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1. Abstract  

This thesis provides a comprehensive analysis of the Scope 3 emissions generated by airports and 

presents practical solutions to mitigate their impact on the environment. The study examines various 

areas for emissions reduction, including taxiing, refueling, power generation, passenger boarding, 

passenger transportation, baggage handling, and encouraging third-party companies to reduce their 

carbon footprint. For each area, the study explores different strategies and approaches, assessing 

their advantages and disadvantages. This research demonstrates that there is no one-size-fits-all 

solution to reducing Scope 3 emissions in airports and that a combination of strategies and 

approaches may be required to achieve significant emissions reductions. The findings provide airport 

managers and practitioners with a practical catalogue of options to reduce the environmental impact 

of their operations. The thesis concludes that a concerted effort across the aviation industry is 

necessary to achieve significant emissions reductions and that the solutions presented in this research 

can contribute to the global effort to combat climate change. 

 

2. Overview of Thesis Proposal & Research Questions  

The aviation industry has been recognized as one of the major contributors to carbon emissions, and 

airports are no exception. The decarbonization of airport operations has become a significant priority 

for the aviation industry worldwide, and with the critical role of airports in this industry, it becomes 

imperative to focus on airport decarbonization. In recent years, the aviation industry has made efforts 

to reduce its environmental impact, with many airlines and airports initiating measures to mitigate 

their emissions. However, there is still much work to be done, particularly in the area of Scope 3 

emissions. Scope 3 emissions refer to greenhouse gas emissions that result from activities outside 

an organization's direct control, such as supply chain emissions. Reducing Scope 3 emissions is a 

critical challenge for airports, as these emissions account for a large share of their overall 

environmental impact. 

This is where this thesis comes in. The purpose of this thesis is to investigate the possibilities and 

solutions for mitigating Scope 3 emissions in airports. By compiling a comprehensive list of 

strategies and approaches that airports can use to reduce their environmental impact, this research 

aims to provide practical guidance and support to airport managers and practitioners seeking to 

implement effective emissions reduction measures. 

This study is particularly important and relevant in the current context, as concerns for climate 

change and sustainability become increasingly urgent. By offering actionable recommendations for 

reducing Scope 3 emissions in airports, this research can help airports to meet their sustainability 

objectives, reduce their environmental impact, and contribute to the global effort to combat climate 

change. 

Decarbonization in the aviation industry is a pressing issue, and it requires the collaboration of all 

stakeholders, including airport managers, airlines, and third-party companies. The decarbonization 

of airport operations is a complex issue and must consider various factors such as aviation activity, 

location, types of aircraft, and other factors that affect carbon emissions. 

The Airports Council International (ACI) has recognized the significance of airport decarbonization 

and has set various policies and guidelines to achieve carbon neutrality. The ACI Accreditation 
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program is one such initiative that encourages airports worldwide to reduce their carbon footprint. 

The accreditation includes various scopes, out of which scope 3 deals with indirect emissions caused 

by third-party companies operating within the airport. 

Third-party companies include airlines, ground handlers, catering services, and retail vendors that 

form a critical part of airport operations. It is essential to engage these companies and encourage 

them to adopt sustainable practices to reduce their carbon footprint. This study focuses on scope 3 

as it presents a significant opportunity for reducing carbon emissions by third-party companies. 

This thesis investigates various fields that can contribute to the decarbonization of airport operations 

focusing on the role of third-party companies. These fields include taxiway design, replacement of 

Auxiliary Power Units (APU) with environmentally friendly power sources, refueling systems for 

aircraft, and passenger boarding strategies. The aim is to provide airport and airline managers with 

different solutions to choose from that suit their respective operations. 

The study concludes by presenting the advantages and disadvantages of each solution and offering 

suggestions to encourage third-party companies to participate actively in decarbonization efforts. 

In summary, this study sheds light on the crucial role of third-party companies in airport 

decarbonization, and we hope it will contribute to advancing sustainable practices in this sector. 

 

2.1.  What share of global CO2 emissions come from aviation? 

Flying is a highly controversial topic in climate debates. It accounts for around 2.5% of global CO₂ 

emissions, but 3.5% when we take non-CO₂ impacts on climate into account. 

The first concern is the gap between its impact on both our individual and societal carbon footprints. 

The main factor in each frequent traveler's contribution to climate change is air travel. However, just 

2.5% of the world's carbon dioxide (CO2) emissions come from general aviation. This is due to the 

wide disparities in the cost of air travel; many individuals cannot afford to fly at all. 

The second is how nations are assigned responsibility for aviation emissions. Domestic flight CO2 

emissions are accounted for in a nation's emission accounting. International flights are not, but rather 

fall under a separate category called "bunker fuels." There are minimal incentives for governments 

to lower them because they do not contribute to any country's emissions. 

It's also crucial to remember that the Paris Agreement does not include non-CO2 forcings from 

aviation, unlike the most prevalent greenhouse gases—carbon dioxide, methane, or nitrous oxide. 

Since international aviation is not included in any country's emissions inventories or objectives, they 

might be easily missed. 

The following figures are related to international, domestic, and cargo aviation: 

• 1.9% of global warming gas emissions (which includes all greenhouse gases, not only CO2). 

• 2.5% of the emissions of CO2 

• 3.5% of "effective radiative forcing," a more precise indicator of its warming effect. 

The first number refers to 2016, the most recent year for which such statistics are available, while 

the latter two numbers belong to 2018. 
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2.1.1. Aviation accounts for 2.5% of global CO2 emissions 

The majority of aircraft are propelled by jet fuel, which, when consumed, emits carbon dioxide 

(CO2), however others run largely on biofuels. 

The accompanying graphic displays the worldwide emissions from aircraft over time since 

1940. Global aviation, which includes both passenger and freight traffic, is expected to have 

released 1.04 billion tons of CO2 in 2018. 

In 2018, this accounted for 2.5 percent of all CO2 emissions. 

Since the mid-1980s, aviation emissions have increased by half. However, they have been 

increasing at a pace that is comparable to overall CO2 emissions; as a result, its proportion of 

world emissions has remained mostly steady, falling between 2% and 2.5%. 

 

 

Figure 1- [1] 
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2.1.2. non-CO2 climate impacts mean aviation accounts for 3.5% of global 

warming. 

Even while aviation only contributes 2.5% of the world's CO2 emissions, it has a greater overall 

impact on climate change. This is because air travel influences the climate in a variety of more 

intricate ways than just CO2 emissions. 

Planes impact the concentration of various gases and pollutants in the atmosphere in addition to 

producing CO2 from burning fuel. Short-term increases in ozone (O3) are accompanied by long-

term decreases in ozone (O3), methane (CH4), water vapor, soot, sulfur aerosols, and water 

contrails. Some of these influences cause warming, while others cause cooling. The warming 

impact is more pronounced overall. 

 

2.2.  Airport Carbon Accreditation  

Founded by Airports Council International Europe (ACI Europe) in 2009, airport carbon 

accreditation is a voluntary global carbon management standard for airports. 

It is the goal of Airport Carbon Accreditation to encourage and assist airports in implementing best 

practices in carbon management and reducing emissions. 

An Advisory Board is responsible for overseeing the program, consisting of experts from a variety 

of authoritative institutions, including the International Civil Aviation Organization (ICAO), the 

United Nations Framework Convention on Climate Change (UNFCCC), the United Nations 

Environment Program, EUROCONTROL, the FAA, and Manchester Metropolitan University. 

Moreover, the program's technical standards are revised regularly as a result of a Task Force meeting 

twice a year and reviewing relevant information. 

Airport carbon accreditation focuses on CO2 emissions, since they account for the vast majority of 

airport emissions, though airports may also choose to include emissions of other greenhouse gases 

(GHGs). 

There are four progressively stringent levels of accreditation that Airports can participate at one of 

them: 

1. Mapping.  

2. Reduction 

3. Optimization 

4. Transformation 

In addition, airports at Level 3 and 4 can choose to offset their residual emissions, thereby achieving 

Level 3+ (Neutrality) and 4+ (Transition) respectively. 

As part of the Airport Carbon Accreditation program, Level 4 (Transformation) and Level 4+ 

(Transition) have been added to align with the Paris Agreement objectives of limiting global average 

temperatures to 2°C over preindustrial levels and not exceeding 1.5°C. Levels 4 and Level 4+ are 

interim steps on the road to supporting airports to achieve net zero carbon emissions. 
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Figure 2-[2] 

2.3. Main Requirements of Airport Carbon Accreditation 

Accredited airports receive a certificate indicating the level they have achieved. The main 

requirements at each level of accreditation are presented below and in Figure 2.  

2.3.1. Level 1 Mapping  

• Policy commitment to emissions reduction.  

• Development of a carbon footprint for the airport’s Scope 1 and 2 emissions.  

2.3.2.  Level 2 Reduction 

• Fulfilment of all Level 1 accreditation requirements.  

• Formulation of a carbon emissions reduction target.  

• Development of a Carbon Management Plan to achieve the target.  

• Demonstration of Scope 1 and 2 emissions reductions versus the three-year rolling 

average.  

2.3.3.  Level 3 Optimization 

• Fulfilment of all Level 2 accreditation requirements.  

• Additional carbon footprint to include specific Scope 3 emissions.  

• Development of a Stakeholder Engagement Plan.  
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2.3.4.  Level 3+ Neutrality 

• Fulfilment of all Level 3 accreditation requirements.  

• Offset of residual emissions under the airport’s control.  

 

2.3.5.  Level 4 Transformation  

• Policy commitment to absolute emissions reduction.  

• Development of a carbon footprint for the airport’s Scope 1, 2 and 3 emissions, 

including additional mandatory sources.  

• Formulation of a long-term absolute reduction target for Scope 1 and 2 or Scope 1, 2 

and selected Scope 3 carbon emissions which is in line with the IPCC 1.5°C or 2°C 

pathways.  

• Development of a Carbon Management Plan to set out the reduction trajectory and the 

measures required to achieve the target.  

• Development of a Stakeholder Partnership Plan, including emissions reduction targets 

and/or measures leading to effective reductions of the airport’s Scope 3 emissions.  

 

2.3.6.  Level 4+ Transition 

• Fulfilment of all Level 4 accreditation requirements.  

• Offset of residual emissions under the airport’s control.  
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Required 

Elements 

Level 1 

(Mapping) 

Level 2 

(Reduction) 

Level 3 

(Optimization) 

Level 3+ 

(Neutrality) 

Level 4 

(Transformation) 

Level 4+ 

(Transition) 

Policy 

Statement 
Policy commitment to emissions reduction 

Policy commitment to absolute 

emissions reduction 

Carbon 

Footprint 

Emissions under Airport 

Control (Scope 182) 

Scope 1&2 + selected Scope 3 

emissions sources 

Scope 1&2 + all significant 

operational Scope 3 emissions 

sources 

Target And 

Implementation 
- 

Formulation of a carbon emissions reduction 

target (absolute or relative) for Scopes 1&2. 

Formulation of a long-term 

absolute reduction target for Scope 

1&2 or Scope 1,2&3 emissions, in 

line with the IPCC 1.5˚C or 2˚C 

pathways. 

Target 

Trajectory 
- No target trajectory required 

Definition of a target emissions 

trajectory and milestones leading 

up to the target. 

Target 

Compliance 
- 

Annual improvement against past 3-year-

rolling average required 

Compliance assessed every 6 years 

through carbon footprint, and at 

interim milestones and target year. 

15% deviation from trajectory 

accepted. Milestones and targets 

must be met without any deviation. 

Carbon 

Management 
- 

Development of a Carbon Management Plan to achieve the target, with distinct 

requirements depending on the level of accreditation 

Stakeholder 

Management 
- 

Development of a Stakeholder 

Engagement Plan 

Development of a Stakeholder 

Partnership Plan 

Neutrality - 

Offset of 

residual 

emissions 

(Scope 1, 2 

and staff 

business 

travel) 

- 

Offset of 

residual 

emissions 

(Scope 1, 2 

and staff 

business 

travel) 

Renewal Cycle 
Annually; Verified every 

2nd year 

Annually; Every 3 years under 

certain conditions; Unverified 

footprint in interim years. 

Every 3 years; Unverified footprint 

in interim years. 

Approved 

Verifiers 
Level 4/4+ approved verifier Level 1-3/3+ approved verifier 

Table 1- [2] 
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Figure 3 - Roles and Responsibilities in the Accreditation Process [2] 
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2.4. THE AIRPORT INVENTORY BOUNDARY  

Before calculating the carbon footprint, it is important that the airport defines its inventory boundary. 

The established organizational and operational boundaries together constitute an airport’s inventory 

boundary. These boundaries are required to properly account for and report emissions. 

 

2.4.1. SETTING THE ORGANISATIONAL BOUNDARIES  

Airport operations can in a variety of organizational and legal forms, such as completely owned 

operations, subsidiaries, incorporated and unincorporated joint ventures, etc. An airport must 

use a method to describe the companies and operations that make up the corporation when 

establishing organizational boundaries in order to account for and report GHG emissions. 

For establishing organizational limits, Airport Carbon Accreditation adapts the control 

technique (of the GHG Protocol). When an airport has operational control over an emission 

source, the airport is responsible for all emissions from that source. 

 

2.4.2. SETTING THE OPERATIONAL BOUNDARIES  

The GHG Protocol states that an operational boundary, based on a company's specified 

organizational boundaries, specifies the scope of direct and indirect emissions for operations. 

The organizational boundary is established first, followed by the operational boundary (Scope 

1, Scope 2, Scope 3). At each operational level, direct and indirect emissions are then 

consistently identified and categorized using the chosen operational boundary. Activities and 

facilities that produce emissions must be classified as Scope 1, 2 or 3 sources. 

Scope 1: Direct GHG emissions are from sources that are under the airport's ownership or 

control, such as those produced by the combustion of boilers, furnaces, automobiles, etc. 

Scope 2: indirect GHG emissions caused by the creation of the heat, steam, electricity, or 

cooling3 that the airport uses. Physically, scope 2 emissions take place at the plant that produces 

the bought power. 

Scope 3All additional indirect emissions that result from airport operations but come from 

sources, not within the company's ownership or control (e.g., aircraft movements, vehicles, and 

equipment operated by third parties, off-site waste management, etc.). These sources may be 

found inside or outside the airport grounds (geographical boundary). 
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Figure 4 - Overview of Scopes & Emissions [2] 
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3. Problems and solutions 

As air traffic increases, airports are responsible for a significant portion of global greenhouse 

gas emissions. The International Air Transport Association (IATA) has set a target of achieving 

net-zero carbon emissions by 2050. To support this goal, airports are adopting various strategies 

to reduce their carbon footprint. The figure below outlines some of the common problem areas 

that contribute to carbon emissions at airports and potential solutions to mitigate them. Let's 

discuss each of these areas and their solutions in more detail. 

 

 

 

Figure 5 – Problem and solution 
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3.1. Taxing way 

Taxiway operations are an essential part of airport operations that connect aircraft to runways, 

making it a critical aspect of the aviation industry. However, due to the high fuel consumption 

associated with taxiing, it has become a significant contributor to greenhouse gas emissions, leading 

to climate change. As such, airports and airlines worldwide are seeking ways to reduce their carbon 

footprint, improve operational efficiency, and reduce operational costs. 

To this end, various taxiway management systems have been developed to reduce the amount of fuel 

used during taxiing while improving the overall efficiency of the aviation industry. In this study, we 

will explore three such methods - Single Engine Taxi, WheelTug, and TaxiBot - designed to reduce 

fuel consumption and carbon emissions during taxiing. 

By implementing these systems and reducing the time aircraft spend taxiing, airlines, and airports 

can reduce their operating costs while also reducing their carbon footprint. With increasing pressure 

on the aviation industry to reduce emissions and adopt sustainable practices, efficient taxiway 

operations can play a crucial role in achieving this goal. 

Now, you can go ahead and discuss the three methods you've chosen in detail. 

3.1.1. Single engine taxing (SET): 

3.1.1.1.  Introduction 

Optimizing airport emissions through aircraft ground operations can lessen the effects on local 

air quality that follow. It is possible to cut down on fuel use as well as NOX, CO, and HC 

emissions by using only half of the installed number of engines for the bulk of a taxi ride (single 

engine taxiing, or SET). We create a model for SET operations using 3510 flight data records, 

and we give a case study of London Heathrow to demonstrate how SET is frequently used during 

taxi-in. Compared to earlier research that relied on naive assumptions, the model is more accurate 

in its predictions of fuel consumption and pollutant emissions. 

Fuel usage and pollution emissions during taxi-in would rise by up to 50% without SET. Fuel 

consumption and pollutant emissions would be reduced by 7–14% and 7–14%, respectively, 

compared to existing operations, if the period before SET is begun were shortened to the 25th 

percentile of recorded data. Future studies should look at the viability of shortening the period 

before SET initialization in order to reap the extra benefits of decreased fuel loadings, which 

would cut fuel consumption during the whole flight. 

Recent years have seen an average yearly rise in global air traffic of 5%, and this trend is 

anticipated to continue. Many parts of the air traffic control system are already running at 

capacity or are expected to do so soon. Airports in particular have been identified as a barrier to 

aviation capacity. Human health is negatively impacted by airports' negative effects on the local 

environment, particularly their noise and pollution emissions. Some airports in the UK are 

situated close to AQMAs, where policy changes are necessary to lower pollutant concentrations 

below the EU air quality limit values. 

The Single European Sky Air Traffic Management Research (SESAR) aims to seek to expand 

air traffic capacity while also boosting operational efficiency with reference to safety, 

economics, and environmental concerns in a broader European context. 
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In addition to reducing local pollutants including nitrogen oxides (NOX), carbon monoxide 

(CO2 emissions), unburned hydrocarbons (HC), and particulate matter (PM), the SESAR 

environmental standards call for a 2.8% decrease in fuel consumption and carbon dioxide (CO2) 

emissions each trip. 

Airport landing and takeoff operations (LTO) are a significant source of pollutant emissions that 

have an influence on human health. As a result, mitigating strategies including single engine 

taxiing (SET) and decreased thrust takeoff have been suggested. In Europe, aircraft taxiing takes 

up between 10% and 30% of total flight time. 

CO, and 91% of HC emissions are produced during the taxi phase. Due to the increase in air 

traffic movements and ensuing airport congestion, longer taxi wait times are anticipated. As a 

result, the taxi phase's contribution to the LTO cycle, as well as the overall flight's fuel use and 

pollutant emissions, would grow. 

3.1.1.2.  Research objectives 

Given the setting of the research, the main goal is to establish an empirical definition of SET and 

to create a model to quantify its effects on fuel use and pollutant emissions, utilizing taxi 

operations at London Heathrow Airport as a case study. 

We'll divide up into four more portions. The data and technique are described in Section 2. 

A technique for experimentally defining SET operations is shown in Section 3. The findings and 

analysis for the following three goals are presented in Section 4: (i) to contrast actual fuel use 

and pollutant emissions with scenarios based on loosely-defined assumptions for engine idle 

thrust setting and no SET; (ii) to create a model that is verified against the observed emission 

inventory for calculating the fuel consumption and pollutant emissions linked to SET operations; 

and 

finally The potential for additional cuts in fuel use and pollutant emissions will then be quantified 

(iii). The model will be used specifically to look at the impacts of lowering the time before 

starting SET after landing, reducing the thrust setting while taxiing, and combining both. Section 

5 concludes by making some last observations and discussing the conclusions' ramifications. 

 

Aircraft ID Aircraft type Engine type No. of engines Activity count 

A319 Airbus A319 V2522-A5 2 1,345 

A320 Airbus A320 V2527-A5 2 1,086 

A321 Airbus A321 V2533-A5 2 411 

B747a Boeing 747-400 RB211-524G 4 215 

B747b Boeing 747-400 RB211-524G-T 4 241 

B777 Boeing 777-A GE90-85B 2 212 

Table2 - Aircraft-engine combinations and number of associated FDR observations  [3] 
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3.1.1.3.  Data and methods 

The studies given center on a case study of one airline operating at London Heathrow Airport, 

which offers a chance to empirically analyze SET owing to its adoption as a method for reducing 

fuel usage and pollutant emissions. However, if the data criteria are satisfied, the process might 

be reproduced for other airports and airlines because it is transferrable. 

Any information that was left out of the paper's body has been included in the supporting 

information (SI) and, where applicable, cited. 

3.1.1.3.1. Aircraft flight data 

In this work, a collection of high-resolution (1 Hz) aircraft FDRs for taxi activity in November 

2012 has been analyzed. The data evaluated are only for taxi-in operations (from touchdown to 

arrival at the stand) because SET was not utilized for taxi-out operations throughout the analysis 

period. In the end, 3510 taxi-in actions involving six different aircraft-engine configurations 

were examined (see Table 2). 

3.1.1.3.2. Thrust setting and pollutant emission modelling 

The 4D trajectory (latitude, longitude, altitude, and time), ground speed, and fuel flow for each 

engine during each taxi-in operation are all included in the 1 Hz resolution data found in each 

FDR. 

The Boeing Fuel Flow Method II (BFFM2) is used to simulate each engine's thrust setting, NOX, 

CO, and HC emissions time series. Based on the engine-specific information in the ICAO EEDB, 

this approach has been frequently used to determine the thrust setting of aircraft engines as a 

percentage of rated thrust (maximum thrust produced by an aircraft engine in international 

standard atmosphere sea level static circumstances). Using the recorded fuel flow rates for each 

engine, provided by, the thrust setting is determined for each second. 

 

𝐹
𝐹00

⁄ = 𝐴. 𝑚𝑓
2 + 𝐵. 𝑚𝑓 + 𝑐           (1)      

 

the fuel flow rate is mf, the engine-specific constants A, B, and C are calculated by fitting a 

quadratic to data in the ICAO EEDB, and F/F00 is the engine's thrust setting as a ratio to rated 

thrust. 

Then, engine-specific emission indices are calculated using this thrust setting (EIs). 

By fitting log-log curves to interpolate data for F/F00 values between the 7%, 30%, 85%, 

and 100%, the EI(NOX), EI(CO), and EI(HC) are calculated. 

The 1 Hz emission rates are (mf x EI). total masses of NOX, CO, and HC emissions are 

produced by adding the emissions during the course of the takeoff roll phase. The ICAO 

EEDB only had insufficient EI(HC) data for the engines. 

HC emissions for these engine types have decreased due to the RB211-524G and RB211-

524G-T, and as a result, have not been computed. 
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Figure 6 – Diagrammatic representation of the taxi-in process [3] 

 

3.1.1.4.  SET MODEL DEVELOPMENT 

 

3.1.1.4.1. Definition of SET operations 

After the post-landing inspections are finished, SET is started (the engine(s) are turned off) for 

taxi-in. All taxi-in procedures consist of two steps: first, the engines are adjusted to the 

appropriate thrust level for aircraft taxiing, as determined by the pilots once the wheels have 

touched the ground. This is kept up while the required post-landing inspections are finished, and 

the pilots determine if the deployment of SET is suitable. The FDRs demonstrate that airplanes 

employ all engines running at an active taxi-in thrust level during the time before SET is started 

(related to postlanding inspections). Typically, this thrust setting doesn't change, which It has 

been seen that pilots prefer to use the brakes to manage an aircraft's ground speed rather than 

lowering the engine's thrust setting whenever an aircraft must stop. 

If operations permit after the post-landing inspections are finished, SET may start by turning off 

the secondary engine(s) till reaching the stand. According to the FDRs, this includes shutting off 

one engine for two-engine aircraft and two engines for four-engine aircraft. To maintain 

consistency throughout the discussion, these situations are referred to as SET, and complete 

engine taxiing refers to operating all engines (TET). In Fig. 1, this is depicted diagrammatically. 

The number of seconds that each taxi-in action was run with half of the engines idle, i.e., with a 

thrust setting less than 1%, was counted to determine the length of the SET taxing activity. 

Only when all safety requirements are satisfied may SET be employed; operational restrictions 

including crew workload, effects on aircraft systems, and breakaway thrust levels must all be 

taken into account. SET can only be used partially or not at all in a variety of situations, including 

those involving aircraft operating and technical constraints, airport limits such as taxiway/ramp 

grades, weather, and taxiway/ramp pollution. 

Although the empirical observation of SET during taxi-in is the only aspect covered in this 

research, it is anticipated that similar tendencies will be found during taxi-out. However, more 

time is needed for the engine to warm up. After pushing back from the stand, engines are often 

left off for SET throughout taxi-out, and they are then turned on at least two minutes before 

departure (5 min if the engine had previously been off for more than 2 h). 
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3.1.1.4.2. FDR analysis for SET model specification 

As shown in Fig. 2, which depicts the correlation between fuel consumption and taxi time for 

Airbus A319 operations, the usage of SET during taxi-in is noticed in the FDRs. The TET line 

plots fuel usage against time spent in a cab while all engines are running. The gradient of the line 

(dot-dash line), which depends on the engine thrust setting, represents the fuel flow rate of the 

two operating engines. The final four lines represent SET activities that take place before SET 

is started at various times. 

All four SET classifications' fuel flow rates are comparable to one engine's fuel flow rate and 

equal to the gradients of the depicted lines (dashed line). As a result, it can be said that total fuel 

consumption depends on the fuel flow rate, the length of the taxi rides, and the amount of time 

the aircraft operated with TET before SET beginning. 

There were found to be two different types of taxi-in activities:(i) those with SETs functioning 

for less than 20 seconds (such as the A319 in Fig. 2, A320, and A321, or for 50 seconds (such 

as the B747 and B777), and (ii) those with longer SET durations. This period corresponds to the 

engine shutdown procedures on the stand for the first group of events with 20 or 50 seconds of 

one-engine off, and these events are consequently categorized as TET. The other activities are 

classified as SET, however, as can be seen in Fig. 3, the length of SET is significantly varied. 

 

 

Figure 7 – Observed fuel consumption versus taxi duration for individual TET and SET operations for A319 

aircraft. Also shown is the two-engine idle (dot-dash line) and one-engine-idle fuel consumption (dash line) 
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versus taxi duration [3] 

 

Figure 8. Distribution of SET durations for Airbus A319 activities. Dashed line indicates 20 s, where activities with 

less than 20 s of SET are classed as TET operations. [3] 

 

 

 

3.1.1.4.3. General model for SET fuel consumption and pollutant emission estimation 

Given the above operational definition, the following model has been derived empirically in 

order to estimate fuel consumption for SET operations: 

 

𝐹𝐶 = 𝑚𝑓 . 𝑛. (𝑡𝑇𝐸𝑇 +
1

2
(𝑡𝑇 − 𝑡𝑇𝐸𝑇),                           (2) 

 
 

where mf is the fuel flow rate corresponding to the average engine thrust setting (F/F00) for 

the active engines during taxiing for a particular engine type in kg/s, n is the number of 

installed engines on the aircraft, tTET is the time before SET is initiated, and tT is the total 

taxi-in duration in seconds. FC is the estimated fuel consumption from a taxi-in event in kg. 

The pollutant-specific EI, which is calculated using the engine thrust setting for the active 

engines and engine type as specified in Section 2.2, is multiplied by the fuel flow rate to 

determine emissions. To maintain generality, the model in Equation (2) is generated and may 

then be applied to different airports. 

The model's application involves estimating the following input variables, which determine 

the fuel flow rate (mf) and fuel consumption: the taxi-in duration (tT), the time before SET 

initiation (or the time spent in TET), and the average thrust setting (F/F00) in the active 

engine(s) for all activities. 
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3.1.1.5.  RESULTS AND DISCUSSION 

 

3.1.1.5.1. Comparison between observed and estimated taxi-in fuel consumption and 

pollutant emissions 

In this section, the observed fuel consumption and pollutant emissions from the FDR dataset, 

including SET activities, is compared to two scenarios that have been widely used to estimate 

fuel consumption and pollutant emissions from TET taxi operations. 

A. The 7% thrust scenario: it is anticipated that all engines would run continuously at 7% thrust 

throughout the taxi-in process. 

B. The TET scenario: it is anticipated that all engines will run at the TET thrust setting for the 

whole taxi-in period (i.e. the thrust setting of the active engine). 

The taxi-in duration is derived from the observed FDRs for both scenarios. Table 3 displays the 

results for fuel consumption, with the last row representing the total number of taxi occurrences 

across all aircraft-engine combinations. 

We discover that Scenarios A and B overstate the overall observed fuel use by 71.2% and 49.7%, 

respectively when all taxi-in activities are taken into account. 

Lack of accounting for the time spent with one engine idle is the primary cause of overestimating 

fuel use. By assuming a constant 7% thrust setting for all aircraft-engine combinations, Scenario 

A yields a worse approximation of the observed fuel consumption than Scenario B. The A319 

reported a mean average thrust setting of about 7% across all occurrences, making it the only 

aircraft-engine combination for which this is not the case. 

Depending on the aircraft-engine combination, Scenario A overestimates the measured 

emissions of NOX, CO, and HC by 43.7–125.9%, 1.6–48.0%, and 18.8–46.1%, respectively. 

This scenario overestimates NOX, CO, and HC emissions by 79.4%, 18.8%, and 36.5%, 

respectively, for all taxi-in operations. As a result of the assumption of a higher thrust setting, 

which causes EI (NOX) to rise non-linearly, the NOX emissions overestimate is greater than that 

for fuel consumption. However, while the assumption of a greater thrust setting reduces both 

EI(CO) and EI, the overestimation of CO and HC emissions is smaller than that identified for 

fuel consumption (HC). 

Scenario B's application to various aircraft types of results in overestimations of NOX, CO, and 

HC emissions of 21.0-66.4%, 19.3-54.9%, and 18.8-46.1%, respectively. Scenario B 

overestimates NOX, HC, and CO emissions for all taxi-in activities by 49.3%, 46.2%, and 

22.1%, respectively. If Scenario B is used as the baseline, the same results show that SET 

implementation at London Heathrow Airport decreases taxi-in fuel consumption, NOX, CO, and 

HC emissions by 33.2%, 33.0%, 31.6%, and 18.1%, respectively. This is comparable to the 30% 

reduction that London Heathrow Airport anticipates for NOX. 

The predicted fuel consumption for all operations would be half the mass of fuel consumption 

reported in Table 3 when these scenarios are modified to depict SET with one engine off for the 
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length of the taxi-in. This would result in 14.4% for Scenario A and 25.2% for Scenario B 

underestimations of the actual fuel use. In the same way, if Scenario B were assumed, NOX, CO, 

and HC emissions would be understated by 25.3%, 26.9%, and 38.9%, respectively, whereas 

Scenario A would assume 10.3%, 40.6%, and 31.7%. This makes it obvious that in order to get 

more accurate findings, an innovative method of evaluating SET fuel usage and pollutant 

emissions is needed. 

 

Aircraft ID 

Actual fuel 

consumption 

(t) 

A: 7% thrust fuel 

consumption 

estimate (t) 

Percentage 

error (%) 

B: TET thrust 

fuel consumption 

estimate (t) 

Percentage 

error (%) 

A319 90.5 132.1 46.0 132.6 46.5 

A320 70.2 109.7 56.3 103.1 46.9 

A321 28.7 47.7 66.2 41.4 44.3 

B747a 59.9 120.3 100.8 97.1 62.1 

B747b 72.2 146.9 103.5 118.9 64.7 

B777 40.4 63.0 55.9 48.5 20.0 

Total 361.9 619.7 71.2 541.6 49.7 

Table 3 - Quantification of observed taxi-in fuel consumption, and estimated fuel consumption using two methods that 

assume: (A) 7% thrust or (B) TET thrust for the total taxi-in duration. Percentage errors in estimated fuel 

consumption relative to observed are presented.  [3] 

 

3.1.1.5.2. .Validation of SET taxi-in fuel and emission estimation model 

This section analyzes whether the fitted probability distribution functions (PDFs) are appropriate 

for estimating the observed input variables to verify the model in Equation (2). 

For each observed taxi-in activity, the related PDFs (as defined for each aircraft-engine 

combination) are used to estimate the values for the taxi-in duration, time before SET 

commencement, and thrust setting. 

To get average estimated values for the median, 1st, 25th, 75th, and 99th percentiles of taxi-in 

duration, the time prior to SET commencement, and thrust setting, this process was done 1,000 

times. The distributions calculated from the PDFs are contrasted with the observed distributions 

for each of the input variables and each aircraft-engine combination, respectively, using the 

boxplots shown in Fig. 4. 

Figure 4 demonstrates how well the calculated PDFs for each of the three input variables match 

the observed distributions. Depending on the aircraft-engine combination, errors between the 

median observed and estimated values vary from 0 to 14% for the taxi-in duration, 1-4% for the 

thrust setting, and 1 to 14% for the time before SET activation. However, relative to the 99th 

percentile of the actual values, the estimated distribution captures very high-duration activities 

poorly for both the taxi-in length and the period preceding SET beginning, with percentage errors 

in the range of 35 to 15% and 41 to 17%, respectively. Additionally, there are percentage errors 

in the range of 34 to 1% for taxi-in duration, 13 to 1% for thrust setting, and 35 to 7% for time 

before SET activation, which result in an underestimation of the 1st percentile of the observed 
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values for all aircraft-engine combinations. Given the rarity of these incidents, the impact of this 

is anticipated to be minimal. 

We estimate the fuel use and pollutant emissions for all 3510 taxi-in operations in the emission 

inventory to further confirm that these distributions are accurate. For each aircraft-engine 

combination, this method was performed 1,000 times to get the mean, 5th, and 95th percentiles 

of the percentage errors between estimated and observed fuel consumption and pollutant 

emissions. 

According to the total observed values, percentage errors for the estimated fuel consumption, 

NOX, CO, and HC emissions are provided in Table 4 and explained further. 

Depending on the type of aircraft engine, the typical inaccuracy in total fuel consumption during 

taxi-in ranges from 2.9% to 4.1%. These inaccuracies result from variations in the observed and 

estimated distributions for the length of the taxi-in, the thrust setting, and the amount of time 

before the start of the SET, as shown in Fig. 4. The corresponding mean and range of the 

percentage errors, as shown in Table 4, are significantly lower than those computed in earlier 

research, which underestimates the total observed fuel usage by 25.2% when SET is utilized and 

overestimate it by 49.6% when SET is not used. The resulting model, therefore, outperforms 

earlier SET fuel consumption estimate techniques. 

Mean errors are determined to be 3.2 to 0.2% for NOX, 12.1% to 1.1% for CO, and 2.8 to 0.3% 

for HC emissions concerning pollutant emissions. These percentage errors are less than those 

calculated in earlier research, which was, respectively, 25.3%, 26.9%, and 38.9% for NOX, CO, 

and HC. The non-linear connection between each EI and thrust setting is the cause of the 

discrepancies between these mistakes and those computed for fuel consumption. The aircraft-

engine combination affects the percentage errors between estimated and observed pollution 

emissions. Particularly, it is shown that the estimation of CO emissions from B747 aircraft has 

a significantly large percentage inaccuracy. This is brought on by the distributions' inability to 

record long-lasting events and the typical B747 operations' usage of relatively low average thrust 

settings. 

Aircraft ID 

Fuel error (%) 

[5th, 95th 

percentiles] 

NOX error (%) 

[5th, 95th 

percentiles] 

CO error (%) [5th, 

95th percentiles] 

HC error (%) 

[5th, 95th 

percentiles] 

A319 − 0.7 [ − 2.3, 1.1] − 1.2 [ − 2.8, 0.4] − 1.3 [ − 2.9, 0.4] − 0.7 [ − 2.7, 0.5] 

A320 − 0.1 [ − 2.1, 2.1] − 0.2 [ − 2.4, 2.0] − 1.8 [ − 3.9, 0.2] − 0.3 [ − 3.6, 0.6] 

A321 − 1.1 [ − 4.1, 2.0] − 2.0 [ − 4.8, 0.9] − 1.9 [ − 4.7, 1.0] − 1.0 [ − 4.2, 1.4] 

B747a 4.1 [0.0, 8.6] − 1.4 [ − 5.7, 3.0] − 8.2 [ − 12.1, −4.1] N/A 

B747b 3.2 [ − 1.2, 7.8] − 1.0 [ − 5.7, 3.7] 
− 12.2 [ − 16.3, 

−7.9] 
N/A 

B777 − 2.9 [ − 6.5, 0.8] − 3.2 [ − 6.9, 0.4] − 2.8 [ − 6.3, 0.9] − 2.8 [ − 6.4, 1.1] 
Table 4 - Errors associated with application of the model to estimate observed aircraft–engine specific taxi-in fuel 

consumption, NOX, CO and HC emissions [3] 
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Figure 9. Observed and estimated distributions of taxi-in duration, thrust setting and time before SET initiation. 

Boxplots show the median, lower and upper quartiles, and minimum and maximum (1st and 99 th percentile) of 

observed values, respectively. [3] 

 

3.1.1.5.3. Application of SET model to scenarios 

To quantify the potential emissions reductions achievable under different taxiing strategies, 

we investigated the following three scenarios: 

1. SET activities where time before SET initiation (tTET) is minimized (set equal to the 25th 

percentile of recorded durations shown in Table 5) and thrust setting (F/F00) is as observed. 

2. Thrust setting (F/F00) is minimized (set equal to the 25th percentile of observed active engine 

thrust settings) and both engines are active for the full taxi duration (tT). 

3. SET activities where the time before SET initiation (tTET) and active engine thrust setting 

(F/F00) are minimized (both operating at the 25th percentile). 

For the period preceding SET commencement (Scenarios 1 and 3) and thrust setting (Scenarios 

2 and 3), fixed values were used that were computed as the 25th percentile from the relevant 

aircraft-engine-specific distributions, as shown in Table 5. First, the 25th percentile of observed 

operations is used to analyze each scenario. Given that it is now accomplished during 25% of 

taxi-in occurrences, this is considered to be an achievable goal for the aircraft operators. 

However, different input values, such as the 10th and 50th percentiles, might be chosen for 

various implementations of the model to evaluate the suggested optimization of taxi activities. 
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At the end of this section, it is addressed how sensitive Scenario 1 is to the 10th and 50th 

percentiles of the period prior to SET activation. 

Using Scenarios 1, 2, and 3, fuel consumption, NOX, CO, and HC emissions are calculated for 

all operations. To determine the mean, 5th, and 95th percentiles for each scenario, 1000 iterations 

of the scenario were performed (Monte Carlo 1000-member ensemble). Fig. 5 displays the mean 

% difference for each aircraft-engine combination (compared to observed fuel consumption, 

NOX, CO, and HC emissions, with error bars showing the 5th and 95th percentiles of the 

percentage difference). Tables S.1 and S.2 in the SI, respectively, indicate the absolute and 

proportional discrepancies between the scenarios and the observed values. 

 

 

Figure 10. The percentage difference between estimated fuel consumption, NOX, CO and HC emissions for Scenarios 

1 (minimize tTET), 2 (minimize F/F00) and 3 (minimize tTET and F/F00) relative to actual values Bars represent the 

mean percentage difference and error bars show the 5th and 95th percentiles of percentage difference. [3] 
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 Time before SET initiation, tTET (s) Taxi thrust setting, F/F00 (% of max) 

Aircraft ID 10th 25th 50th 10th 25th 50th 

A319 90 105 123 6.4 6.7 7.1 

A320 89 106 126 5.4 5.7 6.1 

A321 93 107 131 4.7 4.9 5.3 

B744a 76 88 109 3.5 3.9 4.5 

B744b 79 92 108 3.9 4.3 4.8 

B777 167 214 288 3.7 3.8 4.0 
Table 5 - 10th, 25th and 50th percentiles of time before SET initiation and thrust setting for each aircraft–engine 

combination [3] 

 

The effects of shortening the period preceding SET commencement are assessed in Scenario 

1. Relative to observed values, overall fuel consumption, and pollutant emissions during taxi-

in operations at London Heathrow Airport is reduced when the time preceding SET initiation 

is fixed to the 25th percentile of those recorded. Depending on the kind of aircraft engine, 

there will be reductions in fuel consumption of 3-12%, NOX emissions of 6-13%, CO 

emissions of 8-18%, and HC emissions of 6-12%. Total fuel consumption reductions of 6.7% 

(24.2 tons), NOX emissions of 8.7% (139.0 kg), CO emissions of 14.2% (1419.1 kg), and 

HC emissions of 11.5% (18.7 kg) would all be accomplished across all operations. 

Without employing SET, Scenario 2 assesses the effects of all taxi-in occurrences based on 

the 25th percentile of the recorded active-engine thrust settings. According to this scenario, 

increases in fuel consumption, NOX emissions, CO emissions, and HC emissions relative to 

actual fuel consumption and pollutant emissions range from 18 to 58%, 16 to 45%, and 20 

to 55%, respectively. These findings translate into overall increases in fuel consumption of 

45.2% (163.8 tons), NOX emissions of 37.3% (598.7 kg), CO emissions of 47.3% (4716.2 

kg), and HC emissions of 24.0% (39.1 kg) compared to observed values. 

The combined effects of employing the 25th percentile of the recorded active engine thrust 

settings and the 25th percentile of the period before SET activation during taxi-in operations 

are assessed in Scenario 3. Based on the evaluated aircraft-engine combinations, this scenario 

offers additional fuel consumption, NOX emissions, and HC emissions reductions of 8–15%, 

11–17%, and 9–13%, respectively, in comparison to Scenario 1. However, due to the non-

linear increase in EI(CO) with decreasing engine thrust setting, CO emissions rise by 6% to 

14% in comparison to Scenario 1. 

As a result, we believe that if feasible, efforts should be taken to shorten the time before SET 

is started during the taxi-in process. Even without affecting the total taxi time, cutting this 

time by 16–74 seconds, depending on the aircraft and engine, significantly reduces fuel 

consumption and pollutant emissions. On the other hand, we discover that decreasing the 

thrust setting by 0.2-0.6% without utilizing SET significantly raises fuel consumption and 

pollutant emissions. At the 25th percentile of observed activities, using decreased thrust 

settings and delaying SET commencement leads to additional decreases in fuel consumption 

(3.4%), NOX (5.7%), and HC (0.9%) but an increase in CO emissions (4.3%).As a result, 

the selection of the taxi-in optimization should be made following the individual airport air 
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quality objectives. The chosen improvements for the London Heathrow Airport case study 

are intended to make it easier to comply with EU NO2 Air Quality Standards. 

We assessed the effects of employing the 10th and 50th percentiles on fuel consumption and 

pollutant emissions for Scenario 1 to show the relevance of this unique model in measuring 

the impact of shortening the time before SET commencement, at a varied range of feasible 

levels. 

The 50th percentile is typically 29 s (between 16 and 74 s) higher than the 25th percentile 

across all aircraft types, whereas the 10th percentile is typically 20 s (between 12 and 47 s) 

lower (as shown in Table 5). 

According to the 10th percentile of time before the SET beginning, there would be overall 

decreases in fuel consumption, NOX emissions, CO emissions, and HC emissions of 9.5% 

(34.3 tons), 11.5% (184.9 kg), 16.8% (1679.7 kg), and 17.9% (27.6 kg) as compared to the 

observed activities. These reductions in fuel consumption, NOX, CO, and HC emissions are 

all higher than those computed using the 25th percentile by 2.8%, 2.8%, 2.6%, and 5.4%, 

respectively. By using the 50th percentile of time prior to SET beginning, fuel consumption 

is reduced by 2.8% (10.3 tons), NOX emissions are reduced by 4.7% (75.3 kg), CO emissions 

are reduced by 10.7% (1063 kg), and HC emissions are reduced by 3.5% (5.7 kg) as 

compared to observed activities. These reductions in fuel consumption, NOX, CO, and HC 

emissions are all fewer than those computed using the 25th percentile by 3.9%, 4.0%, 3.5%, 

and 8.0%, respectively. Due to the lognormal distributions for taxi length and time before 

SET activation, which do not capture occurrences with long duration when using a median 

value for both variables, reductions in fuel consumption and pollutant emissions are 

nevertheless obtained at the 50th percentile (represented by the right-hand tail of the 

lognormal distributions). 

 

3.1.1.5.4. Wider impacts of SET model application 

At London Heathrow Airport, the taxi-in phase generates around 4% of NOX, 30% of CO, and 

31% of HC emissions to total ground-level emissions (13). Accordingly, the potential savings 

mentioned in this research translate to a 0.3% decrease in total ground-level NOX, a 4.3% 

reduction in total ground-level CO, and a 3.6% reduction in total ground-level HC emissions at 

the 25th percentile of time before SET commencement. These cuts are very modest when 

compared to the reductions in total ground-level NOX, CO, and HC emissions that are currently 

made possible by the use of SET during taxi-in at London Heathrow Airport, which are 33.0%, 

31.6%, and 18.1%, respectively. However, the results presented in this paper are expected to 

offer benefits if applied at other airports. 

If the research described in this study is expanded to cover taxi-out activities, further significant 

fuel consumption and NOX emission reductions may be made. In light of this, we advise 

additional studies to attempt to define taxi-out activities empirically using a similar manner. 

Although similarities should be predicted, unlike SET, an extra component of engine warm-up 

(3-5 min) is necessary before the takeoff roll is commenced. Given the existing findings, this is 

probably going to help cut down on fuel use and pollution emissions from airplane operations at 

airports. 
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The large amount of data that was utilized to create this article makes it easier to conduct an 

empirical examination of changes in thrust setting and length of taxi operations. The findings, 

however, were restricted to a case study of taxi-in operations at London Heathrow airport, 

involving six aircraft and engine configurations from a single airline. Therefore, more research 

should be done to confirm that these results and the accompanying model in the Equation are 

transferable (2). To do this, the approach should be used to calculate the amount of fuel used and 

the number of pollutants emitted during taxi-out and taxi-in operations, as well as for operations 

including multiple aircraft-engine configurations, flights for other carriers, and the use of other 

airports. Future studies should also look at the operational difficulties that might prevent time 

before SET initiation decreases, such as aircraft operational and technical constraints, airport 

limits such as taxiway/ramp grades, weather conditions, and taxiway/ramp pollution. 

 

3.1.1.6.  CONCLUSIONS 

Here, we demonstrate the analysis of SET operations using recorded FDRs, allowing for the 

identification of the effects of taxi duration, thrust setting, and time before SET commencement 

on fuel usage as well as pollutant emissions. Through the empirical examination of FDRs and 

the use of a case study of taxi-in operations at London Heathrow Airport, SET and TET 

operations are identified. This makes it possible to create a model to calculate fuel usage and 

NOX, CO, and HC emissions. The model's validation against actual fuel usage and pollutant 

emissions results in low percentage errors as compared to earlier approaches. The distributions 

of taxi duration, thrust setting, and time before SET commencement are three input variables 

that must be assessed for the model to be applied. These three variables are frequently recorded 

by airports and airlines. So long as the model is validated against actual fuel usage and pollutant 

emissions at other airports, it should be portable to those sites. 

The fuel consumption, NOX, CO, and HC emissions at London Heathrow Airport are reduced 

by 6.7%, 8.7%, 14.2%, and 11.5%, respectively, when the period before SET is commenced is 

lowered to the 25th percentile of observed values. Reduced thrust levels without the use of SET, 

however, result in a relative rise in fuel use and pollutant emissions. 

Although these conclusions are particular to the London Heathrow case study, it is anticipated 

that they will also apply to other significant international hub airports' taxi operations (with 

similar numbers of aircraft movements). Therefore, every airport operator should make an effort 

to implement SET procedures and reduce the amount of time before shutting the aircraft's 

secondary engine(s) after landing. Consider including the requirement to utilize SET in airport 

operations policy. 

Based on the current example study, we predict that by shortening the time before SET 

commencement by 20 s, additional reductions of 0.3% in total ground-level NOX, 4.3% in total 

ground-level CO, and 3.6% in total ground-level HC emissions are feasible. To enable greater 

airport compliance with EU Air Quality Standards, this will help achieve the objectives of entire 

flight reductions in fuel use and pollutant emissions. Along with the already shown direct 

benefits of lower fuel costs and CO2 emissions, indirect benefits might also be anticipated. Less 

fuel being carried during the taxi phases will lighten the airplane because fuel loading makes up 

a significant portion of aircraft weight. A 1% decrease in aircraft weight is predicted to result in 

a 0.75 percent decrease in fuel usage for the whole flight. These findings show the possibility 

for decreased fuel loadings and, as a result, decreased aircraft weight, which will reduce fuel 

consumption throughout the flight due to reduced power needs throughout the takeoff, climb, 

and en-route phases. 
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3.1.1.7.  Advantages and disadvantages 

Advantages: 

• Fuel savings: By using only one engine during taxiing, airlines can save fuel and reduce 

emissions. 

• Cost savings: Single-engine taxiing can reduce engine wear and tear, which can lead to lower 

maintenance costs. 

• Improved sustainability: Single-engine taxiing can help airlines reach their sustainability 

goals by reducing their carbon footprint. 

Disadvantages: 

• Safety concerns: Single-engine taxiing requires careful monitoring and control to ensure 

safety. 

• Pilot training: Pilots must be trained on single-engine taxiing techniques, which can be time-

consuming and costly. 

• The possibility of engine blast 

• Each engine needs 1-2 minutes to start and also 3 minutes to warm up which increased the 

time to be ready for the taking off 

Airports and airlines using single-engine taxiing: 

• Many airlines around the world use single-engine taxiing methods, including Air New 

Zealand, American Airlines, British Airways, Delta Air Lines, Emirates, Lufthansa, and 

United Airlines. 

• Airports that have implemented or are considering single-engine taxiing include 

Amsterdam's Schiphol Airport, Auckland Airport, and Seattle-Tacoma International Airport. 

 

3.1.2. Taxibot 

3.1.2.1.  INTRODUCTION 

New methods for aircraft ground maneuvering will be available in the next years. The main 

rationale for these new gadgets is a concerted attempt to reduce aviation costs and environmental 

concerns. 

One company that works in this subject is part of IAI (Israeli Aircrafts Industries), and it offers 

a somewhat different option called Taxibot. Taxibot is a traditional towing vehicle powered by 

diesel or, in future generations, electric engines. What distinguishes Taxibot is that the towing 

tractor is controlled directly from the cockpit by the pilot, eliminating the need for a Taxibot 

driver. The advantage of Taxibot is that it can pull bigger aircraft than Wheeltug or Honeywell 

systems since the towing tractor will never run out of power or torque. 
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Figure 11 

3.1.2.2.  TAXIBOT PRINCIPLES 

As previously stated, Taxibot is pulling a tractor equipped with unique equipment for mounting 

the aircraft's front wheel. The technology is constructed in such a manner that the tractor may 

slightly elevate the front wheel and lock it in place while still being able to manipulate the front 

wheel from the cockpit. 

After the aircraft is fixed in place on Taxibot, control is transferred from the tractor driver to the 

pilot in the cabin. The pilot controls the taxiing in the same manner as he would handle an engine 

taxi. Lifting the front wheel from the ground allows it to steer left or right; this steering is 

collected by sensors and relayed to tractor control, and the Taxibot steers similarly to an airplane. 

When the pilot applies the brakes, the sensor detects the motion on the front wheel and the 

Taxibot comes to a halt. 

Although the system did not catch the braking action on the front wheel since the majority of 

aircraft did not utilize front wheel brakes, it did identify greater drag of the towed aircraft when 

the pilot used brakes by sensing modest displacement of the front wheel position in the cradle. 

Taxibot is continually accelerating, so when the pilot releases the brakes, the Taxibot begins to 

move. 

Connected to the tractor, the aircraft taxis into position. Taxibot releases clamps, the airplane is 

freed, and the tractor returns to the terminal under the guidance of its driver. The aircraft is in a 

holding pattern and the engines may be started. 
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3.1.2.3.  BENEFITS 

The system's benefits mostly benefit airlines. The main savings come from the fact that a 

Taxibot's fuel usage during taxiing is substantially lower than that of a wide-body aircraft. Real 

fuel savings vary according to aircraft and engine type. Typically, it is assumed that the average 

thrust setting during taxi is 7% of engine performance. Even for narrow-body aircraft like the 

A320, the fuel burn rate is greater than 0.1 kilograms per second. The fuel flow of an A380 with 

four engines running is approximately 1.2 kg of fuel per second. Besides immediate fuel savings, 

there is a huge reduction in air pollution because the A380 releases around 5kg of carbon dioxide 

per second during taxi. Another benefit for airports is that Taxibot is ready to taxi immediately 

after pushback, avoiding bottlenecks at gate areas. There may be additional important benefits, 

such as FOD prevention and reduced environmental effect by lowering sound levels, however, 

the main savings for airlines and airports are fuel savings and increased capacity owing to the 

elimination of bottlenecks. 

The main benefit of this technique over previous taxiing systems is that there is no mass 

constraint. Wheeltug and EGTS are restricted for lighter aircraft since the APU cannot deliver 

enough energy to permit electric taxiing while doing other power-consuming tasks such as air 

conditioning, air bleeding, lighting, and so on. The most powerful Taxibot has 1500 HP and can 

pull a fully laden A380 up to 20 knots, so there should be no issues with appropriate power. 

Another small advantage of Taxibot is that there are no structural alterations to aircraft or new 

systems that would require maintenance. The disadvantage of the Honeywell and Wheeltug 

systems is that they must be transported by plane, which increases fuel usage significantly. 

Taxibot also enables faster taxi speeds than traditional tow bar vehicles. Taxibot set a new world 

record with an A320 aircraft in 2014. When taxiing, the taxibot attained a speed of 23 knots. 

3.1.2.4.  PROBLEMS 

The main downside of this technology is its high cost. One Taxibot costs three times as much as 

a comparable towing tractor. To prevent delays, the airport must have more than one Taxibot 

since one taxi operation takes roughly twenty minutes at major European airports, and with 

pushback and preparation for the operation, one cycle should take at least 40 minutes. To attain 

improved airport efficacy, an airport with 30 movements per hour will require around 20 

Taxibots to give an advantage to everyone. 

The second issue is that there must be some movement of Taxibots on taxiways between taxing 

planes. Taxibots will return to the runway holding positions and, in certain situations, will be 

waiting for approaching aircraft somewhere on the taxiway. Such vehicle activity on taxiways 

may increase the likelihood of an accident. 

There is also a financial disadvantage to such a system because the costs of Taxibot purchase 

will be borne by handling operators, who will have to invest large sums of money in new towing 

vehicles, but the savings will benefit airlines that use Taxibot and will have lower fuel 

consumption, resulting in a high financial disparity for handling operators. This dispute must be 

resolved by the creation of special subsidiaries or through an agreement between the handling 

firm and the airline. Another option is for airlines to own Taxibots and operate their handling on 

their main bases, which is the strategy preferred by Lufthansa. 
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3.1.2.5.  IMPACTS OF TAXIBOT 

Under the best-case scenario, Taxibot's fuel usage will be around 5% of that of an A380 during 

taxi. If we assume an average 7% thrust setting for the A380 during taxi, we will save around 

USD 0.6 per second in gasoline. According to EUROCONTROL CODA statistics, the average 

cab out time at 20 major European airports is roughly 17 minutes, saving more than 600 USD 

for one operation. As previously stated, one operation may take around 40 minutes (taxi out time 

+ tractor return time + waiting before taxi start), allowing for a pace of 25 operations per day 

with 360 days in operation and savings of 5.4 million USD per year. 

These savings will, of course, be smaller than in the best-case scenario due to the requirement 

for payment to Taxibot drivers, maintenance, driver training, tire and brake wear, and so on. 

IAI's ROI (return on investment) indication of 2 years is acceptable in a circumstance where 

Taxibot will have adequate utilization. Airports with a larger volume of traffic can have a higher 

return on investment. The average operating utilization of a tow tractor at a regional airport 

seldom exceeds 500 hours per year. Yet, operating time at a hub airport may reach 5000 hours 

per year. And we may expect Taxibot to have a longer operating period than a regular tow tractor 

since the operation is longer for the taxi out time and vehicle return from holding place. Increased 

insurance costs may reduce Taxibot system savings slightly. Taxibot activities will be a new 

form of operation with inexperienced personnel and relocation to new regions of the airport, 

therefore insurance costs will be greater. Currently, insurance expenses might account for up to 

10% of total tow truck operating costs. 

Lufthansa with extremely positive results, and in the next years, the number of Taxibots deployed 

throughout the world will increase, since, in the words of one of Taxibot co-inventors, "It Makes 

so much sense, I wonder why it isn't already common." [2] For the B-737 and A-320, all No 

Technical Objection (NTO) testing and certification tests have been completed. The aircraft's 

final certification is scheduled for 2014. 

While testing is ongoing and no substantial difficulties have been identified, it is feasible that 

the system may be activated before the systems EGTS and Wheeltug, which might provide a 

considerable advantage over these systems. 

3.1.2.6.  FUTURE DEVELOPMENT 

Future work will concentrate on applications that will improve the system's efficacy. The most 

visible change in the system is the replacement of diesel engines with electric engines powered 

by batteries, in-ground electric lines, or hydrogen cells. Engine conversion from diesel to electric 

may result in considerable cost savings. While using electricity, the particular fuel cost per hour 

operating is eight times cheaper. In 2015, such a system will be ready for testing. A more 

sophisticated enhancement would be to remove the tractor driver from the system and replace it 

with remotely managed or even autonomous tractors. Its autonomy is required for very accurate 

location control and the ability to be easily identified on ATM monitoring systems. Although a 

remotely controlled or unmanned Taxibot is technically feasible, it will require extensive 

verification and testing before it can be used in practice. The introduction of autonomous 

Taxibots is expected in early 2020, but it may be crucial even now, during airport revitalization, 

to keep such a system in mind and alter new airport development to make the best possible use 

of such sophisticated technology. 
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If IAI's bullish projection comes true, Taxibot will save around USD 5,8 billion. Nevertheless, 

this cost assumes that Taxibot will be standard equipment at all major airports across the world, 

which is an overestimation. The true success of the Taxibot system will be evident after a 

comparison of Taxibot with EGTS/Wheeltug when all of these systems have been validated 

because only practical usage will reveal the true merits of each system in comparison to others. 

 

3.1.2.7.  CONCLUSION 

The Taxibot system is a promising cost-cutting approach. The best use is in hub airport 

operations with aircraft that consume a lot of fuel and take a long time to taxi out. Finding an 

appropriate model for paying handling fees is a necessary criterion. Taxibot has the potential to 

become the best-selling tow truck in the world with a two-year ROI because the ROI of 

traditional tow trucks is substantially lower. The ROI of a traditional tow truck is depending on 

average working time, and based on the time difference between usual pushback and the entire 

Taxibot operation, we can conclude that the ROI of a classic tow truck is at least twice that of a 

Taxibot in any circumstance. Taxibot employment on narrow body aircraft is more dubious 

because EGTS and Wheeltug systems will soon face stiff competition. 

 

Figure 12 

 

3.1.2.8.  Advantages and disadvantages 

Advantages 

• Fuel savings: The TaxiBot can help reduce fuel consumption by at least 50%, leading to 

significant environmental benefits due to reduced emissions. Fuel savings can be as high as 

65% when an aircraft is taxiing to a runway with a long taxi time. 

• Safety: The TaxiBot allows for airplane taxiing without engines running, which reduces the 

risk of accidents and is a major safety improvement in pushback. 

• Cost savings: The TaxiBot can help airlines save on fuel costs, maintenance costs, and reduce 

wear and tear on engines. 
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Disadvantages 

• Infrastructure adjustments: Major adjustments are needed to infrastructure, processes, and 

technology for sustainable taxiing to become standard procedure at airports. 

• Initial costs: The TaxiBot technology does come at a cost, which could be a barrier to entry 

for some airlines. 

Airports and airlines using the TaxiBot 

• The TaxiBot is currently being used at Amsterdam's Schiphol Airport in partnership with a 

number of airlines, including KLM, Lufthansa, and Emirates.  

• Other airports that have expressed interest in using the TaxiBot include Frankfurt Airport, 

London Heathrow Airport, and Tel Aviv's Ben Gurion Airport. 

 

3.1.3. WheelTug 

3.1.3.1. Introduction 

The WheelTug taxi technology was tested at Memphis International Airport in mid-September. 

For the first time, the unique airplane towing technique was demonstrated publicly in a live 

airport setting. 

WheelTug has grown in popularity during its development and testing phase, as recounted in the 

fall edition of Airside (https://www.airsideint.com/issue/autumn-2020/), albeit it is not yet in 

serial production. 

While approaching or exiting a gate, a WheelTug device mounted on an aircraft's nose wheel 

may propel the plane forward and backward. WheelTug moves the machine on to or away from 

a stand using the power of the aircraft's auxiliary power unit (APU), eliminating the requirement 

for the aircraft's engines to operate on power - they may stay 'idle' - or for a separate tow tug to 

be utilized at that time. 

From the flight deck, the pilot or co-pilot controls the aircraft's movement. Like in the Memphis 

demonstration, a camera system may be installed as part of the WheelTug product to provide the 

aircrew with an all-around view from near ground level. 

WheelTug is touted to save between seven and twenty minutes every flight in turnaround times, 

as well as decreasing aircraft fuel usage, engine and brake wear, hazardous emissions, and 

pushback expenses dramatically. 

The technology also provides a high degree of maneuverability in the ramp area, which is quite 

useful in today's congested ramp environments. 
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Figure 13 

 

 

3.1.3.2.  Test Drive 2020 

The Test Drive 2020 demonstration in Memphis was held in front of invited guests. 

guests, some of whom were on the plane, and was then presented to a larger online audience as 

part of a 75-minute Zoom video meeting (followed by a question-and-answer session with 

WheelTug CEO Isaiah Cox). 

In addition to the film showing an AlbaStar B737NG moving into and off-stand using the 

WheelTug system, the presentation included interviews with project partners, potential 

customers, and other interested parties, providing insight into the technology's capabilities and 

advantages. 

 

3.1.3.3. Improved operational performance 

When Cox presented Test Drive 2020, Scott Brockman, CEO and president of Memphis 

International Airport, stated that the airport is thrilled to be a part of the demonstration because 

it is eager to contribute to any initiative that would make the aviation sector safer and more 

efficient. 

He called WheelTug a "visionary and innovative solution" that might provide many airlines with 

a significant boost in operational effectiveness. 

Arlie Stonestreet, vice president of engineering of project partner Ultra Electronics, was the first 

interviewee. 
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He claims that WheelTug combines several technological disciplines - mechanical and electrical, 

hardware and software - and that the display was an excellent chance to witness all of these 

disciplines come together in a functional product. 

"We were able to confront and overcome so many problems" in the creation of WheelTug, he 

noted, resulting in a system that many did not believe was conceivable. 

Mike Silvius was the next to speak about the significance of technology. 

"An excellent team has been involved in designing WheelTug," stated Silvius, an MRO services 

advisor on the initiative. 

That team has made full use of the aircraft's inherent capabilities to generate the power needed 

for the WheelTug system. By modifying what is already available, it has been feasible to reduce 

the number of changes that must be made to any aircraft during WheelTug installation. 

Indeed, he remarked, WheelTug can be put on a single-aisle aircraft such as a B737 in a 

remarkably short period - potentially in a two-phased procedure over two nights to avoid any 

aircraft being pulled out of commercial service, he said. 

Moreover, removal is as simple as installation; this may be an essential issue given WheelTug's 

business offering: potential clients may experience the system once it is operationally ready, but 

have it removed equally free of charge if they are not satisfied. 

According to Silvius, WheelTug does not affect an aircraft's airworthiness because installation 

of the system does not need substantial structural adjustments to an aircraft, and any maintenance 

to WheelTug can be conducted during an aircraft's regular line maintenance schedule. 

 

3.1.3.4.  Moving in 

The AlbaStar B737 moved onto a Memphis stand without its engines operating they were 

covered - and came to a halt at the appropriate apron line marking in the initial half of the 

demonstration. The airplane was then equipped with a jet bridge to mimic passenger unloading. 

Following that, the jet bridge was removed, allowing the aircraft to move off stand under pilot 

control of the WheelTug system once more. 

Views of the terminal entrance, the stand, and WheelTug's own 360° camera system were 

accessible. 

WheelTug's 'twirl' and 'twist' capabilities were demonstrated in two following demos. The first 

is an almost 180° turn by an aircraft maneuvered by WheelTug once it is clear of the gate; this 

allows the aircraft to be driven forward away from the gate and into the start of its taxi to the 

runway (where the main engines can be used to achieve much higher speeds than the 8 miles per 

hour allowed by WheelTug). 

The twirl may be performed on almost any ordinary airport stand, but the twist requires a wider 

gate space, such as that for a B757 aircraft or bigger. The twist occurs when an airplane 

approaches a gate nose-first before spinning 90 degrees on the spot to stand parallel with the 
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terminal gate. In such a posture, any gate with two jet boarding bridges may be utilized 

simultaneously to allow for significantly faster deboarding (and subsequent boarding) from an 

aircraft's front and back doors. 

Many gates, particularly in Asia, have two boarding bridges, according to Cox, and allowing 

passengers to exit and board an aircraft by both doors implies considerable potential time savings 

for any aircraft turnaround. 

 

3.1.3.5.  Savings 

Professor David West of East Carolina University in Greenville, North Carolina, participated in 

Test Drive 2020's third interview. He discussed how crucial it is for airlines to reduce turnaround 

times, and WheelTug, which promises major gains in this area, was regarded as "a significant 

and important invention" in the airline sector. 

Following that, Stefan Kracht, a pilot and technology consultant, outlined the several potential 

benefits of WheelTug in airport operations. He discussed the several issues connected with 

operating an aircraft's jet engines during pushback on to and off a stand, including the fact that 

it consumes fuel and hence is costly, poses a possible threat to humans or equipment due to jet 

backwash, is noisy, and is ecologically destructive. 

Because WheelTug does not employ jet wash, taxiing aircraft at stands can be closer together, 

separated only by the safety distances necessary between aircraft moving on a ramp with their 

engines idling. 

WheelTug may be used in all weather conditions, and with the Northern Hemisphere winter 

approaching, it was noted that employing WheelTug instead of main engine power will provide 

improved safety and flexibility during de-icing processes. 

Captain Ashim Mittra, senior vice president of flight operations of IndiGo, an Indian airline that 

has shown interest in the electric tow system, commented on the time savings WheelTug 

provides. Furthermore, the elimination of the requirement for a separate tow tractor while an 

aircraft is leaving the gate offers a major benefit, he claims, possibly notably in a country like 

India, where there is sometimes little extra cash to spend on GSE. 

According to Mittra, using WheelTug would help airlines like IndiGo to significantly cut 

turnaround times and increase on-time performance. "The fuel-saving opportunity is 

tremendous," he continued, adding that the environmental advantages are also significant. 

José Lorenzo, the pilot of the demonstration aircraft, was also interviewed as part of Test Drive 

2020. During several demonstrations of WheelTug's skill, the pilot of the AlbaStar B737NG 

stated that he was amazed by the smoothness of the maneuvering that the technology provides, 

as well as its ease of use. 

According to the corporation, training aircrew on WheelTug is a rather short and straightforward 

process. Although no particular simulator is required, computer-based training will be employed. 

It has been said that the most difficult element is getting used to utilizing the wheel nose camera, 

which is akin to the thinking necessary while reversing an automobile. 
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The interview with the AlbaStar pilot was followed by a brief conversation with Michael 

Harrington, the CEO of the Palma de Mallorca, Spain-based airline. 

AlbaStar handles a high number of pilgrimage traffic, and because many pilgrims are old or 

infirm, managing passengers with limited mobility (PRMs) is a key element of the company's 

business. 

Harrington is so "excited" by how the usage of WheelTug and its "twist" capabilities enables the 

use of two jet bridges to swiftly transport passengers aboard or off an airplane. 

AlbaStar attempts to eliminate passenger stairs from its aircraft turnarounds, he explains, because 

they are inconvenient for all passengers but especially for PRMs. Reducing the usage of steps 

also reduces occurrences of ramp rash. Employing WheelTug might constitute "an utter 

revolution" in this area, according to Harrington. 

 

3.1.3.6.  The future 

WheelTug anticipates receiving FAA Supplemental Type Certificate (STC) clearance for the 

B737NG by the end of next year, with certification for the A320 to follow later. 

According to Cox, airlines may already book "a space in the queue" for WheelTug. According 

to him, an intriguing leasing option provides plenty that would appeal to them: a carrier client 

would lease WheelTug, and both the airline and WheelTug would then participate in the savings 

that the airline gained from its use. 

If the carrier was dissatisfied with the product, it would be uninstalled and removed at no cost. 

(WheelTug can be installed as standard on new aircraft or modified on existing aircraft.) 

As a result, the customer does not need to make a long-term commitment to WheelTug to assess 

its efficiency, according to the company's creator. 

Longer-term plans envision upgrading the technology for widebodies or probable usage with 

regional aircraft types, in addition to the narrowbody aircraft types that WheelTug is now 

working on, primarily the B737 and later the A320 family of aircraft models. 

 

3.1.3.7.  Advantages and disadvantages 

Advantages 

• Reduces ground time: WheelTug can save airlines between seven and 20 minutes per flight, 

which can help airlines improve their on-time performance. 

• Saves fuel: By reducing the need for tow tugs or using engines for pushback, WheelTug can 

help airlines reduce fuel consumption and thereby lower costs. 

• Increases pilot autonomy: WheelTug allows pilots to have more control and certainty on the 

ground, reducing the need for ground staff and equipment. 

• Improves safety: By eliminating the need for tow tugs and reducing the number of ground 

personnel involved in the pushback process, WheelTug can help improve safety on the 

tarmac. 
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Disadvantages 

• Initial costs: While WheelTug claims that there is no capital expenditure required, the 

technology itself does come at a cost, which could be a barrier to entry for some airlines. 

• Certification: WheelTug is currently in the certification process with the FAA, which could 

delay its adoption by airlines until it is fully certified. 

Airlines currently using WheelTug: 

• As of now, WheelTug is not yet in service but has received orders from 26 airlines for 2,200 

units, including IndiGo Airlines, KLM, Malaysian, Fly Dubai, and Ethiopian 

 

 

3.1.4. Solutions short list 

 

solutions advantages disadvantages 

Single engine taxing 

▪ Fuel savings 

▪ Cost savings 

▪ Improved sustainability 

 

▪ Safety concerns 

▪ Pilot training 

▪ The possibility of engine 

blast 

▪ Second engine warming 

up time 

Taxibot 

 

▪ Fuel savings 

▪ Safety 

▪ Cost savings 

▪ Infrastructure adjustments 

▪ Initial costs 

WheelTug 

 

▪ Reduces ground time 

▪ Saves fuel 

▪ Increases pilot autonomy 

▪ Improves safety 

▪ Initial costs 

▪ Certification 

Table 6 – Advantages and disadvantage 
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3.2. alternatives to APU (The auxiliary power unit) 

The Auxiliary Power Unit (APU) is an essential component of modern aircraft that provides 

electrical power and air conditioning while the aircraft is on the ground. However, the APU also 

consumes fuel and produces emissions, negatively affecting the environment and contributing to 

higher operating costs. To address these issues, photovoltaics, Ground Power Units (GPU), and Pre-

Conditioned Air (PCA) systems have been developed as alternatives to the traditional APU. 

This section will explore these three methods and their potential benefits as alternatives to the APU. 

By implementing these alternatives, airlines can reduce their carbon footprint, improve fuel 

efficiency, and save on operating costs. Additionally, these alternatives may also reduce noise 

pollution and air pollution at airports, makin them more environmentally friendly. 

Several airport operators around the world are implementing climate initiatives at their airports, such 

as installing photovoltaic plants and powering aircraft on the ground with renewable energy. Here 

we present three examples of concrete renewable energy projects being implemented in Austria, 

Brazil, and Kenya. They are ready to be replicated worldwide today. 

3.2.1. Solar power unit (photovoltaics) 

3.2.1.1.  Vienna Airport’s Push on photovoltaics and energy efficiency 

Austria's Federal Government has ambitious climate and energy targets, including achieving 

100% renewable power in and out of Austria by 2030. The Renewable Energy Expansion Act 

establishes the legal basis and is part of a legislative package put up by the European Union to 

help our efforts to tackle climate change. Austria relies on investments, innovation, and 

cooperation to attain these objectives. 

Notwithstanding its projected development, Vienna Airport has set an even more ambitious 

target of achieving CO2 neutrality in its operations by 2023. To meet this goal, Vienna Airport 

currently gets CO2-free power from its provider, in addition to other initiatives such as energy 

efficiency programs and other CO2 emission reduction measures. Vienna Airport likewise relies 

on photovoltaics to safeguard its long-term growth. 

 

3.2.1.2.  Photovoltaics: What is it all about? 

The direct conversion of light into electrical energy using semiconductor materials such as 

silicon is known as photovoltaics. The photovoltaic effect is a significant phenomenon being 

studied in physics and chemistry. 

The term photovoltaic (PV) was coined in 1890, and it is derived from the Greek words photo, 

"phos" for light, and "volt" for electricity. Photovoltaic technology makes use of semiconductors 

to produce power from light. Solar energy is turned into electricity and utilized as an alternative 

to traditional power generation by exploiting the photovoltaic phenomenon. 

Solar cells are another term for photovoltaic systems. A photovoltaic module is formed when 

multiple solar cells are electrically linked within a supporting framework. 
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3.2.1.3.  Construction of Austria’s Largest Photovoltaic Plant 

Since 2016, Vienna Airport has run seven photovoltaic plants on the roofs of Hangar 7, the old 

winter service hall, the Air Cargo Centre, the former sewage treatment plant area, the new Office 

Park 4, the roof of multi-story car park 8, and, most recently, the roof of multi-story car park 3. 

The groundbreaking ceremony for the building of the eighth solar plant took place in the fall of 

2021. 

This plant will cover an area of 24 hectares and have a peak output of around 24 megawatts. 

This facility will be Austria's largest ground-mounted plant, with around 55,000 solar panels. 

Following completion in spring 2022, the photovoltaic plants at the Vienna Airport site will 

produce around 30 million kilowatt hours of solar power per year, covering approximately 30% 

of Vienna Airport's annual electricity demand - the same amount consumed by 7,000 families. 

 

3.2.1.4.  Further measures of the energy-efficient operation of the airport 

The installation of solar systems is just one of several steps implemented as part of Vienna 

Airport's energy-efficient environmental management strategy. For example, the airport is 

progressively focused on e-mobility and now maintains an e-fleet of around 400 e-vehicles. 

The use of fossil fuels will be gradually curtailed and paid for in areas where such usage is now 

without an alternative. Vienna Airport's lighting systems are gradually being replaced with 

energy-saving LED systems. The new Office Park 4, which opened in 2020, employs geothermal 

energy and has won multiple honors for being Austria's most sustainable office complex. 

A Smart City control program created in collaboration with the Vienna University of Technology 

aids in the energy optimization of existing and future buildings. 

 

3.2.1.5.  District heating 

 21,000 tonnes of CO2 Savings per Year in the Airport System  OMV, an Austrian energy firm, 

will extend the present supply of the district heating network. 

The Schwechat refinery serves as a district heating center. OMV will do so by using waste heat 

from the desulphurisation facility. In the OMV Schwechat refinery, this is a diesel production 

facility with a vacuum distillation unit that converts it into ecologically beneficial district 

heating. The heat recovery facility is scheduled to open in the first half of 2022. Vienna Airport 

is one of the main users of this new ecologically efficient district heating. The whole airport 

property, which includes around 150 buildings, is supplied with CO2-free heat through a direct 

line from the OMV refinery in Schwechat. This will save the airport system about 21,000 tonnes 

of CO2 per year. 

All of this work takes Vienna Airport closer to its aim of becoming CO2-neutral by 2023. 
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Figure 14 - Share of renewable energy as a percentage of total energy demand FWAG [4] 

 

      

Figure 15 - Members of the Board of Flughafen Wien AG: CFO Günther Ofner and COO Julian Jäger 24 hectares 

and approximately 55.000 photovoltaic panels 

 

3.2.1.6.  Advantages and disadvantages: 

Advantages: 

• Cost savings: Solar power units can be cheaper to operate than traditional power sources. 

• Sustainability: Solar power units are a renewable energy source that can help reduce 

emissions and improve air quality. 

• Low maintenance: Solar power units require little maintenance. 

Disadvantages: 

• Space requirements: Solar power units require a significant amount of space to be installed 

and operated. 

• Initial costs: The initial cost of installing solar power units can be high. 

Some examples of airports and airlines that are using solar power unit: 

1. Cochin International Airport, India: In 2015, Cochin International Airport became the world's 

first fully solar-powered airport. The airport has a 12 MWp solar power plant that generates more 

than 50,000 units of electricity per day. 

2. Frankfurt Airport, Germany: Frankfurt Airport has a large-scale solar power installation that 

contributes significantly to the airport's energy supply. The system consists of around 22,000 

solar panels that generate approximately 13 million kWh of energy per year. 
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3. Delhi Airport, India: The Delhi Airport has installed a 2.1 MW solar power unit that generates 

more than 2.8 million units of electricity per year. The solar power plant helps the airport reduce 

its carbon footprint and lower electricity costs. 

4. JetBlue, United States: JetBlue, a US-based airline, has installed a 1.8 MW solar power unit 

at its JFK airport base. The solar power unit contributes to the airport's energy supply and helps 

the airline reduce greenhouse gas emissions. 

5. Bengaluru International Airport, India: Bengaluru International Airport has a 3.35 MWp solar 

power plant that generates over 4.5 million units of electricity per year, contributing to the 

airport's energy supply. 

 

3.2.2. GPU (Ground Power Unit) 

3.2.2.1.  Renewable energy to power planes on the ground: a Brazilian 

international airport experience 

With the goal of collaboration and assisting airlines with sustainability, Inframerica, the 

company that manages Brasilia International Airport (BSB/SBBR), located in the capital of 

Brazil, and ENGIE, a global leader in energy and solutions, entered into a partnership to supply 

energy from renewable sources to power the electrical and air conditioning requirements of 

planes parked at the terminal of Brasilia Airport. 

This innovative technology substitutes the diesel-powered external generators known as GPUs 

(Ground Power Units) and powers the aircraft's micro turbine, known as APU (Auxiliary Power 

Unit), which ordinarily runs on kerosene from the aircraft itself. Airlines utilize the technology 

to keep the aircraft linked throughout the time it spends on the ground in the sun, as well as to 

save money on kerosene, which is expensive for airlines. 

This innovative approach, in addition to decreasing the carbon footprint and eliminating the 

usage of generators on the airport apron, makes the operation safer by removing the impediments 

of fuel-filled generators in places where cars and people operate. There is also a reduction in 

noise levels at the airport, which is beneficial to the health of the personnel who are subjected to 

high levels of noise regularly. The device also helps to improve the operating efficiency of 

airplanes while parked on the airport apron. 

ENGIE and Inframerica collaborated on the project, and the equipment was deployed at 22 air 

bridges at the airport (Figure 3). The installation took ten months to complete, with construction 

beginning before the epidemic and ending in January 2021. 

Notwithstanding the drop in aviation traffic induced by the second wave of pandemic 

restrictions, over 22,000 aircraft have utilized the service in the last year. 
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Figure 16 - Brasilia International Airport 400Hz in operation at airport’s air bridges. 

 

This innovative technology enables considerable reductions in airport-related greenhouse gas 

emissions. The technology is expected to cut CO2 emissions by at least 20 thousand tons per 

year, which is comparable to planting more than 120 thousand trees, making the operation 

of Brasilia Airport more cost-effective and sustainable. This is an Inframerica pledge that 

underlines the company's policy to decrease greenhouse gas emissions and promote 

sustainable operating solutions. 

The new system is part of a sustainability initiative funded by the concessionaire to minimize 

CO2 emissions from airport operations by using sustainable energy sources. The 

administration began utilizing electricity from a solar plant erected at the airport in 

September 2020. The city of Brasilia has a high solar incidence, and the airport has a large 

open region with no buildings around, all of which enhance the project's location. 

The concessionaire dedicated an area of 18,300 square meters to the project, close to the 

airport access area (Figure 17). 

 

Figure 17: Photovoltaic plant near airport’s main road access (Source: Google Earth Pro). 
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Shizen Energy, a Japanese start-up, manages the system in Brazil under the name FazSol 

Energias Renováveis, in collaboration with the Brasilia real estate business Espaço Y. Solar 

energy is already being used to power a portion of the airport's needs. 

The 3,360 solar modules provide 2 million kWp of energy every year, which meets 7% of 

the airport's demand, which is equivalent to powering 1,462 ordinary residences. 

The National Civil Aviation Administration acknowledged Brazil Airport's sustainability 

initiatives in the first edition of the Sustainable Airports Project (ANAC). The Brasilia 

terminal was also given the Advanced Sustainable Aerodrome mark, one of only four among 

the 23 airports examined in the report. In addition to this stamp, the Brasilia terminal was 

awarded a gold seal for the first time by the Brazilian GHG Protocol (Greenhouse Gas 

Protocol) Program, which publishes inventories of greenhouse gas (GHG) emissions. The 

Airport Council International (ACI) has also bestowed an international accreditation of 

carbon management, the Airport Carbon Certification, to the airport (ACA). 

3.2.2.2.  Advantages and disadvantages 

Advantages: 

• Cost savings: Using a ground power unit can be cheaper than using the aircraft's engine. 

• Reduced emissions: GPUs can help reduce emissions and improve air quality by reducing 

the amount of exhaust fumes. 

• Safety: By reducing the risk of engine damage and fire, GPUs can improve safety on the 

tarmac. 

Disadvantages: 

• Infrastructure and space requirements: GPUs require additional infrastructure and space to 

be installed and operated. 

• Maintenance costs: GPUs require regular maintenance to ensure they are functioning 

properly. 

Some examples of airports and airlines that are GPU: 

1. Los Angeles International Airport: Los Angeles International Airport (LAX) has implemented 

a new automated GPU system that provides electricity to parked aircraft while they are on the 

ground. The new system has the potential to significantly decrease the airport's greenhouse gas 

emissions and improve air quality in the surrounding communities. 

2. Heathrow Airport: Heathrow Airport in the United Kingdom has implemented a GPU system 

powered by renewable energy sources, including solar panels and wind turbines. The system 

provides power to parked aircraft and reduces the airport's reliance on traditional fossil fuels. 

3. JetBlue: JetBlue, an American airline, uses a fleet of electric GPU units to provide power to 

its parked aircraft while they are on the ground. The electric GPUs are much quieter and cleaner 

than traditional diesel units, helping JetBlue reduce its carbon footprint and enhance the 

passenger experience. 
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4. Southwest Airlines: Southwest Airlines has implemented a GPU system at several of its major 

airports, including Dallas Love Field and Nashville International Airport. The GPUs provide 

power to the airline's parked aircraft, reducing their need to use the onboard Auxiliary Power 

Unit (APU). This helps lower the airline's carbon emissions and operational costs. 

5. Dubai International Airport: Dubai International Airport has also implemented an automated 

GPU system to provide power to parked aircraft. The system reduces the airport's reliance on 

traditional diesel generators and enhances the airport's sustainability efforts. 

 

3.2.3. pre-conditioned air (PCA) 

3.2.3.1.  Solar At The Gate Project At The Mombasa International Airport, 

Kenya 

The International Civil Aviation Organization strongly supported the implementation of a pilot 

project in Kenya (ICAO). It included a 507kW solar power producing plant and movable airport 

gate electric equipment placed on the ground. On December 12, 2018, Moi International Airport 

in Mombasa, Kenya, began this revolutionary concept. 

The facility delivers pre-conditioned air (PCA) and suitable solar-powered electricity to service 

aircraft during ground operations, therefore eliminating carbon dioxide emissions from aircraft 

parked at the gate. The system has been operational since April 2019, when the site acceptance 

testing and system commissioning was completed. 

The project established an auxiliary power unit (APU) and a ground power unit (GPU) for use 

by solar-powered aircraft at Moi International Airport. Powering the airport's APU and GPU, 

has helped to minimize the consumption of fossil fuel (diesel). 

The technology has also aided in the operation of onboard equipment and interior cooling before 

aircraft departure for the following trip. 

As of December 2021, the solar installation generated an average of 737,014.86 kWh each year, 

for a total power output of 2,092,959.8 kWh. As a result, it has saved an average of 704.225 

tonnes of CO2 every year. As of December 2021, the total quantity of carbon dioxide emissions 

decreased to 1,932.422 tonnes. The airport gate equipment supports over 1,497 flights per year, 

with both GPU and PCA utilizing 75,816.96 kWh in 2021, proving a tangible approach to cutting 

aviation carbon dioxide emissions. 

The Solar Pilot Project was implemented at Moi International Airport for $ 1,501132.22 USD as 

part of the € 6.5 million program "Capacity Development for CO2 Reduction from International 

Aviation." This effort was aimed at 14 African and Caribbean countries. Twelve African 

countries and two Caribbean countries were represented. The International Civil Aviation 

Organization (ICAO), the Kenya Civil Aviation Authority (KCAA), and the Kenya Airport 

Authority collaborated on this project (KAA). It was supported by the European Union and the 

Kenyan government. 
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In December 2015, KCAA and Kenyan aviation sector stakeholders created Kenya's Action Plan 

for Reducing Carbon Dioxide Emissions from Aviation. As a result of this State Action Plan, 

one of the mitigating strategies chosen, "solar-at-gate" projects in Mombasa were funded. The 

upgrade has also yielded more efficient operations at Moi International Airport, with monthly 

power savings of 25,000 USD (Ksh 2.5 million). Figure 5 depicts the monthly and yearly trends 

in electricity generation. 

 

 

 

Figure 18 - Trend in power generation per month and annually  [4] 

 

 

3.2.3.2.  Advantages and disadvantages 

Advantages: 

• Improved fuel efficiency: PCs can help reduce fuel consumption and emissions by reducing 

the need for the aircraft's engines to power air conditioning. 

• Improved passenger comfort: PCs can provide a comfortable environment for passengers 

waiting to board the aircraft. 
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Disadvantages: 

• Infrastructure and space requirements: PCs require additional infrastructure and space to be 

installed and operated. 

• Maintenance costs: PCs require regular maintenance to ensure they are functioning properly. 

Some examples of airports and airlines that are PCA: 

1. Phoenix Sky Harbor International Airport: Phoenix Sky Harbor International Airport uses a 

PCA system to provide temperature-controlled air to aircraft while they are parked at the gate. 

The system reduces the airport's reliance on the onboard Auxiliary Power Unit and lowers the 

carbon footprint of ground handling operations. 

2. American Airlines: American Airlines has installed PCA units at gates in several of its airports, 

including Dallas/Fort Worth International Airport and Miami International Airport. The units 

provide temperature-controlled air to the parked airplanes and reduce the airline's fuel 

consumption and carbon emissions. 

3. Seattle-Tacoma International 

Airport: Seattle-Tacoma International Airport has a centralized PCA system that provides 

temperature-controlled air to parked aircraft. The airport estimates that the system saves around 

5 million gallons of fuel each year and reduces carbon emissions by approximately 50,000 metric 

tons annually. 

4. Incheon International Airport: Incheon International Airport in South Korea uses a PCA 

system to provide temperature-controlled air to parked aircraft. The system contributes to the 

airport's sustainability initiatives and helps reduce operating costs for airlines. 

5. Cathay Pacific: Cathay Pacific, a Hong Kong-based airline, has implemented PCA systems at 

several of its airports, including Hong Kong International Airport and Tokyo Narita International 

Airport. The PCA systems help reduce the airline's carbon footprint and enhance operational 

efficiency. 

 

 

Figure 19 -  Solar Farm at Moi International Airport. [4] 
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Figure 20 - Ground power unit (GPU). [4]              Figure 21 - Pre-conditioned air (PCA). [4] 

 

3.2.4. Solutions short list 

solutions advantages disadvantages 

Solar power unit 

▪ Cost savings 

▪ Sustainability 

▪ Low maintenance 

▪ Space requirements 

▪ Initial costs 

GPU 

▪ Cost savings 

▪ Reduced emissions 

▪ Safety 

▪ Infrastructure and space 

requirements 

▪ Maintenance costs 

PCA 

▪ Improved fuel 

efficiency 

▪ Improved passenger 

comfort 

▪ Infrastructure and space 

requirements 

▪ Maintenance costs 

Table 7 – Advantages and disadvantage 
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3.3. Refueling system 

The refueling system is a critical component of the aviation industry. Airlines heavily depend on 

fuel to power their aircraft and complete their operations. Therefore, to ensure reliable and efficient 

service, airlines require a refueling system that is not only safe and reliable but also cost-effective 

and environmentally friendly. 

The aviation industry is one of the largest emitters of carbon dioxide and other greenhouse gases. 

The industry has taken various steps to reduce its carbon footprint, including using more fuel-

efficient aircraft and adopting sustainable technologies where possible. One such technology is the 

use of eco-friendly refueling systems. 

Now let us talk about the two eco-friendly refueling systems: eGSE and hydrant refueling system. 

 

3.3.1. Electric Ground support equipment eGSE: 

3.3.1.1.  PRINCIPLE 

Ground support equipment (GSE) at airports is used to service planes in between flights. 

Refueling, hauling airplanes or luggage/freight carts, loading luggage/freight, conveying people, 

loading potable water, removing sewage, loading food, de-icing airplanes, and firefighting are 

all services provided. 

Implementing new electric GSE (eGSE) technologies is an exciting prospect, in part because 

buyers are often big, technologically competent airlines, contractors, or airports with centralized 

procurement and maintenance departments. 

Airlines, which are very vulnerable to fluctuations in petroleum prices, might profit the most 

from fuel diversification. GSE is especially well-suited for electrification due to its low-end 

torque, frequent start/stops, idle time, and short necessary ranges. 

Hydraulic lifts (for all equipment accessing high altitudes), refrigeration (catering), and pumps 

(for fuel, drinkable water, and sewage) are examples of auxiliary loads that may be fulfilled more 

effectively by electric power sources (rather than an idle diesel motor vehicle). Operators choose 

eGSE because of several characteristics, including an "inching mechanism" that lets them stand 

behind baggage tugging and inch it into the luggage trailer's hitch. Additionally, unlike diesel 

refueling stations, electric chargers may be securely placed in many locations across an airport, 

reducing Both traffic and non-productive trips. 

Table 8 shows that six of the most prevalent types of GSE already offer electric choices. The 

vast majority of eGSE AeroVironment PosiCharge stations are used for charging. Conversions 

from diesel to electric have also been accomplished with success. 

Airports have been utilizing eGSE since American Airlines executed the first significant project 

at El Paso International Airport in 2001. A 2013 poll of Ground Support International readers 

revealed that 10% of current GSE was electric. The Federal Aviation Administration's Voluntary 

Airport Low Emissions Program and Inherently Low-Emission Airport Vehicle Program 
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supported several eGSE installations. The National Renewable Energy Laboratory counted at 

least 22 airports in the United States with substantial eGSE projects in May 2016. The greatest 

projects were at Sea-Tac, Philadelphia, and Dallas Fort Worth, where each airport used between 

230 and 430 eGSE. Delta Airlines announced in early 2016 that it has converted 15% (or 15,000 

pieces) of its GSE fleet to eGSE. 

 

Electric Equipment  Manufacturers  

Pushbacks  Charlatte, TLD, Lektro, Jetporter, TUG Technologies, Eagle  

Belt Loaders  Charlatte, TLD, Hercules  

Container Loaders  TLD, JBT Corporation  

Luggage tugs  Charlatte, Harlan, TUG Technologies Corporation and Eagle  

Lavatory Truck  Charlatte  

Water Truck  Charlatte  
Table 8. Available eGSE and Manufacturers [39] 

 

 

 

 Figure 22 

 

3.3.2. Advantages and disadvantages 

Advantages: 

• Reduced emissions: eGSE is powered by electricity, which produces fewer emissions than 

diesel-powered equipment. This can help airports and airlines reduce their carbon footprint 

and improve air quality. 

• Cost savings: eGSE can be cheaper to operate and maintain than traditional diesel-powered 

equipment. This can help airports and airlines save on fuel and maintenance costs. 

• Increased efficiency: eGSE can be more efficient than traditional diesel-powered equipment, 

which can lead to faster turnaround times for aircraft and increased productivity. 
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Disadvantages: 

• High initial costs: eGSE can be more expensive to purchase and install than traditional diesel-

powered equipment. 

• Limited range: eGSE is powered by batteries, which have a limited range. This can make it 

challenging to use eGSE for long periods of time or on larger aircraft. 

• Limited availability: eGSE may not be available at all airports or may only be available for 

specific types of aircraft. 

 

3.3.3. HYDRANT REFUELING SYSTEM 

At large international airports, aircraft can be refueled either by fuel trucks or using dedicated 

underground pipeline systems. The latter, hydrant refueling, is considered to be an optimal 

fueling method as it increases safety, shortens the aircraft turnaround time, and cuts the overall 

costs. However, at smaller airports, the implementation of this system can lead to high 

investment costs. Thus, the paper discusses the airport size from which this system may be 

efficient to implement. Various definitions of the term “airport size” are assessed. Based on data 

collection, the hydrant system model is created within the paper. As a result, the methodology 

for assessing the suitability of hydrant system implementation is set. This methodology can be 

used at every airport using three simple inputs. 

3.3.3.1.  INTRODUCTION 

There are essentially two methods for refueling airplanes at airports that have a large amount of 

regular international traffic. The first alternative is to use fuel trucks, which transfer gasoline 

from their tanks into the aircraft via a pipe attached to the fuel truck. The alternative option is to 

use a specialized subterranean pipe system to transfer fuel directly from a fuel storage facility 

(also known as a fuel farm) to the aircraft. A dispenser truck is used to connect aircraft tank inlets 

to the subterranean pipe system. One hose links the dispenser to the aircraft tanks, while the other 

connects the dispenser to the hydrant valve. This valve is hidden in an apron pavement fiberglass 

pit. Figure 1 depicts the airport hydrant system scheme. BAFS means Building of Aboveground 

Fuel Storage, ESD stands for Emergency Shut Down. 

 

 
 

Figure 23 - Airport hydrant system scheme [43] 
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The main pipeline forms a complete loop around the terminal (or apron). This guarantees 

that the gasoline circulates throughout the system. Moreover, there are several lateral 

connections connecting the main pipeline to the hydrant pits. Figure 2 depicts the pit scheme. 

 

     

Figure 24 - Hydrant pit [43]                  Figure 25 -. Pit hidrante [43] 

 

 

Hydrant systems are regarded as the best fueling technique because they provide an 

ecologically friendly, quick, and dependable refueling approach that has a beneficial 

influence on the safety and efficiency of daily airport operations. 

 

3.3.3.2.  DEFINITION OF AIRPORT SIZE   

First and foremost, it is required to define the phrase "airport size," which will be used throughout 

this work from now on. Conventional measures of airport size include the number of passengers 

handled and the number of aircraft movements each year. The former is the most commonly 

used term to characterize the size of any airport with regular traffic, however, it has no direct 

relationship with the amount of fueling operations at a specific airport. The latter, on the other 

hand, focuses on the density of operations at an airport, making it a far more feasible variable in 

terms of the aircraft refueling problem. Increased movements necessitate more fueling operations 

and vice versa. 

The word airport size frequently refers to the physical size of the airport site. This has little to do 

with fueling operations, even though the distance between the apron and the fuel farms (or fuel 

truck filling station) has a direct impact on the operational costs of the fuelling system (especially 

fuel trucks) and the safety of the airport service roads because traffic increases as the distance 

between the apron and the fuel truck filling station increases. Another factor influencing physical 

airport size is the amount of aircraft stands. The more stands there are, the larger the airport is 

thought to be. This is true, yet a "smaller" airport may service more planes per day and manage 

more passengers than a "larger" competition. Moreover, both stand number and station-apron 

distance directly influence hydrant system investment cost. This cost topic will be covered in 

one of the next sections. 

On the contrary, average aircraft size, fuel consumption, and flight structure (i.e. average route 

distance) can all have a direct influence on the amount of fueling operation. The larger the 

airplane, the more gasoline it requires. The more the usage, the more gasoline is required. The 
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more gasoline that must be loaded into the airplane before takeoff, the longer the journey 

distance. Yet, all three factors have a similar denominator: airport fuel throughput. This value 

encompasses average aircraft size, consumption, and route distance, making it the most complete 

variable for describing airport size in terms of fueling operations, together with the number of 

aircraft movements. 

 

According to the relevant sources, the type of system (hydrant or fuel trucks) utilized should be 

chosen by the estimated pace of aircraft movements at the airport. It is determined by the amount 

of gasoline taken up at each airport. The number of gates is less important than the destination 

of the aircraft. 

 

Throughout this research, discussions with specialists [Kek, Zoltán, Papapanos, personal 

communications] indicated that the most essential value in deciding whether or not to construct 

a hydrant refueling system (HRS) is fuel throughput (or fuel uplift) per year. So, unless otherwise 

noted, referring to airport size is now tied to the amount of fuel uplifted at a certain airport every 

year. 

 

3.3.3.3.  CURRENT STATUS AND INITIAL RESEARCH 

After defining the airport size, the next step is to examine the current status. That means finding 

out which airports (in terms of their size) use hydrant systems. 

 

3.3.3.4.  Fuel Uplift 

Hence, initial data collection occurred since yearly fuel throughput is not a statistic that airports 

record or are required to publish, for example, to international organizations, in their annual 

reports, and so on. To provide fuel throughput numbers, airports were sent a brief questionnaire. 

Table 9 contains the results. 

Airports are aligned in the table based on fuel uplift. Conventional indicators such as aircraft 

movements and passenger handled are also included. Except for Munich, Budapest, Goteborg, 

and London City, which gave data from 2013, all data are from 2012. Fuel uplift divided by half 

of the airplane movements equals variable fuel per departure (movements are the sum of both 

take-offs and landings, but take-offs are refueled only). This figure considers aircraft size, fuel 

consumption, and flight distance from the airport. The greater this value, the longer it takes to 

refill. 

Nowadays, hydrant systems are present at all designated airports with fuel throughput of more 

than 420 mils. l. In contrast, no airport below 144 mils. l has a hydrant system. Three of the nine 

airports in the selected statistical set employ a hydrant system between those values. 

 

3.3.3.5.  Minimum Required Flow 

Industry norms and technological criteria are critical components in airport hydrant system 

design. In the engineering sector, specified sizes of the pipeline are employed. Its measurement 

spans from 6 to 24 inches In terms of the latter, the system should be constructed to give extended 

periods of 1.8 m/s fuel flow to produce a sweeping or cleaning action inside the pipe system. 
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Alternatively, condensate water may gather in the pipework and promote microbial development 

at lower speeds. Using fundamental fluid dynamics rules and the minimum pipeline diameter 

and needed flow velocity, the minimum yearly volume may be computed. 

Volumetric flow rate is defined as:  

q=S.v            (3) 

 

where: q - volumetric flow rate [m3/s], S - surface of pipeline cross-section [m2], v - fuel flow 

velocity [m/s]. 

 

 

Airport 
Fuel uplift 

(mil. l) 

Aircraft 

movements 

Fuel per 

departure (l) 

Passengers 

(mil.) 
Hydrant system 

San 

Francisco 
3 289,52 424 566 15 496 44,48 yes 

Miami 3 123,00 387 581 16 115 40,50 yes 

Munich 2 433,00 387 983 12 542 38,36 yes 

Delhi 1 500,00 280 713 10 687 34,37 yes 

Madrid 1 433,78 373 185 7 684 45,20 yes 

Milan 

Malpensa 
1 029,00 174 892 11 767 18,54 yes 

Oslo 540,00 239 357 4 512 22,96 yes 

Geneva 443,52 192 944 4 597 13,90 yes 

Athens 425,00 153 295 5 545 12,94 yes 

Cape Town 420,00 91 486 9 182 8,51 yes 

Hamburg 340,00 152 890 4 448 13,70 no 

Prague 330,00 131 564 5 017 10,81 no 

Bucharest 259,24 98 592 5 259 7,10 no 

Stuttgart 256,00 131 524 3 893 9,72 no 

Larnaka 230,07 50 329 9 143 5,17 yes 

Porto 189,00 59 215 6 384 6,00 yes 

Budapest 179,00 83 830 4 271 8,52 no 

Charleroi 157,34 82 322 3 823 6,52 no 

Fuerteventu

ra 
144,68 37 772 7 660 4,40 yes 

Göteborg 133,00 63 253 4 205 5,00 no 

Sofia 99,00 43 862 4 514 3,47 no 

London City 76,00 68 000 2 235 3,39 no 

Malmö 50,19 28 464 3 527 2,10 no 

Gdansk 42,00 34 360 2 445 2,91 no 
Table 9 - Fuel uplift in relation to the hydrant system at selected airport [43] 
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Fuel flow velocity is known; surface of pipeline cross-section is defined as: 

 

𝑆 = 𝜋. 𝑟2            (4) 

where r - pipeline radius [m].  

6 inches is equal to 0.1524 meters so radius is 0.0762 meters. Values are applied into the first 

equation: 

𝑞 = 𝜋. 0.07622. 1.8 

                        𝑞 = 0.0328 𝑚3 𝑠⁄                     (5) 

 

      

Minimum volumetric flow rate is 32.8 liters per second. Minimum annual volume to be 

circulated within the hydrant system can be computed from the equation: 

𝑉 = 𝑞. 𝑡              (6) 

 

where: V - minimum fuel volume [m3], t - operational period of hydrant system [s].  

Operational period is not 24 hours a day since most airports have night curfew of 8 hours: 

 

𝑉 = 0.0328 . 365 (24 − 8 ). 60 .60 

𝑉 = 689587.2  𝑚3         (7) 

 

From the technological point of view, the minimum volume to be circulated in the pipeline 

system per year is almost 690 million liters. 

 

Nonetheless, according to the preceding subsection's study, hydrant systems can be operated 

even if this volume is less than the one calculated above. The fuel can be cycled inside the 

pipes even while the system is not being refueled. On the one hand, this strategy assures 

cleaning activity inside the pipe system, but on the other, it increases operational expenses 

because the pumping system must be running during periods when HRS is not producing 

income. The following part will go over the relationship between yearly fuel throughput and 

operating costs. 

It is possible to infer that the lowest technology volume is not a break-even threshold from 

which this system might be built efficiently. 

 

3.3.3.6.  DATA COLLECTION AND MODEL OF HYDRANT SYSTEM 

In light of the above conclusion, more study is required to identify a volume from which it may 

be feasible to construct a hydrant system. Data gathering is required for future study. 

connected with hydrant systems previously operational at airports. Because these are sensitive 

data, few airports are prepared to share datasets for research purposes. Although several airports 

were approached with a data collecting form, only five provided a complete dataset. Due to data 

sensitivity, we refer to these five airports as Airport A, Airport B, Airport C, Airport D, and 
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Airport E. Furthermore, because airports provided data in several currencies, it was required to 

translate them into a single standard currency. 

The Euro was used, and the 2013 average exchange rate was applied. 

The model is known as the technical and economical hydrant system model because the inputs 

are technical data and the outputs are economic. These results will be utilized for a cost-benefit 

analysis of chosen airports of varying sizes. 

 

3.3.3.7.  INVESTMENT COSTS 

Results of data collection are show in Table 9. Beside data from Airports A to E, Table 10 

includes data available from the internet sources. 

There is no statistical approach that can be utilized to characterize these expenses. A hydrant 

system is made up of three parts: (1) pipes, (2) hydrant pits, and (3) a pumping and control 

system. The expenses of the 

The first two components are standardized and are determined by the total length of pipelines m 

or the number of pits k. The standard price per meter of the pipeline is 370 EUR, while the price 

per hydrant pit is 4344 EUR. On the other hand, the performance of the pumping system and the 

complexity of the control system are related to the size and durability of the specific hydrant 

system. Table 10 compares pipeline and hydrant pit costs Cmk to total investment costs CI. 

From the table above it can be concluded that costs of pipelines and hydrant pits represent two 

thirds of total costs in average, i.e. they must be raised by 50% to reach the level of total 

investment costs. The formula for investment costs is as follows: 

 

𝐶𝐼 = (𝑚 . 370 + 𝑘 . 4344). 1.5               (8) 

 

where: CI - total investment costs [EUR], m - total length of pipeline [m], k - number of hydrant 

pits. 

 

Airport 

 

Aircraft 

movements 

 

Passengers 

(mil.) 

 

Fuel uplift 

(mil. l) 

Fuel per 

departure 

(l) 

 

Investment 

costs (mil. 

EUR) 

 

Seattle  317 186  34,8 - - 24,849  

LaGuardia  371 565  26,7 - - 22,590  

Airport E  230 558  27,2 - - 15,000  

Airport C  174 892  18,5 1 029,0  11 767,3  12,000  

Airport D  280 713  34,4 1 500,0  10 687,1  11,295  

Tribhuvan  91 884  3,4 91,25  1 986,2  6,416  

Airport B 192 944  13,9 443,5  4 597,4  5,199  

Airport A  50 329  5,2 230,1  9 142,6  5,000  

Vancouver  296 394  17,6 - - 4,895  

Winnipeg  137 974  3,4 - - 3,765  
Table 10 - Hydrant system investment costs at selected airports [43] 
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Airport 
m 

[m] 

m.370 

[EUR] 
k 

k.4344 

[EUR] 

Cmk 

[mil. 

EUR] 

CI 

[mil. 

EUR] 

Cmk/ CI 

Airport E 25 000 9 250 000 340 1 476 960 10,727 15,000 0,715 

Airport A 7 000 2 590 000 63 273 672 2,864 5,000 0,573 

Airport B 8 000 2 960 000 98 425 712 3,386 5,199 0,651 

Airport C 19 300 7 141 000 330 1 433 520 8,575 12,000 0,715 

Airport D 18 000 6 660 000 221 960 024 7,620 11,295 0,675 

Average 

 
      

0,666 

 
Table 11 - Hydrant system investment costs calculations. [43] 

 

3.3.3.8.  OPERATIONAL COSTS 

 

Results of data collection are shown in Table 12. These costs include also maintenance costs. 

 

Airport 
Aircraft 

movements 

Passengers 

(mil.) 

Fuel uplift 

(mil. l) 

Fuel per 

departure (l) 

Operational 

costs 

(mil. EUR) 

Airport A 50 329 5,2 230,1 9 142,6 3,417 

Airport B 192 944 13,9 443,5 4 597,4 2,518 

Airport C 174 892 18,5 1 029,0 11 767,3 1,200 

Miami 387 581 40,5 3 123,0 16 115,3 0,776 

Airport D 280 713 34,4 1 500,0 10 687,1 0,464 
Table 12- Hydrant system operational costs at selected airports. [43] 

Expenses vary depending on the size of the airport, however, none of the factors (aircraft 

movements, passengers handled, fuel uplift, fuel per departure) demonstrate functional 

reliance on operating costs. As a result, a new variable must be created. This variable is 

known as unit operational expenses, and it is defined as follows: 

 

𝐶𝑢 =  
𝐶𝑜

𝑉
              (9) 

 

where: Cu - unit operational costs [EUR/mil. l], CO - operational costs [EUR], V - fuel uplift 

(volume) [mil. l]. 

 

Values of Cu are shown in Table 13. 
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Airport 
Operational costs 

[mil. EUR] 

Fuel uplift 

[mil. l] 

Unit costs 

[EUR/mil. l] 

Airport A 3,417 230,068 14 853,01 

Airport B 2,518 443,521 5 677,92 

Airport C 1,200 1 029,000 1 166,18 

Airport D 0,464 1 500,000 309,04 

Miami 0,776 3 123,000 248,50 
Table 13 - Hydrant system unit operational costs at selected airports [43] 

 

Unit operational costs have functional dependency on fuel uplift at particular airport. This 

dependency is shown at Figure 26. 

 

 

Figure 26 - Unit operational costs as a function of fuel uplift  [43] 

 

MS Excel can supply us with the trend line equation and its R2 value of 0.9529. That is, the 

trend line replicates the input data with a 95.29% accuracy. Unit cost may be estimated after 

the amount of yearly fuel uplift is known: 

 

𝐶𝑢 = 2 . 108𝑉−1709         (10) 

 

From unit costs, operational costs are calculated using following equation: 

 

𝐶𝑜 =  𝐶𝑢 . 𝑉              (11) 
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3.3.3.9.  Benefits 

The previous subsections established a cost model for hydrant systems. Benefits must also be 

estimated for the cost-benefit analysis. 

The installation of a hydrant system has a variety of advantages. First and foremost, the overall 

time spent refilling is reduced. Secondly, apron safety improves due to the use of smaller and 

lighter dispensers that do not contain any dangerous fuel. Also, environmental consequences are 

reduced as a result of fewer emissions. Many of these advantages are difficult to measure 

monetarily. As a result, only the benefits of moving from fuel trucks to dispensers will be 

considered for the purposes of this hydrant model. 

 

In order to do that, additional data must be collected. Beside airports operating hydrant systems, 

non-hydrant airports and fueling companies were addressed with data collection questionnaire 

as well. Dataset includes characteristics of both fuel trucks and dispensers and provides 

acquisition cost, operational costs (including maintenance) and lifetime of vehicle. Data was 

acquired from three non-hydrant airport, four hydrant airports and one big international fueling 

company operating more than 1 000 vehicles. Afterwards, mean values of all characteristics were 

calculated as a weighted average. Results are shown in Table 14, where: CA - average acquisition 

costs, l - average lifetime of vehicle, CA/l - acquisition costs per year, CO - vehicle operational 

costs and Cy - total vehicle costs per year. 

 

Vehicle 
CA  

[EUR] 
l  [years] CA/l  [EUR] 

CO  [mil. 

EUR] 
Cy  [mil. EUR] 

Fuel truck 

(non-hydrant 

airport) 

349 480 15 23 299 23 369 46 668 

Fuel truck 

(hydrant 

airport) 

320 135 20 16 007 6 003 22 010 

Dispener 203 833 15 13 589 5 504 19 093 
Table 14 - Average vehicle costs [43] 

 

What should be emphasized is that after constructing and deploying hydrant refueling, the airport 

will require fewer dispensers than a gasoline truck for the same amount of operation. Dispensers, 

unlike gasoline tankers, do not have to travel between the truck filling station and the apron. 

Moreover, dispensers, being smaller vehicles, may be positioned near the stands they serve, but 

large gasoline trucks must be stationed in isolated regions owing to their size. These two 

elements have a considerable impact on the ridden distances of gasoline trucks, reducing their 

useable duration of operation. According to experts, depending on the physical airport size, this 

can account for half to three-quarters of the overall fuel truck operational duration. In this regard, 

the number of dispensers required at an airport after adopting hydrant refueling will be up to 

80% of the entire number of fuel trucks.Before hydrant systems were built, they were used at 

airports. For example, if the airport currently has ten gasoline trucks, eight dispensers will be 

required when the hydrant system is built. Nevertheless, the use of hydrant refueling does not 

mean that the airport can eliminate all fuel trucks. Few of them must still be present if an aircraft 
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has to be refueled or during the maintenance or failure of a hydrant system component. Thus, 

two more fuel trucks will be added to sufficient amount of dispensers for the model purposes. 

At Airport B, Airport C, Airport D and Airport E there are two back-up trucks as well. 

 

Table 15 shows that fueling vehicles are classified into three types: (1) fuel trucks serving non-

hydrant airports, (2) backup fuel trucks servicing hydrant airports, and (3) dispensers. Because 

of their lesser use, backup fuel trucks have a longer lifespan and cheaper operational expenses. 

The following is how benefits are calculated: 

 

𝐵 = 𝑛 . 44668 − 0.8𝑛 . 19093 − 2.22010 

𝐵 = 𝑛 . 44668 − 0.8𝑛 . 19093 − 44020             (12) 

 

where: B - annual benefits of hydrant system implementation [EUR], n - number of fuel trucks 

before system implementation, 0,8n - number of dispensers after system implementation (round 

number). 

Revenues from fees for access to fueling infrastructure are another financial benefit of hydrant 

system functioning. This cost may not be collected directly by an airport operator; instead, 

airlines (ultimate customers) normally pay to a fueling firm (system users), which pays to a 

hydrant operator (airport operator or dedicated company, either dependent or independent of the 

airport operator). Commercial relationships might be much more difficult. Table 15 shows the 

fee level for both truck and hydrant fueling (1 cent = 0.01 EUR), fuel throughput, and specific 

income at specified airports. The fee per liter of aviation fuel ranges from 0.31 to 1.81 cents. 

 

Airport  Fuel uplift  

[mil. l]  

Fee 

(hydrant)  

[cent/l]  

Fee (fuel 

trucks)  

[cent/l]  

Revenues  

[mil. EUR]  

Investment 

costs  

[mil. EUR]  

Operationa

l costs  

[mil. EUR]  

Airport D  1 500  1,81  -  27,153  0,464  11,295  

Airport A  230  1,04  -  2,393  3,417  5,000  

Airport B  444  0,94  -  4,147  2,518  5,199  

Miami  3 123  0,46  0,31  14,336  0,776  -  

Orlando  -  0,69  0,50  -  -  -  

San 

Francisco  

3 290  0,46  -  15,050  -  -  

Cape Town  420  1,06  -  4,436  -  -  

Sofia  99  -  1,80  1,782  -  -  

Budapest  179  -  0,75  1,335  -  -  

Hamburg  

 

340  

 

- 0,52  

 

1,768  

 

- - 

Table 15 - Fee level for trucks, hydrant fueling, fuel throughput and particular revenues at selected airports. [43] 
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3.3.3.10. MODEL ASSUMPTION 

Every airport is unique, and so are its hydrant systems. As a result, no model can account for all 

of the operational details of all airports. As a result, it is critical to establish a few assumptions 

that can generalize the complexity of this system. 

The first is shown below. The fee for access to gasoline infrastructure solely covers operational 

costs. 

This is the most fundamental premise. The equation is: 

 

𝐶𝑜 = 𝑓. 𝑉           (13) 

 

where: CO - annual operational costs [EUR], f - fee for access to fueling infrastructure [EUR/l],  

V - annual fuel uplift [l]. 

From the formula above, fee can be calculated as an operational costs divided by fuel throughput. 

This is the same as formula for unit operational costs, only difference is in units; fee is expressed 

in cents per liter meanwhile unit costs is in EUR per mil. l. E.g. if unit costs are as much as 2 

000 EUR/mil. l, the fee must be 2 cents/l to cover the operational costs.  

Thus, benefits from switching from fuel trucks to dispensers cover the initial investment costs. 

Assumption is described by equation: 

 

𝐶𝐼 = 𝑝. 𝐵        (14) 

 

where: CI - investment costs [EUR], p - payback period [years], B - benefits [EUR].  

Final equation of costs and benefits merges two previous equations and is as follows: 

 

𝐶𝐼 + 𝑝. 𝐶𝑜 = 𝑝. 𝐵 + ∑ 𝑓𝑖  . 𝑉𝑖
𝑝
𝑖=1              (15) 

 

Please note this equation does not take into account time value of the money, i.e. discount rate 

is as much as 0%. For real investment appraisal, time value of money is always considered. 

Apart from the two primary assumptions, there are several more that contribute to the model's 

backdrop. The model considers building hydrant systems for all stands except those for general 

aviation, such that hydrant operations can be as near to 100% of total fueling operations as 

feasible. Following that, the commercial relationships between players involved in fueling 

operations are overlooked. Lastly, the model takes into account several dispensers equal to 80% 

of the gasoline trucks currently operating at an airport, plus two backup fuel trucks. 

 

 

 

 

 

 

 

 



 

61 
 

3.3.3.11. METHODOLOGY 

Finally, the methodology for assessing if building of hydrant system could be efficient or not is set: 

 

 
Figure 27 - [43] 

 

3.3.3.12. CONCLUSION 

The hydrant system model given in this study applies to any airport where gasoline is delivered 

solely by fuel trucks. First and foremost, the airport must present pipeline system tracking. The 

entire length of pipes will be provided as the model's initial input. Secondly, the airport must 

decide how many hydrant pits will be erected at each stand that will be covered by the hydrant 

system. The second model input is the number of pits. The yearly fuel throughput is the last 

input. Every airport operator is aware of this variable. Next, the airport (or investor) must select 

a discount rate for cost-benefit analysis The cost-benefit analysis results are critical since they 

justify the installation of a hydrant system. Even if the results are bad, the airport may still opt 

to implement this technology if it provides benefits that are difficult to quantify. These might 

involve significantly improving apron safety, reducing environmental impact, or cutting aircraft 

turnaround time. 

The bottom line is airport ownership. Airports are frequently owned by private stakeholders who 

invest their money and expect a return. In this regard, favorable results from the suggested 

technique might justify this type of investment from the perspective of private stakeholders. 



 

62 
 

 
Figure 27  

 

3.3.3.13. Advantages and disadvantages 

Advantages: 

• Faster refueling times: Hydrant refueling systems can refuel aircraft faster than other 

methods, which can lead to increased efficiency and productivity. 

• Increased safety: Hydrant refueling systems can help reduce the risk of spills and accidents. 

• Reduced emissions: Hydrant refueling systems can help reduce emissions by eliminating the 

need for fuel trucks. 

Disadvantages: 

• High initial costs: Installing a hydrant refueling system can be expensive. 

• Infrastructure requirements: Hydrant refueling systems require a significant amount of 

infrastructure, including pipelines and storage tanks. 

• Maintenance: Hydrant refueling systems require regular maintenance to ensure they are 

functioning properly. 

Some examples of the airports and airlines which are using this approach: 

1. Dubai International Airport: Dubai International Airport has one of the largest hydrant 

refueling systems in the world, with a network of pipelines extending over 80km across the 

airport. The airport can refuel up to 150 aircraft simultaneously, with a capacity to hold over 300 

million liters of fuel. 
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2. Emirates Airlines: Emirates Airlines, based in Dubai, uses the hydrant refueling system at 

Dubai International Airport to fuel their aircraft. The airline has a dedicated fuel farm that is 

capable of providing over 300 million liters of Jet-A1 fuel to its fleet. 

3. Beijing Capital International Airport: Beijing Capital International Airport also has a hydrant 

refueling system that services its aircraft fleet. The airport has over 20 fueling stations and can 

refuel multiple aircraft at the same time. 

4. United Airlines: United Airlines uses the hydrant refueling system in several airports, 

including at their Chicago O'Hare hub. The airline has a dedicated fueling station that services 

its aircraft fleet, which includes over 700 aircraft. 

5. Heathrow Airport: Heathrow Airport in London, UK, also operates a hydrant refueling system. 

The airport has a network of pipelines that extend over 17 kilometers and can refuel up to 180 

aircraft at the same time. 

 

3.3.4. Solutions short list 

  

solutions advantages disadvantages 

Hydrant refueling system. 

 

▪ Faster refueling times 

▪ Increased safety 

▪ Reduced emissions 

▪ High initial costs 

▪ Infrastructure 

requirements 

▪ Maintenance 

eGSE 

▪ Reduced emissions 

▪ Cost savings 

▪ Increased efficiency 

▪ High initial costs 

▪ Limited range 

▪ Limited availability 

Table 16 – Advantages and disadvantage 
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3.4. boarding pass strategies 

When a plane arrives at an airport, one of the essential activities impacting the turnaround time is 

aircraft boarding. The airplane boarding problem is investigated in this study with the goal of 

developing a boarding strategy that minimizes overall boarding time while taking into account 

passenger behavior and the underlying grouping relationships among them, in a conclusion, we can 

decrease the time that aircraft need the power sources and, in the end, decrease the emission. 

According to our findings, several of the solutions described in earlier research are extremely 

theoretical and do not consider the particular characteristics of the passengers or their grouping 

inside the plane. As a result, their relevance and validity in real-world operations are limited. We 

suggest a unique boarding method that attempts to minimize overall boarding time while maintaining 

an acceptable level of service quality. 

 

3.4.1. INTRODUCTION 

The rapid growth of the air transportation industry in recent decades, combined with its 

liberalization and subsequent increase in competition, has compelled airlines to optimize all 

processes over which they have control in order to increase the efficiency of their operations and 

ensure market competitiveness. Since that airlines only make money while their planes are 

flying, the time they spend on the ground must be kept to a minimum. This entails attempting to 

reduce the time scale at airports. The primary goal of this research, optimization of the aircraft 

boarding process, is to develop innovative ways for reducing turnaround time. This is 

accomplished through the employment of boarding policies, which specify the sequence in 

which people board the plane. According to the most recent predictions from organizations such 

as ICAO and IATA, as well as the major aircraft manufacturers (e.g., Airbus and Boeing), the 

air transportation industry predicts a 5% increase in yearly passenger volume over the next 20 

years. Yet, "the rise in air transportation offer is significantly slower than that of demand" (Tang 

et al. 2012). As a result, increasing the efficiency of existing activities is critical. 

Improve the efficiency of current activities. The boarding process may be defined as the 

technique through which passengers on an aircraft take their allotted seats. The boarding time 

includes the time it takes to fill the seats in the aircraft cabin between the first and last passenger. 

The boarding procedure is especially important when it comes to the collection of processes 

contained in the scale operations. Although being one of the operations that decide the scale's 

endpoint, it typically consumes a significant portion of the entire duration of the turnaround 

operation. According to several writers (Van Landeghem and Beuselinck 2002), the time 

connected with the scale operation normally takes between 30 and 60 minutes, with the 

passenger's boarding procedure accounting for a substantial portion of this time. In this study, 

we examine the problem of boarding passengers in aircraft while taking into account varied 

boarding orders in order to reduce overall boarding time. The challenge of boarding passengers 

on an aircraft is of particular relevance to all airlines that run short and medium-distance flights 

and rely heavily on the effectiveness of their airport operations. This means that optimizing the 

boarding procedure is important for so-called "low-cost" carriers. As a result, our research will 

concentrate on evaluating various boarding procedures in single-corridor aircraft such as the 



 

65 
 

Airbus A320 or the Boeing 737. According to certain estimations (Nyquist and McFadden 2008), 

decreasing the aircraft time scale by one-minute results in €22 savings. Hence, decreasing the 

time scale for all flights of an airline with 300 daily flights by one-minute results in an annual 

savings of €2,409,000. Moreover, the purpose of this study is to determine the ideal allocation 

of passenger seats while taking into account the location of the seats within the aircraft as well 

as the passengers' characteristics, including the grouping links that exist between them. 

First, we will examine the major boarding tactics discussed in the literature. Section 3 then 

suggests a new boarding method that is specifically designed to consider the individual qualities 

of the passengers as well as their familiar or grouping relationships. The simulation experiment 

is defined in Sections 4 and 5. Section 6 includes a series of statistical tests based on the 

simulation experiment findings that allow us to evaluate the behavior and efficiency of each of 

the boarding tactics discussed. Lastly, we provide the primary findings of the study. 

3.4.2. BOARDING STRATEGIES 

The majority of research in the scientific literature on the passenger boarding problem is 

concerned with establishing optimal boarding procedures. However, as several writers 

acknowledge, these studies typically do not take into consideration the varying aspects of the 

passengers' journey or their characteristics (Tang et al. 2012). 

 It is also vital to remember that any boarding strategy should be able to minimize overall 

boarding time without compromising customer happiness, i.e., the level of service provided. This 

includes not engaging in any form of prejudice. Moreover, "boarding techniques should be robust 

in the face of many sorts of disruptions, such as passenger delays, aircraft size, and load factor" 

(Audenaert 2009). Moreover, as several scholars have pointed out, "all efficient techniques have 

the propensity to segregate neighbors from each other" (Ferrari and Nagel 2005). For these 

reasons, we believe that the individual and grouping characteristics of passengers are important 

aspects that must be considered in order to ensure the effectiveness of a boarding strategy. Before 

going through the many boarding tactics presented in the literature, we'll go over the primary 

conflicts and interferences that can occur during the boarding process. 

 

3.4.2.1.  CONFLICTS AND INTERFERENCES 

Throughout the boarding process, given that passengers board the airplane simultaneously and 

owing to space constraints imposed by cabin dimensions, a sequence of interferences or disputes 

among passengers will emerge. Passenger confrontations may be classified into two types: seat 

conflicts and aisle conflicts. 

When a traveler attempts to reach the seat to which he or she has been allocated and is obstructed 

by another passenger in the cabin corridor, an aisle conflict occurs. Figure 1 (left) depicts an 

example in which passenger 2, allocated to seat 5A, is handicapped by passenger 1, assigned to 

seat 3F, and storing hand baggage. Passenger 2 is compelled to wait until Passenger 1 "releases" 

the way in this situation. Seat conflicts arise when travelers are unable to enter their destination 

seat because other passengers seated in the same row are blocking the destination seat, as 

depicted in Figure 28. (right). 
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Figure 28 - Examples of an aisle conflict (left) and a seat conflict (right).[51] 

 

3.4.2.2. THE “AT RANDOM” BOARDING STRATEGY 

The technique "at random" (see Figure 29) is based on employing a uniformly random order to 

handle the boarding process, as the name implies. This implies that passengers can enter the 

aircraft cabin and take their allotted seats in the same order as they are waiting in the boarding 

gate queue. 

The at-random boarding technique is particularly popular among "low-cost" airlines due to its 

efficiency (Audenaert 2009) and suitability for enterprises who operate aircraft with a single 

cabin layout ("full economy"). Jet2.com, JetBlue, Ryanair, and WOW Air are among the airlines 

that adopt this boarding method. 

        
Figure 29 - Boarding at random[51] 

 

It is important to note that the at-random boarding approach is not the same as the free-for-all or 

free-seating technique. The latter varies from the former in that passengers are not allocated to a 

seat on the free-seating method, but instead, reach the cockpit of the aircraft in the order in which 

they are waiting at the boarding gate line and pick the seat they like. A notable example is 

Southwest Airlines, where customers are assigned to one of three groups (A, B, or C) based on 

the time they booked their ticket, and they are allowed to pick the seat that is most convenient 

for them. 

 

Advantages: 

• Simple to implement.  

• encourages early arrival. 

• Passengers can board at their own pace. 

 

Disadvantages: 

• Lack of order 

• Leads to congestion and longer boarding time. 
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3.4.2.3.  THE “BACK-TO-FRONT” BOARDING STRATEGY 

Passengers are required to board the aircraft in descending row order under the "back-to-front" 

boarding approach. This is accomplished by beginning the boarding procedure towards the back 

of the aircraft, with the goal of eliminating any dispute in the corridor. As a result, the entire 

boarding time is reduced. Nonetheless, in order to reduce corridor disputes, travelers should be 

seated in the boarding queue according to the row to which they have been assigned. Because of 

the difficulty of applying the back-to-front method in a real-life context, it is mostly a theoretical 

technique. 

Because it is difficult to arrange for people at the boarding gate to wait by row, the back-to-front 

boarding technique is frequently simplified by combining rows of seats in blocks. This allows 

you to specify the sequence in which people board each section of the aircraft, albeit it is not 

feasible to ensure total removal of aisle conflicts because the boarding procedure within each 

group is random (see Figure 30). Air Canada, British Airlines, Virgin Atlantic, and Vueling are 

just a few of the airlines that apply the concept back-to-front with blocks in operations. 

 

 
Figure 30 - Boarding sequence established in the strategy back-to-front by rows (left) and blocks (right).[51] 

 

Advantages: 

• Prevents aisle congestion towards the back of the aircraft 

 

disadvantages: 

• Congestion towards the back  

• passengers in the front may become impatient. 

 

3.4.2.4.  The “front-to-back” boarding strategy 

The "front-to-back" technique (seen in Figure 31) entails boarding the airplane in ascending rank 

order. For the same reasons stated above, passengers are separated into numerous boarding 

groups in this scenario, based on the row matching the seat allotted to them. People board the 

plane in the sequence determined by the airline. 
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Figure 31 - Boarding sequence established in the strategy front-to-back by rows (left) and blocks (right).[51] 

 

It should be noted that the front-to-back method is generally utilized in conjunction with the 

back-to-front strategy since it is especially beneficial for enterprises that offer different 

grades of service on their flights. One example of this is American Airlines (Figure 32), 

where the first customers on board are those with "elite" status. 

 

 
Figure 32 - Boarding sequence used by American Airlines[51] 

 

Advantages: 

• Prevents aisle congestion towards the front of the aircraft 

 

disadvantages: 

• Congestion towards the front 

• passengers in the back may become impatient 

 

3.4.2.5. The WILMA BOARDING STRATEGY 

The WILMA (windows, middle, aisle) boarding technique, sometimes known as "outside-in," 

aims to prevent seat disputes among passengers allocated to the same aircraft row. To accomplish 

this, passengers are assigned to boarding groups based on their assigned seats, and then board 

the aircraft in the following order (see Figure 33): first, passengers with seats next to the windows 

(seats A or F); second, passengers with seats in the middle of each half-row (seats B or E); and 

finally, passengers with seats next to the aisle (seats C or D) (seats, C or D). 

 

 
Figure 33 - Boarding sequence established in the WILMA strategy.[51] 
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While eliminating seat conflicts can result in considerable reductions in overall boarding 

time, the WILMA technique is rarely relevant in real-world operations since it does not take 

into consideration existing passenger relationships. People traveling together in neighboring 

seats will be forced to enter the plane at different times, resulting in a poor degree of 

passenger satisfaction. 

 

Advantages: 

• Minimize the time spent in line 

• Groups passengers by row number 

 

Disadvantages: 

• Can be confusing for passengers 

• Extra time needed to explain the process 

 

3.4.2.6.  THE “REVERSE PYRAMID” BOARDING STRATEGY 

The "reverse pyramid" technique may be thought of as a hybrid of the back-to-front with blocks 

strategy and the WILMA strategy. It combines boarding in descending row order and from 

window to interior seats (see Figure 34). 

 

 
Figure 34 - Boarding sequence established in the reverse pyramid boarding strategy[51] 

 

Van den Briel et al. devised the reverse pyramid boarding approach (2005). These authors 

discovered that block-boarding tactics frequently underutilized airplane cabin facilities, 

resulting in a significant amount of inactivity. To address this issue, the reverse pyramid 

method combines elements of previous systems with the goal of boarding the aircraft from 

the exterior to the interior seats while not underutilizing any cabin space in the aircraft. This 

is accomplished by assigning passengers within the same group to seats situated in different 

portions of the aircraft, allowing the degree of activity in all regions of the aircraft to be 

maximized. In addition, boarding the aircraft from the outside towards the interior seats 

minimizes potential seat conflicts among the passengers, which leads to a reduction of the 
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total boarding time. While several studies show that the reverse pyramid boarding technique 

is very efficient and allows for reduced boarding times (Nyquist and McFadden 2008; van 

den Briel et al. 2005), one of its key drawbacks is its limited application in real-world 

operations. The reverse pyramid technique, like the WILMA model, disregards existing 

passenger relationships. Passengers traveling together and sometimes allocated to 

neighboring seats must enter the airplane at different times if they board from the outside to 

the inside. 

 

 

Advantages: 

• Limits aisle congestion by starting with window seats 

 

 

Disadvantages: 

• Complicated to implement 

• Extra time needed to explain the process 

 

3.4.2.7. The Steffen and Kautzka-3 boarding strategies 

From the preceding discussion, it is evident that, aside from the interferences produced by 

passengers within the cabin, one of the most important elements influencing boarding time is the 

time necessary to store hand luggage. Steffen (2008) devised a novel technique to maximize the 

number of travelers who can load their bags at the same time. Steffen discovered that the best 

approach to optimize the degree of activity in the aircraft's cabin was to use a mix of the WILMA 

and back-to-front tactics, leaving a separation row between each group of boarding passengers 

to ensure that there is adequate space to complete the boarding procedure. As shown in Figure 

35, the distribution of passengers' boarding groups is done in this manner based on the seat and 

row allotted to each passenger (left). 

 
Figure 35 - Boarding sequence established in the strategy proposed by Steffen (left) and boarding sequence 

established in the Kautzka-3 strategy (right).[51] 
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Seeing that Steffen's technique does not allow passengers to travel in pairs, Cimler et al. 

(2012) devised a new version of this strategy known as Kautzka-3. Each boarding group in 

the Kautzka-3 boarding method is made up of pairs of people assigned to adjacent seats in 

the same row, as shown in Figure 35. (right). 

 

Advantages: 

• Maximize efficiency of boarding process 

 

Disadvantages: 

• Complicated to implement  

• May require additional staff or resources 

 

3.4.3. Solutions short list 

solutions advantages Disadvantages 

At Random 

▪ Simple 

▪ encourages early arrival. 

▪ Passengers can board at 

their own pace. 

▪ Lack of order 

▪ Leads to congestion. 

▪ longer boarding time. 

BACK-TO-FRONT 

▪ Prevents aisle 

congestion towards the 

back of the aircraft. 

▪ Congestion towards the 

back 

▪ passengers in the front 

may become impatient 

front-to-back 

▪ Prevents aisle 

congestion towards the 

front of the aircraft. 

▪ Congestion towards the 

front 

▪ passengers in the back 

may become impatient. 

WILMA 

▪ Minimize the time spent 

in line. 

▪ Groups passengers by 

row number 

▪ Can be confusing for 

passengers. 

▪ Extra time needed to 

explain the process. 

REVERSE PYRAMID 

▪ Limits aisle congestion 

by starting with window 

seats. 

▪ Complicated to 

implement. 

▪ Extra time needed to 

explain the process. 

Steffen and Kautzka-3 
▪ Maximize efficiency of 

boarding process 

▪ Complicated to 

implement. 

▪ May require additional 

staff or resources. 

Table 17 – Advantages and disadvantage 
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3.5. Passengers’ transportation 

Transporting passengers from the gate to the aircraft is a critical aspect of airport operations and can 

have an impact on the environment. Here are some approaches that airports and airlines can take to 

reduce the environmental impact of passenger transportation from the gate to the aircraft: 

 

3.5.1. Use of Electric Vehicles 

Similar to baggage transport, the use of electric buses and shuttle vans can help to reduce 

greenhouse gas emissions and improve air quality around the airport while also reducing the 

noise pollution associated with conventional diesel buses. 

 

 
Figure 36 

 

3.5.2. Automated Passenger Corridors 

Automated corridors such as moving walkways or travelators can minimize the need for 

transportation between gates and aircraft as they move passengers quickly from gate to plane, 

with minimal energy use. 

One example of an airport that has implemented green passenger transportation is the San 

Francisco International Airport (SFO). The SFO uses a tram that connects the terminal directly 

to the aircraft, reducing the need for shuttle buses, and the tram is powered by electricity 

generated by a solar panel array installed at the airport. 

 

 
Figure 37 
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3.6. Baggage transportation 

Efficient baggage transport is vital for the smooth operation of the airline industry, but it is 

also recognized as having a significant impact on the environment due to the associated carbon 

emissions and the use of fossil fuels. Therefore, reducing the environmental impact of baggage 

transport is an important goal for airlines and airports, which can have financial, 

environmental, and social benefits. One study conducted by the airline industry estimated that 

reducing baggage-related emissions by just 1% can save millions of dollars per year in fuel 

costs for the industry as a whole. 

Various approaches are being pursued to address the environmental impact of baggage 

transport in aviation. Some of these include: 

 

3.6.1. Using electric vehicles 

Some airlines and airports are embracing electrical vehicles to transport baggage, including 

luggage carts, tugs and tractors, and airfield equipment. Using electric vehicles can significantly 

reduce the amount of greenhouse gas emissions associated with baggage transport.  

 

 

3.6.2. Automating baggage handling  

Automated technology, such as conveyor belts and baggage loaders, can significantly reduce the 

amount of energy required to transport baggage while also improving efficiency in operations. 

 

 

Figure 38 
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3.6.3. Examples of some airports and airlines: 

Some airports and airlines are already implementing these strategies to reduce the environmental 

impact of their baggage transport operations. For example, London's Heathrow Airport has 

implemented compressed natural gas (CNG) baggage tugs, resulting in a 93% reduction in 

carbon emissions compared to traditional tugs running on diesel fuel. The Frankfurt Airport has 

also implemented a similar system. 

Furthermore, the Dubai International Airport is using electric baggage tugs and has installed 

solar panels that generate a significant portion of the energy required for its baggage handling 

facility. In the United States, United Airlines has started converting its baggage carts to electric 

support vehicles, which contribute to reduced emissions. 

 

 

Figure 39 
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4. Encouraging Third Party companies to reduce their carbon 

footprint 

4.1. How airport manager can drive sustainable airport operations? 

Encouraging third-party companies to join aviation and reduce their carbon footprint is an important 

aspect of driving sustainable airport operations. As airport managers, it is our responsibility to 

communicate the advantages and long-term benefits of sustainable strategies to the third-party 

companies that provide the goods and services for airport operations. By doing so, we can minimize 

carbon emissions, reduce operational costs, and enhance the airport's reputation as an 

environmentally conscious organization. 

Third-party companies that operate at the airport can contribute significantly to the carbon footprint 

of airport operations. These companies may include airlines, ground handlers, catering services, and 

retail vendors. Therefore, it is crucial to engage with these companies to encourage the adoption of 

environmentally sustainable practices. Encouraging the adoption of sustainable practices by third-

party companies can help to: 

1. Reduce carbon emissions: The adoption of sustainable practices by third-party companies can 

reduce carbon emissions and help to reduce the airport's overall carbon footprint. 

2. Enhance operational efficiency: By adopting sustainable practices, companies can improve 

operational efficiency, reduce waste, and develop a sustainable supply chain that can save costs. 

3. Enhance the airport's reputation: By working collaboratively with third-party companies, airport 

managers can enhance the airport's reputation as an environmentally conscious organization, which 

can attract more environmentally conscious companies and customers. 

To encourage third-party companies to join aviation and reduce their carbon footprint, airport 

managers can take the following suggestions: 

1. Marketing and promotion: airports can promote and market the sustainability initiatives of 

airlines and third-party companies to passengers and the public, which can help boost their 

reputation and encourage more sustainable practices.  

Example: Seattle-Tacoma International Airport created a "Green Gateway" program to promote 

airlines' sustainability efforts and help customers choose more sustainable travel options. 

2. Access to infrastructure and resources: airports can provide access to infrastructure and 

resources such as charging stations for electric ground support equipment or fueling stations for 

biofuels.  

Example: Amsterdam Schiphol Airport has installed charging stations for electric ground 

support equipment and biofuel fueling stations to encourage airlines to use sustainable fuels and 

eqipment. 

 

3. Collaboration and partnerships: airports can work collaboratively with airlines and third-party 

companies to develop sustainable practices and technologies.  



 

76 
 

Example: Heathrow Airport has partnered with British Airways and Shell to develop a program 

to produce sustainable aviation fuel from household waste. 

4. Financial incentives: airports can offer financial incentives such as rebates, discounts on 

landing fees, or other financial incentives for airlines that meet certain sustainability targets.  

Example: In 2020, San Francisco International Airport introduced a sustainability incentive 

program offering airlines a 50% reduction in landing fees for flights that use sustainable aviation 

fuels. 

5. Regulatory compliance: airports can require airlines and third-party companies to meet certain 

sustainability standards and regulations as a condition of operating at the airport.  

Example: Stockholm Arlanda Airport has implemented an environmental management system 

and requires airlines to meet certain sustainability standards to operate at the airport. 
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5. Conclusion 

In conclusion, reducing the environmental impact of airport operations is crucial for the 

sustainability of the aviation industry. Transportation of passengers and baggage, energy use, 

refueling system management and taxiing way are some of the critical areas that airport managers 

must address. To drive sustainable airport operations, airports and airlines must adopt various 

strategies that aim to reduce carbon emissions, improve energy efficiency, and promote sustainable 

practices. Here is the conclusion for each part we have discussed so far: 

All three methods of taxiway management - Single Engine Taxi, Wheel Tug, and TaxiBot offer 

significant benefits for reducing fuel consumption and carbon emissions during taxiing operations. 

Single Engine Taxi requires skillful pilots, and they may not be suitable for smaller aircraft or 

regional airports. While WheelTug and TaxiBot have the potential to work better in larger airports 

with heavy traffic, they require significant infrastructure upgrades and may be more expensive to 

implement. 

Therefore, the most suitable method will depend on factors such as the type and size of the aircraft, 

the airport's traffic volume, and the specific goals and objectives of the airline or airport. Airlines 

and airports should carefully evaluate each method's pros and cons and choose the method that best 

fits their particular circumstances. 

While each method may have its limitations, all provide excellent opportunities to improve 

operational efficiency, reduce carbon emissions, and save on fuel costs in the aviation industry. 

Photovoltaics, GPU, and PCA systems all offer promising alternatives to the traditional APU, 

allowing for a more sustainable and cost-effective aviation industry. While each system has its 

advantages and limitations, the most suitable alternative will depend on operational needs and local 

circumstances. 

Photovoltaics are an excellent option for reducing reliance on the APU and reducing fuel 

consumption, but they are limited by their reliance on sunlight, making them unsuitable for areas 

with low levels of sunshine. However, they may be a more appropriate option for airlines operating 

in sunny locations. 

GPU systems are stationary units that can provide power and air conditioning while the aircraft is 

on the ground. This reduces reliance on the APU and provides a more cost-effective and 

environment-friendly alternative at airports that have appropriate GPU infrastructure in place. 

PCA systems also offer a promising alternative for reducing fuel consumption and emissions by 

providing temperature-controlled air to the aircraft using the airport's central air conditioning system. 

This reduces the need for the APU and leads to lower operating costs for airlines. 

Overall, the choice of the most suitable alternative will depend on operational needs, the airport's 

infrastructure, and local environmental conditions. Nevertheless, by implementing any of these 

alternatives, airlines can work towards reducing their carbon footprint, improving fuel efficiency, 

and saving on operating costs. 

 



 

78 
 

Both eGSE and hydrant refueling systems are excellent options for airlines looking to reduce their 

carbon footprint and improve operational efficiency. 

eGSE offers a flexible and versatile alternative to traditional diesel or gasoline-powered ground 

handling equipment. The system offers emissions-free ground handling operations, leading to a 

cleaner and safer environment. However, the eGSE system requires significant initial capital 

investment to purchase and install the equipment. It is also dependent on electricity supply, making 

it unsuitable for locations where continuous and high-power electricity supply is not available. 

On the other hand, the hydrant refueling system is a more cost-effective and efficient solution 

compared to traditional fuel trucks. It eliminates fuel wastage, reduces the potential for fuel spills, 

and enhances passenger safety. However, this system requires substantial infrastructure and 

installation costs, making it unsuitable for airports that lack the necessary infrastructure for the 

hydrant refueling system. 

The choice of the most suitable option will depend on operational needs, the airport's infrastructure, 

and local environmental conditions. For instance, airlines operating in diesel or gasoline-restricted 

airports may find eGSE to be the best alternative. Whereas, airports with pipelines already installed 

may find the hydrant refueling system a more cost-effective option. 

Ultimately, both eGSE and hydrant refueling systems offer more sustainable and cost-effective 

fueling alternatives, advancing the aviation industry's sustainability goals. The choice of the most 

suitable system will depend on individual operational needs, infrastructure availability, and 

environmental conditions. 

The best boarding strategy depends on the specific characteristics of the flight such as the number 

of passengers or the type of aircraft. Some strategies may work better for smaller flights with fewer 

passengers, while others may be more effective for larger flights with a greater number of 

passengers. 

In conclusion, the “back-to-front” and “front-to-back” boarding strategies are relatively simple and 

effective for most flights, whereas more complex strategies like the “WILMA” or “Steffen” and 

“Kautzka-3” may be better suited for larger, more complex flights. Ultimately, the most important 

factor in selecting a boarding strategy is to ensure an efficient and smooth boarding process that 

allows for timely takeoff and a positive passenger experience. 

While the approaches to reduce the environmental impact of passenger transportation from the gate 

to the aircraft are fewer in number than for baggage transport, airports and airlines are looking to 

make improvements in this area. The use of electric vehicles and automated passenger corridors are 

some of the approaches that can help to reduce the impact on the environment. 

various approaches to reducing the environmental impact of baggage transport are being pursued by 

airlines and airports, including the adoption of electric vehicles, automated baggage handling, and 

the use of alternative fuels. These environmentally friendly practices are being implemented by 

leading airlines and airports around the world, resulting in lower costs, increased efficiency, and 

more sustainable operations. 
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In addition, I should mention that Surface access is a fundamental part of sustainable airport 

operations that contributes to a significant portion of emissions. However, due to its wide scope and 

complexity, it could require further investigation as a separate concept. As such, it is essential to 

evaluate the airport's infrastructure, resources, and challenges to formulate viable plans that combine 

the most appropriate and effective measures for that airport. 

The use of alternative fuels, such as CNG, biofuel, and hydrogen, can reduce emissions and promote 

sustainable aviation, and could be a solution including in taxiing, passenger, and baggage 

transportation. As a result of the complexity and scope of this topic, it is outside the scope of my 

research. Despite that, it is a crucial area that deserves separate study and should continue to be 

investigated. 

Moreover, each airport is different, and the strategies that work well for one may not be suitable for 

another. Therefore, it is essential to tailor the solutions to the specific airport's needs and 

circumstances. This can be done by evaluating the airport's infrastructure, resources, and challenges 

and then formulating a plan that combines the most appropriate and effective measures for that 

airport. For example, an airport in a sunny location may benefit more by using solar power units, 

whereas another airport close to a hydroelectric power plant may use this source of energy. 

Overall, sustainable airport operations require a strategic approach that combines different measures 

and innovations aimed at reducing environmental impact and preserving the planet for future 

generations. 
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