICAO uses a standard 80 kg per passenger regardless of passenger gender or ratio. FAA uses a 60:40 male to female ratio
at 83 kg and 73 kg respectively. EASA established weights of 95 kg and 75 kg for male and female respectively, while CAA UK have
male and female weights of 88 kg and 70 kg respectively. An additional estimation of passenger baggage (Wpac) is added to the
overall payload, assuming that each item of luggage is 25 kg and that 70% of the passengers take one bag and 30% take two bags. The
model assumes that no additional air freight or cargo is carried for simplicity purposes. The payload weight is added to the op-
erational empty weight (OEW) of the aircraft to determine the zero-fuel weight (ZFW) (Eq. (9)). In an optimal situation, at the end of
a flight, an aircraft would ultimately have the exact fuel to have only the reserve fuel plus payload and the operational empty weight.
Fig. 1 shows the passenger payloads calculated for each aircraft at the different obesity prevalence levels.

ZFW = OEW + W, + Wpag 9)

2.3.2. Fuel fraction, cost and emissions
An aircraft's range performance is often determined by the non-dimensional factor known as the fuel fraction or zeta value (£).
Knowing that the fuel fraction must be the same as the change in weight, & can be determined from Eq. (10). The fuel fraction value
thus can be used to illustrate the effects of payload weight variation on the range of an aircraft.
AW

W:
-1 =1-¢
w Wi (10)

Substituting the assumed final weight of the aircraft as the zero-fuel weight (ZFW) from Eq. (9) into Eq. (10), the initial aircraft
weight can be determined from Eq. (11).

_ ZFW

= 1% an

The fuel used by the aircraft (W}) can be calculated either from fuel flow (Q), time (t) and or directly from the fuel fraction (Eq.
(12)).

Wy =Qit= W (12)

The fuel price is updated regularly and can be found on numerous online sources; an October 2018 listed fuel price of $751.12
USD per metric tonnes was used in this paper (IATA, 2018). Fuel cost is calculated using Eq. (13), where i represents a different flight
phase. Similarly, the pollutants can be calculated using Eq. (14) using the emissions index (EI) listed in the ICAO engine emissions
databank presented as a unit of a pollutant for a unit of fuel burnt, where i represents the different pollutants.

The ICAO databank provides engine performance and emissions data acquired from full-scale engine tests at sea level for the idle,
climb, descent and take-off segments of flight. For the vast majority of jet and turbofan commercial engines, it provides values of fuel
flow (kgs_l) and emission indices (grams of pollutant emitted per kilograms of fuel burnt) taken at 7%, 30%, 85% and 100% rated
thrust outputs. The pollutants included in the databank are hydrocarbons, carbon monoxide, and nitric oxides. Furthermore, it was
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Table 4b

Average weight of women calculated from NHANES data and categorised by age and BMI category.
BMI Under Normal 1 Normal 2 Over Obese 1 Obese 2 Morbid
Age
18-24 29.06 46.46 59.96 76.59 89.67 101.53 122.56
25-34 28.83 48.24 60.28 75.77 86.79 99.64 126.11
35-44 27.04 44.90 60.88 72.54 89.02 97.86 127.86
45-54 27.53 45.11 60.98 74.64 88.24 99.15 121.31
55-64 26.89 47.40 59.46 75.05 86.78 101.66 121.61
65-74 25.91 49.07 60.83 73.75 85.96 93.91 124.32
75+ 24.54 53.03 60.29 73.36 85.47 98.70 136.45

considered that 3.157 kg of carbon-dioxide is emitted for each kg of aviation fuel burnt to estimate the total emissions associated with
the cruise flight segment (International Civil Aviation Organisation, 2014).

Fuel Cost = Wi fori
lz price (13)

Emissions = W} EL
z,-: ‘ (14)

2.4. Aircraft characteristics

Three types of aircraft are examined in this paper: narrow-body Airbus A320, wide-body Airbus A330-200 (A330-200) and
turboprop aircraft Avions de Transport Regional ATR-72. The aircraft characteristics are shown in Table 5. These aircraft are fre-
quently utilised aircraft platforms in service by many airlines around the world. The model presented herein explores the flight
characteristics from a single take-off to landing cycle, excluding loiter and taxi. Key assumptions include, no additional cargo is
carried, headwinds and tailwinds, additional fuel for holding patterns and alternative airports are all not considered, similarly
regulatory mandated fuel reserves, and the International Standard Atmospheric conditions are observed. Calculated characteristics in
Table 5 are derived from methods outlined by Howe (2000), such as TSFC and lift to drag ratio, which are then compared to values
given by Babikian et al. (2002) and Roskam (1985).

Table 5

Key aerodynamic and propulsive characteristics of the three aircraft types considered in this study.
Characteristic Narrow-body Wide-body Turboprop
Aircraft A320" A330-200" ATR 75°
Capacity 180 267 70
Maximum Take-off Weight (MTOW) (tonnes) 73.5 238 23
OEW (tonnes) 41.3 120.2 13.5
Wing Area (S) (m") 124.0 361.6 61.0
Aspect Ratio 10.34 10.06 12.00
Zero-Lift Drag Coefficient (Cpo)' 0.01296 0.0123 0.0274%
Induced Drag Coefficient ®° 0.0422 0.0447 0.03428
Cruise Mach Speed (M) 0.79 0.82 0.42
Engine Model CFM56-5b Trent 700 P&W PW127°¢
Maximum Thrust per engine (TO)d (kN) 117.9 299.1
Shaft Horse Power per engine (P)° (HP) 2132
Bypass Ratio (B)¢ 5.9 5.07
Propeller Efficiency (n)® 0.859
Thrust Specific Fuel Consumptionf (crp) (NN~ 1s71) 15.9 x 107° 16.2 x 107°
Power Specific Fuel Consumption® (cyp) NwW- s 85.0 x 1077
Idle Fuel Flow (kg s~ ') ¢ per engine 0.107 0.243 0.051¢
Take-off Fuel Flow (kg s~ )" per engine 1.166 2.886 0.165°
Climb Fuel Flow (kg s~ %) ¢ per engine 0.961 2.353 0.139°
Descent Fuel Flow (kg s~ !) ¢ per engine 0.326 0.783 0.085°

2 (Airbus, 2015).

® (Airbus, 2014).

¢ (ATR DC/E 2014).

d (International Civil Aviation Organisation, 2017).

€ (Avions de Transport Regional, 2001).

f Calculated values using methods from Howe (2000).
8 (Nita, 2008).
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2.5. Aircraft performance calculations

A performance model was built to investigate the effects of passenger weight change on mission performance. A detailed model
and corresponding aircraft performance calculation steps are presented in the appendix section of this paper. The effects of passenger
weight change were calculated for key flight phases, namely cruise range, climb and descent and take-off and landing.

2.5.1. Aircraft range during cruise

There are three types of cruise regimes, namely; constant lift coefficient and velocity; constant lift coefficient and altitude;
constant velocity and altitude. For this paper, only the cruise regime of constant velocity and constant altitude will be explored. The
model developed in this paper aims to explore the changes in flight conditions where the only variable is aircraft payload variations
due to obesity. Thus, certain parameters, particularly Mach speed and altitude, are kept constant. Therefore, integrating the Breguet
range equation (see appendix A) yields Eq. (15) for a turbofan aircraft whereas Eq. (16) is used for a turboprop aircraft.

_ 2VE ax 71 E¢
e = [( Crr )}tan (ZEmax(l - kcLEg)) 15)

ZFW
21E max ) _ ) - 2ZFW
Xrp = tan™!| ————=——| — tan" | ———
" [( crr } PV SCpolk PV SJCoolk

Where V is velocity, E is lift to drag ratio, E,. is maximum lift to drag coefficient, cr is thrust specific fuel consumption (TSFC) and
crp is power specific fuel consumption (PSFC), ¢ is fuel fraction, k is induced drag factor, ZFW is the zero-fuel weight and  is propeller
efficiency.

16)

2.5.2. Climb and descent

The rate of climb (ROC) characteristics is established by determining the take-off weight from a calculated fuel fraction value for a
cruise situation. The calculated velocity is for the climb phase (see Appendix B) with its associated Mach number for a given altitude
is used to determine the thrust (see Appendix A). Finally, the ROC for the turbofan and turboprop are determined using Eq. (17a) and
Eq. (17b) respectively. The rate of descent (ROD) is present when ROC has negative values (see Appendix B).

(TV — DV)
w (17a)
_(Pp-DV)
ROCrp = T (17b)
Then the total fuel used is determined by multiplying the fuel flow by the time to climb considering the fuel flow data for a
particular engine type issued in the ICAO database. The time to climb (t.;) is determined by Eq. (19). Where h is the desired altitude, j
is either climb or descent and i represents the ROC or ROD at an increment of altitude.

= ( Ah
t = il
! ; (ROJ}] 19)

2.5.3. Take-off and landing

Take-off and landing consist of three parts, an airborne phase; a rotation phase and a ground phase. Key velocities are based on
the stall speed (Vy), Eq. (20). V; or Vg = 1.1V;, V1o & Vip = 1.2V, V, = 1.3V;; these values were taken from Sadraey (2017), and
similar approximations are also expressed in Filippone (2012) and Eshelby (2000). They are based on FAR regulation Part 25 which
also specifies that a transport aircraft must clear a 50 ft obstacle for the take-off and landing manoeuvres.

ROCTF =

2w
* \/pSClmax (20)

A take-off/landing field distance (D7), where, Z is take-off or landing, is calculated in Eq. (21). It is the sum of the distance
travelled during the three phases; the ground roll (X,4), rotation (X, and the airborne phase until the clearance height (X,;) (see
Appendix D).

DZ = (Xgrd + Xior + X'air)Z 21)
The time spent during each take-off phase is calculated from Eq. (22), where AX, is the change in distance, AV, is the change in

speed and Z is the ground, rotation or airborne phase. Then using the fuel flow data for a particular engine type, the total fuel used is
determined.

=y 24X,
~ AV, (22)
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Table 6
Calculated performance characteristics for three aircraft with specified flight parameters based on standard passenger weights from key aviation
regulatory bodies.

Fuel Used (kg) Fuel Cost (USD) Emissions Produced Time to Climb Fuel to Climb Take-off Distance Landing Distance
(ton) (min) (kg) (m) (m)

A320 - Range 3,000 km, Cruise altitude 36,000 ft, M = 0.79
ICAO 9213.7 6955.3 19.42 18.02 2077.6 1744.1 1352.7
FAA 9167.7 6920.5 19.32 17.81 2053.5 1734.4 1341.9
EASA 9453.0 7135.9 19.82 18.91 2181.2 1980.9 1397.8
CAA UK 9191.5 6938.5 19.37 17.91 2065.5 1884.2 1347.3
A330-200 - Range 7,500 km, Cruise altitude 36,000 ft, M = 0.82
ICAO 46,704.7 30,873.7 129.24 15.05 4249.4 1850.7 1338.2
FAA 46,647.1 30,830.6 129.06 15.01 4236.7 1856.7 1334.8
EASA 47,187.0 31,234.7 130.75 15.43 4356.6 1906.4 1366.3
CAA UK 46,647.1 30,830.6 129.06 15.01 4236.7 1850.7 1334.8
ATR 72 - Range 700 km, Cruise altitude 25,000 ft, M = 0.42
ICAO 1441.1 1087.9 2.88 23.62 2724.3 1408.7 997.9
FAA 1434.2 1082.6 2.86 23.16 2671.0 1384.8 1008.6
EASA 1471.9 1111.1 2.94 25.70 2963.5 1689.0 1052.7
CAA UK 1437.6 1085.2 2.87 23.39 2697.5 1396.7 1003.3

3. Results and discussion

The specific results discussed in section 3 focuses on a simplified particular mission for each type of aircraft: 1) the narrow-body
aircraft mission profile consists of a range of 3000 km flying at a cruise Mach of 0.79 at an altitude of 36,000 ft (FL360); 2) the wide-
body aircraft mission profile with a range of 7500 km flying at a cruise Mach of 0.82 at an altitude of 36,000 ft; and 3) the turboprop
aircraft mission profile consisting of a range of 900 km flying at a cruise Mach of 0.42 at an altitude of 25,000 ft (FL250). Table 6
provides results corresponding to the three aircraft for the performance factors using the passengers’ weights defined by ICAO for
purposes of comparison to standardised weights issued by regulators; the USA, FAA; Europe, EASA and the UK, CAA UK. In the
absence of self-developed standards, many nations may opt to follow either of these regulators. Out of the four regulators, EASA have

Table 7

Difference between standard weights and average weight for selected countries with different obesity prevalence.
Country BMI > 25 (%)* " Average weight (kg) Standard weight (kg)

Male” Female® " Male Female Regulator®

Antigua and Barbuda 59.5 77.6 72.6 74 64 ECCAA
Australia 63.6 84.1 70.1 81.8 66.7 CASA
The Bahamas 63.9 77.9 71.9 74 64 BCAA
Canada 64.5 83.7 69.5 83 73 TC
Costa Rica 59.9 72.8 62.7 88 70 DGAC
Europe’ 56.3 80.6 66.1 94 75 EASA
El Salvador 56.1 72.7 62.8 88 70 AAC
Fiji 63.3 77.7 72.8 77 77 CAAF
Ghana 32.2 65.1 61.9 83 73 GCAA
India 19.1 56.6 49.0 75 75 DGCA
Jordan 66.3 78.2 72.1 88 70 CARC
New Zealand 64.2 84.7 72.4 86 86 CAA NZ
Norway 58.8 84.6 68.4 88 70 CAA Norway
South Africa 52.2 69.8 73.0 88 70 SACAA
St Kitts and Nevis 57.9 79.1 77.4 74 64 ECCAA
St Lucia 54.3 83.3 77.6 74 64 ECCAA
Swaziland 39.9 67.1 71.4 88 70 SWACAA
Tanzania 23.7 60.9 57.3 88 70 TCAA
Trinidad and Tobago 57.9 79.9 73.3 88 70 TTCAA
Turkey 65.7 76.3 69.2 88 70 SHGM
UAE 70.1 76.6 70.0 88 70 GCAA
United Kingdom 63.1 82.6 69.7 88 70 CAA UK
USA 67.9 89.3 75.5 83 73 FAA

Italicised and bold text indicates that the standards are below the average weight.
Underlined highlights the standard weights used in this paper.
2 (NCD Risk Factor Collaboration, 2016a).
b (NCD Risk Factor Collaboration, 2016b).
¢ Regulatory references are not included due to publication constraints.
Average weight and obesity prevalence are determined by the average of all the individual European countries within the jurisdiction of EASA.
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Fig. 2. Global weight averages for countries separated into regions by obesity prevalence with regulator standard weights.

updated their passenger weight standards as of 2009 (Berdowski et al., 2009). Consequently, the results of for an aircraft with the
current passenger standards from EASA have higher results than those of the other regulators with lower standard weights.

3.1. Aircraft capacity and payload

Airlines thread a fine line between payload, range and fuel expenditure. Notwithstanding, pilots have to estimate the passengers’
weight based on standard weights issued by the regulators which do not necessarily reflect operational circumstances accurately.

Furthermore, many nations around the world rely on either the regulations from the FAA, EASA or CAA UK. These nations generally
lack the infrastructure or budget to carry out wide-scale passenger weight surveys as it happens in some other nations, such as Australia or
Canada, which have adequate resources to perform regular surveys. Table 7 presents a comparison of the average weights and regulatory
standards for selected countries along with their obesity prevalence. Among the selected countries, St Lucia has the highest difference
between the average passenger weights and their standards with a difference in mass of 9.3 kg for males and 13.6 kg for females.

As previously mentioned, obesity is on the rise and consequently weight per passenger follows an identical increasing trend at a
global scale. Currently the highest prevalence of BMI centres around the overweight and obese categories however, it is expected that
this BMI prevalence will become more skewed towards the higher categories of obese and morbidly obese in the future. Gritsch et al.
(2017) discuss that the Australian regulator standards became outdated within a decade of their inception. This study also suggested
using the statistical health data on weight and obesity as a trigger to update the standards once the variance reaches 2%.

Regions 7, 8 and 9 (see Table 1) have less spread regarding obesity prevalence, and this can be attributed to the fact these regions
encompass countries in Europe and the Americas. In these regions, there are diverse factors for different demographic ethnicities
leading to a change in the overall dynamic of the demography of the people, thus on the average weight (Bil and Hanlon, 2016). As
shown in Fig. 2 it can be seen that the average weight from many nations of the listed regions (Table 1) lie below the current weight
standards from the key regulators.
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Fig. 3. Passenger payload weight per BMI increment for the number of seats in an aircraft.
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Fig. 4. Illustration of the constant ratios amongst the BMI categories change at different levels of overweight and obesity (BMI > 25) prevalence for
use in this study. The data considered in this figure was sourced from the NHANES (CDC, 2015).

Taking into account the different BMI categories, Fig. 3 illustrates how the weight per change in obesity prevalence changes with
aircraft capacity. The average weight of a passenger is based on the NCD Risk Factor Collaboration (2016a) data. By estimating the average
weight in this manner we assume that the typical aircraft demography is a sample representation of the wider population. A key factor to
note that has not been considered is the relationship between obesity and disposable income. The aviation industry's measure for capacity
growth is the gross domestic product of a nation. The passenger model developed in this paper has not accounted for the effect of type of
people travelling on a given flight. For instance, low-cost carriers attract financially savvy passengers due to lower airfares.

The data presented for NHANES represent the demographic situation of the USA for 2013-2014, with the consensus that the USA
is a leading nation in the obesity problem. Other countries have distinct demographics depending on their social-economic contexts;
some nations have lower relevancies of obesity, like in sub Saharan Africa [28.21% =+ 8.4], whereas other nations such as those in
the Oceania [71.81% = 10.1] have higher relevancies at the more extreme BMI spectrum (NCD Risk Factor Collaboration, 2016c).
Knowing this, the performance characteristics of specific aircraft types in those regions may vary greatly due to the difference in
passenger payload. Fig. 3 illustrates how the amount of additional weight changes with a 1% increase in obesity for various aircraft
capacities. It is evident that when aircraft capacity increases, more weight is added with a rise in obesity. Therefore, an aircraft with a
capacity of 200 passengers will carry an extra 80 kg of extra passenger weight for every 1% rise in obesity prevalence.

3.2. Significances of increasing obesity prevalence

Each region is made up of nations with different demographics. Thomas et al. (2014) expect obese people in the USA (i.e. with
BMI > 25) to plateau at 69% by 2030 while in the UK 71% by 2033. However, the proportions estimated for the obese category was
greater than those for the overweight category. Currently, both have prevalence obesity of 67% and 63% respectively, with the
overweight category dominating (NCD Risk Factor Collaboration, 2016c). An earlier study reported people with BMI > 30 to be 42%
of the population by 2030 in the USA (Finkelstein et al., 2012).

The passenger characteristic model described in Section 2.2.2 is used to illustrate the effect of changing obesity scenarios. Fig. 4
shows the passenger BMI category prevalence used for the scenarios BMI > 25%, BMI > 50% and BMI > 85%. The scope of this
paper looks at the overall obesity prevalence. The prevalence of the various obesity categories can change periodically. Thus the
ratios between the BMI categories remained the same for the scenarios explored. The results obtained from these scenarios can then
be extrapolated to the various regions around the world by adjusting the corresponding BMI ratios.

3.3. Range

Determining the range of a flight relies on knowing accurate weights to establish the required fuel. Unlike freight carriers which
can obtain accurate payload weight data, airline operations are reliant on estimating the passenger payload from standard weights
from regulators or establish their own estimations from surveys of passengers. With the average person getting heavier and the
obesity prevalence varying from region to region, the use of standard weights can lead to either over or under estimations of the fuel
necessary for a particular range requirement.

Fig. 5a, b and c presents the range of the aircraft for various altitudes (flight levels, FL) concerning different obesity scenarios,
additional information relating to the passenger payload (W,) and fuel weight (Wj). These ranges correspond to the maximum
possible distance travelled for the payload and fuel combination for MTOW in each scenario. A common trend is that, as the obesity
prevalence increases, the payload increases resulting in less available weight for fuel, consequently reducing the possible range. For
the three aircraft, the difference between a higher and lower altitude is greater with lower obesity percentages compared to higher
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Fig. 5a. Maximum possible range at various altitudes for an A320, with MTOW for specified passenger payload and fuel weight combinations, over
different obesity prevalence.
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Fig. 5b. Maximum possible range at various altitudes for an A330-200, with MTOW for specified passenger payload and fuel weight combinations
over, different obesity prevalence.
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Fig. 5c. Maximum possible range at various altitudes for an ATR-72, with MTOW for specified passenger payload and fuel weight combinations

over, different obesity prevalence.

scenarios. This would indicate that if a pilot has a flight plan for an assigned altitude range combination and decides to fly at a lower
altitude, there will be less range as a consequence; nevertheless, it is common practice to request higher altitudes. It is interesting to
note that at an obesity level of approximately 60% the passenger payload weight equals the fuel weight (Fig. 5a). The same point
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Table 8
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Comparison of maximum range possible for the three types of aircraft between key aviation regulators at MTOW with a passenger fuel combination.

Regulator

Passenger Payload (kg)

Fuel Weight (kg)

Maximum Range (km)

A320, FL360, Mach = 0.79

ICAO 14,400 11,865 5684
FAA 14,040 12,225 5502
EASA 15,894 10,371 4756
CAA UK 14,220 12,045 5593
A330-200, FL360, Mach = 0.82

ICAO 21,360 87,570 14,437
FAA 21,093 87,837 14,491
EASA 23,576 85,354 13,993
CAA UK 21,093 87,837 14,491
ATR-72, FL250, Mach = 0.42

ICAO 5600 2477 1852
FAA 5460 2617 1962
EASA 6181 1896 1402
CAA UK 5530 2547 1907

occurs after the 20% obesity level for the ATR 72 (Fig. 5c). There is no point where this crossover occurs on the A330-200 aircraft
(Fig. 5b). The A330-200 caters for long-range distances, thus requiring greater capacity for fuel (per weight) compared to payload for
maximum possible range. For comparison, the maximum possible range for each aircraft with the standard passenger weight related
to the four regulators is shown in Table 8. As shown in Fig. 2, the regulatory standard weights are higher than the average weights of
many countries. When examining the aircraft ranges from Table 8 to the corresponding figures in Fig. 5, the range capabilities of the
aircraft are conservative. Under regulatory standards, the aircraft show a lower range potential equivalent to a payload with an
obesity prevalence of greater than 80% for the turbofan and greater than 70% for the turboprop.

3.4. Climb

In most flights, the aircraft follows a step climb procedure. In this situation, the aircraft will fly to an assigned altitude where it
may level off. Then after some time, the air traffic controllers will indicate to the pilot to change altitude and speed, resulting in many
potential flight paths from that point onward. This paper adopts a simplified approach by considering the aircraft follows a con-
tinuous climb path between take-off and cruise altitude.

Fig. 6 present the time to climb and rate of climb for two obesity scenarios (15% and 85%) for the three aircraft types considered
herein. Only the two extreme scenarios are presented as the variation of the rate of climb and time to climb is small for any other cases. As
expected, the general trend that is shown in Fig. 6 illustrates that as obesity increases the longer the aircraft will take to climb to any
altitude. Similarly, the lighter the aircraft the higher rate of climb the aircraft can achieve. As an example, an A320 will take 16 min to
climb to an altitude of 36,000 ft for the 15% obesity case, whereas this time increases to 19 min for the 85% obesity scenario.

Similarly, the A330-200 will take 25 min for an aircraft with 15% obesity and 29 min with 85%. Compared to the turbofan aircraft
the ATR-72 generally flies at lower altitudes. Assuming a climb up to 25,000 ft, the ATR-72 will take 23 min and 32 min for the for
15% and 85 obesity cases, respectively. There is an evident greater impact of the passengers’ weight change on the climb performance
of the turboprop aircraft. In other words, results show that the effect of payload weight on the rate of climb and time to climb become
less pronounced with the size and gross weight of an aircraft.

Data from the flight between SIN-MLE showed a time of 33 min to climb to FL360 corresponding to 2.7 tonnes of fuel. The model
developed in this paper calculated that it would take 25 min and 2.8 tonnes of fuel to achieve the same flight level. The discrepancy in the
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Fig. 6a. A320 Time to Climb and Rate of Climb for 15% and 85% obesity, considering a fuel weight for 3,000 km range.
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Fig. 6b. A330-200 Time to Climb and Rate of Climb for 15% and 85% obesity considering a fuel weight for 7,500 km range.
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Fig. 6¢c. ATR 72 Time to Climb and Rate of Climb for 15% and 85% obesity considering a fuel weight for 700 km range.

time can be caused by the model considering a continuous climb profile while it is highly likely that the aforementioned flight experienced
a step climb. Furthermore, the difference in the higher fuel for the model can also be attributed to the fact the ICAO Engine Databank fuel
flow data is tested under a thrust condition of 85% maximum thrust. The SIN-MLE flight may have had a different power setting or other
unknown aircraft characteristics (e.g., different engine model) that would likely lead to lower fuel consumption. Nevertheless, the cal-
culated performance parameters are within expected values demonstrating the robustness of the model developed in this paper.

3.5. Take-off

The take-off phase is probably the most sensitive to the uncertainty around passengers weight as any deviation from the cal-
culations made by pilots can lead to an exceedance of the required take-off distance. It is therefore of crucial importance pilots have
the accurate aircraft weight to determine the correct take-off performance characteristics of their aircraft for a particular flight
condition. To ensure a safe departure the upper limit of MTOW should not be exceeded. At the MTOW the model estimates that the
A320, A330-200 and ATR-72 utilise 2,146 m, 2,793 m and 1,689 m of runway respectively. Using the same take-off weight for the
A320 operating the SIN-MLE flight (i.e. 73,616 kg) the model predicted a take-off distance of 1,730 m, which is not very far from the
value obtained from the Airbus A320 handbook (i.e. 1,800 m). For the ATR-72 aircraft, both the example provided in Filippone
(2012) and the results obtained from this model pled to identical take-off distances (1,600 m) considering a take-off weight of
22,616 kg. These results demonstrate the accuracy of the model used in this paper.

Fig. 7a, b and c illustrates the take-off distance required for different obesity prevalence situations and selected ranges. Both the
A320 and ATR-72 aircraft have relatively close take-off distances for different range scenarios, whereas the A330-200 has a relatively
wider variation of take-off distance for across the considered range scenarios. Another point is that comparing the different range
scenarios for the smaller aircraft shows that obesity prevalence has a greater effect when comparing the take-off distance for the two
extreme obesity cases, i.e., 15% and 85% of obesity prevalence. The increase in the take-off distance can be as high as 300 m for the
ATR-72 considering a target range of 1,000 km. For the A330-200 operating in High Income Western Countries [59.67% =+ 3.6], and
considering a range of 12,500 m, the calculated take-off distance is 2,400 m. Comparing a region consisting of lower obesity, such as
Sub-Saharan Africa [28.21 *+ 8.4], for a similar range the same aircraft would only use 2,300 m of tarmac. This difference is ap-
proximately 100 m for close to 30% change in payload due to obesity. On high capacity, short haul routes, e.g. 2,500 km, in high
population density centre in East and South East Asia [57.82% =+ 12.1] or High Income Asia Pacific [61.31% = 5.6], the same
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Fig. 7a. A320 Take-off distance vs obesity prevalence for various ranges at FL360.
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Fig. 8a. The effect different obesity levels have on the A320 landing distance. Vertical lines represent the landing distances as per the requirements
set by the corresponding regulators.

aircraft utilising only 1,370 m of tarmac. However, using standard passenger weights the aircraft will use 1,400 m or runway for the
same range.

3.6. Landing

From a performance perspective, ideal aircraft operations would see an aircraft consume the exact amount of fuel predicted for
the flight, leaving residual fuel for taxing purposes. The model considered in this paper assumes that the aircraft will arrive at the
destination with zero fuel on-board, allowing for the only variable to be passenger payload weight when determining the landing
distance. Fig. 8a, b and c illustrates the landing distance for the A320, A330-200 and ATR-72 aircraft as a function of obesity
prevalence respectively. Within each subfigure, the landing distances determined based on the requirements set by four regulators
(i.e., FAA, ICAO, CAA UK and EASA) are shown as vertical lines. All these distances are shown for a zero-fuel weight condition of the
aircraft. It is evident that the standard weights issued by regulators provide a conservative landing distance, as all four regulators’
landing distances lie above an obesity equivalent level of 70%. Current global average obesity is close to 53% and is likely to reach
70% in the near future according to forecasts, thus narrowing the safety margin for the calculation of landing distances.

Landing distance is heavily influenced by the weight of the aircraft. Manufacturers provide a maximum landing weight of aircraft
to prevent structural damage on touch down, including landing gear. This weight incorporates the maximum difference of fuel weight
not spent during a flight for any zero-fuel weight. In an emergency during the early phases of flight, the aircraft would dump fuel to
reach this weight. At maximum landing weight, the model predicts that the A320, A330-200 and ATR-72 utilise 1,439 m, 1,744 m and
1,148 m of runway respectively. Comparatively, the Airbus reference handbooks for the A320 and A330-200 show approximate
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Fig. 8b. The effect different obesity levels have on the A330-200 landing distance. Vertical lines represent the landing distances as per the re-
quirements set by the corresponding regulators.
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Fig. 8c. The effect different obesity levels have on the ATR 72 landing distance. Vertical lines represent the landing distances as per the require-
ments set by the corresponding regulators.

landing distance value of 1,400 m and 1,700 m respectively. These distances are computed based on standard passenger weights.
However, and as seen before, different geographical regions may lead to significant deviations on the standard weight, thus resulting
in deviation in calculated landing distances. This limitation may pose a serious operational risk for airports with relatively short
runways and/or when other external factors may also have a concomitant detrimental effect on the aircraft performance, such as
environmental temperature, condition of the runway pavement (e.g. wet vs dry), altitude of the airport, etc. For example, an A320
operated by an airline in South Asia [24.62% = 3.5] is going to utilise 1,230 m of runway, compared to 1,310 m necessary for the
very same aircraft and total number of passengers in a High Income Western country [59.67% =+ 3.6].

3.7. Fuel and emissions

Knowing the correct amount of fuel needed for a flight is critical as fuel cost is a significant expenditure to an airline. However,
the exact amount of fuel can only be calculated once the weights for both passengers and cargo are known for a given flight. The
paradox is that only the cargo is weighed before boarding, whereas the passengers’ weights are estimated from the standards adopted
by the operator. Not knowing the correct weight of passengers can lead to excess fuel weight being carried during a flight or in the
worse circumstance, not enough fuel.

Fig. 9a, b and c presents the cost and emissions associated with the fuel used for three aircraft flight scenarios that are presented in
Table 6. In all aircraft cases, the cost of fuel and emissions rises with the prevalence of obesity due to the extra fuel required to
transport the increased passenger weight. For the sake of an example, and considering the A330-200 with a range of 7,500 km, for
every 5% increment of obesity added to the passenger payload, an additional 122.2 kg of fuel is required, emitting 362.5 kg of extra
emissions at the cost of $92.25USD; an A320 travelling 3,000 km will need 54.8 kg of fuel, emitting 95.4 kg of emissions at an
additional cost of $41.37USD; the ATR-72 travelling 700 km will carry 6.77 kg of fuel which will emit 15.3 kg of emissions and cost
$5.11USD. However, for the extreme 85% obesity prevalence case the change in the fuel cost compared to an aircraft carrying a
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Fig. 9a. A320 fuel cost and emissions with fuel weight as a function of obesity prevalence (considering a range of 3,000 km).
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Fig. 9b. A330-200 fuel cost and emissions with fuel weight as a function of obesity prevalence (considering a range of 7,500 km).
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Fig. 9c. ATR72 fuel cost and emissions with fuel weight as a function of obesity prevalence (considering a range of 700 km).

passenger payload based on ICAO standard weights is 1.6% for the A320 and 0.5% for both the A330-200 and ATR-72. Though these
percentages are small in absolute terms, it should be noted the financial impact in the long run is considerable, particularly for long
range operations. This stresses the need for airlines to use accurate passenger weights instead of estimations based on standards as a
means to save on fuel. Looking at Fig. 9a, if an A320 were to operate for an airline in sub Saharan Africa [28.21% = 8.4] the airline
would spend close to $6,600USD, while in other nations such as those in Oceania [71.81% = 10.1] may spend up to $6,900USD for a
similar distance. These values represent significant savings when compared against the fuel cost corresponding to the standard
weights based on ICAO or EASA regulations, respectively $6,955USD and $7,135USD.

Park and O’Kelly (2014) determined that an A330-200 will use 43 tonnes of fuel to fly an average trip distance of 6,315 km, which
contrasts with 33 tonnes obtained from the model used in this paper. Similarly, Yin et al. (2015) showed that a 9,260 km flight carried
out by an A330-200 used 64 tonnes of fuel compared to 51 tonnes derived from the model in this paper. Their methods involved
aggregating yearly fuel consumption and flight distances to provide flight characteristic estimates. It is noted that there a difference
between the results of Park and O’Kelly (2014) and Yin et al. (2015) to those calculated using the model in this paper. These
differences can be attributed unstated aircraft weights, the engine model or other parameters that can produce conservative results.

4. Conclusions

Overweight and obesity are placing a strain on society as well as industry at a global scale. The effects of passenger weight in the
transport sector suffer from a lack of interest from key stakeholders, particularly with the associated safety, operational and financial
implications. The contribution of this paper is in addressing this knowledge gap by analysing the changes in aircraft performance
characteristics due to growing passenger weight. The resultant findings clearly show how obesity affects main aircraft performance
parameters. From a safety and operational perspective, the results show that deviations from the average passenger weight (average
passenger weight is stipulated by regulators) owing to different obesity prevalence rates can significantly compromise safety margins.
This limitation is particularly evident for higher obesity prevalence rates which are in line with forecasts of obesity prevalence in the
near future. Geographical factors potentially also play a role in the accuracy of calculated performance characteristics of different
types of aircraft as distinct regions around the world have significantly different obesity rates. From an economics perspective, the
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results obtained in this paper illustrate that the majority of the nations around the world are overestimating the standard weights of
passengers, which represent unnecessary fuel costs to airlines as well as increased pollutant emissions. Overall, this paper has de-
monstrated the need for regulators to issue standards with updated passenger weights in line with current demographic trends,
thereby resulting in more accurate flight performance calculations regardless of the operators’ geographical context. Alternatively, a
direct measuring of passenger weight prior to boarding would be an effective measure to reduce uncertainty around this parameter,
though this procedure still requires public acceptance due to privacy issues.
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Appendix A. Aircraft Range during Cruise
The lift coefficient is calculated using an estimated take-off weight (in this case, MTOW) and the velocity at altitude (Eq. (A1)).

Where W is aircraft weight, S is wing area, p is air density as altitude and V is velocity. The drag coefficient and lift to drag ratio is
then calculated using Eq. (A2) and Eq. (A3) respectively. Where k is the induced drag factor and Cp, is the zero-drag value.

2w

CL=—
L 0s(v?) (A1)
Cp = Cp, + kC? (A2)
()
Cp (A3)
Since drag is equal to thrust during cruise, the available thrust can be obtained by Eq. (A4).
i Maxp
D~T= ATO(E) (ﬂ)
P ) \ Mo (A4

Where T is available thrust, T, is the maximum thrust produced by the engine at sea level; i is a factor determined by altitude (below
11,000mi = 1, above 11,000 m i = 1.2); A is the throttle setting, p is the air density at the given altitude and p, is the corresponding sea level
value. M, is a reference Mach number until which T can be kept in the maximum value for that altitude. M, is the thrust versus speed
dependence factor, this being Me,;, = 0.75 for the turbofan and Mey, = 1 for the turboprop. M, = 0 corresponds to the turbojet. A value of
Meyp, = 1 means that the by-pass ratio is very high to such extent that is the engines operation can be compared to that of a propeller driven
engine. The model presented assumes a known ZFW, calculated from the OWE plus the calculated payload weight based on BMI prevalence.
The range models described stem from the Specific Range (SR), Eq. (A5a) and Eq. (A5b) for turbofan and turboprop aircraft re-
spectively. SR is the distance flown divided by the amount of fuel consumed. Then by integrating the SR over the weight of the aircraft, and
by multiplying both the numerator and denominator by the lift force, the resultant formula is the Breguet range equation (Eq. (A5c)).

dx _vdt Vv

SRpp = — = — = —
T 4w T cTdt | oD (A5a)

SR _dx _vdt _ qpVdt 7
T AW T cpdt  cTvdt D (A5b)

E\ "% dw
x=[= v
(c)*‘{: w

The maximum lift to drag coefficient is given by Eq. (A6). This parameter is common in both turbofan aircraft (Eq. (20)) and
turboprop aircraft (Eq. (21)).

1

\4kCp,o (A6)

The reported fuel flows in the ICAO databank are presented for each phase of the landing/take-off cycle and does not provide
cruise fuel flow data. Thus, trust specific fuel consumption (TSFC) is needed to be calculated for the cruise segment. TSFC is de-
pendent on Mach, altitude and engine by-pass ratio. Howe (2000) presents a method for calculating TSFC for a turbofan based on
Mach, altitude and engine by-pass ratio (Eq. (A7)). The values of TSFC in Table 5 are calculated from Eq. (A7) for an altitude of
36,000 ft and a Mach listed in Table 6 for each turbofan aircraft for the respective scenario. The PSFC for the turboprop aircraft is
given by Avions de Transport Regional (2001) and is shown in Table 5.

(A5c¢)

Epnax =

0.06
c=c(1 — 0.158%5)(1 + 0.28(1 + 0.06362)M)(ﬁ)
00 (A7)

Where ¢’ is approximate to 20 mg N~1s™! (Howe, 2000), f is the by-pass ratio, M is the Mach number.
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Appendix B. Climb Calculations

The rate of climb (ROC) characteristics are established by determining the take-off weight from a calculated zeta value for a cruise
situation. Velocity and thrust for the climb phase are calculated using Eq. (B1) and Eq. (A4). The Mach number associated with Vzoc
for a given altitude is used in Eq. (A4) to determine the thrust.

1
I 2
|

T 3
Veoc=||——— |1+ 1+|————
Roc (3/3CDDS) 1 (1) 2
J4kCpy \W

The climb angle is determined by Eq. (B2) (Sadraey, 2017). Where T is the thrust, k is the induced drag coefficient and W is the
aircraft weight. Both the Velocity and climb angle are need to follow to procedure in Sadraey (2017).

T — D] — in-! T 0V20cSCho _2%kW
2w pSVkoc

(B1)

Yroc = Sin~! [
RoC B2)

Appendix C. Descent Calculations

The descent model determines the rate of descent (ROD) for a given landing weight and considering a given payload of obesity
prevalence amongst passengers. Typical descent for transport aircraft involves some level of thrust to maintain airspeed. Thus, the
model presented also assumes that during the descent phase thrust is being produced. The descent profile for this model is assumed to
be a continuous descent flight path with constant deceleration from cruise speed to landing speed and constant descent angle.

For this particular scenario, the known quantities of the initial condition, V; is equal to cruise velocity, and cruise altitude is
known. The final condition consists of a V; being equal to the approach velocity for landing with a final altitude equivalent to the
clearance height mentioned in Section 2.5.3. For the purpose of the results presented in this paper, a 2° flight path angle was
considered. The air distance was determined by using Eq. (C1). Where h; is the initial altitude, h;; is a lower altitude. Deceleration is
obtained from Eq. (C2) which is applicable to a particular phase of descent ranging from an initial altitude and corresponding speed
(V) to a final altitude and speed (V)), where a, is the acceleration along the flight path, and X is the distance along the flight path.

| 2
X= |h2+ (L)
tan Vdesc (c1)
ay = VJZ _ Viz
To2(X) (c2)

Then, using Eq. (C3), the speed at a given stage of altitude is determined. The lift component is calculated (Eq. (C4)) followed by
the drag (Eq. (C5)).

Viy = V? + 2a4h (C3)

Lgese = Weos (;/degc) cH

1
Dyese = Epvz S(Cpo + kCP) (C5)

The required thrust to maintain airspeed during descent is calculated from Eq. (C6). Then using Eq. (17a) and Eq. (17b), the rate
of descent is calculated. Note that a negative ROC indicates descending aircraft.

TRdesc = Diesc — Wsin (ydesc) + Mgy (C6)

Appendix D. Take-off and Landing Calculations

An aircraft's take-off performance relies on knowing the take-off weight and air ambient condition (assumed to be International
Standard Atmosphere). The weight can only be known once the flight range is determined. In the model presented, a take-off weight
is chosen by selecting the appropriate zeta-range combination. Rearranging Egs. (15)-(16) from section 2.5.1 for the fuel fraction
yields Eq. (D1).

i __B
‘= BKGLE + E (1)
where
B = 2B, tan(%), iis TF or TP, and: A = 25m or Agp = nex,

60



D.J. Melis, et al. Journal of Transport & Health 13 (2019) 41-62

The resultant take-off weight is then calculated using the zeta value and a selected ZFW associated with the obesity passenger payload using
to Eq. (11) in Section 2.3.2. The manoeuvre speeds are determined by using the take-off weight and the stall speed (Eq. (36)). The coefficients
of drag (Cpro) and lift (Cp;0) at lift-off are determined using the related speeds. The ground roll distance is then determined from Eq. (D2).

Xgrd = (L)ln %
2B B+ AV} (D2)

where,

T —pS
A=z |—He B=
(%) 2(%)(1 — CpLo — uCLLO)

.Where V; is the speed at the end of the ground roll, T, is the net thrust, W,, is the

g
take-off weight, g is gravity, p is the air density, S is the wing area, y is the strip surface rolling friction coefficient, and Cy is the lift-

off coefficient.

Sadraey (2017) comments that the calculation to determine the distance travelled during the rotation phase is complex and
suggests that using the V;o multiplied by the time taken to rotate (Eq. (D3)) is a reasonable approximation. For transport aircraft, a
timeframe of 3-6 s is recommended, hence for this study a rotation time of 3 s was considered.

KXot = trat Vio (D3)

The airborne distance covered is determined by using Eq. (D4) and Eq. (D5). Where T, is approximately 90% of T, (Sadraey,
2017), Xy is the distance travelled on the ground, X'y, is the distance travelled along the flight path, h, (50 ft = 15.24 m) is the
clearance height and D, is the drag during the airborne phase.

,__( w )[(sz_vfo)_i_h]
“" "\ Ty — Dy 2 ’ (D4)

Xair = \Xélf - hoz (D5)

The landing calculations in this model look at determining the field length for a given landing weight assumed to be the ZFW, for a
given payload of obesity prevalence. The process of calculating the field length for landing is the reverse process of the take-off
calculations. There are three phases to the landing; the approach, flare and ground roll. The same method is used to determine the
specific landing speed as in the take-off procedure. The manoeuvre speeds are determined from Eq. (15). The coefficients of drag
(Cprgra) and lift (Cyrg-q) at the point of landing are determined using the related velocities.

The airborne distance covered is determined by using Eq. (D4) and Eq. (D5); however, in this case T, is zero since there is no thrust
being produced. The touchdown follows the same method as the rotation phase (Eq. (D5)). The ground roll is determined by Eq. (D6).

w 1 ((3) T + ) + 1)
n

- _ >
psg(CDLgrd ,uCLLng) (%)(Tm + F) + y(;ﬁ)(cmgw - ,LlCL,_gm)

XLgrd =
(D6)

Where T, is the thrust produced from the thrust reverser (assumed 50% of T,), K; is the landing speed factor, and Fj is the force due to
braking.
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