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1.0 Context 

1.1 Project Sponsor: Center for Air Transportation Systems Research 

(CATSR) 
This project is sponsored by the Center for Air Transportation Systems Research, 

CATSR. The research center based in George Mason University has a mission to foster 

excellence in education and research specializing in Air Transportation System 

Engineering. CATSR’s contribution to the field includes transportation network-of-

networks simulation, optimization, and analysis. It also includes complex adaptive 

systems simulation and analysis, aviation’s impact on the environment and other aviation 

problems. 

1.2 Climate Change 
Environmental concerns are becoming central issues of the day with the 

acceleration of climate change and the alarming consequences we are facing. Since the 

industrial era began, greenhouse gas (GHG) emissions have been one of the main reasons 

for the changing climate conditions. Greenhouse gases are gases that trap heat from the 

sun keeping the earth warm, a natural process that has kept our warm and tolerable for 

centuries. However, the energy demands of the day have increased the concentration of 

these gases in the atmosphere. In general, economic development has led to more CO2 

and Methane emissions. These gases are enhancing the greenhouse effect, which is 

known as global warming. In particular, carbon dioxide (CO2) gases have greatly 

contributed to the rise in global temperature, and thus global warming. When sunlight 

strikes the Earth, some of it is reflected back into the atmosphere as infrared radiation, 

which is heat. Carbon Dioxide and other GHGs then absorb this infrared radiation and 

keep this heat in the atmosphere [1]. The more Carbon Dioxide, the more heat will be 

trapped in the atmosphere, leading to warmer climate. Thus, there is a direct relation 

between the increase carbon dioxide level in the air and rise of global temperatures. This 

increase in temperature has impacted the environment in many ways, such that it causes 

glaciers to shrink quickly and ice to break up on lakes and seas easily, leading to higher 

sea levels. Also, heat waves occur more often and are longer and more intense [1]. These 

are just few of all the consequences and regardless of these facts; emissions keep 
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increasing every year, as more and more energy is required for various purposes.  The 

increase of CO2 emissions from fossil fuels over the years is shown below in Figure 1 [2]. 

 

 
Figure 1: Total Carbon Dioxide Emissions from Fossil Fuels, 1990-2008 

1.3 Climate Change and Aviation 
As of now, aviation industry accounts for 2% of total global CO2 emissions and 

3% of human-related emissions [3]. It also accounts for 3.63% of the United States’ 

human-related emissions [4]. Although, this seems to be a relatively small percentage, 

aircraft emissions include Carbon Dioxide (CO2), Water Vapor (H20), Nitrogen Oxides 

(NOx), Hydrocarbons (HC), Carbon Monoxide (CO), Sulfur Oxides (SOx), and are thus a 

significant source of pollution, capable of affecting air quality and global climate as a 

whole. Due to increasing demand of air travel, air traffic, which is the increased 

movement of passengers and aircrafts, is expected to grow by 5% annually, leading to an 

expected annual growth of aviation related CO2 emissions of 3-4% and an expected 5-6% 

increase of aviation’s share of total emissions by 2050 [5]. Figure 2 below shows the 

expected global growth if no actions are taken, as well as possible ways to reduce 

aviation related CO2 emissions [6]. The graph shows different methodologies to mitigate 

this growth. Different reduction methodologies include the use of known technology, 

operations, and infrastructure measures, the use of bio-fuel and additional new-generation 

technologies, and the use of economic measures, such as carbon trading. Different 

stakeholders in the industry can implement these reduction strategies; one that sets the 
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goals and standards for those stakeholders is the International Civil Aviation 

Organization. 

 
Figure 2: Emissions Reduction Strategies  

1.4 Global Responses to Climate Change 

1.4.1 International Civil Aviation Organization (ICAO) 

The International Civil Aviation Organization (ICAO) addresses the problems of 

increasing aviation emissions on an international scale. One of their goals, as also shown 

in Figure 2, is to achieve carbon neutral growth (CNG) by 2020. Carbon neutral growth 

refers to achieving net zero carbon emissions. Regarding aviation, this means that 

aviation's net carbon footprint needs to remain below the baseline level of the selected 

year 2005, in any given year [7]. The ICAO’s objectives are: Safety, Security, 

Environmental Protection, and Sustainable Development of Air Transport and in order to 

fulfill these objectives, the ICAO sets standards and regulations for its 191 member states 

and recommends practices and procedures that aim to reduce emissions coming from 

aviation by improving environmental performances in the aviation industry [8]. Whereas 

the ICAO deals with international aviation emissions, the Kyoto Protocol includes 

domestic aviation emissions.  
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1.4.2 Kyoto Protocol and Emissions Trading 

The Kyoto Protocol, set up by the United Nations in 1997, focuses on the issue of 

climate change caused by GHG emissions. In order to reduce GHG emissions the Kyoto 

Protocol sets binding targets on participating countries. It commits these countries to 

reduce their overall GHG emissions, between 2008 and 2012, by an average of 5%, as 

compared to 1990 levels [9]. To meet this target, countries must measure their emissions 

and are given mechanism that sunder the Kyoto protocol, such as the Emissions Trading 

Scheme, that can help them meet the required goals. As of 2012, 191 countries ratified 

the Kyoto Protocol, with the United States being the only signatory country not having 

ratified the protocol and Canada having announced a withdrawal from the protocol in 

December 2011 [10]. The main reason for the United States not wanting to ratify the 

protocol until now is the lack of participation from developing countries, in particular 

China and India. Since the Kyoto Protocol places a heavier burden on developed 

countries, while other developing countries like China and India are major GHG emitters, 

the US feels unequally treated, and thus refuses to agree to it until developing countries 

are equally required to commit to it. As mentioned above, the Emissions Trading 

Scheme, also known as a cap-and-trade scheme, is one particular approach proposed by 

the Kyoto Protocol to help countries trade emissions, and thus reduce emissions, in a 

cost-effective way. This system sets a cap on emissions, while enabling countries to trade 

emissions by letting them either buy or sell permits to emit CO2 to meet required 

reduction standards. However, concerning aviation emissions, only the European Union 

Emissions Trading Scheme (EU ETS) has actually included these in their policies [11]. 

1.5 Corporate Responsibility 
Climate change is a "Curse of the Commons", which means that it is a problem 

that affects everyone, and therefore everyone has to take responsibility in solving it. The 

aviation industry is operated by multiple enterprises (i.e. airlines, air navigation service 

providers, airports, etc.). Therefore, no single enterprise can be held responsible for 

aviation’s impact on the climate. Thus, climate change cannot be addressed unless 

everyone unselfishly does his or her part. In regard to this, corporate responsibility plays 

an importance part. Corporate responsibility refers to corporations setting and 

implementing core values that have an overall positive impact on communities and 
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society as a whole. In today’s world, the success of an organization is not gauged based 

only on the corporate profits it makes. Maintaining a good overall image is equally vital 

when attracting new clients and prospective business partners. For a society to accept a 

company’s products, it needs to accept the company itself. In many cases, this also leads 

to increased sales, as citizens want to see issues, such as that of climate change, 

addressed. It is no surprise that one of aspect of this international/environmental concern 

is the reduction of aviation emissions. 

1.6 Air Navigation Service Providers 
An air navigation service provider (ANSP) is an organization that separates 

aircraft on the ground or in flight depending on their assigned airspace. It can be a 

government-owned or privatized organization. Most ANSPs are united under the Civil 

Air Navigation Services Organization (CANSO). The mission and objectives of ANSPs 

include an emphasis on safety, cost-efficiency, customer-focused service, and 

environmental responsibility. ANSPs are organizations that oversee air traffic control, 

which supervises aircraft flying in its airspace. The aircraft follow the predetermined 

routes known as airways. One factor that determines the fuel burn and emissions from a 

flight is the transit time, controlled by the ANSP. Therefore, the increase in flight time, 

leads to an increase in aircraft fuel consumption and emissions produced. So far, only few 

steps have been taken by ANSPs to reduce their share of aviation-related emissions. 

Among those ANSPs, it is the UK’s air navigation service provider, National Air Traffic 

Services (NATS), which made the most progress to reduce aviation-related emissions. 

1.6.1 National Air Traffic Services (NATS) 

National Air Traffic Services (NATS), ANSP for the United Kingdom, is owned 

51% privately, and 49% publicly. Being primarily privately owned, NATS is motivated 

to address issues, such as improving performances, to be able to renew their contracts 

with the government. Thus, NATS designed a corporate responsibility metric called 3Di 

(3 Dimensional Inefficiency Score) that compares the actual trajectories that aircraft take 

with the Great Circle Distance route (shortest distance) to measure how their services and 

operations are delivered [12].  Through this comparison, NATS is able to establish a clear 

indication of the environmental services it provides, track its performance over time, and 
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set targets for improvement. Figure 3 below shows the Great Circle Distance route in 

pink, in comparison to an airway route in blue [12].  

 
Figure 3: Great Circle Distance Route (Blue) vs. Airway Route (Pink) 

Through this metric NATS was able to reduce the amount of fuel burn and 

emissions from en-route flights by making more than 100 operational and procedural 

changes in their airspace. NATS has also stated its goal to achieve a decrease of CO2 

emissions by an average of 4% per flight by 2015 and 10% by 2020. This is shown in 

Figure 4 below, where the reduction is measured in thousands of tons of CO2 over the 

years. Between 2009 and 2012, NATS was able to reduce around 115 thousands of tons 

of CO2, and between 2015 and 2020, NATS set a target of reducing an additional 300 

thousands of tons [13]. 

 
Figure 4: NATS CO2 Emissions Reduction and Targets 
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1.6.2 Federal Aviation Administration (FAA)  

In contrast to this, the Federal Aviation Administration (FAA), which is the 

ANSP for the U.S., has not taken any serious actions to address environmental issues, in 

regard to the reduction of emissions from en-route flights [14]. The FAA’s incentives to 

address this problem are missing. The reason for the FAA not having addressed this 

problem yet is because it is a government monopoly. This means that the government has 

control over its services and actions. It does not have the motivation to increase its 

performance any further as it does not need to renew its contract every couple of years 

unlike NATS and other private ANSPs. It is also bounded by the government regulations 

and budget constraints. It is still committed to develop performance measures with the 

industry. However, these metrics are in early stages of development with no action plan 

or timeline.  

1.6.2.1 How can the FAA increase its performance? 

Even though airlines file flight plans for their own aircraft, they do not have many 

options because they are restricted to airway routes, which are not necessarily the most, 

direct or economical routes. The most direct routes are ones with the least transit time and 

fuel consumption. For example, in a no wind scenario the Great Circle Distance (GCD) 

route (shortest distance between two points on a map) would have the least transit time. 

However, in the presence of the wind, the shortest transit time route would be the wind-

optimum profile. These are referred to as user-preferred routes. The use of these routes is 

currently not possible due to the current structure of the U.S. National Airspace, which 

depends on waypoints. These routes are also not permitted for safety to avoid increasing 

the air traffic control workload, which is resolving conflicts between aircraft that violate 

vertical and lateral separation, the basis for en-route safety [15]. One flight conflict is the 

loss of separation between two aircraft. It occurs when aircraft are within five nautical 

miles laterally and 1000 feet vertically from each other [see FAA Order 7110.65].  
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2.0 Stakeholder Analysis 

2.1 Stakeholders 
There are four major stakeholders with different objectives involved in this 

project. 

2.1.1 Air Navigation Service Providers (ANSP) 

They are the primary stakeholder for this project. They are organizations 

responsible for safe separation between aircraft on the ground or in flight in a dedicated 

airspace. They are comprised of private and government owned. For the purposes of this 

project, publicly owned ones would only be taken into account because the ANSP for the 

United States is government owned and our scope stays within the US. Air Traffic 

Control is a sub-section of the ASNP, and comprises of Air Traffic Controllers, Air 

Traffic Control Managers and Air Traffic Flow Managers. There are different kinds of 

Air Traffic Controllers, which are Terminal Radar Approach Control (TRACON), En-

Route, and Tower. Furthermore, Tower gives departure and arrival clearance, controls 

aircraft on the ground and final approach to the airport, and in the air within 5 miles. 

TRACON controls the aircraft in the terminal airspace 5 to 40 miles from the airport or 

until an altitude of above 10,000 feet, while En-Route controls the aircraft in its specific 

airspace, which is divided into sectors. The control of the aircraft is handled from one 

sector to another.  

The main objectives of air traffic controllers are to provide safe separation 

between aircraft traffic in the National Airspace System, while Traffic Flow Managers 

want to ensure the capacity of the airspace is used efficiently. Air Traffic Flow Managers 

also approve flight plans filed by the airlines given the capacity and the restrictions in the 

airspace. 

2.1.2 Airlines 

They are organizations that provide regular passenger air service. They are broken 

down into Management, Pilots and Dispatchers. The airline management’s objective is to 

reduce cost and maximize profit. One major cost that burdens the airlines is fuel, which 

accounts for ~ 35% of the operational cost [16]. The pilots want to ensure the safety of 

their aircraft. The airline dispatchers file the flight plans with the ANSP that provide the 
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best fuel savings for the airlines given the structure of the National Airspace. The flight 

plans are then approved or modified in the collaborative decision-making between the 

dispatcher and the ANSP, more specifically the flow managers. 

2.1.3 Citizens and Climate Change Advocates 

Citizens are recognized subjects of a country and have different opinions and 

objectives. The primary concern of the citizens is safety. The climate change advocates 

set the environmental goals that are pursued by the citizens, such as reducing the amount 

of CO2 emissions in the air that cause climate change and global warming.  

2.1.4 Government Regulators 

 Government regulators are broken up into legislative and executive branches; 

Congress is within the legislative branch and the federal government is considered the 

executive branch. The federal government is comprised of many departments that include 

the Environmental Protection Agency (EPA), the Department of Energy (DOE), and the 

Department of Transportation (DOT). The FAA falls under the DOT in this hierarchy. 

The objectives of the different government regulators vary from safety, to performance, 

to protection of human health and the environment. 

2.2 Stakeholder Interactions and Tensions 
  There are several loops within the Stakeholder Interaction Diagram to show the 

relationship among the stakeholders.  A model is provided to show the interactions 

among the stakeholders that are affiliated with aircraft in Figure 5. 

Figure 5: Stakeholder Interactions 
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Earth produces the environmental effects causing the citizens/climate change 

advocates to report the emissions issues to the legislative branch of the government, 

Congress, as it represents the citizens in the government. The executive branch of the 

government is pressured by Congress to make changes or solve problems presented by 

citizens. The Executive Government Regulators enforce guidelines that are set by the 

Environmental Panel Agency (EPA), Department of Energy (DOE), and the Department 

of Transportation (DOT), who then inform the Federal Aviation Administration (FAA) 

with standards regulated to the Air Navigation Service Provider and the Airlines. The 

Executive Government Regulators directly interact with Air Navigation Service 

Providers and Airline Management by providing new guidelines or rules to follow.  The 

Air Navigation Service Provider is a government monopoly because it is government 

owned which means it does not have to renew a contract every couple of years, but only 

negotiates a budget. 

Through the regulations provided to the ANSP, Air Traffic Flow Managers 

approve or suggest modifications to the airlines’ flight routes in the collaborative 

decision-making (CDM). The airline pilot and dispatcher decide to agree with the routes 

and the pilot signs the dispatch form. The airline pilots communicate with Air Traffic 

Control for safety. The Airline Management then interacts with Citizens both through 

safety and business. Citizens expect that airlines to provide a safe aircraft to take them to 

their destination.   

Figure 6: Stakeholder Interactions, Financial Loop 
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The money loop is shown in Figure 6. Citizens are the primary source of income 

as the majority of the money that is allocated to the other stakeholders comes from taxes.  

When citizens buy their airline tickets, the tax that is added to the bill is put into a trust 

fund.  The trust fund consists of many other sources, but ticket tax is the primary source.  

The trust fund has to be approved by Congress before the budget is allocated to the 

Executive Government Regulators.  The Executive Government Regulators then allocate 

the budget to the ANSP. If the Regulators do not have the proper funds to allocate a 

bigger budget for the ANSP then a budget request is requested from Congress, who 

informs the citizens.  The Airline Management and citizens have a reinforcing financial 

loop through ticket prices.  Airlines try to keep their ticket prices reasonable, so that 

citizens can afford to purchase the airline tickets, since they are the primary source for the 

other stakeholders. 

Tensions, such as changes in the agreed upon flight plans due to weather and 

airspace congestion, occur between the ANSP and the airlines, which are the two major 

stakeholders. Those changes lead to deviation from the flight route causing an extensive 

use of fuel, and thus an increase in emissions. This leads to a conflict of interest, as the 

airlines want to save fuel while, the ANSP wants to maintain safe separation of aircraft 

without exhibiting special preference in flight routes to one airline over another. This 

further causes tension between government regulators, and citizens and climate change 

advocates, who demand climate change issues to be addressed. Consequently, this leads 

to tensions between government regulators and the ANSP because regulators want the 

ANSP to maintain safety and increase performance, while the ANSP has no incentive to 

do so. Finally the extensive use of fuel by the airlines causes them to increase ticket 

prices on citizens, which is another tension.  
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3.0 Problem and Need Statements 

3.1 Problem Statement 
The rise in aviation-related emissions accompanying the increase in demand for air 

travel will prevent the achievement of international goals for emissions reduction. The 

FAA, ANSP for the U.S., has the opportunity to increase its performance in regard to 

environmental decisions and take initiative by exercising corporate responsibility. 

However, it has no current system to estimate emissions, measure performance in 

delivering en-route traffic operations and evaluate alternatives to make that possible. 

Figure 7 below shows the gap between the projected growths of aviation’s CO2 related 

emissions by 2050 in the U.S., if no actions are taken. 

 

3.2 Need Statement 
There is a need for a decision support tool, Aircraft Emissions Decision Support 

Tool (AEDST), to assist the FAA in estimating emissions, and measuring en-route 

performance. There is also a need for an analysis of alternatives routes (user-preferred 

routes) to evaluate their impact on the ANSP’s performance. The performance is 

measured in regard to the emissions produced and the workload of air traffic controllers, 

identified by the conflicts that occur between flights. 

Figure 7: Gap between Projected Growth of Aviation (No Action) and Carbon Neutral Growth 
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4.0 System Requirements and Scope 

4.1 System Requirements 
In order to solve the problem and alleviate the tensions between the different 

stakeholders some requirements for the system had to be derived: 

• The system shall account for aviation-related emissions within the CCD cycle 

• The system shall incorporate the total amount of CO2 emissions from aircraft in 

the CCD cycle given the Enhanced Traffic Management System (ETMS) data 

• The system shall provide a basis for comparing alternative flight plans with 

respect to CO2 emissions 

• The system shall provide a basis for setting performance targets  

4.2 Scope 
The scope of this project is limited to the ANSP’s operations within the climb, 

cruise and descent cycle (CCD). It includes domestic commercial flights, air taxi, and 

business flights with a cruising altitude of 18,000 ft. and above in the National Airspace 

System in a given day (January 17th, 2011). It measures the CO2 emissions produced from 

aircraft.  

The CCD cycle includes all activities that occur at altitudes above 3000 feet, 

which includes the phases of flight: 

• Climb: actual operations of increasing the altitude of the aircraft and the 

one which the most fuel burn for the aircraft occurs 

• Cruise: level portion of aircraft travel and occurs between climb and 

descent and the most fuel efficient phase of flight 

• Descent: Aircraft decreases altitude before landing on the ground 

Figure 8 below shows the different phases of flight climb, cruise and descent.  
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Figure 8: Climb, Cruise, & Descent Cycle 

5.0 Alternatives Routes 

5.1 Baseline Routes and Analysis 
 Before proposing alternative routes, the analysis of the current status (Airway 

routes) was required to categorize the flights in regards to the distance flown and 

emissions produced. Figure 9 shows the average emissions produced from each flight and 

from each nautical mile flown in metric tons by stage lengths of 100 nautical miles.  

 
Figure 9: Baseline Emissions vs. Distance Flown 

As shown in the figure, emissions are increasing as the distance increases. 

 Based on the analysis we decided to divide the flights in the baseline into four 

different categories based on the distance flown: 

1. Flights flying a distance more than 1500 nautical miles (Transcontinental 

Distance Flights) 
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2. Flights flying a distance between 1000-1500 nautical miles (Semi-Long Distance 

Flights) 

3. Flights flying a distance between 500-1000 nautical miles (Medium Distance 

Flights) 

4. Flights flying a distance less than 500 nautical miles (Short Distance Flights) 

 

Figure 10 shows the number of aircraft in each distance category, the total transit time 

in hours, and the amount of CO2 emissions produced in metric tons. 

 
Figure 10: Transit Time, Fuel, & Emissions per Distance Category (Baseline) 

The figure also displays that the flights flying short and medium distances are the 

most frequent. However, medium distance flights produce more emissions because the 

numbers of aircraft in the category fly longer distances and more time compared to short 

distance flights, which fly a maximum of 500 nautical miles. Also transcontinental flights 

that are the least frequent produce the second highest emissions, as they fly for long 

distances and high time. 

5.1 Alternative Routes 
Alternatives were developed based on a detailed understanding of the ANSP’s en-

route operations with a goal of addressing the stakeholders’ needs. In order to develop 

alternatives, there must be a clear understanding of the ANSP’s contribution to the 

problem, which are the flight routes. The current structure of the National Airspace only 

allows the use of Airway routes, which do not provide the best option for the airlines or 

for the ANSP’s performance.  
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The alternatives are user-preferred routes, Near Wind Optimal Routes (NWORs), 

which utilize the Great Circle Distance Routes with the incorporation of wind. The 

alternatives are used to evaluate the impact of changing the structure of the National 

Airspace and policies on the ANSP’s performance.  The ANSP’s performance is 

measured taking into account the emissions produced from flights and the air traffic 

control workload. 

The alternatives are tested through different scenarios. First, status quo, which 

means all flight distances use the same baseline (airway) routes. Second, the NWORs are 

implemented in one flight distance category at a time. For example, the implementation 

of NWORs for transcontinental distance flights, while the remaining flight distances 

(Semi-Long, Medium, and Short Distance Flights) maintain their airway routes. Another 

scenario would be to implement NWORs for two flight distance categories. For example, 

implementation of NWORs for transcontinental and semi-long distance flights, while 

short and medium distance flights use airway routes. Then, NWORs are implemented for 

three and four flight distance categories. Table 1 shows the alternative configurations 

used. 

 
Table 1: Alternative Configurations 
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6.0 Method of Analysis 
 There are two major tools used for the purpose of this project.  First, Aircraft 

Emissions Decision Support Tool (AEDST), which was designed as a deterministic 

model using C++, to calculate the total transit time, fuel burn and CO2 emissions from 

en-route flights. Another tool, Future Air Traffic Management (ATM) Concepts 

Evaluation Tool (FACET) was also used to simulate the GCD routes for flights and 

identify the number of conflicts between flights representing the workload of the air 

traffic controllers [17]. Figure 11 shows the method of analysis for this project. 

 
Figure 11: Method of Analysis 

6.1 Aircraft Emissions Decision Support Tool (AEDST) 

6.1.1 System Description 

AEDST was designed as a deterministic model using C++, to calculate the total 

transit time, distance flown, fuel consumed and emissions produced from en-route flights. 

It was designed to assist the FAA in estimating emissions produced in the National 

Airspace System (NAS) and measure performance. It is to be used as a strategic tool for 

FAA to report its performance on yearly basis. In this case, the user would be the FAA 

policy office. It can also be used as a pre-tactical tool before the aircraft departure; to 

assist the air traffic flow managers in identifying if the airlines’ filed flight plans meet the 

FAA’s environmental targets or need modifications before approval. 
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There are two primary sources of data used as inputs for this tool. First, Base of 

Aircraft Data (BADA) Performance Files, which provides the thrust specific fuel 

consumption (fuel burn per unit time) of different aircraft types given the phase of the 

flight, altitude, and velocity. Second, Enhanced Traffic Management System (ETMS) 

Radar Track Data, which contains the detailed flight information and airway routes in the 

airspace. This includes flight ID, Departure & Arrival Airports, and Aircraft Type. It also 

includes the longitude, latitude, altitude, time, and velocity of the flight every one minute.  

 Another Input that replaces the ETMS Track Data for the GCD Routes and the 

NWORs, is generated using (FACET), which is a simulation model designed by NASA 

to model trajectories for the climb, cruise, and descent phases of flight for each type of 

aircraft. Some information is extracted from the actual airway flight plans in the ETMS to 

input into FACET. This included information such as Flight ID, aircraft type, departure & 

arrival airports, initial altitude, longitude, and latitude to simulate the GCD routes. The 

output from FACET provides a file that resembles the ETMS Track Data file and serves 

as an input into AEDST.  

The output of the system shows the transit time, the fuel burn, and the CO2 

emissions produced per flight. It also provides the total fuel burn and emissions for all 

flights in the national airspace. Figure 12 shows an input and output diagram of the 

system. 

 Figure 12: Input/output Diagram of AEDST 
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6.1.2 System Assumptions 

The system assumes nominal fuel consumption values for the various aircraft 

types at different altitudes and phases of flights due to the dependency on the BADA 

performance files, which provide nominal values. 

6.1.3 System Methodology 

AEDST contains various metrics for en-route flights such as transit time, fuel 

burn, and CO2 emissions. The system distinguishes the airways and GCD routes from the 

NWORs in the simulation process. 

For the airways and the GCD routes, the ETMS Data and the FACET outputs are 

given as data records for each flight. There are various calculations that need to be 

performed for each flight per data record and then summed up for the total distance, 

transit time, fuel burn, and emissions. The system identifies each flight based on its 

unique flight ID and marks the aircraft type.  

The flight transit time (t) in minutes, as shown in equation (1), is computed 

through the summation of the time for all data records (𝑡𝑖) for the unique flight ID, since 

the aircraft location is given every minute.  

                     𝑡 =  ∑ 𝑡𝑖                                            (1) 

In order to compute the total distance flown for a flight, the distance flown every 

minute (S) needs to be calculated first, by utilizing equations (2), (3), (4). The latitudes 

(𝜑1,𝜑2) and longitudes (𝜆1, 𝜆2) between two records in radians for the unique flight ID 

and the radius of the earth in nautical miles are used. Then, the total distance (𝑆𝑇) in 

nautical miles would be the summation of all calculated distances for a flight ID as 

shown in equation (5). 

           A = sin2 �∆φ
2
� + cos(φ1) . cos(φ2). sin2(∆λ

2
)               (2) 

           C = 2 tan−1 2 (√A,√A − 1)                        (3) 

                        Si = R∑C             (4) 

                               ST =  ∑ Si                                                                (5) 

 The fuel burn calculation involves multiple steps, which start by identifying the 

phase of the flight whether it is in climb, cruise, or descent. The difference between the 

altitudes for two records provides the phase of flight. If the altitude difference yields a 
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positive value, the aircraft is climbing. If the difference is zero, the aircraft is cruising, 

and if negative it is descending. Once the phase of the flight is identified, the first altitude 

is used to find the thrust specific fuel consumption for the given aircraft type at that point 

from the BADA Performance Files. Using Equation (6), multiplying the thrust specific 

fuel consumption (TSFC) in metric tons per unit time by the time of every record (𝑡𝑖) in 

minutes provides the fuel burn at that point (𝑓𝑖). The total fuel burn for the flight (𝑓𝑇) in 

metric tons can be acquired by summing up the fuel burn for all the given records for the 

unique flight ID, as shown in equation (7).   

                                              𝑓𝑖 = 𝑇𝑆𝐹𝐶𝑖 × 𝑡            (6) 

                        𝑓𝑇 = ∑ 𝑓𝑖𝑛
                           (7) 

Finally, the emissions produced during the flight (E) in metric tons can be 

calculated by multiplying the total fuel burn during a flight (𝑓𝑇) by the emissions index 

(𝐸. 𝐼), as shown in equation (8). The index is a constant value for all flights, which is 

3.16, since all of the specified aircraft are using jet fuel type A [18].                  

         𝐸 = 𝐸. 𝐼 × 𝑓𝑇            (8) 

For the NWORs, the output track data from FACET needs to go through a pre-

processor to incorporate the wind. The process differs from that for the airways and the 

GCD routes in regards to the fuel burn and emissions because it requires the 

implementation of wind. The wind affects the velocity of the aircraft throughout the 

flight; therefore, the transit time, fuel burn, and emissions produced will vary. The wind 

data is extracted from the airway routes to influence the GCD routes assuming that they 

are impacted by the same wind conditions due to the unavailability of actual wind data. 

Wind is generated based on the difference between the velocity in ETMS Track data, 

which is the true airspeed, and the velocity in the BADA Performance files at the same 

altitude and phase of flight, which is the nominal speed. The wind speed is recorded for 

every record of each flight to influence the GCD version of the flight to obtain the 

NWORs.  

The distances flown in nautical miles (S) and the initial transit time (t) in hours 

remain the same as for the GCD Routes of the flight. Now, the true airspeed (V’) in 

Knots for every record can be calculated by adding the wind speed (W) to the 

groundspeed (V), which is shown in equation (9). 
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     𝑉′ = 𝑉 + 𝑊              (9) 

The change in the velocity of the aircraft will impact the transit time, but the 

distance will not change. Using equation (10), the new transit time per record (t’) is 

computed by dividing the distance traveled (S) by the true airspeed (V’). 

 

             𝑡′ = 𝑆
𝑉′�                 (10) 

 After the new transit time is acquired, the same process and the new track data for 

the NWORs is acquired, the same process for the airways and GCD routes is followed for 

the calculations. 

6.2 Future Air Traffic Management (ATM) Concepts Evaluation Tool 

(FACET) 
A simulation tool designed by NASA initially used to simulate the GCD Routes 

from all flights and output GCD route track data that serves as an input into AEDST. It 

was also utilized to obtain the number of conflicts that occur between flights [17]. This 

way the workload of the air traffic controllers from using specific routes can be 

identified. 

6.2.1 Baseline Conflicts 

The ETMS Radar Track Data provides the actual location for the flights using 

airway routes every one-minute, which means that all provided flights departed and 

landed safely. Therefore, the conflicts between those flights have been resolved. In order 

to identify the number of conflicts that occurred from the baseline, the latest filed flight 

plans before departure for those flights need to be simulated using FACET to acquire the 

baseline conflicts.  

6.2.2 Conflicts from Implementing Alternatives 

When implementing the NWORs for flights in a certain distance category of the 

baseline, the flights in the remaining distance categories will remain the same. To detect 

the conflicts in this case, the track data for the NWORs of the distance category are used 

in addition to the last filed flight plans before departure for the other categories to 

simulate the flights and identify the workload of the controllers in that case. The same 
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process is followed when implementing NWORs for two or three distance categories. 

However, if the NWORs are implemented for all flight categories in the baseline, then the 

track data for all the NWORs are used to acquire the conflicts. 

 

6.3 Design of Experiment 
The experiment was designed to test different scenarios through varying the flight 

routes in one or more of the flight distance categories and identify the impact on the 

emissions produced and the air traffic control workload. Table 2 shows three scenarios of 

the experiment that actually contains 16 scenarios. The first scenario all flight distances 

remain the same (no flight routes varied). For the second scenario, routes for semi-long, 

medium and short distance flights are varied to be NWOR. The third scenario shows 

varying routes for medium distance flights to be NWOR.  

 

 
Table 2: Design of Experiment 
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7.0 Results and Analysis  

7.1 Simulation Results   
Figure 13 provides the percentage of reduction in transit time, fuel burn, and CO2 

emissions from en-route flights within the U.S., when implementing NWORs for each 

distance category or a combination of categories compared to the baseline case. The 

purpose of showing the transit time, fuel consumed and CO2 emissions is to show the 

direct relationship between them, so any of the three can serve as a measure of 

performance for the ANSP. This figure provides a method of identifying possible 

improvements in the ANSPs performance. The figure shows that implementing the 

NWORs for all flight distances delivers the maximum improvement in the ANSP’s 

performance by 20% in regard to CO2 emissions, while implementing the NWORs for 

transcontinental distance flights (alternative 1) provides the minimum improvement of 

1%. 

 
Figure 13: Reduction in Time, Fuel, & Emissions vs. Alternative Configurations 

7.2 Benefit Analysis 
Figure 14 shows the airlines’ fuel savings from implementing the NWORs for 

flights within each distance category or a combination of categories translated into cost 

savings. These savings are calculated based on the current cost of Jet Fuel Type A per 

metric ton in North America [19]. The maximum savings are $16.7M provided by 

applying NWORs to all flight distances, while the least savings are $0.93M delivered by 

implementing NWORs for transcontinental flight distances. 
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Figure 14: Fuel Cost Savings vs. Alternative Configuration 

7.3 Stakeholders’ Utility Function 

 
Figure 15: Stakeholders' Utility Function for ANSP’s Performance 

The value hierarchy was defined by two constraints, as shown in figure 15. These 

were used to rank and select the NWORs for distance categories that increase the ANSP’s 

performance in regards to emissions without increasing the workload of the air traffic 

controllers. To elicit the weights for the constraints, a survey was given to experts on the 

subject matter that represent the stakeholders and the swing weights method was used. 

The following shows each constraint: 

 

1. Emissions Produced (Lower => better) 

2. Air Traffic Control Workload (Lower => better) 

ANSP's Performance 

Emissions Reduction (0.55) Air Traffic Controller Workload (0.45) 
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The utility function is derived from the value hierarchy as shown in equation (11): 

                                   𝑈𝑡𝑖𝑙𝑖𝑡𝑦 = 0.55 × 𝑈𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 +  0.45 × 𝑈𝑊𝑜𝑟𝑘𝑙𝑜𝑎𝑑      (11) 

7.4 Utility Analysis 
Table 3 below provides the ranked utility of the configurations for the NWORs. The 

table shows that implementing NWORs for semi-long, medium and short flights yields 

the highest utility score followed by NWORs for all flight distances combined. Even 

though implementing NWORs for all flight distances provides the least emissions in the 

airspace, it increases the ATC workload compared to the NWORs for semi-long, medium 

and short distance flights. On the other hand, implementing NWORs for flight distances 

for transcontinental flight distances yields the lowest utility. Although it reduces 

emissions by 1%, but it increases the ATC workload compared to the baseline case. 

 
Table 3: Ranked Utility for Alternative Configurations 

7.5 Sensitivity Analysis  
A sensitivity analysis was performed on the weights for stakeholders’ value 

hierarchy, which was used to rank the utility of the alternative configurations. Table 3 

shows the utility of the alternative configurations by varying the weights multiple times. 
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Figure 16 shows the sensitivity analysis done on the weights and impacts the utility. 

The figure shows in blue the utility of alternatives using the actual weights. It displays the 

change in the rank when the emissions produced are weighted a lot higher than the air 

traffic control workload, which is shown in red. In this case, implementing NWORs for 

all flight distances yields the highest utility and NWORs for transcontinental flights 

remains the one with the lowest utility. However, when the air traffic control workload is 

weighted slightly higher than the emissions produced as shown in yellow, implementing 

NWORs for, semi-long and medium distance flights yields the highest utility. While, 

implementing NWORs for short distance flights, becomes the one with the lowest utility. 

Finally, the figure shows in purple the weight for the air traffic control workload is a lot 

higher than the emissions produced. In this case, implementing NWORs for 

transcontinental and medium distance flights yields the highest utility, as it provides the 

least workload for air traffic control compared to all other configurations. On the other 

hand, implementing NWORs for short distance flights yields the lowest utility, as it has 

the highest workload for air traffic control compared to all other configurations.  

Table 4: Utility of Alternative Configurations when varying Weights 
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7.6 Utility vs. Fuel Cost Savings 
 Figure 17 displays the fuel cost savings in relation to the utility of the 

alternative configurations.  As explained previously, implementing NWORs for semi-

long, medium and short distance flights yields the highest utility and it provides fuel cost 

savings of ~ $16M. Even though, implementing NWORs for all flight distances provides 

fuel cost savings of ~ $16.7M, which is more than the alternative with the highest utility 

it increases the workload of air traffic control. Therefore, implementing NWORs for 

semi-long, medium, and short distance flights is more desirable, as it provides good fuel 

cost savings and reduces the workload of air traffic controllers. 

 
Figure 17: Utility vs. Fuel Cost Savings 
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8.0 Recommendations and Future Work 

8.1 Recommendations 
We recommend the designed Aircraft Emissions Decision Support Tool (AEDST) 

to be implemented by the FAA to estimate emissions in the National Airspace and 

measure performance. Implementing the tool shows the willingness of the FAA to act 

responsibly in a world that is becoming more aware of aviation’s contribution to climate 

change and global warming. 

We also recommend making the necessary policy and structural changes to the 

U.S. National Airspace System (NAS) to support the use of user-preferred and wind 

optimal routes. The utilization of those routes will give airlines more options when filing 

their flight plans and should re-solve most of the airlines’ tensions with the FAA. Also, 

the use of those routes would increase the FAA’s performance significantly. 

As shown in the analysis, using Near Wind Optimal Routes (User-preferred) for 

semi-long, medium and short distance flights increases the FAA’s performance by 19% 

in regard to CO2 emissions. Utilizing those routes also reduces the workload of air traffic 

controllers by 2.5% and provides airlines with fuel cost savings of approximately $16M 

in one day of flights. 

8.2 Future Work 
In the future, the authors would like the research to include the evaluation of at 

least 365 days of en-route flights with proper wind data to get a more detailed picture of 

the ANSP’s performance. Also the authors would likes to include further analysis on the 

workload of air traffic controllers in regard to sector loading, as it affects the 

manageability of the airspace. 



 32 

9.0 Project Budget and Management 

9.1 Work Breakdown Structure 
A project work breakdown structure was developed to help define and manage the 

work done in the project. As seen in figure 18 below, the work breakdown structure is 

divided into five phases: Plan, Design/Analysis, Implement, Deliverables, and 

Management. The top-level work breakdown structure is shown in figure 18. 

 

 
Figure 18: Project Work Breakdown Structure 

9.2 Schedule 
The project schedule is for 38 weeks. As for our current status, we are on week 

34. The project schedule can be seen in the form of Gantt chart as shown in Figure 19.  

The duration for each task was estimated, and all the tasks were driven from the Work 

Breakdown Structure (WBS) in figure 18. In Figure 19, the left side lists the entire tasks; 

the bold highlighted tasks represent the main tasks and within those tasks are the subtasks 

according to the WBS. In addition, on the left side, the duration, starting date, and ending 

date is also present. On the right side in figure 19, the actual Gantt chart is shown. Each 

task is shown in the form of a bar with its predecessor marked by an arrow. The vertical 

yellow line represents the latest updated date, which is April 17th, and to the left of the 
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line are all the tasks that have been completed marked by percentage. To the right of the 

line are the tasks that have yet to be completed.   

 
Figure 19: Project Schedule 

9.3 Earned Value Management 
 

 The total estimated project cost was $530,000, which consists of 2280 hours for 

the team. The estimation was mainly based on the assumption that each person bills the 

project $40/hour base rate.  

Figure 20 shows the earned value of the project over its entire duration. The 

budgeted cost of work performed and actual cost of work performed are seen to remain 

roughly consistent with the expected costs throughout the duration of the project. In the 

graph the red line represents the projected budget, which was set according to our 

baseline plan, the green line shows the actual cost, and the blue represents the earned 

value. These values only outline the project current status up to week 16 of 2013.  
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Figure 20: Earned Value Over Time 

The Cost Performance Index (CPI) and Schedule Performance Index (SPI) project 

the current status of the project.  The CPI and SPI indices are only showcasing the project 

update until Week 32 as shown in figure 21. According to the figure, the project was on 

budget, and tasks were completed a little later than schedule.   

 
Figure 21: Cost and Schedule Performance Indices 
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9.4 Risk Management 
First, failure to meet deadlines for deliverables, which the group mitigated by 

planning ahead of schedule and allocating more time to meet the deadline. An example 

would be the simulation for the project, in which the group started ahead of time in 

winter break to have it ready before spring semester. 

Second, the group struggled to find other models to verify and validate the results 

from the simulation, which was mitigated by doing sample hand calculations using the 

same data, to compare with the simulation output. 

Third, the tool did not satisfy the requirements, as it did not incorporate the wind 

into the simulation for the GCD routes. That requirement was critical to solve the part of 

the problem assigned by the sponsor, which is a solution to en-route flights. The group 

had to look into methods for wind implementation and allocate more time for 

programming and modeling. 

Finally, the group was asked to include the workload of air traffic controllers into 

the analysis late through the semester. The mitigation was allocating more time and 

resources to include the adjustments. 
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