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Resumo 

 

Fruto da crescente preocupação com o ambiente, diversas medidas foram impostas pelas autoridades no 

sector da aviação, visando a redução das emissões e dos consumos de combustível. Um dos exemplos 

de tais medidas é o programa Corsia desenvolvido pela ICAO. De forma a corresponder a tais medidas, 

as companhias aéreas procuram estratégias que lhes permitam simultaneamente reduzir consumos e 

aumentar lucros. Uma das estratégias é o single-engine taxiing que consiste em utilizar apenas um motor 

para mover o avião durante a fase de táxi.  Nesse âmbito, este estudo apresenta uma metodologia para 

implementar o single-engine taxiing tendo como objecto de estudo o Airbus A320-200 da TAP Air Portugal, 

para o táxi-out no aeroporto de Lisboa. Esta metodologia consiste no estudo da situação actual, 

determinação de resultados máximos possíveis e produção de uma solução que acima de tudo garanta a 

segurança de todos os voos, dado que é necessário assegurar o aquecimento correcto dos motores. Nesse 

sentido, são analisadas as variações temporais e a influência dos locais de estacionamento e pista de 

descolagem utilizada, para determinar um conjunto de cenários. Estes cenários serão estudados e para 

cada um é determinada a localização na qual se deve proceder à ignição do segundo motor. A solução 

proposta por este estudo apresenta ganhos significativos para a companhia, na ordem dos 21 kg poupados 

por voo, e assegura a segurança de todos os voos. 
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Abstract 

 

As a result of growing concern for the environment, several measures have been imposed by the authorities 

in the aviation sector, with an aim to reduce CO2 emissions and fuel consumption. One example of such 

measures is the Corsia program developed by ICAO. In order to correspond to such measures, airlines 

seek strategies that allow them to simultaneously reduce fuel consumption and increase profits. One of 

these strategies is the single-engine taxiing, which consists on using only one engine to move the airplane 

during the taxi phase. In this context, this study presents a methodology to implement the single-engine 

taxiing, having as case-study the Airbus A320-200 from TAP Air Portugal, for the taxi-out phase at Lisbon 

Airport. This methodology consists of the study of the current situation, determination of maximum possible 

results and production of a solution that above all guarantees the safety of all flights, since it is necessary 

to ensure the correct engine warm-up.  In this sense, the temporal variations, the influence of the parking 

spaces and take-off runway are used to determine a set of scenarios. These scenarios will be studied and 

for each one it is determined the location in which the ignition of the second engine should be carried out. 

The solution proposed by this study presents significant gains for the company, in the order of 21 kg saved 

per flight, and ensures the safety of all flights. 
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Chapter 1 

 

Introduction 

 

1.1  Motivation and Setting 

 

Implemented in 2005, the European Union Emission Trading Scheme has been one of the flag-carriers on 

the fight against climate change. By pricing carbon and making it marketable, it has achieved a decrease 

in emissions as shown in Figure 1. 

 

Figure 1 –   Carbon emission after ETS implementation, based on (European Comission, Reducing emissions from 
aviation, 2018) 

 

However, the aviation sector has been a thorn in the EU’s intentions. According to the European 

commission, it accounts for 3% of the EU’s total greenhouse gas emissions which is equivalent to a top 10 

country in the emissions ranking. To further aggravate the situation, the sector has been growing and so 

have been its emissions, as shown in Table 1, and the International Civil Aviation Organization (ICAO) 

forecasts that by 2050 they could grow by 300-700% (IATA, Climate Change & CORSIA Fact Sheet, 2018). 

Table 1 – Aviation Sector CO2 emission, (IATA, Climate Change: Three targets and four pillars, 2019)  

Ton CO2 

2013 53 484 229 

2014 54 829 920 

2015 57 087 006 

2016 61 453 056 

2017 64 246 416 

 



 

2 
 

This escalation of emissions and fuel consumption is a potential financial hazard for the airliners. Not only 

do they have to cope with environmental requirements, as the ones later discussed, but they also must 

face an increase in jet fuel price. For example, in May 2018 jet fuel was 52% more expensive when 

compared to the previous year (Duval & Aygat, 2018). 

The aviation sector is in constant change and evolution and due to its past and projected growth it is natural 

that the sector increases its focus, energies and technologies on mitigating its CO2 emissions and fuel 

consumption. This increase is well patented in the strategy developed by IATA (International Air Transport 

Association) for the upcoming years. Established in 2009 it aimed to improve the fuel efficiency by 1.5% 

per year from 2009 to 2020, create a cap on net aviation CO2 emissions from 2020 and reduce the net 

CO2 emissions of 50% by 2050 relatively to 2005 levels (IATA, Climate Change: Three targets and four 

pillars, 2019).  

In order to achieve these goals, this strategy pursues a 4-pillar strategy stated as the following: 

- Development of new technology and use of sustainable alternative fuels; 

- Increase the efficiency of aircraft operations; 

- Improve the infrastructure and modernize air traffic management systems; 

- Implement a single Global Market-Based Measure to fill the remaining emissions gap. 

 

From these pillars emerged a system developed by ICAO (International Civil Aviation Organization) called 

Carbon Offsetting and Reduction Scheme for International Aviation, or CORSIA (IATA, CORSIA Fact 

Sheet, 2018). This system defines a volume of emissions for each airliner, in the form of allowances (each 

allowance gives the holder the right to emit one ton of CO2). If this volume is exceeded, then the airliner is 

forced to pay a fine which means there is a financial incentive to comply with the designated volume of 

emissions. It is forecasted that between 2021 and 2035 around 2.5 billion tonnes of CO2 will be mitigated 

by this measure (IATA, CORSIA Fact Sheet, 2018). 

In the airliners perspective there is a strong will to achieve these targets and further reduce the operational 

costs. Within IATA’s second pillar there are numerous opportunities for innovation and improvement 

particularly during the taxi phase of the flight (Deonandan & Balakrishnan, 2010). One of the opportunities 

that emerges is the use of single-engine taxi (Guo, Zhang, & Wang, 2014). Recommended by 

manufacturers such as Airbus and supported by several studies (Kumar, Sherry, & Thompson, 2014) 

(Postorino, Mantecchini, & Paganelli, 2018) this technique consists on using only one or two engines (for 

two or four engine aircrafts respectively) for part of the taxi-in or taxi-out phase. As such, there is a reduction 

of emissions and a significant diminishing of fuel consumption (Balaksrishnan, Deonandan, & Simaiakis, 

2008). However, this technique is not usually used due to some restrictions, such as warm-up and cool 

down times, and some concern from the flight captains that safety is ensured (Postorino, Mantecchini, & 

Paganelli, 2018). Since the final decision relies on the captains there is a need to develop a system that 

not only optimizes the technique but also ensures all the safety requirements in order to establish a simple 

and safe approach to this process. 
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This study arises due to this need. Intending to develop a procedure so that the captain can make an 

informed decision whether and when to use or not the single-engine taxi process, this study will analyse 

the current situation and try to optimize it. Due to the academic nature of the study and the high volume of 

data, there will be a focus on the taxi-out procedure at the Lisbon International Airport, ICAO code LPPT, 

taking in consideration that the procedure for the taxi-in is almost similar. The process here applied to this 

airport will deliver unique results. However, it will present the guidelines for application on other airports. 

The main reason behind this study is the author’s wish to develop a tool that showcases the skills developed 

throughout his master’s degree, but also possesses a real-life application and improvement over the current 

situation. Taking this into consideration it was essential to find a real-life case study on which to develop 

this study. 

TAP Air Portugal is one of the airliners committed to achieve these environmental goals. In this pursuit TAP 

is renewing its fleet, acquiring greener and more efficient aircrafts from Airbus’s 320 and 330 neo families, 

and optimizing its operational procedures. Due to this strategy TAP presented itself like the ideal partner 

for this study. Therefore, a cooperation was established to develop this study. As such, it will present 

financial gains based on real data collected from TAP flights. 

One of the big challenges this study tackles is the uncertainty and unpredictability due to the multitude of 

agents involved in characterization of the taxiways and aprons dynamics. Therefore, a wide range of 

analytical techniques will be employed in order to achieve a result that provides a safe and financially 

beneficial solution. 

If this study’s objective is achieved then, significant savings, both financially and climatically, could be 

achieved. 
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1.2  Objective 

 

In order to achieve a successful study, it’s essential to ensure two major outcomes so that all 

stakeholders are satisfied: 

 

• Regardless of the proposed implementation’s results, safety is ensured; 

• Measurable financial gains so that the proposed strategy brings values to the company. 

 

As such, this study has one main objective: 

• Develop a methodology to study the single-engine taxi and implement it, as a tool to aid the flight 

Captain on when to proceed to the ignition of the second engine. 

 

Furthermore, this study will attempt to evidence the applicability of such methodology to a case study. 

If the difference between the current situation and the potential outcome obtained by applying the developed 

methodology are significant, then the objective will be fulfilled. 
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1.3  Framework 

 

This study needs to address two main issues, the determination of taxi times and the calculation of fuel 

consumptions. These issues combined will allow the development of an optimal solution. As such it is 

comprised of four main phases, as described below: 

• The first phase consists on the literature review in order to attain a deep knowledge of current 

studies and methodologies to calculate taxi-times, fuel consumptions and past single-engine taxi 

studies. This will present the basis of the whole study because not only will it present the most 

adequate techniques on which to build the study, but will also showcase past; 

 

• For the second phase, a strategy will be developed and showcased. On other words, at this stage 

the study’s calculations skeleton will be displayed and explained. This will provide a guideline for 

similar studies; 

 

• In the third phase, the current situation will be characterized so that the usage of single-engine 

taxiing can be quantified, how much fuel is currently being consumed and the margin for 

improvement;  

 

• The fourth phase will consist of applying the defined strategy and producing an implementation 

suggestion. Afterwards, a comparison between this strategy, the one currently in place and a zero 

single-engine taxi strategy will be made.  
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1.4  Dissertation Structure  

 

The present study consists on six chapters with the following content: 

 

Chapter 2 presents a literature review concerning taxi-out procedures, taxi time predictions and single-

engine taxi studies. Here the main concepts will be identified as well as past techniques used by former 

studies. The key factors in these processes will be defined and interlocked to build a foundation for the 

following analysis. 

 

Chapter 3 presents the case study used to validate this study. An overview of the airport, airliner and aircraft 

in study will be shown. 

 

Chapter 4 will present the steps that will be taken to develop an implementation methodology for the single-

engine taxi strategy. 

 

Chapter 5 presents the results and highlights the main findings of this study. The current situation will be 

evaluated, as well as a prediction of results for the proposed implementation. 

 

Chapter 6 will show the final conclusions and model limitations. 
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Chapter 2 

 

Environmental Concerns and Fuel Saving Strategies 

 

The current chapter will showcase the existing state of the art and describe the situation and strategy in 

study. 

 

2.1  Current Situation  

 

In recent times, man-made greenhouse gases have been a major concern due to the severe effects that 

these gases have on the global environment. As shown in Figure 2, the global carbon emissions from fossil 

fuels in 2014 were ten times the value obtained in 1900. This illustrates the impact of human development 

and the urgent need to contain the effects of our industries. 

 

 

 

Figure 2 – Global Carbon Emissions prior to ETS, (Boden, Marland, & Andres, 2017) 
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As a direct result of this carbon emissions, the global CO2 atmospheric concentration has also dramatically 

increased, demonstrated in Figure 3, which, among other, can lead to a decrease in life quality around the 

world. 

 

 

Figure 3 – CO2 atmospheric concentration, (Boden, Marland, & Andres, 2017) 

 

In order to attenuate harmful effects such as global warming, several strategies have been developed and 

implemented. One of which is the European Commission Emissions Trading Scheme (ETS). This system 

is the backbone of the European Union’s effort to reduce greenhouse gases. Currently the ETS covers 

almost 50% of total EU greenhouse gas emissions, operating in the 28 EU countries, regulating not only 

power stations and manufacturing plants, but also aviation activities, since air transport accounts for 2% of 

global man-made CO2 emissions (IATA, EU Emissions Trading Scheme - A world of difference, 2012). 

For a defined time period, the ETS defines, at EU level, a maximum volume of greenhouse gases (GHG) 

that can be emitted by companies. Afterwards, emission allowances are given to companies that can buy 

or sell them if needed. Each allowance gives the right to emit one tonne of CO2, that is the main GHG, or 

the equivalent quantity of N20 and PFCs, the two other main GHG (European Comission, The EU 

Emissions Trading System (EU ETS), 2016). 

These allowances are of single-use and must be delivered in order to cover every tonne of CO2 emitted in 

the previous year. If a company does not meet this criteria, heavy fines will be imposed. However, a 

company is at liberty to keep surplus from previous years or trade allowances with other companies. Either 

way this system gives an incentive to companies to develop greener technologies and improve the 

efficiency of their operations. Furthermore, the maximum volume of GHG is decreased by 1.74% every 
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year, which imposes an ongoing improvement by the companies (European Comission, The EU Emissions 

Trading System (EU ETS), 2016). 

On a particular case, the aviation sector has its own emissions level maximum. Due to its cap-and-trade 

approach, this system provides a certain degree of flexibility to companies regarding the strategy they use 

to achieve the most cost-effective way to reduce their emissions (IATA, "Green" Taxes Fact Sheet, 2018). 

Recognizing the need to reduce its emissions and improve its operations, the aviation industry developed 

a set of targets and a four-pillar strategy, illustrated below. 

 

 

Figure 4 – IATA four-pillar strategy, Own composition based on (IATA, Climate Change: Three targets and four 
pillars, 2019) 

 

The first three pillars will provide long-term solutions and a sustainable growth for the aviation sector (IATA, 

Climate Change: Three targets and four pillars, 2019). However, it was necessary to develop a global 

market-based measure (GMBM) to monitor and reduce the remaining emissions. Due to the broad range 

of countries each airliner flies into, it was necessary to have a single GMBM in order to avoid the complexity 

of multiple national schemes. As such, developed by the International Civil Aviation Organization (ICAO), 

CORSIA arose. This policy aims to complement the industries efforts and reduce the sector’s carbon 

emissions (IATA, CORSIA Fact Sheet, 2018). 

CORSIA is based on emissions monitoring and reporting, and, similarly to the ETS, the purchasing of 

emission units. In a process called offsetting, a company buys emission units and the funds used will be 

financing emission reducing projects elsewhere. Even though this policy does not reduce directly the CO2 

emissions in the aviation industry, it helps other industries to achieve their reduction goals and therefore 

compensating for its own emissions. This type of strategy is useful in industries in which the potential for 

further reductions is limited, and it can provide not only environmental gains, but also social and economic 

benefits to under-developed countries. Compared to a carbon tax, offsetting proves to be more effective 

since it ensures the funds paid by the companies will be applied in the effort to mitigate CO2 emissions. By 

2021 around 80% of international air traffic will be covered by this policy (Duval & Aygat, 2018). 

This policy alone offers a financial incentive to companies to reduce its GHG emissions. However, when 

you take into consideration that fuel is the main cause of GHG emissions in aviation, as its combustion 

releases nitrous oxide, sulphur oxides and unburned hydrocarbon (Kumar, Sherry, & Thompson, 2014), 

and that fuel represents between 30% to 40% of an airline direct operating costs (Duval & Aygat, 2018) 

New technology Efficient aircraft 
operations

Modernize 
infrastractures and 
air traffic systems

Global Market-
Based Measure
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(Postorino, Mantecchini, & Paganelli, 2018), it is clear that airlines must improve their operations in order 

to reduce its costs and emissions. 

 

Airline operations are divided into air and ground (Guo, Zhang, & Wang, 2014). For short haul flights, aircraft 

spend around 10-30% of the total flight time taxiing (Guo, Zhang, & Wang, 2014) and therefore the landing 

and take-off cycle, LTO,  represents a relevant part of the total flight duration (Postorino, Mantecchini, & 

Paganelli, 2018). Furthermore, it is forecasted that due to the increase of air traffic movements and airport 

congestion, taxi times will increase (Koudis, Hu, Majumdar, Ochieng, & Stettler, 2018).  As the air part is 

severely restricted by safety and air traffic regulations, there is a broader field of improvements on the 

ground part, particularly the LTO cycle, to be attained. As such this study will focus on the LTO cycle and 

how and where it can be improved to reduce fuel burn and consequential emissions and costs. 

 

2.2  Landing and take-off cycle 

 

The LTO cycle comprises all stages of flight that happen below 3000 feet (Guo, Zhang, & Wang, 2014), 

those being taxiing in and out, climbing out, descending and touching down. Figure 5 illustrates the LTO 

cycle, and Figure 6 illustrates all the sources of carbon emissions during this cycle. 

Within this cycle there is a variation of fuel consumption depending on which phase the aircraft currently is 

operating, and it depends on the time spent on each phase. Being the largest source of emissions 

(Nikoleris, Gupta, & Kistler, 2011), and defined as the movement between the gate and the runway (Guo 

et al., 2014), taxiing presents an array of opportunities for improvements with real impact on the global 

operations picture. In fact, an A320 aircraft burns between 5 to 10 % of its total fuel during this phase 

(Balaksrishnan, Deonandan, & Simaiakis, 2008). Therefore, this study will look for strategies to improve 

the efficiency of the taxiing, particularly the taxi-out phase. 

 

 

 

Figure 5 – Landing and take-off cycle, adapted from (Postorino, Mantecchini, & Paganelli, 2018) 
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Figure 6 -  LTO cycle carbon emissions, adapted from (Postorino, Mantecchini, & Paganelli, 2018) 

 

The period after pushback until take-off is designed as taxi-out (Deonandan & Balakrishnan, 2010). This 

phase comprises the time that the aircraft uses the taxiways and spends on runway queues. This phase 

starts when the airport ground movement control clears the aircraft to move from its assigned stand to its 

designated runway (Postorino, Mantecchini, & Paganelli, 2018).  

Dependent of the distance and taxiway traffic (Clewlow, Simaiakis, & Balakrishnan, 2010) (Yin, et al., 2018), 

the taxi-out time directly affects the fuel burned during this phase (Khadilkar & Balakrishnan, 2012). 

However, past studies showed that stops and turns don’t possess a strong influence on the amount of burnt 

fuel (Khadilkar & Balakrishnan, 2012). This means that the main factors that affect the amount of fuel burnt 

during the taxi-out phase are the distance between the stand and the runway, and the number of aircraft 

currently using the taxiways. 

Regarding to taxi-out procedures, these can be divided into conventional and alternative (Postorino, 

Mantecchini, & Paganelli, 2018).  

The first represents the standard and commonly used. It begins with the ignition of both engines (one at a 

time), before, during or after pushback, it depends on the apron, having to respect the safety requirements, 

followed by moving towards the designated runway at low thrust.  
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The alternative procedures represent the emerging opportunities to enhance the efficiency of the taxi-out 

phase. Within these opportunities there are three that stand out:  

 

• The first is a variation of the conventional procedure called single-engine taxi. It has the potential 

to reduce fuel consumption and emissions (Kumar, Sherry, & Thompson, 2014) and is the 

alternative procedure with the lowest implementation cost.  

 

• The second and third procedures are similar and can be grouped in the aircraft ground propulsion 

systems(AGPS). They consist on using a separate propulsion system during the taxi-out phase in 

order to maintain both engines turned off for the maximum time period. One of the procedures 

relies on an external AGPS such as tow trucks, that may or may not be the same responsible for 

pushback. Known as dispatch towing (Deonandan & Balakrishnan, 2010) it has the upside that 

aircraft emissions are reduced. Although towing vehicles emissions must be considered, these can 

be quite small, when compared with the conventional procedure, since towing vehicles can be 

powered by renewable energies (Guo, Zhang, & Wang, 2014). One of the major drawbacks of this 

strategy is the fatigue it causes on the aircraft’s nose landing gear (Deonandan & Balakrishnan, 

2010).  

 

• The third procedure consists on the implementation of an onboard AGPS. Instead of relying on a 

tow vehicle, electrical motors are installed in the landing gear. An example of this procedure is the 

eTaxi that presents savings up to 85% when compared to the conventional procedure (Duval & 

Aygat, 2018). Using power from the APU these motors can execute the pushback and therefore 

saving the company the pushback fees. Even though they represent an additional weight, that 

represents an increase in fuel consumption during the cruise phase (Guo, Zhang, & Wang, 2014), 

this procedure has the potential to make up for that due to the big savings attained during the taxi-

out phase. Similar to the external AGPS this system has some major drawbacks, as it requires a 

substantial investment to each aircraft, apart from the installation of the motors its necessary to 

adapt the aircraft, for example the APU needs to cope with the additional stress (Duval & Aygat, 

2018). 

 

 

In order to illustrate the difference between the several taxi-out procedures, Table 2 will showcase the pros 

and cons of each one. 
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Table 2 - Taxi-out procedures comparison 

Taxi-out Procedure Characteristics Pros Cons 

Conventional 
Standard two-engine 

propulsion 
No changes needed 

Least efficient 
procedure 

Single-Engine Taxi One engine Propulsion 

Low implementation 
cost 

No mechanic 
modifications needed 

 

Complexity of safety 
issues 

Still relies on the 
captain’s decision 

Dispatch towing 
Use of an external entity 
to tow the aircraft during 

taxi-out 

Emissions reduction 
If electric vehicles are 

used a significant noise 
reduction is possible 

Highest gains potential 

Airport congestion 
potential 

Additional stress on the 
landing gear 

eTaxi 
Electric motors at the 

landing gear 

Save pushback fees 
High gains potential 

 

Extra weight 
Large investment 

required 

 

The present study intends to present an implementation methodology for a procedure that can be easily 

applied and accepted by an airliner. 

Due to the rise in operating costs and reduction of profit margins, which in recent times have resulted in 

several airliners declaring bankruptcy, it was essential that little to no investment was required and  

measurable gains could be obtained. 

As such, this study will focus on the single-engine taxi due to the low cost of implementation, since there is 

no need for additional power sources or external aid, and potential high savings (Deonandan & 

Balakrishnan, 2010). 

From an airliner point-of-view, this procedure is the most beneficial and easier to implement. It won’t require 

additional maintenance for installing additional parts, as the eTaxi would. No external entities would need 

to be hired, as required for the dispatch towing. And the only investment needed will be the application of 

a methodology and the training of their crew members, both of which present a residual cost when 

considering the whole operating costs. Therefore, the gains obtained from using the single-engine taxi 

strategy come at little expense and pose great attractiveness for the airliner.  
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2.3  What is Single-engine taxiing? 

 

Single-engine taxiing (SET) is an operational strategy designed to reduce fuel consumption and engine 

emissions during the taxi-in or the taxi-out phase of a flight. In order to achieve such savings, this strategy 

consists on leaving half of the airplanes engines off while taxiing. This means that a twin-engine plane will 

taxi with one engine on, and a four-engine plane will taxi with only two engines (Kumar, Sherry, & 

Thompson, 2014), turning the remaining engine or engines on at a designated time. Therefore, due to the 

fact that for a period of time only one of the engines is working, a significant reduction in fuel consumption 

occurs. Not only does this strategy reduce fuel consumption and emissions, but also allows for the other 

engine to function at a more efficient RPM range (Kumar, Sherry, & Thompson, 2014), therefore also 

reducing its fuel consumption and CO2 emissions. Another benefit is the increase of engine life since one 

of the engines functions for a smaller period of time (Guo, Zhang, & Wang, 2014). 

This strategy is recommended by airplane manufacturers such as Airbus (Deonandan & Balakrishnan, 

2010) due to its low-cost implementation and potential high savings that can be achieved. Not only airplane 

manufacturers, but also several airports encourage the use of single-engine taxiing (Heathrow Airport Ltd., 

2012). 

However, there are serious restrictions to this strategy that must be followed without exception in order to 

ensure the flight’s safety. One of these restrictions is regarding the engine’s temperature prior to take-off 

(Balaksrishnan, Deonandan, & Simaiakis, 2008). To make sure that a safe and functional temperature is 

obtained, manufacturers state in each aircraft’s flight crew operating manual (FCOM) the recommended 

warm-up time. As such, this study will make sure that this warm-up time is always respected. 

In addition, there are airport specific conditions that need to be met in order to execute this strategy safely. 

Some of those are related to tarmac conditions, such as slippery conditions or de-icing requirements. In 

these situations, it is recommended not to use single-engine taxiing (Deonandan & Balakrishnan, 2010). 

Other are due to the airport taxiways geometric attributes. If there are sharp turns or uphill slopes single-

engine taxiing should not be used. Special attention must also be given to jet blast and foreign object 

damage risk (Guo, Zhang, & Wang, 2014).  

Further in this study the Lisbon airport will be presented. Due to its characteristics this is an airport with 

ideal conditions to implement the SET strategy and as such this should be heavily encouraged. However, 

and similarly to other airports worldwide, this is not a common practice (Deonandan & Balakrishnan, 2010).  

The major obstacle to this strategy is the uncertainty regarding taxi-times. Since the engine’s warm-up time 

must always be respected, if a miscalculation is made then the aircraft needs to wait at the runway to 

complete the warm-up (Kumar, Sherry, & Thompson, 2014). This would bring penalties and fines to the 

airline, being counter-productive to a saving strategy. Ultimately the decision and responsibility is always 

on the pilot and therefore a proper implementation needs to assure the pilot that he will without a doubt 

achieve a proper warm-up (Guo, Zhang, & Wang, 2014). 
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Nonetheless, there is a vast space for the use of single-engine taxiing. As seen in Table 3, in the United 

States there has been a growth in taxi-out times (Deonandan & Balakrishnan, 2010). And therefore, the 

use of fuel saving strategies is getting more and more relevant. 

 

Table 3 - Taxi-out times in the USA, adapted from (Deonandan & Balakrishnan, 2010) 

Year 
Number of flights with taxi-out time (min) 

<20 20-39 40-59 60-89 90-119 120-179 >179 

2006 6,9 mil 1,7 mil 197,167 49,116 12,540 5,884 1,198 

2007 6,8 mil 1,8 mil 235,197 60,587 15,071 7,171 1,535 

Change -1,5% +6% +19% +23% +20% +22% +31% 

 

 

These values showcase the growth the aviation sector has been experiencing and the raise in airport 

congestion. This congestion leads to longer taxi-out times. As such, the importance to find and implement 

fuel-saving strategies is highlighted. 

Additionally, the average taxi-out times are also an indicator on where such strategies could be 

implemented. According to Table 4, the top 5 airports in the United States with the largest taxi-out times, 

all have averages above 20 minutes. Since commercial aircrafts have a warm-up time between two to five 

minutes (Guo, Zhang, & Wang, 2014), a large portion of the taxi-out phase is available for single-engine 

taxiing. 

 

Table 4 - Airports Average Taxi-out times, adapted from (Deonandan & Balakrishnan, 2010) 

Airport JFK EWR LGA PHL DTW 

Average Taxi-out time (min) 37.1 29.6 29.0 25.5 20.8 

 

 

In the past several studies have been made and proved the efficiency of single-engine taxiing. However, 

few of these studies present a guideline in how to implement this strategy. These past studies are highly 

valuable as they demonstrate the importance of single-engine taxiing and the viability of such strategy. 

Furthermore, the variety of studies demonstrate that the efficiency and gains obtained throught this strategy 

are highly linked to the airport its being implemented in, particularly its geometry (Kumar, Sherry, & 

Thompson, 2014) and its traffic (Clewlow, Simaiakis, & Balakrishnan, 2010). 

The results obtained from these studies vary from around 25% (Kumar, Sherry, & Thompson, 2014) up to 

40% (Balaksrishnan, Deonandan, & Simaiakis, 2008), as seen in Table 5. An estimate has also been made 

and states that American Airlines can save up to 12 million dollars should they adopt single-engine taxiing 

(Deonandan & Balakrishnan, 2010).  
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Table 5 - Past Studies Results 

Airport Gains Source 

Heathrow 40% (Heathrow Airport Ltd., 2012) 

Heathrow 12–58% 
(Koudis, Hu, Majumdar, Ochieng, & 

Stettler, 2018) 

Orlando 27% 

(Kumar, Sherry, & Thompson, 2014) 

La Guardia 45% 

Atlanta 50% 

(Guo, Zhang, & Wang, 2014) Boston 40% 

JFK 45% 

Newark 42% 

(Deonandan & Balakrishnan, 2010) Philadelphia 40% 

Houston 23% 

 

 

As seen in Table 5,  there is a variety of results that can be obtained. The differences in airport layouts, 

traffic variations and fleet mix used in each study explain such variety.  

To achieve these results similar techniques were employed. The major differences come from different data 

sources and small changes made to the following formulas. These formulas are used by several studies 

(Balaksrishnan, Deonandan, & Simaiakis, 2008) (Guo, Zhang, & Wang, 2014) and will be the base for the 

ones used in this study: 

 

𝐹𝑢𝑒𝑙 𝐵𝑢𝑟𝑛𝑡 = 𝐹𝑢𝑒𝑙 𝐵𝑢𝑟𝑛 𝐼𝑛𝑑𝑒𝑥 ∗ 𝑛 ∗ 𝑇𝑎𝑥𝑖 𝑇𝑖𝑚𝑒                                        (1) 

 

   𝐹𝑢𝑒𝑙 𝐵𝑢𝑟𝑛𝑡 = ( 𝑇𝑎𝑥𝑖 𝑇𝑖𝑚𝑒 + ( 𝑇𝑎𝑥𝑖 𝑇𝑖𝑚𝑒 − 𝑆𝑖𝑛𝑔𝑙𝑒 𝐸𝑛𝑔𝑖𝑛𝑒 𝑇𝑖𝑚𝑒)) ∗ 𝐹𝑢𝑒𝑙 𝐵𝑢𝑟𝑛 𝐼𝑛𝑑𝑒𝑥       (2) 
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Using ICAO’s databank for a thrust of 7% (Deonandan & Balakrishnan, 2010) (Guo, Zhang, & Wang, 2014), 

the aircraft’s fuel burn index was obtained and applied on both equations. Afterwards these studies 

extracted the flight’s taxi times from their respective database (Kumar, Sherry, & Thompson, 2014). By 

calculating the difference between equation 2 and equation 1, the potential gain was obtained (Nikoleris, 

Gupta, & Kistler, 2011) (Khadilkar & Balakrishnan, 2012). 

However, these results must be interpreted cautiously as they are based on theoretical assumptions that 

inflate the potential savings.  

One of these assumptions is trusting that the airplane will only use one engine for the maximum possible 

time (Guo, Zhang, & Wang, 2014), when realistically this would demand for an accurate taxi-time prediction 

for every departing flight. Due to the variability in airport conditions this would prove rather difficult and only 

a safe and conservative estimate would be obtained and therefore a difference between the optimal 

scenario and the real scenario would occur.  

The other assumption is that during the taxi-out phase a constant throttle setting of 7%, value corresponding 

to taxiing idle, is maintained and for that setting a constant and pre-determined fuel consumption takes 

place (Deonandan & Balakrishnan, 2010). This assumption also creates a discrepancy between the 

theoretical and practical results due to two different reasons. 

The first one is that during taxi-out there may be situations in which the airplane must brake, either to a full 

stop or just to slow down, and therefore re-accelerate . This would lead to a variation of the throttle setting 

and hence a variation of fuel consumption.  

The second reason is related to the values used for fuel consumption. The majority of these studies use 

the fuel burn indices from the ICAO engine databank to calculate fuel consumptions. However, these values 

are only guidelines as they are obtained in controlled test environments that significantly differ from real 

world usage. It’s safe to assume that these studies are optimistic, and its results are inflated.  

Additionally, to these assumptions, there are two major limitations to these study’s results. The first one is 

due to exclusion of the auxiliary power unit (APU) fuel consumption from the calculations. The APU is a 

power generator, usually installed in the tail of the aircraft, that functions on a constant cycle and provides 

electric energy to several of the aircrafts systems. It’s fuel consumption is constant and independent from 

the aircraft’s flight phase (Airbus, 2019). The  APU must be on until both engines are ignited (Airbus, 2015). 

This is due to the fact that, as seen in Figure 7, some of the aircraft systems are fed by the first engine, 

while other systems are fed by the second engine. Therefore, when one of the engines is turned off the 

APU must be functioning to ensure a safe operation of the aircraft (Airbus, 2015). As such, during single-

engine taxiing there is a part of the taxi-out that requires the APU to be turned on. Although the APU’s fuel 

consumption is only a fraction of an idle engine’s fuel consumption, it must be considered in the calculations 

and the past studies don’t consider it. 
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Figure 7 - A320 hydraulic system, adapted from (Aigner, Peter, Stumpf, Hauber, & Metzler, 2016) 

 

The second limitation for past studies is the origin of their data. Several of these studies use data from 

databases, such as the Bureau of Transportation Statistics and not directly from an airline (Deonandan & 

Balakrishnan, 2010) (Nikoleris, Gupta, & Kistler, 2011) (Guo, Zhang, & Wang, 2014). As such, the quality 

and precision of the information may be lower than one given directly by an airliner.  

According to Table 6, the percentage of flights which possess fuel consumption and taxi-times data is far 

from desirable. Henceforth, the sample used will not be representative of the reality. Also, in order to 

establish a fair comparison, it’s essential to ensure identical conditions to all cases in study. For example, 

it's important that the planes in study have identical characteristics and their pilots follow the same 

operational standards. Otherwise, the results can be biased. As such, there is a clear gap between these 

studies and real-life values. Nonetheless, they prove the existence and magnitude of gains that can be 

obtained by using single-engine taxiing. 

Table 6 - BTS database availability, adapted from (Balaksrishnan, Deonandan, & Simaiakis, 2008) 

Airport No of flights 
Fuel and taxi time 
data available 

ATL 413 851 73,1% 

ORD 375 784 68,9% 

LAX 237 597 50,6% 

DEN 240 928 69,0% 

PHL 104 063 33,0% 

JFK 126 366 46,8% 

EWR 154 113 66,0% 
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However, the single-engine taxi strategy is scarcely used during taxi-out. Surveys were conducted and 

showcased that pilots only use single-engine taxi on less than 10% of their flights (Clewlow, Balakrishnan, 

& Reynolds, 2010). Even though several companies encourage pilots to use this strategy, such as Iberia 

(Iberia Airlines Taxiing Program To Reduce Emissions At ORD, 2011) it is still an unused strategy. The 

reasons for this lack of adherence will be exposed on the following section. 

 

2.4  Single-engine taxiing operational challenges 

 

Even thought at first sight the single-engine taxi procedure appears to be quite simple, there are several 

challenges it poses (Clewlow, Balakrishnan, & Reynolds, 2010) (Deonandan & Balakrishnan, 2010): 

 

• Excessive thrust: While using only one engine the pilot may require additional power to perform 

manoeuvres such as turns or breakaways. During those manoeuvres the pilot must be aware of 

excessive jet blast and foreign object damage; 

 

• Engine start-up problems: If a mechanical problem occurs during the ignition of the second engine 

the time it will take for the aircraft to return to the gate is longer since its current position is further 

to the gate. Furthermore, in case of a fire the firefighters will be further away; 

 

• Additional workload: During the taxi-out phase, there are several procedures the flight crew must 

perform, and any additional task would increase the complexity of the phase; 

 

• Uncertainty concerning taxi times: While parked at the gate, the flight crew has no mean to estimate 

with precision the time that they will take until the runway. As such, it’s difficult for the captain to 

decide when to ignite the second engine. 

 

 

Considering these challenges, this study will provide a methodology that will ensure the safety of the flight 

and an easy implementation by the flight crew. Additionally, a real world solution will be showcased, that 

will provide a quick and easy use. 
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Chapter 3 

 

Case Study 

This chapter will present the case study by describing Lisbon’s Airport, its manager, ANA Aeroportos de 

Portugal, and TAP Air Portugal, particularly the airplane used in this study and the technology used to 

acquire data. From this description a baseline will be established on which the methodology previously 

described can be applied. 

 

3.1  Lisbon International Airport  

 

Established in 1942, Lisbon’s airport, see Figure 8, also known as Humberto Delgado Airport, ICAO code 

LPPT, IATA code LIS, is Portugal’s main airport and represents around 55% of ANA Group’s total revenue 

(ANA Aeroportos de Portugal, 2015). 

Currently, it is comprised by two terminals and one functioning runway, 03/21, with a total length of 3805 

meters. The airport doesn’t have any sharp turns nor steep hills, and therefore it’s an ideal candidate for 

the implementation of the single-engine taxi strategy. 

Lisbon’s airport is part of the ten Portuguese airport group managed by ANA Group. ANA Group’s activity 

consists on the management of the airport infrastructures and aviation related services. This includes the 

management of retail, parking and real estate associated with each individual airport. 

In 2015, around 39 million commercial passengers passed by ANA’s airports, from which around 20 million 

were at Lisbon’s Airport (ANA Aeroportos de Portugal, 2015). From this data its clear the importance this 

airport has on Portugal’s aviation industry. Furthermore, this airport serves as a hub for Portugal’s biggest 

airline, TAP Air Portugal, and in 2015 served 47 different airlines. 

Since 2013, ANA Group’s concessionaire is VINCI Airports International. This multinational company is part 

of VINCI, one of the world’s largest player in concession and construction. As of 2019 VINCI Airports 

manages 45 airports in 12 different countries: 12 in France, 10 in Portugal, 5 in the United States, 3 in 

Cambodia and Japan, 6 in the Dominican Republic,and 1 in Chile, Brazil, Serbia, United Kingdom, Sweden 

and Costa Rica. In 2018 this group had a total volume of traffic of around 240 million passengers. From all 

these airports, Lisbon’s is the one with the largest volume of traffic (Vinci Airports, 2019).  

In January of 2019, an agreement was reached between ANA and the Portuguese government in which 

ANA would finance the expansion of Lisbon’s airport and the construction of a new civil airport in Montijo, 

in order to reduce the burden of the main airport. This is expected to be around 1,15 thousand million 

invested throughout until 2028. With this investment, the Lisbon area will have the capacity to absorb all 
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the expectable traffic until 2062, with a combined 72 movements per hour in this dual airport system, 48 in 

Lisbon and 24 in Montijo. This investment is the reflexion of the strategy, assumed by VINCI Airports when 

it took over the concession of ANA, of investing in infrastructures so that it provides the foundation for a 

future growth and a contribution to the Portuguese economy. 

 

Figure 8 – Lisbon’s Airport 
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For this study, it’s essential to know the volume of traffic at the airport, since this will have a huge importance 

in the final solution, as will be shown in the chapter ahead. 

Currently, Lisbon’s airport is highly congested (PORDATA, 2019). However, the volume of traffic varies 

when considering different months, different days and different hours, as seen in Table 7, and Figures 9 

and 10. 

Table 7 – Lisbon’s Airport Monthly Traffic, source (PORDATA, 2019) 

Month Departures Arrivals Total 

1 8095 8088 16183 

2 7357 7363 14720 

3 8539 8530 17069 

4 8989 8987 17976 

5 9504 9508 19012 

6 9731 9734 19465 

7 10200 10192 20392 

8 10286 10283 20569 

9 9813 9824 19637 

10 9605 9605 19210 

11 8407 8403 16810 

12 8575 8583 17158 

Average 9091,8 9091,7 18183,4 

 

 

 

Figure 9 -  Lisbon’s Airport Daily Traffic Variation, , source FlightRadar 
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Figure 10 – Lisbon’s Airport Hourly Traffic, , source FlightRadar 

 

From Table 7, the seasonality of traffic is evident with the absolute peak during the month of August and 

the absolute low during February, or if we exclude this month due to its shorter duration, during January, 

with the remaining months hovering above or over the average value. 

Regarding the daily variation, as seen in Figure 9, there are some differences throughout the week. 

However, the changes from day to day are quite small and considering the whole panorama of this study, 

can be considered insignificant. 

Finally, when analysing the hourly variation in Figure 10, there are three clear peaks throughout the day 

regardless of the month. One during the morning, one mid-day and one in the afternoon. It’s also visible 

that during months with high volume of traffic, in this case August, the peaks appear to be smoother. This 

is due to the largest congestion throughout the day that spreads evenly because the airport operates near 

or at its maximum capacity for a larger part of the day. When considering months with an average or lower 

volume of traffic, the peaks are clearer. Nonetheless, the existence of three peaks is undeniable.  

With these variations, there is no doubt of the importance to study the effect that time and date has on the 

taxi process. As such, this will be addressed on chapter ahead. 
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3.2  TAP Air Portugal 

 

Founded in 1945, Portugal’s biggest airline and its flag carrier, TAP Air Portugal has its hub in Lisbon’s 

airport and is a member of Star Alliance. 

In 2015, it underwent a privatization process being partially owned by a private consortium and partially by 

the Portuguese government. Since this privatization TAP saw the rise of a new strategy focusing on 

investing and expanding the company and its destinations. This strategy saw the arrival of several new and 

state of the art Airbus Neo, New engine option, aircrafts, taking TAP’s fleet number above 100 aircrafts. 

With its new fleet, TAP has been opening new destinations across north and south America. Parallelly, 

TAP’s subsidiary Portugalia has been rebranded as TAP Express and swapped its old aircrafts with new 

Embraer 190 and 195. This fleet investments showcase the new owners intent on not only expanding the 

portfolio of destinations but also ensuring greener operations and improve customer satisfaction. 

Alongside this investment, TAP has been focusing on diminishing one of its major issues, the constant 

delays it faced. As such several strategies has been developed and implemented to ensure smoother and 

on time operations. One of these examples is the attribution of a turnaround coordinator per flight, called 

red caps, to ensure that any issue that may appear is swiftly dealt with. 

Therefore, it is evident that TAP is making an effort to improve on all fronts, in order to elevate itself and 

provide a better service. As such, TAP presented itself as an ideal candidate to form a partnership for this 

study. As the following numbers show, TAP possesses a vast operation in which a small improvement can 

have major impact. 

In 2018, TAP carried over 16 million passengers and 78 thousand tons of cargo. Currently it flies to over 

90 destinations in 36 different countries. In July of 2019, TAP beat its own record by carrying 1.7 million 

passengers in a single month. This number represents a growth of around 11% when compared to July of 

2018 (TAP, 2019). 

Furthermore, TAP’s new Neo represent a fuel saving of around 15%. The fact that the company choose 

these aircraft shows the concern regarding fuel saving and environmental protection. Considering the 

emphasis of this study, there are no doubts that TAP was a perfect match. 

In order to proceed with this study, it was necessary to select a sample from the wide array of aircraft that 

TAP possesses. This need came from the fact that the focal point of this study is the methodology and its 

implementation. Therefore, only one aircraft type will be analysed and if a positive result is reached, then 

future studies can implement a similar methodology for the remaining aircrafts. 

Since only one aircraft will be studied, it is important to choose correctly and with criteria. It was important 

to have enough data and that such aircraft existed in a significant number within TAP’s ranks. In the 

following section the chosen type will be shown and described. 
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3.3  Airbus A320-200 

 

Figure 11 – Airbus A320-200, (Planespotters.net, 2019) 

Considered the father of its family and the standard in its category, its undeniable the impact and importance 

of the Airbus A320-200.  

Standing as the base for the development of the A320 family, which is comprised by the A318, A319, A320 

and A321, the A320-200 is the reference when considering short to medium haul flights. 

First delivered in 1988, is not only the world’s fastest-selling jet airliner family and a high-volume seller 

having sold 8.951 units as of July 2019 (Airbus, 2019), but also a pioneer as it was the first commercial 

aircraft to use digital fly-by-wire flight control systems, as well as side-stick controls. Throughout its lifetime, 

several updates have been made and different versions developed such as the A320 enhanced and the 

new A320 Neo. All these updates sought improvements regarding fuel economy and efficiency. 

Currently TAP possesses 6 A320 Neo and 20 A320 Ceo, Current engine option. Within all of TAP’s A320 

a lot of 6 were selected. This group was selected in order to ensure similar age, engines and configurations. 

As shown in Figure 12, the A320 has a wide range, and for this study no destination was left out. 

 

Figure 12 – Airbus A320-200 range, (Airbus, 2019) 
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The selected aircrafts have the following features. It should be noted that due to safety concerns the tail 

numbers will not be revealed. 

Table 8 – Airbus A320-200 technical specs, source Airbus 

Range 6200 km 

Typical Seating 174 seats 

Max fuel capacity 27220 litres 

Max take-off weight 78 tonnes 

Cruise speed 900 km/h 

Cruise altitude 11900 m 

Max operating limit speed 0.82 Mach 

Engine Setup 2x CFMI CFM56 

ICAO Fuel Burn Index 0.11 kg/h 

ICAO APU Fuel Burn Index 0.035 kg/h 

 

 

According to this aircraft’s FCOM, an engine warm-up time of 120 seconds is required, therefore 

establishing this study’s first requirement. 

 

Having selected the aircraft to study, the next step was to access its data and flight information. For that 

purpose, TAP’s Flight Data team was of utmost importance. A lot of credit most be given to this team, 

without whom this study would not have been possible. Under the supervision and guidance of this team, 

access to their flight database was granted and this data was extracted and analysed. 
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3.4  Flight Data Monitoring 

 

“The systematic, proactive and non-punitive use of digital flight data from routine operations to improve 

aviation safety” is the description the Civil Aviation Authority gave to Flight Data Monitoring, FDM (Zarikoff 

& Insley, 2014). 

Mandatory for air transport operations with aircraft over 27 tonnes since 2005, according to ICAO (Civil 

Aviation Authority, 2013), and recommended for operations with aircraft over 20 tonnes, this program aims 

to analyse flight data in order to detect threats and negative trends, regarding the norms of flight operations, 

and therefore enable preventive and remedial action, thus enhancing aviation safety. As seen in Figure 13, 

this is a cyclical technique. 

 

 

 

Figure 13 – Flight Data Monitoring procedure,  (Duarte, 2017) 

 

 

By adopting FDM programs, areas of operational risk can be identified, and safety margins quantified. 

Furthermore, risk mitigation measures can be developed and implemented (Duarte, 2017). This way, 

dangerous and potential catastrophic situations can be preventively avoided. As well as maintenance 

routines that can be adjusted by routinely monitoring engines and its behaviour. 

Essential to FDM programs are the Flight Data Recorders, FDR. Since the second world war, there was a 

need to record data from fighters and bombers, and as such flight data recorders were developed. Initially, 

they were made of metal or photographic film and could only store 5 parameters (Duarte, 2017): Time, 

Heading, Altitude, Indicated airspeed and Vertical Acceleration. 
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Figure 14 – Solid-State Flight Data Recorder, (Duarte, 2017) 

 

 

 

Since those days FDR’s have evolved drastically and currently Solid-State Flight Data Recorders, SSFDR, 

as seen in Figure 14, are used. These new SSFDR have the ability to record more than 3000 parameters 

and are integrated in a crash-survival recorder that possesses a locator beacon (Duarte, 2017). 

To access and process the data, a specific software is required. TAP uses a SAFRAN Group – SAGEM 

Défense et Sécurité software called Analysis Ground Station. This software receives information from the 

SSFDR and, according to the principles and procedures programmed by TAP, returns a raw data file in a 

CSV format. Afterwards, this file can be imported to the R Statistical Software (R) and a data analysis 

applied to it, as shown in Figure 15. Alternatively, some analysis can be made within the software itself, 

however this is out of this study’s focus. 

 

Figure 15 – Data Extraction Procedure 
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Chapter 4 

 

Developed Methodology  

In this chapter the different calculations, analysis and assumptions made will be explained, so that further 

in this study they can be applied and produce results. It will also be explained were this study differs from 

past ones and the strategies used to obtain the best results. The Figure 16 presents an overview of the 

used methodology. 

 

4.1  Methodology schematic 

 

Figure 16 – Developed Methodology Schematic 
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As shown in Figure 16, the developed methodology consists on a succession of steps that must be taken 

so that a safe and beneficial implementation is achieved. 

The first step consists on obtaining the required data for this study. As previously stated, for this study the 

data came from TAP Air Portugal. Afterwards, the extracted data should be treated for an easier use in the 

following steps. 

Secondly, the current situation should be accessed. This step is relevant due to the fact that for some 

airports there may be little to no gains to be obtained from single-engine taxiing. The reason behind this is 

that for some airports the difference between the taxi-time and the warm-up time is too small, and therefore 

the gains possibly obtainable will be insignificant. Furthermore, in those cases the search for gains could 

jeopardize the safety of the flight. As such, its essential to evaluate the viability of implementing the single-

engine taxi strategy at the Airport in study. To do so, it’s necessary to calculate the potential of an optimum 

implementation and compare it with the current situation. 

If the viability is ensured in step 2, then the assessment needs to be prepared. As such, all the possibilities 

need to be considered. However, on airports with considerable dimension, the number of possibilities will 

be enormous. Henceforth, it’s recommended to group the possibilities into scenarios, considering the 

influence of other traffic and of the airport’s characteristics. After defining such scenarios, they should be 

crossed, and the outcome will be the cases that will be individually analysed. 

The fourth step consists on the analysis of those cases, in order to characterise each one and enable for a 

correct choice in the fifth step. For that purpose, several values will be calculated, and the behaviour of the 

flights of each case will be represented. 

For the fifth step a choice is required. At this moment, each case is known and characterised and as such, 

the location at which the captain should ignite the second engine must be chosen. For such choice a set of 

criteria is established, always keeping in mind the need to ensure safety on all flights. 

The sixth step consists on verifying that, for the given sample, the proposed solution established on the 

previous step, ensures that all flights meet the engine warm-up requirements. Therefore, a more thorough 

analysis will be made for the flight’s final minutes of taxi-out. If all flights are considered safe, then the 

proposed solution will be valid, and the final step can be undertaken.  

The seventh and final step is similar to the second one. Here, the difference between the current situation 

and the proposed solution will be accessed. If the gains are significant then the study’s objective is 

achieved. 

All of these steps will be thoroughly described in the following sections. 
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4.2  Data retrieval 

 

In this study’s ambit, a set of parameters were needed in order to analyse the flights, within the single-

engine taxi optimization process. Therefore, AGS was set so that these parameters were returned. 

The required parameters are described below in Table 9. 

 

Table 9 – Extracted Parameters 

AGS Designation Output provided 

FLIGHT_PHASE 
Current flight phase (Taxi-out, Take-Off, Climb, Cruise, 

Descent, Approach, Final, Landing, Taxi-in) 

DUR_CFP Duration of the current flight phase, in seconds 

GS Ground Speed in knots 

FF1 Fuel mass flow rate in engine 1, in kg per hour 

FF2 Fuel mass flow rate in engine 2, in kg per hour 

FBURN1 Fuel burned in engine 1, in kg 

FBURN2 Fuel burned in engine 2, in kg 

GPSLAT GPS Latitude, in degrees 

GPSLON GPS Longitude, in degrees 

RUNWAY_TO Take-off runway number 

TIME Current time, in 00:00:00 format 

DATE Flight date, in day/month/year format 

 

After extracting these parameters for all of the flights in study, they are imported to R, where a program, 

code in annex A, calculates taxi-out times, fuel burnt during taxi-out, among several other values, and 

afterwards joins all of the results in a single csv file and assign a random code number to each flight, so 

that safety regulations are complied with. 

From this final file, all of the following steps can be executed. 
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4.3  How to evaluate the current situation 

 

In order to validate single-engine taxiing a proper fuel consumption estimation must be developed. This 

estimation must be as close to the real value as possible so that the difference between theoretical and 

real values is minimal. 

For that purpose, four different values will be considered: 

 

• The real fuel consumption obtained from the airline’s data; 

• An estimation of the fuel consumed if the airplane did no use SET, equation (3); 

• An estimation of the fuel consumed if the airplane used SET, for the time frames of the actual 

flight, equation (4); 

• An estimation of the fuel consumed if the airplane used SET at an optimal scenario, this being 

using this strategy for the maximum possible time without compromising the engine warm-up 

time, equation (5) 

 

To obtain the estimations required, formulas retrieved from past studies will be used (Balaksrishnan, 

Deonandan, & Simaiakis, 2008) (Guo, Zhang, & Wang, 2014) (Postorino, Mantecchini, & Paganelli, 2018). 

However, these will need to be tweaked since they don’t consider the fuel consumption of the auxiliary 

power unit, APU. The APU is only turned off after the ignition of the second engine. Therefore, during single-

engine taxi this poses as an increment to the fuel consumption, even though small when compared to the 

engine’s fuel consumption. 

The following equations return an estimative of the values. 

 

𝐹𝐵 = 𝐹𝐵𝑖 ∗ 𝑛 ∗ 𝑇𝑇                                                                                  (3) 

 

   𝐹𝐵 = ( 𝑇𝑇 + ( 𝑇𝑇 − 𝑆𝑇𝑇)) ∗ 𝐹𝐵𝑖 + 𝑆𝑇𝑇 ∗ 𝐴𝑃𝑈                                 (4) 

 

𝐹𝐵 = (𝑇𝑇 + 𝑊𝑢𝑇) ∗ 𝐹𝐵𝑖 + (𝑇𝑇 − 𝑊𝑢𝑇) ∗ 𝐴𝑃𝑈                                       (5) 
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The equation’s parameters are explained in the Table 10: 

 

Table 10 – Equations parameters 

Acronym Name Unit 

FB Fuel Burn Kg 

FBi Engine Fuel Burn Index Kg/s 

TT Taxi Time s 

STT Single-engine taxi time s 

APU APU Fuel Burn Index Kg/s 

WuT Engine warm-up time s 

n Number of engines  

 

Unlike the engine’s FBi, the APU’s Fuel Burn Index can be retrieved from the ICAO database since it works 

continuously, independently of the scenario. This means that the APU has a constant fuel flow regardless 

if the airplane is accelerating or at a constant cruise.  

However, as previously stated, the ICAO’s engine FBi does not correspond to the real fuel consumption. 

Therefore, a methodology to determine the real FBi of each individual flight was developed, as this study 

will now demonstrate. 

 

4.4  Fuel Burn Index  

 

Each flight has a unique set of characteristic events that happen during it taxi-out phase. From the possibility 

of zero traffic to a completely congested taxiway there are infinite scenarios that even for two identical 

flights, starting from the same gate, going to the same runway and at the same time of day, may differ 

drastically due to the volatility of the numerous players at stake, from other airplanes to ground handling 

units. Therefore, its essential to define a variable that can describe such event and demonstrate if the plane 

had a constant cruise or a lot of stop and go situations. 

The fuel burn index is defined as the amount of fuel burnt at a defined period of time. Usually its displayed 

at kilograms per second. Even though the ICAO database presents a value for a given engine, this value 

doesn’t reflect the actual behaviour of such engine during the taxi-out, because the ICAO value is obtained 

at a testing facility for a constant throttle setting, that for taxiing procedures is assumed to be a 7% idle 

(IATA, HKIA long-term traffic and emission forecasts, 2014). 

In order to achieve not only a more realistic burnt fuel value but also characterise the taxi-out phase, a more 

accurate fuel burn index is needed. As such, a methodology was developed to be applied to each flight. 

Therefore, when estimating the fuel consumption using an optimized single-engine taxiing strategy, a more 
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accurate and realistic value would be obtained than the one that would be calculated with the ICAO FBi 

(Chati & Balakrishnan, 2014). This way a direct comparison can be made between the use or absence of 

SET at the same situation. 

The developed methodology starts by comparing the real fuel consumption, obtained thru the airline, and 

the theoretical fuel consumption, using as a baseline the FBi from ICAO. This means that the real fuel 

consumption will be compared with the result of the equation (1) or (2), depending of the use or not of SET. 

From this comparison a difference, that we shall designate error, can be attained. This error is a visual 

demonstration of the lack of precision derived from the use of a generic FBi. 

To reduce this error Excel’s Goal Seek function was used. Here the goal was to reduce the error to its 

minimum by iterating the FBi. Hence a more realistic FBi was given. This FBi represents the actual scenario 

in which this specific flight took part of. Therefore, on future calculations, by using this FBi we could replicate 

the real situation. 

However, due to Excel’s limitations and the huge load of flight data in study, a macro was needed to process 

the whole data. This macro consisted on a succession of Goal Seek functions being applied to the different 

flights in the database. By minimizing all the flight’s errors, a realistic characterization of each one was 

possible and therefore it was possible to proceed to a more in-depth study of the use of single-engine 

taxiing. 

An example of this methodology will now be presented for one flight, followed by the macro’s code. 

 

Fuel Burn Index Macro Code 

 

1st step: Attain the real fuel consumption from the airline database 

Real Fuel 

Consumption 

94 

 

2nd step: Calculate the theoretical fuel consumption using ICAO’s FBi, in this example SET was used for a 

portion of the taxi-out phase 

 

ICAO FBi (kg/s) 
Theoretical Fuel 

Consumption (kg) 
Error (kg) 

0,110 109,37 15,37 
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3rd step: Apply the Goal Seek function in order to minimize the error 

 

Real FBi (kg/s) 
Theoretical Fuel 

Consumption (kg) 
Error (kg) 

0,094 94,00 -9,42E-07 

 

4th step: Apply the following macro to the whole database 

 

    For j = 2 To 1106 

      Cells(j, "AC").GoalSeek Goal:=0, ChangingCell:=Cells(j, "X") 

      Next j 

            End Sub 

 

By following these steps, a correct characterization of the whole database’s behaviour was attained, and it 

was possible to calculate the gains for the best possible scenario, as shown in the following section. 

 

 

4.5  Maximum theoretical gains  

 

In an ideal single-engine taxi scenario, the second engine would only be started at the exact moment 

required for the correct warm-up. Even though this kind of prediction is difficult to obtain and, in case of an 

error, could lead to a flight delay due to extra time on the runway warming the engines, this scenario could 

be considered in order to calculate the maximum possible gains to be attained with the single-engine taxi 

strategy. 

By comparing the best-case scenario values with the current situation, we can have an estimate of the 

environmental and economic gains and assess where we are and validate the use of single-engine taxiing. 
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For this intent the following comparisons and values will be calculated: 

• With the difference between the values from equation (3) and the real fuel consumption, we 

obtain the saving that an ideal single-engine taxiing would achieve over the current situation. 

• With the difference between the values from equation (3) and equation (1), we obtain the 

difference between the ideal single-engine taxiing and a no single-engine taxiing scenario, 

therefore dealing with the extremes. 

• From the differences above, a percentage can be calculated for an easier data comprehension 

• An average of both the values in kg and percentage will be calculate in order to characterise the 

overall panorama. 

• The percentage of single-engine taxiing flights will be calculated. This will show whether the 

airline is using or not this strategy. And if they use it how close to the optimal scenario. 

• With the airline’s total departures number and the average savings, an estimate for yearly 

savings can be made, both in fuel quantity and euros. 

 

An example of the calculation of these values is shown in Table 11. 

 

Table 11 – Maximum theoretical gains 

 

The final step to implement a single-engine taxi strategy is the definition on when and where to start the 

second engine. For this purpose, a multiple step approach has been developed and is explained in the 

following section. 

 

 

4.6  Scenario definition 

 

In order to achieve a correct and efficient single-engine taxi implementation, it is essential to predict the 

taxi-out time, or to have a safe estimate on when to ignite the second engine. 

As seen in Figure 17, there is a huge variation in taxi-out times. As such each case must be addressed 

individually, or, if that is not possible, in a set of scenarios that accurately depict reality. 

Real Fuel 

Consumption 

(kg) 

Real FBi 

(kg/s) 

No SET 

fuel burn 

(kg) 

SET fuel 

burn (kg) 

Optimum 

SET fuel 

burn (kg) 

Current situation 

possible savings 

(kg) 

Maximum 

savings 

(kg) 

94 0,094 100,90 94,00 76,32 17,68 24,58 
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Figure 17 – Sample Taxi Time distribution 

 

One of the strategies widely used to predict the taxi-time is the multiple linear regression. This is a proven 

method that models the taxi time as a linear function of the explanatory variables (Ravizza, Chen, Atkin, 

Steewart, & Burke, 2013). Many studies are based on multiple linear regression models as they allow to be 

tailored in order to obtain the desired outputs regarding the different possible variables in study (Lordan, 

Sallan, & Valenzuela-Arroyo, 2016). 

However, in order to be considered reliable, a multiple regression model must have a high correlation 

coefficient, and if that is the case must be tested using a performance measure such as the root mean 

squared (Ravizza, Chen, Atkin, Steewart, & Burke, 2013). Only if these requirements are met a multiple 

regression method can be used to predict taxi times. 

This study did not achieve a reliable multiple regression method as suggested by previous studies (Lordan, 

Sallan, & Valenzuela-Arroyo, 2016). Several regressions methods were attempted, with different 

explanatory variables, and the best outcome was a multiple regression model with a determination 

coefficient, R2, of 0,16. This means that the model has a very low explanatory capacity and therefore is 

unsuitable for this study. 

Therefore, it was necessary to define a set of scenarios that were able to accurately depict reality.  

To define such scenarios two different groups of variables must be considered: 

• Route-specific: Parking platform, used taxiways and take-off runway 

• Interaction-specific: Arriving and departing aircraft  
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Regarding the first group, a cluster analysis will be made in order to identify groups of platform/runway 

pairs. This analysis will join cases so that each cluster is homogeneous within and heterogeneous regarding 

the other clusters. 

Considered a classifying technique, the purpose of this type of analysis is to divide a set of cases into 

clusters. Each cluster must have similar characteristics within and contrast with other clusters. The goal is 

to differentiate each cluster as much as possible from the next one, while keeping similar cases within. Due 

to the clear distinction in the results for the two runways, a separate cluster analysis was made for each 

one. 

For this analysis, four major stages must occur: 

 

1. Choice of the variables that will characterize the entity (or case) 

 

In order to obtain reliable and purposeful results, a correct choice of variables must be made. Not only 

must they provide content that enables the result being sought, but also redundancy must be avoided. 

This means that it’s unnecessary to choose two variables that will produce the same outcome. In big 

data studies, a principal component analysis is recommended to be executed before the cluster analysis, 

so that redundancy and distorted results are avoided. 

 

For the present study, the variables chosen were the distance and average speed. With these two 

variables not only is the difference between taxi-times accounted, but the interference of other aircrafts 

is also considered, because higher traffic will produce a lower average speed. 

 

The case in study are the different starting platforms. 

 

Before being used, the variables may be subjected to a previous treatment. If left untreated the results 

will depend on the units of each variable. However, it is possible to standardize the variables, making 

them dimensionless, and thus providing each one with an equal discriminating capacity. 

 

Since this analysis was made using the STATISTICA software, this treatment was applied as it’s a 

standard and automatic procedure in this software. 
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2. Distance measure selection 

 

Currently there are four categories of similarity indexes: 

• Distance measures 

• Correlation coefficients 

• Association coefficients  

• Probabilistic similarity measures 

 

These indexes quantify the similarity between cases. From this set, we choose a distance measure 

designated as Euclidian distance, since this is the most commonly used index. 

 

The Euclidian distance (d) between two cases (i and j) is defined as the square root of the sum of the 

square of the difference of the values for all variables (x=1, 2, ...), as seen in formula 4. 

 

                             𝑑𝑖𝑗 = √∑(𝑣𝑖𝑥 − 𝑣𝑗𝑥)2                                (4) 

 

 

3. Cluster construction method selection 

 

When considering construction methods, two major types can be defined: 

• Hierarchical 

o Agglomerative 

o Divisive 

• Non Hierarchical 

 

In this study we used an agglomerative hierarchical method represented as a dendrogram. 

This method starts with n clusters, each with only one case and successively joins the clusters until only 

one cluster, which includes all cases, remains. With this method a hierarchy is established. However, 

the order in which the clusters are joined depends on the aggregation method selected. 

From the different aggregation methods, this study used the ward’s method. In this method the distance 

between two clusters is the sum of the quadratic deviations between the two groups, summed for all 

variables. This method has a tendency to combine clusters with small observations and produce more 

clusters with identical number of observations, thus reducing the variation within the cluster 
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4.  Result analysis and interpretation. 

 

After completing the previous steps, a dendogram, such as the one in Figure 18, will be obtained. With 

this dendogram it will be possible do attain a set of scenarios. 

  

 

Figure 18 – Dendogram, adapted from (Oliveira, 2015) 

 

Concerning the second group, a different approach will be used. Since the number of aircrafts currently 

departing and arriving influence the taxi-out time (Clewlow, Simaiakis, & Balakrishnan, 2010), it is important 

to determine the periods in which a higher volume of traffic exists. 

For that purpose, data concerning the volume of flights, at the airport in study, per hour, per day and per 

month will be analysed in order to identify peaks and above and below average situations. The goal of this 

analysis is to join flights based on their time characteristics in order to define scenarios that accurately 

characterize a set of flights. Once enough scenarios are defined, so that all flights are covered, it is possible 

to predict whether a flight will face higher or lower congestion during its taxi. 

With those situations a second set of scenarios will be obtained. For example, one scenario would be a 

flight during a Monday in January, at a peak-hour. This flight will face different traffic than for example a 

similar flight during a Monday in April, at a peak hour. So, it’s important to study each situation individually 

to improve the efficiency of the single-engine taxi and maximize gains. 

By crossing the route-specific and the interaction-specific, a large number of cases appears. For all these 

cases a solution will be developed. When comparing with a single and general solution, this array of 

solutions will provide for higher gains and a more adaptable single-engine taxiing solution. 

 



 

43 
 

4.7  Distance selection 

 

The final stage will consist on studying each individual situation and determine the best location for the pilot 

to ignite the second engine. Due to the nature of this study, a simplification was made. It’s important to note 

that without such simplification, and a thorough analysis of each individual flight would be necessary and 

such analysis would take far more time than the one available for this study. However, by no means this 

simplification compromises the results, in fact it provides a more conservative solution, which given the 

setting of this study, the aviation sector, means a safer solution. 

During the taxi-out, the speed of the aircraft varies. In this stage however, it was assumed that the aircraft 

taxied at a constant speed, being this speed the average speed of the whole taxi-out period. With this 

simplification, it became possible to determine the suggested location for the second ignition based on 

averages and percentiles, as shown further in this section. This is possible due to the fact that, as shown 

in Figure 19, in the final part of the taxi-out, the aircraft usually encounters more traffic and needs to wait 

for permission to take-off from the air traffic controller. As such, there is a considerable period in which the 

aircraft is standing still, or at a small speed. Given that the final part of the taxi is the critical one for this 

study, and considering that at this part the average speed is inferior to the average speed of the whole taxi, 

whatever solution is produced it will be a conservative one, and as such, a buffer is produced that allows 

for some manoeuvring while searching for the best solution. Nonetheless, it’s crucial to ensure a 100% 

safety value, and therefore the final solution needs to be evaluated to ensure no flight enters the runway 

without the proper engine warm-up time. 

 

 

Figure 19 – Speed during taxi-out 
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Considering this simplification, we’re ready to individually access each case. The goal is to determine the 

location at which the second ignition is recommended to be executed. Or, in other words, the distance to 

the take-off runway that the aircraft still has to travel when it has at least two minutes left in its taxi-out. To 

determine such distance the following values were calculated for each case: 

• Average taxi-time 

• Average distance travelled during taxi 

• Average speed during taxi 

• 95th percentile of the speed during taxi 

• 95th percentile of the location of the aircraft 120 seconds prior to take-off 

• Average of the location of the aircraft 180 seconds prior to take-off 

 

These values provide a deep understanding of the taxi-out for each case and a global vision of the sample 

in use. 

A percentile is a measure that indicates the value at which a defined percentage of observation fall below. 

For example, the 10th percentile of taxi-time indicates the value for which 10% of the total sample falls 

below, or similarly, 90% is above. With these resources several values were obtained. 

To determine which percentile to use, a sensitivity analysis is required to determine the value that will 

ensure safety while maximizing the obtainable gains. In this study, that value was the 95th percentile. This 

means that the remaining 5%, when considering the 120 seconds, are the critical flights whose safety must 

be subject to a secondary analysis. However, due to the simplification made, this solution is conservative 

and is expected that all flights comply with the requirements. Furthermore, another conservative measure 

is put in place to ensure the safety of all flights. By calculating the values for 120seconds and 180seconds, 

an interval is obtained which is more conservative than the 95th percentile of the 120 seconds. It is within 

this interval that the suggested distance must be chosen. If the suggested distance is further than the one 

obtained from the average of 180 seconds prior to take-off, then we are being overly conservative and 

minimizing possible gains. If the distance is inferior to the one obtained from the 95th percentile of the 

location 120 seconds prior to take-off, we are jeopardizing the correct engine warm-up. To choose the 

distance within this interval, one of the following criteria must be used: 

• Round number with an easily measurable distance. For example, 500 meters. 

• Assigned to a landmark, either signalization or geometric characteristic. For example, taxiway 

signal or turn 

If these criteria are met, an easier implementation will be obtained, even though it may be at the cost of 

some meters and therefore reduce the potential savings. 

Having selected the distances for the secondary ignition for each case, the following step is to verify the 

safety of the flights, that according to the constant speed simplification, would not verify the required engine 

warm-up time. To do such verification it is necessary to execute another analysis, this time only considering 

the final 120 seconds of the taxi. In this analysis, the real distance travelled in that sector and the average 

speed in that sector are calculated. If the distance travelled is inferior to the suggested distance, then the 
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flight is considered safe as the pilot would ignite the second engine before the limit location. If the real 

distance travelled in the final 120 seconds is bigger than the suggested distance, then the flight is 

considered unsafe as the engine would not have enough time to properly warm-up. The real average speed 

is calculated to compare with the average speed of the entire taxi. If all of the flights possess an average 

speed of the final 120 seconds inferior to the overall average speed, then the simplification is plausible. 

Due to the conservative options taken it is expected that the final solution achieves a 100% safe rating. 

 

 

4.8  Gains calculations 

 

The final stage of this study is the calculation of the gains that the proposed implementation would bring. 

Similar to the method used to evaluate the current situation, equation 4 will be used to provide the fuel burnt 

using the proposed solution. To use such equation, it is first necessary to calculate the single-engine taxi 

time. As such, once again, we use the average speed during taxi to achieve such time. After calculating 

the fuel burnt and comparing it to a no SET taxi strategy, the gains the proposed solution brings are 

obtained. An example is shown in Table 12. 

 

Table 12 – Example of Savings calculations 

Flight 

code 

SET Distance 

(m) 
SET Time (s) Fuel Burnt (Kg) Savings (Kg) Savings (%) 

1 658 270 85 16 16.9 

 

 

Finally, the savings averages, both in Kg and percentage, per flight, and the total possible savings, in euros 

and tons of jet fuel, are calculated and compared to the maximum values retrieved from the ideal situation 

calculated during the current situation evaluation. If these studies values present at least a 15% savings 

per flight, then this study can be considered successful. 

Furthermore, it is possible to calculate the reduction is CO2 emissions, as according to ICAO    1 ton of 

burnt jet fuel emits 3.16 tons of CO2. 

On the following chapter, this method will be applied to our case study and the resulting outcomes will be 

presented. 

 

 



 

46 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

47 
 

Chapter 5 

 

Result Analysis 

 

The present chapter will display the results obtained after implementing the methodology and calculations 

previously described. The potential of the single-engine taxi strategy will be demonstrated as well as the 

flaws in current taxiing strategies. 

 

5.1  Time-frame  

Due to the large volume of data to be analysed, it was essential that, as a first step, a time-frame to be 

studied was determined. As such, the variation of aircraft volume at the Lisbon airport, throughout the year, 

was studied. 

As seen in Figure 20, there are three interaction-specific scenarios that can be defined straight away. Some 

months are below average, some are near average and some are above average. Within these three 

groups the following months were chosen to be analysed: 

• January, it’s the month, excluding February due to its lower day count, with the smallest traffic 

volume; 

• April, it’s the month closest to the average; 

• August, it’s the month with the highest traffic volume. 

 

 

Figure 20 – Lisbon’s Airport Monthly Traffic Variation 
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These scenarios will define this study’s timeframe, therefore a total of 1026 flights will be analysed.  

It was important to study this monthly variation, in order to add a sensitivity factor regarding the influence 

of other traffic when analysing a taxi-out procedure. By classifying the flights in below, average or above, 

the impact of other aircrafts could be studied and evaluated. However, this evaluation will only be done a 

few steps further, when all of the scenarios have been determined. 

Having the time-frame defined, it was time to analyse the current situation. 

 

 

5.2  Case-study analysis 

 

Having a defined time-frame, it was now possible to analyse the current situation for TAP’s taxi-out 

procedures. 

The first step was to extract all the data from TAP’s AGS, process it in R, code in annex A, and insert it into 

an excel file. 

Within R the following calculations were made: 

• Total burned fuel, obtained by adding the burn fuel in both engines 

• The use or not of single engine taxi. This is obtained by checking the fuel flow in both 

engines. If there is a time interval bigger than 60 seconds between the ignition of engines, 

then it is considered that single-engine taxi was used. 

• The duration of single-engine taxiing, if it occurs.  

• The average speed during taxi. 

• The aircraft’s parking platform. 

• The departure runway. 

• The month, weekday and hour of departure. 

 

Also, R was used to study the aircraft’s trajectory during taxi-out in order to obtain the travelled distance. 

Afterwards, and after applying the calculations described in chapter 3 to calculate the real FBi and the 

possible gains, the overall averages for fuel consumption, possible savings and single-engine taxiing use 

were obtained as shown in Table 13. 

In order to classify the single-engine taxiing as efficient or not, a 90 second threshold was defined regarding 

the optimum single-engine taxi-time. The optimum SET taxi-time is obtained by calculating the difference 

between the taxi-time and the required engine warm-up time. This threshold exists because it’s impossible 

for a captain to accurately predict its taxi-out time. Therefore, if the single-engine taxi time came within this 

threshold then its considered as efficient. 
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Table 13 – Current situation evaluation 

Single-engine taxi use (%) 42 

Efficient SET use (%) 13 

Efficient SET use out of all flights (%) 6 

Average possible savings (kg) 27.57 

Average possible savings (%) 24 

 

 

From these results its clear there is a lot of margin for improvement. This is accentuated by the fact that 

even though 42 % of flights used SET, many of these ignited the second engine shortly after the initial 60 

seconds, and thus are barely considered as using the single-engine taxi strategy. Also, from Table 13, it 

can be determined that around 24% of the fuel used during taxi-out can be saved. When considering the 

weight that taxi operations have on short-haul flights, the value of these 24% increases. 

 

To further illustrate the room for improvement in TAP’s taxi-out operations, the averages of taxi-times, 

single-engine taxi times, optimum single-engine taxi times and difference between actual and optimum 

single-engine taxi times were calculated and displayed in Table 14. 

 

Table 14 – Taxi-times 

 Seconds Minutes (approximate) 

Average Taxi-Time 538.6 9 

Average SET time 74.5 1 

Average SET optimum time 418.52 7 

Average difference 259.6 4 

 

It is clear that single-engine taxiing is being used scarcely with the intent to save fuel. With the average 

SET time of only around one minute and the average SET optimum time of around 7 minutes, a lack of use 

of this strategy is evident and shows how much can be gained if a successful and safe implementation is 

put into place. 

 It must be noted that the average taxi-time is the only value that includes all flights, because the other 

values exclude the flights that did not use SET, for obvious reasons.  

In order to measure the possible gains from the use of this strategy, TAP’s total annual flights departing 

from Lisbon and the jet fuel price in July of 2019 (Jet Fuel Monthly Price - Euro per Gallon, 2019) were 

considered. Even though TAP has a variety of aircraft in its fleet, an approximate value for the yearly gains 

can be calculated. As such, a total of 1906.84 tons of jet fuel can be saved if a correct single-engine taxi 

strategy is implemented for Lisbon departures. This results in a yearly saving of around 860 000 euros. 
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However, this value corresponds to an ideal scenario or the maximum possible gains. In reality, the savings 

will be lower in order to ensure safety on all flights. Nonetheless, the magnitude of values will be similar 

and therefore it is safe to ensure that for TAP’s taxi-out operations at the Lisbon airport, there are major 

benefits in using a structured and well implemented single-engine taxi strategy. Henceforth, the need for 

this study is confirmed. 

 

Another crucial point of this study was to differentiate itself from other, more theoretical studies, by using 

the real FBi value for each individual flight. As such, and accordingly to the methodology previously 

described, using the data for each flight, all FBi were calculated. As seen in Table 15, there is a discrepancy 

between the real values and ICAO’s value that other studies use. As such, this study will provide more 

accurate values for fuel saving quantities. 

 

Table 15 – Fuel Burn Index values 

ICAO FBi (kg/s) 0.11 

Average real FBi (kg/s) 0.10 

Real FBi >= 0.11 (%) 14 

Real FBi >= 0.10 and < 0.11 (%) 42 

Real FBi >= 0.09 and < 0.10 (%) 37 

 

As shown in Table 15, only a small percentage of flights fall within ICAO’s FBi range. Furthermore, it’s clear 

that ICAO’s value is superior to the real value, and if we used ICAO’s value, we would be inflating the final 

results. Due to this, its proven the need for a more accurate FBi calculation.  

At this point we’ve proven the need for this study and shown the margin for improvement. The next step is 

to develop the implementation methodology, according to the steps previously described. As shown in the 

following section, the first phase will be the definition of scenarios. 

 

 

5.3  Interaction-specific scenarios 

 

As shown in chapter 4, the number of arriving and departing aircraft at a given moment has influence in the 

aircraft’s taxi time. This is due to the fact that additional traffic can cause congestion and force delays. As 

such, there is a need to study the different time scenarios.  

The first analysis has already been done when establishing a time-frame. 
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As previously shown in this chapter, in Figure 20, there are three scenarios that can be defined when 

considering the monthly variation. Below average, average and above average. 

On second place the variation throughout the week has been studied as shown in Figure 21. 

 

 

Figure 21 - Lisbon’s Airport Daily Traffic Variation 

 

From Figure 21 it’s safe to assume that, even though there is some difference between the weekdays, its 

magnitude is of around 3% and as such this variation cannot be considered as influential for this study. 

This variation can be dependant of the sample in study, and as such will not be used to determine any 

scenarios. 

The final interaction specific situation is the hourly variation, represented in Figure 22. It’s well known that 

there are peak hours in airports, similarly to other transport means. Therefore, its crucial to study the 

variation of aircraft movements throughout the day in order to identify the more congested periods, or peak 

periods, and the lighter periods, or off-peak periods. 

This analysis was made for all three months in study. 

 

14%

13%

15%

16%

15%

13%

14%

Daily variation

Monday Tuesday Wednesday Thursday Friday Saturday Sunday



 

52 
 

 

Figure 22 - Lisbon’s Airport Hourly Traffic Variation 

 

Considering all three analysis made, six interaction specific scenarios will be considered: 

• January and peak hour 

• January and off peak hour 

• April and peak hour 

• April and off peak hour 

• August and peak hour 

• August and off peak hour 

 

To combine with these scenarios, the route-specific scenarios will be determined in the following section. 

 

 

5.4  Route-specific scenarios 

In order to characterize a flight’s taxi-out procedure its essential to know each flight’s starting position, used 

taxiways and take-off runway. As such, the R script developed returns each one. 

The parking platform is used and not the individual stand, because the close proximity between stands in 

the same platform means that the distance and taxi-time will be similar. Therefore, to simplify the 

methodology and its implementation flights will be grouped by platforms. 

In order to calculate distances, a set off platform-runway pairs was studied in order to determine the most 

common trajectories and the average distance for each pair. These results are presented in Table 16. It 
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pairs did not have enough data and as such were excluded from this study. If this didn’t happen, false 

claims could be made and induce error due to a small sample for these pairs.  

Due to its symmetrical nature and similar location, flights starting at platform 41 were considered as starting 

at platform 40. 

Table 16 – Average distance travelled for Platform-Runway pair 

Platform Runway Average distance (meters) 

10 

03 

1219 

11 1465 

12 1725 

14 2124 

20 712 

22 1069 

40 916 

42 1076 

50 1308 

60 1154 

70 2480 

80 2279 

11 

21 

3361 

12 3246 

14 2856 

22 4866 

40 3382 

42 3662 

50 3691 

60 3539 

80 3008 

 

From Table 16, it’s clear that there are two major scenarios, regarding which runway will be used, and 

several minor ones, depending on the starting platform. It’s also evident that several platforms have similar 

results, as such further analysis was required in order to group such platforms. The main purpose behind 

grouping and simplifying is to enhance the ease of implementation of this methodology. The easier it is to 

implement and use, the bigger adhesion it will have. 

For a correct grouping, a statistical analysis was required. As referred in chapter 4, the chosen method was 

the cluster analysis, which will have its results presented in the following section. 
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5.5  Cluster analysis 

 

 

After completing the steps described in chapter 4, identical results were produced for both runways and the 

dendrogram in Figure 23 was obtained using the Ward method. 

 

 

 

Figure 23 – Platform Clusters Dendogram 

 

 From this dendrogram it’s easy to identify two clusters: 

• Cluster 1: Platforms 10, 11, 20, 22, 40, 42, 50, 60  

 

• Cluster 2: Platforms 12, 14, 70, 80 

 

These clusters are identified in Figure 24, with the blue circle containing cluster 1 and the red circle cluster 

2. 
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Figure 24 – Route-Specific Clusters, Cluster 1 (blue) and Cluster 2 (red) 

 

 

Considering these two clusters and the two runways, there are four route-specific scenarios that can be 

defined with the results from the cluster analysis. 

• Scenario A: Cluster 1 to runway 03 

• Scenario B: Cluster 2 to runway 03 

• Scenario C: Cluster 1 to runway 21 

• Scenario D: Cluster 2 to runway 21 

 

With these scenarios and the interaction-specific scenarios, an implementation strategy can now be 

developed, as shown in the following section. 
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5.6  Proposed implementation 

 

Having defined both the interaction-specific scenarios and the route-specific scenarios, a total of 24 cases 

are obtained as shown below. 

 

Table 17 – Cases to be analysed 

Route-specific Interaction-specific 

Scenario A 

January 
Peak 

Off-Peak 

April 
Peak 

Off-Peak 

August 
Peak 

Off-Peak 

Scenario B 

January 
Peak 

Off-Peak 

April 
Peak 

Off-Peak 

August 
Peak 

Off-Peak 

Scenario C 

January 
Peak 

Off-Peak 

April 
Peak 

Off-Peak 

August 
Peak 

Off-Peak 

Scenario D 

January 
Peak 

Off-Peak 

April 
Peak 

Off-Peak 

August 
Peak 

Off-Peak 

 

 

Before advancing to the final stage, its essential to prove the need and value for each of the scenarios. As 

such for route-specific scenarios, the taxi-time and speed averages were calculated and the differences 

between each scenario evaluated. 



 

57 
 

As shown in Table 18, there are significant differences between scenarios. This difference is more emphatic 

when considering different runways, however, that was expected due to the large difference in distances, 

see Table 19. As such, the use and study of these different scenarios is validated. 

Afterwards, we crossed both route-specific and interaction-specific scenarios, and again calculated taxi-

times and speeds, and the differences between them, as seen in Table 19. Similarly, to the previous 

situation, there are significant differences between cases. Therefore, all the scenarios and defined cases 

are validated and ready to be analysed for implementation. 

 

 

Table 18 – Taxi-times and speed differences for route-specific scenarios 

 Taxi-times (s) A B C D 

Speed 

(m/s) 
----- 487 544 717 610 

A 3,68 ----- 57 230 123 Taxi-time 

differences 

(s) 

B 3,97 0,29 ----- 173 66 

C 5,52 1,84 1,55 ----- 107 

D 5,33 1,65 1,36 0,19 ----- 

  Speed differences (m/s) 

 

 

 

Table 19 – Average distances for route-specific scenarios 

Scenario A B C D 

Average distance 

(m) 
1219 1975 3792 3089 
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Table 20 – Taxi-times and speed differences for all scenarios 

 
Taxi Time (s) Speed (m/s) 

Peak Off-Peak Dif. Peak Off-Peak Dif. 

Jan 

A 501,28 467,13 34,15 2,43 2,61 0,18 

B 573,60 516,67 56,93 3,44 3,82 0,38 

C 774,28 736,30 37,98 4,90 5,15 0,25 

D 686,08 677,44 8,64 4,50 4,56 0,06 

April 

A 521,58 403,75 117,83 2,34 3,02 0,68 

B 530,21 468,44 61,77 3,72 4,22 0,49 

C 771,81 627,57 144,24 4,91 6,04 1,13 

D 576,53 576,15 0,38 5,36 5,36 0,00 

August 

A 513,41 480,10 33,31 2,37 2,54 0,16 

B 596,98 541,05 55,93 3,31 3,65 0,34 

C 749,14 654,33 94,81 5,06 5,79 0,73 

D 688,00 563,75 124,25 4,49 5,48 0,99 

 

At this stage, we’re ready to individually access each case. The goal is to determine the location at which 

the second ignition is recommended to be executed. Or, in other words, the distance to the take-off runway 

that the aircraft still has to travel when it has at least two minutes left in its taxi-out. 

The following Tables present the results obtained for all the cases, highlighting the values important for the 

distance selection. 

 

Table 21 – Scenario A calculations 

  Scenario A 

  January April August 

  Peak Off-Peak Peak Off-Peak Peak Off-Peak 

Taxi-Time (s) Average 501,3 467,1 521,6 403,8 513,4 480,1 

Distance (m) Average 1178,8 1228,9 1214,4 1256,3 1234,9 1218,6 

Speed (m/s) 
Average 2,7 3,0 2,6 3,6 2,7 2,9 

P95 4,6 5,3 4,9 6,7 4,8 5,2 

D120 (m) P95 552,9 631,0 584,7 800,9 580,4 629,1 

D180 (m) 
Average 478,4 543,5 471,3 644,1 487,9 514,9 

P90 723,8 783,0 759,5 961,7 738,3 808,9 
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Table 22 - Scenario B calculations 

  Scenario B 

  January April August 

  Peak Off-Peak Peak Off-Peak Peak Off-Peak 

Taxi-Time (s) Average 573,6 516,7 530,2 468,4 597,0 541,1 

Distance (m) Average 1960,3 1970,0 1981,1 1965,4 1953,4 2010,1 

Speed (m/s) 
Average 3,7 4,2 4,1 4,7 3,6 4,1 

P95 5,4 6,0 6,8 7,5 5,9 5,9 

D120 (m) P95 645,0 725,2 816,4 899,0 706,7 713,3 

D180 (m) 
Average 660,5 749,8 735,5 840,3 644,0 731,9 

P90 904,2 1047,4 1149,8 1317,2 963,0 1022,4 

 

 

 

 

Table 23 - Scenario C calculations 

  Scenario C 

  January April August 

  Peak Off-Peak Peak Off-Peak Peak Off-Peak 

Taxi-Time (s) Average 774,3 736,3 771,8 627,6 749,1 654,3 

Distance (m) Average 3824,1 3734,3 3941,3 3644,8 3670,3 3866,2 

Speed (m/s) 
Average 5,3 5,4 5,3 6,1 4,9 6,1 

P95 7,3 6,9 6,9 7,8 5,3 7,1 

D120 (m) P95 877,7 829,8 826,2 930,9 633,7 853,2 

D180 (m) 
Average 951,2 968,8 958,1 1090,9 881,2 1092,8 

P90 1264,5 1206,8 1205,8 1375,5 945,9 1271,6 
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Table 24 - Scenario D calculations 

  Scenario D 

  January April August 

  Peak Off-Peak Peak Off-Peak Peak Off-Peak 

Taxi-Time (s) Average 686,1 677,4 576,5 576,5 688,0 563,8 

Distance (m) Average 3114,3 3089,6 3061,3 3082,8 3051,0 3186,5 

Speed (m/s) 
Average 4,9 4,9 5,5 5,7 4,5 5,7 

P95 7,2 6,7 7,3 7,7 4,8 6,4 

D120 (m) P95 865,5 799,8 880,4 920,3 574,8 770,6 

D180 (m) 
Average 889,3 877,2 995,7 1027,3 806,8 1028,7 

P90 1214,1 1115,4 1270,8 1374,6 856,1 1150,2 

 

 

It should be noted that for some cases the average of the distance 180 seconds prior to take-off was lower 

than the 95th percentile of 120 seconds prior to take-off. In those cases, we used the 90th percentile of 180 

seconds prior to take-off as the limit for the interval. 

From these results, and considering the methodology in place and its requirements, the suggested locations 

(distance until runway) for the second engine ignition are the ones shown in Table 25. 

 

 

Table 25 – Suggested locations 

   Route-Specific 

   A B C D 

Interaction-

specific 

January 
Peak 550 650 900 900 

Off-Peak 650 750 850 800 

April 
Peak 600 850 850 900 

Off-Peak 800 900 950 950 

August 
Peak 600 700 650 600 

Off-Peak 650 750 850 800 

 

 



 

61 
 

As previously referred, these values, in meters, represent the distance between the take-off runway and 

the location at which its recommended to proceed to the second engine’s ignition. 

To illustrate, and locate these points at Lisbon’s airport, Figures 25 and 26 were developed. It should be 

noted that all possible trajectories were considered, even the ones scarcely used, so that all possible 

situations are considered. 

As seen in these Figures, some of the selected points are located at taxiways intersections or at turns, 

making them easier to identify. 

Since this study is focused on the A320 aircrafts, for the departures using runway 21 its assumed, as 

verified by trajectory analysis, that the aircraft enter the runway at a mid-point and not at the beginning. 

 

 

 

Figure 25 – Suggested location for 03 runway departures 
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Figure 26 - Suggested location for 21 runway departures 

 

In aviation it’s essential to ensure safety at all times. Therefore, secondary analysis was made to the critical 

flights, the ones that were not included in the 95% safe zone. In the Table 26, a subset of these flights is 

presented, and in Table 27 the overall results for every flight that didn’t achieve the requirements, when 

considering the constant speed assumption, is displayed. 

 

Table 26 – Safety verification example 

 

 Final section analysis    

Flight 

code 

Real distance 

travelled in final 

120 s (m) 

Real average speed 

in final 120s (m/s) 

Difference between 

suggested and real 

distance travelled (m) 

Speed 

Difference 

(m/s) 

Safe 

14 380,4 3,17 369,6 3,93 Yes 

19 530,4 4,42 19,6 0,19 Yes 

55 222 1,85 678 5,86 Yes 

77 565,2 4,71 84,8 2,78 Yes 

122 405,6 3,38 244,4 3,26 Yes 

134 339,6 2,83 310,4 3,27 Yes 

144 505,2 4,21 244,8 2,27 Yes 

152 340,8 2,84 209,2 1,77 Yes 

163 231,6 1,93 318,4 3,81 Yes 

178 466,8 3,89 383,2 4,09 Yes 
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In Table 26, the fourth column represents the difference between the point that this study’s implementation 

proposes for the second ignition and the point where the aircraft was 120 seconds away from take-off, 

which is the real limit for the second ignition. If this value is greater than zero, then the flight can be 

considered safe because the second ignition would be earlier than the limit point. As seen in the Table 26, 

some flights are near the limit, while others are further. This demonstrates the need for a conservative 

solution as no two flights are equal. The fifth column, which represents the difference between the average 

speed previously calculated and the average speed just in the final 120 seconds, illustrates the assumption 

previously made that during the taxi-out period, the section with lowest average speed and more likelihood 

for congestion is the final one.  

 

Table 27 – Safety verification results 

Average Speed Difference (m/s) 3,3 

Average Distance Difference (m) 315 

Flights with bigger speed in final sector (%) 0 

Flights with bigger distance travelled than 

implementation suggestion (%) 
0 

Safe flights (%) 100 

 

 

From Table 27, it clear that our assumption was correct and, above all, that the proposed implementation 

ensures 100% safe flights, an essential requirement that needed to be met. It can also be stated that the 

proposed implementation is conservative considering that even the flights initially unsafe, return an average 

of around 315 meters of difference between the implementation point and the real limit. 

 

 

5.7  Potential gains 

 

Having the proposed solutions, it’s now possible to assess the possible gains if this strategy is implemented. 

Using the same strategy used in the beginning of this study to evaluate the current situation, the following 

values were obtained. Since one of the baselines of this study was the reduction of CO2 emission, these 

were also quantified.  
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Table 28 – Suggested implementation potential 

Average savings (kg) 21 

Percentage of average savings (%) 19 

Possible yearly savings (ton) 1443.8 

Possible yearly savings (eur) 651 437 

CO2 emissions reduction (ton) 4562.5 

Safe flights (%) 100 

 

Reviewing these results, it’s clear the potential for this strategy if implemented by TAP at Lisbon’s airport 

and that by achieving a potential saving of 19% per flight we surpass the 15% mark, defined in chapter 4, 

and achieve a result close to the ideal situation. Again, it should be noted that safety was ensured for the 

totality of our sample. 

For a more precise prediction of potential savings, the weighted average should be used. However, in the 

present study its value was similar to the overall average, 20.9 kg per flight, and as such it was irrelevant 

which of the two value was used. Nonetheless, for studies with different results, the value to be considered 

is the one obtained by the weighted average. 

At this point, it’s safe to assume that the study’s objective is successfully achieved. 

 

 

5.8  Real world use 

 

A big part of the motivation behind this study was to develop a tool that could be implemented and used in 

real-life, therefore making the transition from theory to practice. 

The way this study proposes to bridge that gap is thru the use of the electronic flight bag, EFB. This is an 

electronic device developed to aid the crew when performing several tasks and calculations. As seen in 

Figure 27, the EFB is usually a tablet or laptop. Within the EFB several documents can be loaded such as 

the aircraft operating manual or navigation charts. Furthermore, specially developed apps can be installed 

and used. The EFB’s aim is to reduce the use of paper and expedite the crew’s tasks. 
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Figure 27 – Electronic flight bag, (Thales, 2018) 

 

 

TAP uses a sourced laptop with in-house developed apps. These apps perform calculations regarding fuel, 

distances among other useful details.  For TAP’s EFB, an app could be developed with a simple interface 

where the pilot would only need to insert the parking stand, the taxiways going to be used and the departure 

runway. With these details, the date and time, and the results of this study, the app would then indicate the 

point at which the second ignition should take place. Henceforth, the pilot would waste practically no time 

to apply this strategy and the only investment needed would be the one to develop the app. Since TAP 

already has a department that develops other EFB apps, the overall cost to apply this strategy would be 

fairly reduced. 
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Chapter 6 

 

Conclusions and future studies 

 

6.1  Final conclusions 

 

As stated initially, this study had one objective. To develop a methodology to study the single-engine taxi 

strategy and implement it, as a tool to aid the flight Captain on when to proceed to the ignition of the second 

engine. 

To achieve such objective a plan of action was established. However, it was essential to acquire real data 

and set a case study. As such, a cooperation was established with TAP Air Portugal to develop this thesis. 

Due to this, a more accurate study was developed.  

Having the flight data and after processing it, there was a clear benefit to be obtained if the single-engine 

taxi strategy was implemented at Lisbon’s Airport. In fact, it was estimated that, for the sample in study, if 

an optimum single-engine taxi strategy was employed, then an average of 27,5 kg of jet fuel could’ve been 

saved per flight. This would correspond to around 24% of the fuel used during taxi-out. As such there is 

room and potential to implement the single-engine taxi strategy at Lisbon’s airport. 

With the single-engine taxi strategy potential showcased, it was time to develop a methodology to 

implement it. Since techniques used by past studies, such as the multiple linear regression, didn’t produce 

the required results, a new methodology had to be put in play. By analysing the current situation regarding 

time-variations and the influence of other traffic, this study sliced the whole situation into several scenarios, 

that when combined produced 24 unique cases. These cases were made so that every single flight would 

fit into one of them. Afterwards, these cases were analysed, and a solution was determined for each one. 

Finally, this solution was tested for the sample provided by TAP. This test had two criteria: Financial gains 

and safety. For this study to be successful, both had to have satisfying results. To ensure such results, 

some conservative simplifications were made. Even if these simplifications meant that for some flights there 

would be a diminishing of financial gains, they ensured that every single flight would fulfil its safety 

requirements. 

Looking at the results, where an average of 21 kg saved per flight could seem to conservative when 

compared to the maximum possible saving, the fact that, even the flights that could be considered outliers 

met the safety requirements, means that the methodology and its simplifications were justified and could 

bring measurable gains to the airliner without compromising safety. And therefore, the objective of this 

study was achieved. 
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With the objective achieved, it’s safe to assume that the single-engine taxi is a viable strategy for airliners 

to employ for their taxiing phases. This study only analysed the taxi-out phase. However, the purpose was 

to demonstrate how to develop a methodology to implement this strategy, and as such a similar path could 

be pursued not only for the taxi-in phase, but for other airports and other aircraft types. It must be highlighted 

that for a correct implementation safety must never be compromised, and that therefore the final solution 

must consider all possible situations and account for all outliers, as this study successfully did. 

 

 

6.2  Limitations and future studies 

 

The present study faced some challenges that constrained the outcome. Namely, the difficulty in 

obtaining data from outside TAP, concerning other aircraft movements due to the fact that some of this 

information is undisclosed. Also, the size of the sample meant that some cases had fewer information 

available and therefore its outcome could be overly conservative. However, the biggest challenge faced 

by this study was its own nature. Being a master’s thesis, there is a time limit and a size limit. Considering 

the potential of the single-engine taxiing and the vast number of entities and variables in play, there was 

a need to simplify and reduce the sample. Nonetheless, and as shown by the results, the final solution 

and the methodology developed proved to be successful and a guideline for future studies. 

Further investigation is recommended, due to the fact that if this strategy is to be implemented, then 

uncertainty must be mitigated. As such the following suggestions are made: 
 

• Expand the route-specific scenarios and analyse not platforms but individual parking stands. This 

will vastly increase the case number but will also allow for a more comprehensive understanding 

of the airport dynamics and result in a more tailored result, which will increase safety and profits. 
 

• Increase the sample and analyse the whole year instead of three representative months. With 

this, further detail will be added to the study, reliability will increase, and uncertainty will 

disappear as there will be no simplifications. 
 

• Develop with the ATC provider a method that enables the electronic flight bag to receive a real-

time update of the number of traffic on the taxiways. With this information another variable could 

be developed and thus a more accurate prediction could be made for each individual flight. 

Furthermore, with access to the ATC’s database and with constant updating, a more reliable 

model could be achieved. This would increase the margin for gains per flight. 
 

• Analyse the entirety of an airline’s fleet, in order to determine the influence of the different types 

of engines and accurately access the overall possible gains. 
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Annex A – R code for data processing 

 

F<-c(0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0) 

e=1 

w<-list.files() 

y<-1 

e<-NROW(w) 

 

while(y<=e){ 

  n<-w[y] 

  s<-ExtractAGS(n) 

  F=rbind(F,s) 

  print(y) 

   y=y+1 

   

} 

F<-F[-c(1),] 

setwd("~/AGS export/Extract/Nome") 

 

 

ExtractAGS<-function(u){ 

   

  #Ler ficheiro 

  a=read.csv(u,skip=7,header=FALSE) 

  head=read.csv(u,skip=5,header=FALSE,nrows=1) 

  
colnames(a)=c("Time","FLIGHT_PHASE","DUR_CFP","DUR_
TXO","GSC","FF1C","FF2C","FBURN1","FBURN2","GPSLAT",
"GPSLON","RUNWAY_TO") 

    

  #Filtrar apenas taxiout 

  b<-subset(a,a[,2]==2) 

  #Retirar aceleracao na cabeceira da pista 

  i<-1 

  while(i<=10){ 

    nrcol<-NROW(b) 

    b<-b[-c(nrcol),] 

    i=i+1 

  } 

    #Retirar periodo parado no inicio  

    i<-1 

  j<-b[i,5] 

  m<-i+1 

  l<-b[m,5] 

 

  while(j!=0){ 

    b<-b[-c(i),] 

    i<i+1 

    j<-b[i,5] 

    m<-i+1 

    l<-b[m,5] 

  } 

  while(l==0){ 

    b<-b[-c(i),] 

    i<i+1 

    j<-b[i,5] 

    m<-i+1 

    l<-b[m,5] 

  } 

   

 

  #calcular Duracao TXO, fuel cons, pista 

    nrcol<-NROW(b) 

  durtxo<- b[nrcol,3]-b[1,3] 

  fconsum<-(b[nrcol,8]+b[nrcol,9])-(b[1,8]+b[1,9]) 

    pista<-b[1,12] 

    #Calculo SET e SET TIME 

  i<-1 

  q<-b[i,6] 
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  d<-b[i,7] 

  if(q!=0 & d!=0){ 

    SET<-0 

    SETTIME<-0 

  } else{ 

        i<-1 

        while(q==0 | d==0){ 

          i=i+1 

          q<-b[i,6] 

          d<-b[i,7] 

              } 

        SET<-1 

        SETTIME<-b[i,3]-b[1,3] 

         } 

    #Posicao Partida  

  LAT<-1 

  LON<-1 

  i<-1 

  j<-b[i,10] 

  m<-i+1 

  l<-b[m,10] 

  if(j!=0){ 

    LAT<-j 

  } else { 

    LAT<-l 

  } 

  i<-1 

  j<-b[i,11] 

  m<-i+1 

  l<-b[m,11] 

  if(j!=0){ 

    LON<-j 

  } else { 

    LON<-l 

  } 

    #Finalizar 

  t<-basename(u) 

  h<-
c(t,0,durtxo,0,0,LAT,LON,0,0,pista,0,0,0,0,0,0,SET,SETTIME,
0,0,fconsum) 

 

  #Fim 

  return(h) 

} 
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Annex B – Flight Information 

Flight 
Code 

Taxi 
Time(s) 

Distance(m) 
Average 
Speed 
(m/s) 

Platform 
TO 

Runway 
Peak 

Period? 
Month SET time (s) 

1 537 1308 2,44 50 3 0 Jan 117,00 

2 460 1465 3,18 11 3 0 Jan 238,00 

3 735 1725 2,35 12 3 0 Jan 153,00 

4 569 1465 2,57 11 3 0 Jan 141,00 

5 820 1725 2,10 12 3 0 Jan 237,00 

6 657 1465 2,23 11 3 1 Jan 274,00 

7 597 1725 2,89 12 3 1 Jan 375,00 

8 448 1308 2,92 50 3 1 Jan 210,00 

9 522 2124 4,07 14 3 0 Jan 0,00 

10 215 916 4,26 40 3 0 Jan 0,00 

11 434 1308 3,01 50 3 0 Jan 0,00 

12 411 1725 4,20 12 3 0 Jan 90,00 

13 650 1725 2,65 12 3 0 Jan 0,00 

14 299 2124 7,10 14 3 0 Jan 0,00 

15 716 1725 2,41 12 3 1 Jan 232,00 

16 627 1069 1,70 22 3 0 Jan 0,00 

17 562 1069 1,90 22 3 0 Jan 0,00 

18 936 1069 1,14 22 3 0 Jan 148,00 

19 232 1069 4,61 22 3 1 Jan 0,00 

20 597 1069 1,79 22 3 1 Jan 0,00 

21 754 1308 1,73 50 3 1 Jan 17,00 

22 521 916 1,76 40 3 1 Jan 0,00 

23 506 2279 4,50 80 3 0 Jan 359,00 

24 271 1308 4,83 50 3 0 Jan 0,00 

25 387 916 2,37 40 3 1 Jan 168,00 

26 367 1465 3,99 11 3 0 Jan 142,00 

27 506 1069 2,11 22 3 1 Jan 0,00 

28 621 1465 2,36 11 3 1 Jan 0,00 

29 649 1308 2,02 50 3 1 Jan 0,00 

30 574 1725 3,01 12 3 0 Jan 0,00 

31 644 2279 3,54 80 3 1 Jan 173,00 

32 780 1725 2,21 12 3 1 Jan 156,00 

33 393 1069 2,72 22 3 1 Jan 0,00 

34 318 1465 4,61 11 3 0 Jan 63,00 

35 446 1465 3,28 11 3 0 Jan 116,00 

36 539 1725 3,20 12 3 1 Jan 0,00 

37 546 916 1,68 40 3 1 Jan 149,00 

38 419 1465 3,50 11 3 1 Jan 83,00 

39 513 1725 3,36 12 3 0 Jan 0,00 

40 315 1725 5,48 12 3 0 Jan 0,00 

41 789 1308 1,66 50 3 1 Jan 150,00 

   (…)      
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   (…)      

429 575 1308 2,27 50 3 1 Aug 294,00 

430 222 1069 4,82 22 3 1 Aug 0,00 

431 316 916 2,90 40 3 1 Aug 48,00 

432 476 1069 2,25 22 3 1 Aug 0,00 

433 286 1069 3,74 22 3 0 Aug 0,00 

434 375 1725 4,60 12 3 0 Aug 145,00 

435 425 1069 2,52 22 3 1 Aug 0,00 

436 469 1308 2,79 50 3 0 Aug 104,00 

437 680 4866 7,16 22 21 0 Aug 0,00 

438 493 2279 4,62 80 3 0 Aug 198,00 

439 710 2279 3,21 80 3 0 Aug 154,00 

440 482 1725 3,58 12 3 0 Aug 132,00 

441 784 3246 4,14 12 21 1 Aug 0,00 

442 655 2279 3,48 80 3 1 Aug 0,00 

443 230 1308 5,69 50 3 1 Aug 59,00 

444 812 3691 4,55 50 21 1 Aug 388,00 

445 361 1465 4,06 11 3 1 Aug 0,00 

446 827 1076 1,30 42 3 1 Aug 244,00 

447 465 1308 2,81 50 3 1 Aug 0,00 

448 844 1465 1,74 11 3 0 Aug 457,00 

449 543 1465 2,70 11 3 0 Aug 58,00 

450 576 1308 2,27 50 3 0 Aug 0,00 

451 439 1465 3,34 11 3 0 Aug 116,00 

452 385 712 1,85 20 3 1 Aug 0,00 

453 485 2279 4,70 80 3 1 Aug 253,00 

454 575 1069 1,86 22 3 0 Aug 0,00 

455 335 1725 5,15 12 3 0 Aug 0,00 

456 573 1465 2,56 11 3 0 Aug 395,00 

457 514 1308 2,54 50 3 1 Aug 0,00 

458 712 916 1,29 40 3 1 Aug 0,00 

459 453 1725 3,81 12 3 0 Aug 0,00 

460 717 3361 4,69 11 21 0 Aug 0,00 

461 524 1069 2,04 22 3 1 Aug 0,00 

462 646 3361 5,20 11 21 1 Aug 0,00 

463 484 1725 3,56 12 3 1 Aug 0,00 

464 260 1069 4,11 22 3 0 Aug 96,00 

465 434 1725 3,97 12 3 1 Aug 0,00 

466 607 1725 2,84 12 3 1 Aug 0,00 

467 727 1465 2,02 11 3 1 Aug 0,00 

468 563 1308 2,32 50 3 1 Aug 0,00 

469 402 1465 3,64 11 3 0 Aug 0,00 

470 434 1465 3,38 11 3 0 Aug 269,00 

471 498 1308 2,63 50 3 0 Aug 0,00 

472 716 2279 3,18 80 3 1 Aug 211,00 

473 239 1069 4,47 22 3 0 Aug 0,00 

474 297 2124 7,15 14 3 0 Aug 0,00 

   (…)      
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   (…)      

765 1204 3691 3,07 50 21 1 April 0,00 

766 290 2124 7,32 14 3 1 April 0,00 

767 753 3382 4,49 40 21 0 April 0,00 

768 588 3008 5,12 80 21 0 April 0,00 

769 803 3382 4,21 40 21 1 April 415,00 

770 506 916 1,81 40 3 1 April 214,00 

771 663 4866 7,34 22 21 1 April 0,00 

772 371 1465 3,95 11 3 0 April 130,00 

773 809 3691 4,56 50 21 0 April 0,00 

774 379 1465 3,87 11 3 1 April 0,00 

775 623 3691 5,92 50 21 0 April 0,00 

776 439 2279 5,19 80 3 0 April 0,00 

777 460 3361 7,31 11 21 0 April 0,00 

778 512 1465 2,86 11 3 0 April 0,00 

779 210 1069 5,09 22 3 0 April 0,00 

780 564 3008 5,33 80 21 0 April 0,00 

781 649 3382 5,21 40 21 1 April 0,00 

782 287 1069 3,72 22 3 0 April 0,00 

783 745 1725 2,32 12 3 1 April 0,00 

784 610 1465 2,40 11 3 1 April 153,00 

785 551 3361 6,10 11 21 0 April 0,00 

786 559 3361 6,01 11 21 0 April 207,00 

787 431 1465 3,40 11 3 0 April 37,00 

788 302 1069 3,54 22 3 1 April 0,00 

789 390 1725 4,42 12 3 0 April 0,00 

790 718 1308 1,82 50 3 0 April 72,00 

791 573 1725 3,01 12 3 1 April 153,00 

792 803 4866 6,06 22 21 1 April 0,00 

793 654 1465 2,24 11 3 1 April 0,00 

794 262 1069 4,08 22 3 0 April 0,00 

795 443 1069 2,41 22 3 0 April 0,00 

796 204 916 4,49 40 3 0 April 0,00 

797 1036 4866 4,70 22 21 1 April 0,00 

798 521 1725 3,31 12 3 1 April 147,00 

799 774 1465 1,89 11 3 1 April 176,00 

800 224 1725 7,70 12 3 0 April 0,00 

801 302 1465 4,85 11 3 1 April 0,00 

802 584 3382 5,79 40 21 1 April 0,00 

803 344 1465 4,26 11 3 1 April 0,00 

804 480 2279 4,75 80 3 1 April 161,00 

805 624 2856 4,58 14 21 1 April 0,00 

806 558 1725 3,09 12 3 0 April 2,00 

807 716 3008 4,20 80 21 0 April 0,00 

808 444 3361 7,57 11 21 0 April 122,00 

809 1107 3691 3,33 50 21 0 April 0,00 

   (…)      
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Annex C – Fuel Consumption 

Flight 
Code 

Real Fuel 
Consumption 

Real 
FBI(kg/s) 

Real FB 
w/o SET 

Real FB w/ 
SET (kg) 

FBi Error 
w/o SET 

FBi Error 
w/ SET 

Error 
Best case 
scenario 
FB (kg) 

1 94,00 0,094 100,90 94,00 0,00 0,00 0,00 76,32 

2 69,00 0,089 81,84 69,00 0,00 0,00 0,00 63,50 

3 126,00 0,092 134,66 126,00 0,00 0,00 0,00 99,85 

4 97,00 0,092 105,09 97,00 0,00 0,00 0,00 79,34 

5 156,00 0,105 172,66 156,00 0,00 0,00 0,00 123,46 

6 101,00 0,088 115,49 101,00 0,00 0,00 0,00 87,09 

7 78,00 0,079 94,58 78,00 0,00 0,00 0,00 73,49 

8 70,00 0,091 81,83 70,00 0,00 0,00 0,00 63,35 

9 111,00 0,106 111,00 111,00 0,00 0,00 0,00 82,33 

10 42,00 0,098 42,00 42,00 0,00 0,00 0,00 36,05 

11 89,00 0,103 89,00 89,00 0,00 0,00 0,00 67,79 

12 84,00 0,110 90,79 84,00 0,00 0,00 0,00 68,83 

13 123,00 0,095 123,00 123,00 0,00 0,00 0,00 91,40 

14 64,00 0,107 64,00 64,00 0,00 0,00 0,00 51,11 

15 126,00 0,098 140,67 126,00 0,00 0,00 0,00 102,98 

16 125,00 0,100 125,00 125,00 0,00 0,00 0,00 92,21 

17 114,00 0,101 114,00 114,00 0,00 0,00 0,00 84,64 

18 168,00 0,094 176,80 168,00 0,00 0,00 0,00 128,29 

19 50,00 0,108 50,00 50,00 0,00 0,00 0,00 41,85 

21 137,00 0,091 137,96 137,00 0,00 0,00 0,00 102,15 

22 98,00 0,094 98,00 98,00 0,00 0,00 0,00 74,32 

23 67,00 0,083 84,36 67,00 0,00 0,00 0,00 65,69 

24 50,00 0,092 50,00 50,00 0,00 0,00 0,00 41,36 

25 57,00 0,084 65,29 57,00 0,00 0,00 0,00 52,11 

26 60,00 0,093 68,23 60,00 0,00 0,00 0,00 53,91 

27 100,00 0,099 100,00 100,00 0,00 0,00 0,00 75,37 

28 115,00 0,093 115,00 115,00 0,00 0,00 0,00 86,15 

29 136,00 0,105 136,00 136,00 0,00 0,00 0,00 99,09 

30 115,00 0,100 115,00 115,00 0,00 0,00 0,00 85,41 

31 123,00 0,105 135,09 123,00 0,00 0,00 0,00 98,47 

32 136,00 0,093 145,04 136,00 0,00 0,00 0,00 106,78 

33 85,00 0,108 85,00 85,00 0,00 0,00 0,00 65,03 

34 53,00 0,089 56,38 53,00 0,00 0,00 0,00 45,76 

35 82,00 0,100 89,59 82,00 0,00 0,00 0,00 68,26 

36 108,00 0,100 108,00 108,00 0,00 0,00 0,00 80,69 

37 87,00 0,087 94,71 87,00 0,00 0,00 0,00 72,67 

38 82,00 0,105 87,79 82,00 0,00 0,00 0,00 66,93 

39 104,00 0,101 104,00 104,00 0,00 0,00 0,00 77,92 

40 69,00 0,110 69,00 69,00 0,00 0,00 0,00 54,47 

41 150,00 0,101 159,95 150,00 0,00 0,00 0,00 115,56 
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Annex D – Critical Flights Analysis  

 Implementation Suggestion Final section analysis    

Flight 
code 

Distance 120 s 
before TO (m) 

Suggested  
2nd 

Ignition(m) 

Average 
Speed 
(m/s) 

Real 
distance in 
final 120 s 

(m) 

Real average 
speed in final 

120s (m/s) 

Difference 
between 

suggested and 
real 120 (m) 

Speed 
Difference 

(m/s) 
Safe 

14 852 750 7,1 380 3,2 370 3,9 Yes 

19 553 550 4,6 410 3,4 140 1,2 Yes 

55 925 900 7,7 222 1,9 678 5,9 Yes 

77 899 650 7,5 565 4,7 85 2,8 Yes 

122 797 650 6,6 406 3,4 244 3,3 Yes 

134 733 650 6,1 340 2,8 310 3,3 Yes 

144 778 750 6,5 505 4,2 245 2,3 Yes 

152 553 550 4,6 341 2,8 209 1,8 Yes 

163 688 550 5,7 232 1,9 318 3,8 Yes 

178 957 850 8,0 467 3,9 383 4,1 Yes 

190 829 650 6,9 430 3,6 220 3,3 Yes 

212 829 650 7,1 322 2,7 328 4,5 Yes 

239 856 800 4,7 263 2,2 537 2,5 Yes 

256 565 550 7,1 540 4,5 10 2,6 Yes 

276 855 850 7,3 220 1,8 630 5,5 Yes 

290 874 750 5,0 424 3,5 326 1,5 Yes 

292 604 550 6,4 432 3,6 118 2,8 Yes 

303 764 550 5,6 456 3,8 94 1,8 Yes 

332 671 650 5,1 258 2,2 392 3,0 Yes 

350 614 550 5,2 456 3,8 94 1,4 Yes 

368 625 550 5,4 524 4,4 26 1,1 Yes 

369 651 650 6,6 220 1,8 430 4,8 Yes 

376 793 750 5,5 328 2,7 422 2,8 Yes 

381 658 600 5,0 253 2,1 347 2,9 Yes 

382 604 600 5,6 209 1,7 391 3,9 Yes 

423 676 650 6,1 460 3,8 190 2,3 Yes 

426 730 650 5,1 343 2,9 307 2,3 Yes 

437 617 600 7,2 444 3,7 156 3,5 Yes 

443 859 850 5,7 199 1,7 651 4,0 Yes 

474 682 600 7,2 502 4,2 98 3,0 Yes 

493 858 750 7,2 186 1,6 564 5,7 Yes 

535 864 700 5,9 370 3,1 330 2,8 Yes 

556 710 700 6,5 444 3,7 256 2,8 Yes 

573 775 700 6,6 485 4,0 215 2,6 Yes 

577 797 650 5,6 578 4,8 72 0,8 Yes 

599 671 650 6,6 335 2,8 315 3,8 Yes 

620 793 700 5,6 329 2,7 371 2,8 Yes 

696 671 650 6,3 354 3,0 296 3,3 Yes 

759 755 700 7,2 445 3,7 255 3,5 Yes 

766 862 800 7,3 353 2,9 447 4,4 Yes 

771 879 850 7,3 356 3,0 494 4,4 Yes 
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800 881 850 7,7 326 2,7 524 5,0 Yes 

811 924 900 6,4 360 3,0 540 3,4 Yes 

825 767 600 6,6 227 1,9 373 4,7 Yes 

828 792 600 7,5 302 2,5 298 5,0 Yes 

838 898 600 7,6 533 4,4 67 3,1 Yes 

871 909 900 5,0 428 3,6 472 1,5 Yes 

873 603 600 7,9 518 4,3 82 3,6 Yes 

876 945 800 5,9 436 3,6 364 2,2 Yes 

913 704 600 5,2 314 2,6 286 2,6 Yes 

933 628 600 7,6 202 1,7 398 6,0 Yes 

951 916 800 6,7 404 3,4 396 3,3 Yes 

952 805 800 7,1 378 3,2 422 3,9 Yes 

955 848 800 6,8 467 3,9 333 3,0 Yes 

956 821 800 7,3 311 2,6 489 4,7 Yes 

964 876 600 8,0 444 3,7 156 4,3 Yes 

966 958 950 5,8 467 3,9 483 1,9 Yes 

968 691 600 7,6 466 3,9 134 3,7 Yes 

992 914 800 5,1 413 3,4 387 1,7 Yes 

994 611 600 7,7 275 2,3 325 5,4 Yes 

1003 919 800 5,7 510 4,3 290 1,5 Yes 

1012 690 600 6,5 498 4,2 102 2,4 Yes 

1014 782 600 7,7 282 2,4 318 5,3 Yes 

1024 921 800 6,9 217 1,8 583 5,1 Yes 
 


