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The ability to simultaneously assess airline operations, economics, and emissions would help evaluate the progress

toward reduction of aviation’s environmental impact as outlined in theNASAEnvironmentally Responsible Aviation

program. Furthermore, assessment of aircraft utilization by airlines would guide future policies and investment

decisions on technologies most urgently required. This paper describes the development of the Fleet-Level

Environmental Evaluation Tool, which is a computational simulation tool developed to assess the impact of new

aircraft concepts and technologies on aviation’s impact on environmental emissions and noise. This tool uses an

aircraft allocation model that represents the airlines’ profit-seeking operational decisions as a mixed-integer

programming problem. The allocation model is embedded in a system-dynamics framework that mimics the

economics of airline operations,models their decisions regarding retirement and acquisition of aircraft, and estimates

market demandgrowth.This paper describes the development of Fleet-Level Environmental EvaluationTool to use a

single large airline to represent operations of all airlines in the United States aviation market. The paper also

demonstrates Fleet-Level Environmental EvaluationTool’s capabilities using scenarios on the assessment of effects of

new technology aircraft and biofuels on aviation’s emissions.

Nomenclature

BHk;j = block hours of aircraft type k on route j, h
Ck;j = direct operating cost of aircraft type k on route j
capk = passenger capacity of aircraft type k
demj = passenger demand on route j
�EMH∕BH�k = equivalent maintenance hours for each block

hour of aircraft type k, h
fleetk = number of aircraft type k in the fleet
Pk;j = ticket price on aircraft type k on route j
paxk;j = number of passengers that fly on aircraft type k

on route j
xk;j = number of trips of aircraft type k on route j

I. Introduction

AVIATION, along with other modes of transportation, is a key
source of emissions and noise. In 2007, for example, aviation

accounted for 5.6%of theU.S. gross domestic product (GDP) [1] and
4% of total carbon dioxide (CO2) emissions [2] within the United
States; with predictions of increasing passenger (pax) and cargo air
travel, both of these figures are likely to grow. Unlike other modes of
transport, however, aviation emissions are mostly created at higher
altitudes; thus, their impact is not clearly understood, although it is
possible that this impact is higher [3].
This expected increase in aviation emissions motivates a need to

address aviation’s environmental impact, and it has prompted
agencies such as NASA and the International Air Transport

Association to propose several noise and emissions reduction targets
[4,5]. For example, as a means to drive development of new aircraft

technologies and concepts, NASA has established emissions
reduction targets for each future generation of aircraft after those in

current production in 2005, which they refer to as the “N” generation.
For the next generation, referred to as “N� 1,” with predicted

availability by 2015, NASA aims to reduce fuel burn by 33% with
respect to current-generation aircraft, cumulative certification noise

by 32 dB from stage 4 levels, and landing and takeoff oxides of

nitrogen (LTONOx) emissions by 60% fromCommittee onAviation
Environmental Protection (CAEP)/6 levels. Following the N� 1
aircraft, the “N� 2” generation employs technology available by
2020 with the aim to reduce fuel burn by 50% relative to current

aircraft, cumulative noise by 42 dB from stage 4 levels, andLTONOx

by 75% from CAEP/6 levels. The “N� 3” generation of aircraft,

available by 2025, has goals to reduce fuel burn by more than 70%,
cumulative noise by 71 dB, and LTONOx by more than 80% [4].

Since the initial establishment of these goals, NASA has revised the
target values, but the focus remains to mitigate the environmental

footprint of individual aircraft.
Meeting these future aviation emissions targets will require the

development and introduction of not just advanced technologies but

also new operational concepts and alternative fuels with lower
emissions impacts.Moreover, it is likely that several new technologies

and policies will be implemented simultaneously because none of
them will be independently able to achieve the goals. This means that

the effect of these technologies and policies will also be cumulative;
Fig. 1 shows a reproduction of a notional illustration prepared by

NASA showing such cumulative effects. All of this means that the

environmental impact of aviation depends not only on individual
aircraft performance but also on how airlines use these aircraft to

provide transportation while pursuing business objectives.
It is likely that future air transportation demand could increase at a

rate such that the increased number of flights leads to an increase in
total fleet-level emissions and airport noise, even though the

individual aircraft have improved environmental characteristics over

the current aircraft. The need to reflect airlines’ use of aircraft and
simultaneously predict the future fleet-level environmental impact of

aviation provides the motivation for the development of the Fleet-
Level Environmental Evaluation Tool (FLEET). In brief, FLEET is a

computational simulation tool developed to assess the impact of
new aircraft concepts and technologies on aviation’s impact on

environmental emissions and noise. The following section reviews a
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portion of the literature on environmental impact of aviation,
especially those studies that relate to FLEET’s capabilities, including
airline fleet assignment, the environmental impact of aviation and
aviation policy, and future aircraft technology advancement and
airline fleet composition. It highlights the commonalities between
these studies and FLEET, and where FLEET’s capabilities are in
addition to those already addressed.

II. Related Work

One of FLEET’s key capabilities is aircraft assignment to routes,
modeled as a resource allocation problem. Numerous other studies,
many of them in the operations research community, have tackled
aircraft assignment problems. Frequently, these studies model aircraft
assignment as linear programming problems using an objective
function such as that of costminimization. For example, Hane et al. [6]
tackled a problem of fleet assignment as a multicommodity flow
problem using the interior point and simplex methods. They modeled
their optimization problem as a cost minimization problem and used
different methods like interior point algorithm, dual steepest-edge
simplex, etc. to find optimal integer solutions. Barnhart et al. [7] solved
a similar problem but by using a subnetwork fleet assignment model
instead of using the entire network. They operated under the
hypothesis that some real-life airline networks were weakly coupled
with respect to revenue and may operate independently of other
subnetworks. Others (for example, Rexing et al. [8] and Lohatepanont
and Barnhart [9]) incorporated scheduling within the problem of fleet
assignment. In contrast, Huang and Schleicher [10] developed the
“AvDemand” program to predict future demand and assign aircraft to
meet that demand. Their model used the MITRE aircraft forecast as a
baseline to determinewhich aircraft would be available in future years.
This kind ofmodel showed how aircraft were used based on passenger
demand, but it did not capture economic factors from the airline’s
viewpoint. Whether or not such studies incorporate features such as
predictions of future market demand growth, scheduling, etc., all of
them attempt to address the question of where the airlines should
operate their existing fleets of aircraft to meet their objectives. FLEET
addresses this same question by taking a model-based approach of
forecasting demand and assigning aircraft tomeet future demandwhile
meeting the objective of airline’s profitmaximization; FLEETdoes not
currently account for scheduling in its problem formulation, relying
instead on certain simplifying assumptions. In fact, using models for
different aspects of the system is a key distinguishing feature of
FLEET; a later section will return to this aspect of FLEETand explain
the details of some key models (see Sec. IV).
Some other studies analyzed aviation’s environmental impact

together with economic and policy effects. Reynolds et al. [11] and
Vera-Morales and Hall [12] introduced the Aviation Integrated
Modelling project (AIM) that provided this capability at both local
and global levels. They used publicly available data to model aircraft
trajectories and could model multiple policy scenarios to estimate
aviation emissions. Dray et al. [13] used the tools developed under
AIM to examine the effects of global emissions trading on aviation

emissions and technology uptake. Their results showed that aviation
emissions grew, regardless of the scenarios they studied, and that any
significant reduction in emissions resulted only through a
combination of technological improvements and demand reduction.
Similarly, Winchester et al. [14] studied the effect of the cap-and-
trade policy on U.S. aviation, especially the emissions generated by
the industry, and the change in demand for air travel over time.
Pfaender et al. [15] proposed a system-dynamicsmodel to explore the
environmental impact of the decisions aircraft operators made in
response to policy changes. Their system-dynamics model included
feedback effects for limiting fuel supply, enforcing cap and trade
policies, and evolving passenger demand. FLEET’s constituent
models fit into a system-dynamics-type framework, and the tool’s
modular structure allows for easy replacement of any of themodels as
desired. Additionally, different scenarios of economic growth and
policy implementation can be set up in a FLEET simulation by
making changes to one or more of its models.
Studies on the impact of introduction of new aircraft technology on

the aviation industry include those such as Kernstine et al. [16], who
suggested methods to select the right set of technologies for aircraft
based on their environmental impact. Hollingsworth et al. [17]
developed a parametric approach to model and study the impact of
new technologies on the environment. Others such as Sherry et al.
[18] and Christensen et al. [19] looked at the sizes of aircraft that
would be most beneficial to invest in for future development efforts.
FLEETmodels emissions based on aircraft technology level and their
operations, complementing the capabilities of the previously cited
studies. Furthermore, the airline modeled in FLEET not only makes
decisions on fleet assignment but also the replacement of existing
aircraft with newer technology aircraft based on past years’
utilization by aircraft size and predicted future need. FLEET is not the
only tool offering such capabilities, however, with the following
being some of other examples.
The System for Assessing Aviation’s Global Emissions (SAGE)

project [20,21] developed a tool that estimates the global fuel burn
and emissions using publicly available databases and methodologies
without accounting for airline operations while still using flight
mission profiles to measure emissions. The SAGE tool estimates
emissions of various pollutants like oxides of nitrogen (NOx), carbon
monoxide (CO), carbon dioxide, etc., that serve as a basis to develop
scenarios for other studies. This tool, however, has now been
superseded by newer tools, an example of which is the Aviation
Environmental Tool Suite.
The Aviation Environmental Tool Suite serves to study the

environmental impact of aviation and is composed of three main
components: the aviation environmental design tool (AEDT), the
environmental design space (EDS), and the aviation environmental
portfolio management tool (APMT). The AEDT integrates existing
models for aviation noise and emissions, and it studies
interdependencies among them. The EDS is used for the analysis
of aircraft and engines, whereas the APMT is used for economic
analysis. The latter has an economics module (APMT-economics) [22]
that models airline and aviation market responses to environmental
policyoptions. Starting fromabaselineyear,APMT-economics projects
the future aviation operating costs, demand and fleet development
projections, and fleet assignment to an aggregate set of operations.
APMT-economics can model global operations and considers both
passenger and cargo air carriers.
Other studies have tackled similar problems, though with different

implementations. Pfaender and Mavris [23] studied a net present
value-based approach for decision making on aircraft technology
upgrades and showed how this model could, in turn, be used to study
aviation’s environmental impact. The same authors looked at the
effect of fuel prices on future technology and environmental
outcomes of aviation using a system-dynamics-type approach [24].
Finally, [25,26] were yet more examples of work that was similar in
nature to the work presented in this paper. Despite these tools, there
was a need to continue investing in effective tools for assessing
aviation’s environmental impacts. This viewpoint was also supported
byWaitz et al. [27], who recommended investing in the development
of both tools andmetrics for this purpose. They, in fact, referred to the

Fig. 1 Reproduction of NASA-generated illustration of carbon
emissions from aviation (from the 2010 Aeronautics Research Mission
Directorate Green Aviation Summit). ATC, air traffic control; NextGen,
next generation operational concepts.
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APMTas one of the necessary elements in the plan to implement their
recommendations.
In summary, several research efforts studied aircraft technology

and its impact on the environment. The motivation of the work
presented herein is to incorporate a simultaneous assessment of
environmental impacts of aviation and modeling of airline decision
making about fleet operations along with an evolution of passenger
demand and airline fleetmix and technology level. Rather than rely of
external forecasts, a model-based approach toward providing this
capability is the objective for development of the Fleet-Level
Environmental Evaluation Tool. The FLEET models airline
decisions about operations as a resource allocation problem using a
mixed-integer programming (MIP) formulation. This MIP problem
resides within a system-dynamics-like approach that simulates
airline decisions usingmodels for aircraft retirement, acquisition, and
calculation of ticket prices. Themarket demand forecast is based on a
model that considers both underlying economic conditions and travel
price elasticity. Each of these models can be independently modified,
allowing for the simulation of a variety of scenarios of aviation’s
environmental impact. References [28–35] described the develop-
ment of and studies conducted using this tool. Presently, FLEET
focuses only on passenger demand and airline operations on routes
that have either the origin, destination, or both in the United States.

III. Technical Approach

The complexity of the U.S. air transportation system, with its
numerous airlines, aircraft types, airports, and routes, makes it
challenging for any tool to model and simulate in its entirety. To keep
the model size manageable while still accounting for the components
crucial to its purpose, FLEET uses several layers of abstraction, as
shown in Table 1. An example of a simplification is using a single
airline to operate all aircraft in the network, making the simulation
easier to run at the expense of excluding the effects of competition.
The airline, however, does not exploit its status of a monopoly and
charges passengers based on a revenue model developed especially
for this tool. This section discusses the setup of the input data for
FLEET as well as the resource allocation problem formulation; the
details of some important modules are given in the following section,
and sample runs of the tool are given in the Studies and Results
section (Sec. V) later.

A. Initial Fleet, Airport, and Network Setup

The first step in the development of FLEET is to determine the fleet
size, its composition, and the airline network for the initial year of the
simulation. Based upon the initial development of FLEET in support
of NASA’s Subsonic Fixed-Wing (SFW) project, the FLEET
simulations described in this paper use 2005 as the starting year for all
simulations; 2005 corresponds to the N generation of aircraft
described by the SFW goals. This FLEET setup process uses data
from the Bureau of Transportation Statistics (BTS) [36]. The airports
included in the FLEET network are a subset of the “World-Wide LMI
Network (WWLMINET) 257” airports as reported by Logistics

Management Institute to be those “worldwide” airports that have the
most operations. Routes in the FLEETnetwork are those that connect
all domestic U.S. airports included in the list of WWLMINET 257
and those international airports, also from this list, that have a direct
flight to any U.S. airport. This gives 103 airports in the United States
and 66 international airports that have a direct passenger-carrying
connection to aU.S. airport. In 2005, these 169 airports accounted for
approximately 65%of all passenger flights and 80%of all passengers
transported, including both domestic and international passengers
traveling to and from the United States [36]. Counting only those
airport pair connections with demand greater than 10 passengers on a
typical day of the year, the FLEET network had a total of 2134 routes.
The lower limit value of 10 passengers, although arbitrary, removed a
large number of very low demand routes from the data.
To represent the airline fleet, FLEET aggregates all available

aircraft into six classes based on their seat capacity and into four
technology groups based on date of entry into service of the aircraft.
The technology groups are referred to as representative-in-class, best-
in-class, new-in-class, and future-in-class. Representative-in-class
aircraft are those that have the highest number of operations in 2005
within each seat class; generally, these are older aircraft. The best-in-
class aircraft are those that have the most recent entry-in-service date
within each seat class as of 2005, and thus incorporate more
technological advances. The new-in-class aircraft are either aircraft
currently under development that will enter service in the future or
concept aircraft that incorporate technology improvements expected
in the future. Likewise, the future-in-class aircraft are those aircraft
expected to include another generation of technology improvements,
and therefore will enter into service at a date further in the future.
Table 2 lists the aircraft used in the FLEET. Classes 1, 2, 5, and 6 of
the future-in-class aircraft are the same as the corresponding new-in-
class aircraft, with their fuel burn scaled down to reflect the expected
technology improvement by the time of their introduction. The
advance single-aisle transport (ASAT) is PurdueUniversity’s version
of an aircraft with geometries similar to a B737-800 and calibrated
performance and weight data for that aircraft, though with a slightly
increased design range of 3250 n miles. The ASAT model was
developed using Flight Optimization System (FLOPS). Additional
details of aircraft modeling appeared in [37].
The final step in the FLEET setup is to determine the number of

aircraft that the single airline has in 2005 in its inventory. This
calculation assumes that an average day of an aircraft comprises only
block hours (BHs), equivalent maintenance hours (EMHs), and
turnaround time. Block hours BHk;j account for the taxi-out time, en
route flight time, and taxi-in time of aircraft type k on route j. The
turnaround time t accounts for the time needed to unload, service, and
then load the aircraft between flights. The value of t can vary with
aircraft type; for simplicity, the current allocation problem uses 1 h
for all aircraft types.§ Because the allocation problem does not track

Table 1 Levels of abstraction in FLEET

Abstraction Simplification Effect on analysis

Passenger air travel on WWLMINET
257 subset

U.S. airport has at least the origin or
destination on flights between these airports

1) Route/city reduction

2) 169 airports

3) 80% of passenger traffic based on 2005

BTS data (65% of flights)
Aircraft fleet represented by 24 aircraft 1) One aircraft represents all aircraft in a

class based on seat count

2) Reflect technology “age”

1) Reduction from 100� different

aircraft types

2) Resolution in fleet reduced
Single airline serves all routes in the
network

Single airline provides service on
routes currently served by many airlines

1) Omits competitive behaviors

2) Simplifies revenue/profit modeling

3) Single airline is very large
Aircraft allocation assumes round trips 1) Avoid time of day scheduling

2) Assume symmetric demand between cities

1) Reduction in number of decision variables

2) Removes “balance constraint”

3) Omits some time of day issues

§Henkle, A., Lindsey, C., and Bernson, M., “A Review of the Operational
and Cultural Aspects of Southwest Airlines”.
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individual aircraft, an aggregated approach accounts for the
unavailability of some aircraft owned by the airline due to
maintenance. To do this, the ratio �EMH∕BH�k describes the number
of “equivalentmaintenance hours per block hour of flight” for aircraft
type k.
The values of �EMH∕BH�k rely upon data from the Airline Data

Project [38]. TheAirline Data Project presents the average number of
daily departures and the daily block hour utilization of aircraft
operated by main and regional domestic U.S. carriers in three
categories of aircraft type: small narrow body, large narrow body and
wide body. Using departuresa as the reported average daily
departures of aircraft type a and BHa as the reported average daily
block hour utilization of aircraft type, along with the turnaround time
between operations t, a simple equation [Eq. (1)] can account for the
“average” activity of an aircraft of type a in a representative 24 h day:

BHa � �1� EMHa∕BHa� � t � departuresa � 24 (1)

With the assumption of only the aforementioned three contributors
to an average day of an aircraft, Eq. (1) leads to the ratio of equivalent
maintenance hours per block hour �EMH∕BH�a for aircraft type a.
Applying the EMH/BH ratio of small narrow-body aircraft to

classes 1, 2, and 3, the ratio of large narrow-body aircraft to class 4,
and the ratio ofwide-body aircraft to classes 5 and 6 converts from the
three Airline Data Project aircraft types to the six FLEET classes.
With finer data resolution and different turnaround time values, each
aircraft class can have a different ratio ofmaintenance hours per block
hour. Additionally, each of the technology groups of aircraft can have
a different ratio because newer aircraft designs explicitly address
improved maintainability and reliability. The studies presented later
in this paper do not use a finer resolution; Table 3 presents the values
of �EMH∕BH�k used in the studies.
Using the aforementioned three constituents, block hours,

equivalent maintenance hours, and turnaround times, of a typical
aircraft usage, the approach estimates the aggregate utilization hours
for all aircraft in the United States. Dividing this value of aggregate
utilization hours by the total possible hours in a given year gives the
total number of aircraft for each class in the FLEET. This completes
the initial setup of the tool. Because information about the initial year
comes from historical data, all of these values remain constant,
regardless of any future scenarios considered for study.

B. Resource Allocation Problem Formulation

At the heart of the FLEET is an aircraft allocation problem
formulated as a mixed-integer programming problem. Using
performance and cost descriptions of the aircraft in the airline’s fleet,

the problem seeks to maximize profit while meeting demand and
operational constraints; this provides the FLEET with a model
(simple as it may be) of airline operations and decision making.
Equations (2–6) describe the objective function, constraints, and
design variables that make up the allocation problem:

maximize
XK

k�1

XN

j�1

�paxk;j · Pk;j� −
XK

k�1

XN

j�1

�Ck;j · xk;j� (2)

subject to
XK

k�1

paxk;j ≤ demj; ∀ j (3)

XK

k�1

paxk;j ≥ 0.2 · demj (4)

2�xk;j · BHk;j�1� �EMH∕BH�k� � t� ≤ 24 · fleetk;j�1 (5)

paxk;j − xk;j · capk ≤ 0 (6)

The integer decision variable xk;j is the number of trips that aircraft
type k flies on route j. The variable paxk;j is the number of passengers
that fly on aircraft type k on route j. In practice, the number of
passengers per flight is also an integer, but this formulation treats
paxk;j as a continuous variable because this greatly improves solution
time. Routes correspond to a single subscript in this formulation
because of a round-trip assumption, described in the following.
Equation (2) is the objective function; this is the profit of the airline,
defined as the difference between revenue and cost. Revenue is a
function of ticket price Pk;j and the number of passengers on each
aircraft type and route paxk;j. Ticket price is a function of the aircraft
type and route onwhich a passenger flies. Profit is, therefore, the sum
of profit from each of the routes and for each of the aircraft types.
The constraint in Eq. (3) ensures that the airline does not transport

more passengers than the market demand on each route, whereas the
constraint in Eq. (4) ensures that the airline meets at least 20% of the
demand on each route. This approach of bounded inequality with a
lower value of 20% facilitates faster solution times for the MIP
problem as compared to enforcing an equality constraint on demand
while ensuring that the airline still serves all routes. In our experience,
a solution with a route at this lower bound on demand is extremely
rare, and the total system-level demand served always remains in
excess of 96%. Moreover, having a positive-valued lower bound is
consistent with the notion that the single airline does not exploit its
monopoly status by completely dropping a route.
The constraint in Eq. (5) counts the number of aircraft necessary to

satisfy segment demand and limit the number of hours available for
aircraft “use” in a given day. The problem assumes that passenger
demand is symmetric and the aircraft can fly round trips; therefore,
the left-hand side of the constraint includes the factor of two, and the
right-hand side accounts for all 24 h in a day. This is a reasonable
assumption because the fleet allocation problem estimates the cost
and profit of representative daily operations, and BTS data show that
average daily demand is nearly symmetric although a given
passenger may not fly a return trip on the same day. Additionally,

Table 2 Aircraft modeled in FLEET

Class (seats) Representative in class Best in class New in class Future in class

1 (20–50) Canadair RJ200/RJ440 Embraer ERJ145 Small Regional Jet ––

2 (51–99) Canadair RJ700 Embraer 170 CS100 ––

3 (100–149) Boeing 737-300 Boeing 737-700 Boeing 737-700 reengined Purdue small ASATwith
N� 1∕N� 2-level technology

4 (150–199) Boeing 757-200 Boeing 737-800 Boeing 737-800 reengined D-8 “double bubble”
5 (200–299) Boeing 767-300 Airbus A330-200 Boeing 787 ––

6 (300�) Boeing 747-400 Boeing 777-200ER Large twin aisle ––

Table 3 Equivalent
maintenance hours per

block hour (EMH/BH)
of modeled aircraft

Aircraft type EMH/BH

Class 1 0.936
Class 2 0.936
Class 3 0.936
Class 4 0.948
Class 5 0.866
Class 6 0.866
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the round-trip simplification removes the need for flow-balance
constraints in the allocation problem and reduces the number of
decisionvariables.When the constraint in Eq. (5) is satisfied, the total
number of hours for block time, turnaround time, and maintenance
time for each aircraft type does not exceed 24 h times the number of
aircraft of that type owned by the airline. The constraint in Eq. (6)
ensures that the airline flies a sufficient number of trips to meet
passenger demandwhile considering the seat capacity of each aircraft
type capk. The seating capacity of the aircraft can account for a load
factor, so that capk may be smaller than the number of seats installed
on the aircraft. Bounds on the decision variable xk;j ensure that an
aircraft type does not operate in and out of an airport that does not
have a long enough runway and that an aircraft does not operate on
routes that exceed its design range.
Finally, integer programming methods can solve the allocation

problem presented by Eqs. (2–6). The General Algebraic Modeling
System (GAMS) software package [39] facilitates the formulation
and solution of this MIP problem. GAMS provides an algebraically
based high-level language for the compact representation of large and
complex optimization models and uses the CPLEX [40] solver to
solve the MIP problem.
After solving the MIP problem, the FLEET uses the number of

trips allocated to each route along with corresponding values of fuel
burn (which relates directly to CO2) and NOx emissions for each
aircraft on each route to determine fleet-level values of these
environmental impacts. A fleet-levelmetric for noise is more difficult
to define. The metric used here of total noise area is not a commonly
used metric; rather, aviation noise metrics deal with noise associated
with a local airport and rely upon concepts like the number of people
exposed to noise at or above some given level or like area exposed to
noise at or above a given level. The “total noise area”metric used here
is the sum of the predicted area inside the 65 dB Day-night average
sound level contour at all 103 domestic airports in the LMI Network,
and it serves as a single metric to describe the broad fleet impact. A
fleet allocation with a larger total noise area would indicate more
“fleet-level” noise. Thismetric does not include international airports
because the airline model does not attempt to represent a significant
number of operations at those airports; the current airlinemodelmore

nearly represents all operations at U.S. airports. The daily cost, CO2

emissions, totalNOx, and total noise area values reflect the allocated
fleet to optimize profit while meeting demand, with the assumptions
described previously.

IV. System-Dynamics Model

The FLEET’s resource allocation problem lies at the center of a
system-dynamics-type framework that mimics market demand
evolution, airline fleet retirement and acquisition, and airline ticket
pricing policies. Figure 2 provides a graphical representation of this
framework in which the allocation problem is solved for a given year
and the many constituent models update input values in advanced of
the next year’s run. This section briefly describes the most important
ones among these modules.

A. Market Factors

In the FLEET, two main factors influence the evolution of
passenger demand for the air transportation market. One depends on
the prevailing economic conditions, referred to as the inherent
demand. The other depends on passengers’ response to changing
ticket prices relative to the distance of desired travel and availability
of alternative modes of transport, referred to as the elastic demand.
The rationale behind inherent demand growth is that a favorable

economic environment would lead higher consumer income, which
in turnwould lead to an increase in demand for air travel. The FLEET
implements this using the concept of income-demand elasticity
where a change in income leads to a corresponding proportional
change in demand. The coefficient of proportionality for income-
demand elasticity in the FLEET is 1.4, based on [14], which implies
that a 1% growth in the GDP leads to a 1.4% increase in inherent
demand for air travel. This does not mean that a 1% growth in the
GDP results in a 1% growth in income; rather, as mentioned in [14],
the income-demand elasticity is only used to convert the change in
GDP to change in demand. Studies using the FLEET in this paper
apply this proportionality value to both domestic and international
routes, and this coefficient remains constant throughout the
simulation of any scenario.

Fig. 2 System-dynamics-like representation of the FLEET.
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Price-demand elasticity represents changes in air travel demand in
response to ticket price variation. Two factors affect the passenger
choice to fly: the distance of travel, and the availability of alternative
modes of transport. Distance affects demand because passengersmay
choose to use alternative modes of transport in lieu of flying for short
trips, especially as the airline ticket price increases. Potential
passengers also value travel time and are more likely to continue to
purchase airline tickets for longer trips as the airline ticket price
increases. However, this behavior also depends on the availability of
alternative modes of travel. The FLEET treats domestic routes as
having alternate modes of transportation and treats international
routes as though there are no alternate modes of transportation.
Although not a perfect representation of the route structure, this does
reflect that many international routes are overocean routes where
alternative modes of travel are not feasible. Some exceptions to this
include flights to Hawaii, which are characterized as international
even though they are domestic, and flights to Canada, which are
characterized as domestic because these are overland flights with
alternative transportation available.
Reference [41] provided the price-demand elasticity value trends;

these appear graphically in Fig. 3. International routes use the
elasticity values from the “without alternativemodes” curve,whereas
domestic routes use those for the “with alternative routes” curve. For
domestic flights with alternative modes of transportation, the short-
range flights (less than 180 n miles) in the airline network are likely
connecting flights, so the FLEET assumes that the passengers are
equally likely to fly these routes and uses a constant value of elasticity
for these short flights. For long-range domestic flights with
alternative modes of operation (more than 650 n miles), the constant
value of elasticity represents that passengers now make a fly/no-fly
decision, regardless of how much longer the trip is. For international
routes, the range thresholdwhere price alone influences the fly/no-fly
decision is shorter than for domestic (with alternate) routes.

B. Aircraft Retirement

The FLEET’s retirement model [37] accounts for a cost and
revenue history of two competing aircraft and finds the agewhen it is
economically feasible to replace the existing aircraft with a new
aircraft of the same class of same or advanced technology level. Other
retirement models in literature such as [42–44] use some rational
logic to arrive at the retirement decision.Among these, the net present
value (NPV) approach is the most popular one. These models
compare the NPVof two scenarios. The first scenario keeps existing
aircraft in service for one more year, whereas the second scenario
brings in a new aircraft right away. The models decide to retire an
aircraft when the second scenario has a greater NPV. The version of
the value-based retirement model in the FLEET is similar to the
concept cited in [42,43]. However, The FLEET’s model assumes a
finite time window of 10 years as the decision timeframe that the
airline can foresee in the near future. In the process of calculating the
NPV, all future operating cash flows are discounted with respect to

the simulation year in the FLEET using a discount factor, including

the acquisition cost that is spread over the financing period. With

limited information about what rate the future cash flows are

discounted in an airline setting, the model assumes the discount rate

as suggested by the Office of Management and Budget [45]. The

model evaluates, annually, the economic feasibility of retaining an

aircraft for additional years versus its immediate replacement with a

new aircraft.
The BTS Schedule B-43 Aircraft Inventory database provides the

entry-in-service (EIS) dates of the aircraft modeled in FLEET. This

schedule contains detailed information on the EIS of passenger

transport aircraft by their tail number; this provides a distribution that

is applied to the aircraft “owned” by the FLEET airline. Keeping a

track of theEIS dates and availability of the new aircraft in themarket,

the model seeks to find an optimal retirement age of the aircraft in the

fleet. A cap has been set on the upper limit of the number of aircraft

that can be retired per class per year. This is to account for the

limitations in the manufacturer’s delivery rate in a given year.
The model evaluates the net present value of n � 10 different

retirement year options, which corresponds to the assumed time

window of 10 years. For every simulation year in the FLEET, the

airline foresees 10 years down the line and evaluates the NPV for 10

different options. Option 1 retires the existing aircraft right away and

brings in a new aircraft in service. Option 2 keeps the existing aircraft

for just one more year, and then the new aircraft enters in service the

following year. However, option 10 keeps the existing aircraft for the

entire 10 years of the time window. The retirement of the existing

aircraft happens when one of the following criteria is satisfied:
1) Option 1 has the highest NPV.
2) The maximum airframe age of 40 years is reached.
3) The NPVs of all the options are negative.
Criterion 2 sets an upper limit on the retirement age of 40 years.

This is a modeling assumption based on Boeing’s maturity curve, as

appeared in [46]. Criterion 3 forces the retirement of the aircraft

because all the possible options of keeping the existing aircraft are

economically infeasible. In this case, it is better to bring in a new

aircraft (even though it also has a negative NPV), assuming a new

aircraft is always better performing than an old one. The following are

some of the key features of the retirement model.

1. Maintenance Cost with Age

Although not modeled in the allocation problem within the

FLEET, the retirementmodel does see an increase in themaintenance

cost as the aircraft ages. This helps in the trade-off study between the

maintenance cost of an old aircraft versus the acquisition cost of a

newone to determinewhen it is economically feasible to retire the old

aircraft and replace it with a new one. The model uses the “Boeing

maturity curve” as presented in [46] to approximate the increase in

themaintenance cost as the aircraft ages. Figure 4 shows theBoeing’s

maturity factor for two different manufacturing years. The trend

shows a slightly steeper slope for aircraft manufactured before 1980.

2. Down Payment

The module assumes a 20% downpayment scheme at the time of

purchasing the aircraft. This is based on the discussion with someone

involvedwith aircraft purchasing and financing.¶ The remaining 80%

of the acquisition cost is distributed in a financing scheme over a

predefined period of time.

3. Financing Period

Themodule assumes 15 years of financing period where the owner

pays off the net acquisition cost (principal� interest) in a yearly

installment plan equally spread over the span of 15 years. The

principal amount is paid off in a linear scale, starting at 1% of the

original acquisition cost. Interest is charged on the outstanding

principal amount at a 5% interest rate per year. The module does

Fig. 3 Demand Elasticity as a Function of Range.

¶Private communication with Don Schenk, ACA Associates, New York,
NY, 8 March 2012.
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impose the remaining burden of the acquisition cost on the owner if

the aircraft retires before the 15-year financing period.

4. Fuel Efficiency Degradation

The fuel burn increases as the aircraft ages to partially capture the

engine efficiency deterioration with age. In a more realistic scenario,

airlines may consider airframe and engine retirement/replacement

separately; in some cases, an existing airframe receives new engines.

However, the retirement module in the FLEETassumes airframe and

engine retirement are an integrated process.

The example in Fig. 5 demonstrates the working of the FLEET’s

retirement model. The example involves a B-737-300 aircraft under

consideration, to be replaced with a new 737-700 aircraft (both

belong to class 3 aircraft in the FLEET). The existing 737-300 aircraft

is 22 years old and the retirement model needs to see if it is

economically feasible to retire the aircraft at this age based on the

aforementioned retirement criteria and replace it with a new B-737-

700. Figure 5 shows the NPV values for the 10 different options.

Option 1 here is the NPV of retiring the 737-300 right away

(beginning of 2007) and buying in a new 737-700 model in the year

2007.Option 2 evaluates theNPVof keeping the existing 737-300 for

one more year of service and retiring it at the starting of 2008 with a

new 737-700 entering service in 2008. Similarly, option 10 is the

NPVof keeping the existing 737-300 for the entire span of 10 years.

The figure shows option 1 has the highest NPV; hence, the retirement

model sees it as economically feasible to retire the 22-year-old 737-

300 and buy a new 737-700 in 2007.

Note that the retirement does not take place even if any or all of the

aforementioned retirement criteria are satisfied unless the aircraft is at

least 10 years old or it has generated a return of investment of 5%.

This check on the retirement is partially to account for the lack of

actual airline cost and profit data. Also, other than the delivery rate,

there are no monetary restrictions that could prevent the airline from

buying as many aircraft as required to meet the demand.

C. Aircraft Acquisition

The aircraft acquisition module consists of delivering new aircraft
to the airline based on estimated future demand and current aircraft
capacity. To determine the number of new aircraft the airline will
acquire, the FLEET projects the number of new aircraft needed to
both replace retired aircraft and to meet increasing demand. The
inherent demand growth rate and price elasticity calculations lead to
an estimated future demand on the network. Without performing the
resource allocation, the future number of seats needed in each aircraft
class uses the distribution of seats flownby each class of aircraft in the
previous year to estimate how many new seats, and therefore new
aircraft in each class, will meet the future demand. This accounts for
both aircraft needed to replace retirements from the NPV-based
calculations (retirements) and to meet growth in demand
(fleet neededi). This approach does not account for delay between
the order and the delivery of the aircraft; the module assumes that the
airline has suitably placed orders in advance of the delivery.
New aircraft acquisitions in each class are the sum of two

quantities: the number of aging aircraft being retired and the increase
in required seat capacity to serve increasing market demand. The
sums of these two quantities for each class are constrained by a
production limit calculated for each class of aircraft. In other words, a
classwise upper limit on number of aircraft produced in the current
year constrains the number of acquisitions of aircraft within each
class. These production limits are based on regression of historical
data on actual deliveries of the aircraft used in the FLEET. Using
these limits ensures the airline always has enough aircraft to meet the
growing demand in its network. Note that, although the FLEET does
not track individual aircraft, it does keep a record of how many
aircraft of each class and technology age the airline has.

D. Ticket Pricing

With the allocation problem in the FLEETattempting to simulate a
profit-seeking airline, a ticket price model is an important feature.
The ticket price module in the FLEET uses a relatively simple
approach driven by data obtained from the BTS for the years
2005–2010. For each class of aircraft, a regression model determines
a yield, or the profit margin per passenger nautical mile, that airlines
collected based on reported ticket prices. This approach does not
distinguish among ticket fare classes; it provides an average price per
passenger. In addition, this approach does not address ticket price
differences in specific city-pair markets; however, it does result in
yield per passenger/nautical-mile values that balances aircraft size
and segment range. For shorter routes, the model results in higher
yield for smaller aircraft, reflecting the passengers’willingness to pay
a higher fare for the increased frequency of service available from
these smaller aircraft. For longer routes, the model results in higher
yield for larger aircraft, reflecting the passengers’ desire to pay a
higher fare for the increased size (and perceived comfort) on longer
flights [47].
In addition to a key role in the allocation problem’s objective

function, estimating ticket prices enables the calculation of elastic
demand, which reflects the change in passenger demand in response
to ticket price variations (see Sec. IV.A). To do this, the demand
elasticity function in the FLEET calculates the year-over-year change
in average ticket prices for each route based upon the previous years’
allocation results. The average ticket price for each route changes
every year because of the variation in the type of aircraft and number
of trips flown on each route. Note that the FLEET uses historical
demand for the years 2005–2008 and hence the demand elasticity
factor is not accounted for during these years. In other words,
passenger demand growth is notmodeled for the years of 2005–2008;
instead, the allocation problem in the FLEET uses historical demand
information obtained from the BTS for those years. For the years of
2009–2050, the passenger demand growth in the FLEET is modeled
as a combination of inherent demand and elastic demand. The
previous years’ allocation describes the number of each aircraft type
operated on every route in the airline network. The FLOPS cost
calculations provide the operating cost of each aircraft type k on each
route j. These two sources of information allow calculation of aFig. 5 Net present values for different options.

Fig. 4 Maturity factor vs aircraft age (from [46]).
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weighted average operating cost per passenger on route j. With the
concept of a single large airline operating all of the aircraft in the
FLEET network, the modeling approach here uses the idea that the
airline will charge the same ticket price to any passenger flying on a
route for the same aircraft type, regardless of technology group/age.
Hence, the cost per passengerCostk;j estimate used in the calculation
of ticket prices [see Eq. (7)] uses theweighted cost of all aircraft in the
different technology groups for each aircraft class.
Equation (7) gives the process of calculation of ticket prices:

Pricek;j � Costk;j � Yieldk;j × Rangej (7)

The terms in Eq. (7) are the profit margin per passenger nautical
mile for aircraft type k on route j, Yieldk;j, the ticket price per
passenger for aircraft type k on route j, Pricek;j, the total operating
cost per passenger for aircraft type k on route j, Costk;j, and the
distance between the origin and destination in nautical miles for
route j, Rangej.

V. Studies and Results

Studies using the FLEET account for airline operations, their
economics, and market dynamics to assess aviation’s environmental
impacts in response to howairlinesmake use of new technologies and
new aircraft. In the studies presented here, CO2 is the environmental
impact of interest. Due to growing demand, no single technological
advancement will be sufficient to limit emissions growth. The studies
presented examine the effects of inclusion of new aircraft technology
and/or alternative fuels in an incremental fashion, with each scenario
within a study building on top of the previous one. With reference
to Fig. 1, the following studies demonstrate the FLEET’s ability to
assess environmental impacts of aviation:
1) For advanced aircraft technology, this study compares two

different scenarios of advanced technology aircraft being introduced
in the airline fleet against a “baseline” scenario in which no such
aircraft are introduced. In one scenario, advanced technology tube-
and-wing aircraft (the N� 3 generation) are introduced, whereas in
another, the hybrid wing–body (HWB) aircraft is introduced. Details
of the setup for this scenario are given in the following.
2) In this scenario of a low-carbon fuel mandate, the airline is

required to use biofuels as an increasing fraction of its total fuel
consumption through the period of simulation.

A. Sanity Check

Before conducting studies of interest, some assessment of the
plausibility of the FLEET’s predictions is warranted. The FLEET
simulation runs are difficult to validate due to the large number of
modeling parameters included in the simulation and the inability to
select values for all of the parameters needed to replicate the historical
conditions and airline operations of recent years. However, to
compare the results obtained from the FLEET with data from the
airline industry, this section compares the values of a normalized fuel

burn and normalized revenue passenger nautical miles (both relative
to 2005) from the baseline FLEET run with normalized fuel burn
values (relative to 2005) obtained from BTS Schedule T2 [48] for
U.S. carriers in the “passenger configuration” only; Fig. 6 shows this
comparison.
The two FLEET results shown in this figure differ only in the

manner in which market demand is set. For years 2005–2008, where
the FLEET uses historical demand data from the Bureau of
Transportation Statistics, the normalized fuel consumption values
resulting from the FLEET are reasonably close to the historical fuel
consumption (Fig. 6a). After 2008, when the FLEET calculates its
own demand based on the specified GDP growth rates and price
elasticity, the FLEET-predicted fuel consumption is higher than the
reported data. When using the historical GDP values (but not
historical demand) after 2008, the FLEET’s normalized fuel
consumption prediction shows slightly higher fuel consumption than
those published by the BTS; note that these are normalized and not
absolute values, and they only serve to show the trend of fuel
consumption change over the years.
Figure 6b compares the FLEET’s results with historical data

using another metric: that of total revenue passenger miles. In this
case, the FLEET’s airline serves slightly lower revenue passenger
miles for the years 2005–2008, but thereafter, the FLEET’s
predictions are remarkably similar to historical data. Note again that
these are normalized values, and hence show just the trend and not
the true values of revenue passenger miles carried by the airlines.
Given the abstractions used in the FLEET, the values given by this
tool are understandably smaller than real network data. The
historical network data are obtained from BTS Schedule T2 as in
the case of the aforementioned fuel burn comparison. Also, the
FLEET’s estimates for the case where the GDP grows by a constant
2% per annum are higher. For comparison, the average GDP growth
rate in the United States for years 2005–2014 was approximately
1.5% [49].
These “sanity check” results provide some assurance that the

trends associated with the FLEET predictions are reasonable, and it
demonstrates how the FLEET prediction trends may deviate from
actual data when provided with a somewhat inaccurate parameter
(here, the 2% per year GDP growth rate).

B. Discussion of Results

1. Study 1: Advanced Aircraft Technology

Many advanced technologies, future aircraft configurations, and
policies have the potential to influence the fleet-level CO2 emissions
from commercial aviation; however, a combination of these options
is the most promising approach to obtain a substantial change in the
current trend of increasing CO2 emissions. This study is an effort to
quantify the effects of advanced aircraft technologies on fleet-level
environmental emissions under three different scenarios of
technology availability.
To provide a starting point, the first scenario reflects a typical

ongoing fleet renewal used by the airline, with technology stagnating

Fig. 6 Comparison of a) fuel burn and b) revenue passenger miles.
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with the new-in-class aircraft. The following ideas describe this
scenario:
1) The FLEET simulations start in the year 2005 and run to 2050.
2) Jet fuel prices increase according to the Energy Information

Administration (EIA) reference fuel price (increases slightly above
predicted inflation) [50].
3) The GDP growth is 2% per annum, starting in 2009. (The

FLEET uses historical demand data for 2005–2008. A 2% GDP
growth rate leads to an annual inherent demand growth rate of 2.8%.)
4) No airport capacity constraints are imposed.
5) Only representative-in-class, best-in-class, and new-in-class

aircraft are available. No future-in-class aircraft enter service.
6) No biofuel is introduced.
Scenario 2 builds upon the previous one, using the same setup,

except that future-in-class aircraft become available to the airline at
their respective EIS dates. These are tube-and-wing aircraft thatmake
use of improving technologies and are generally more fuel efficient
than the new-in-class aircraft. The impact of these future-in-class
aircraft should be apparent in the later years in the FLEET simulation.
Finally, scenario 3 provides yet another alternative of technology

evolution. The preceding scenario uses the conventional tube-and-
wing aircraft types, including for the future-in-class aircraft (except
for the FLEET version of the Massachusetts Institute of Technology
double-bubble concept), which are yet to be developed. However,
other advanced concepts for future commercial aircraft exist, with
one of them being the hybrid wing–body design. TheHWB promises
many benefits, such as lower noise signature and lower CO2

emissions, compared to a similar-capacity tube-and-wing concept.
To model the potential impacts of a HWB aircraft on fleet-level
metrics, and to compare these with the impacts of operating
conventional tube-and-wing aircraft of the same class and technology
level, this scenario introduces a HWB aircraft to the FLEET airline
instead of a large twin-aisle aircraft as the new-in-class and future-in-
class aircraft in class 6. All other aircraft are the same as those in the
default setup of the FLEET simulations. Also, the new-in-class HWB
aircraft is introduced into service in 2025, allowing for five years of
additional development time for this aircraft compared with the 2020
EIS of the large twin-aisle new-in-class aircraft; the future-in-class
HWB is introduced in 2035 compared with the 2030 of the large twin
aisle for the same reason. Except for the introduction ofHWBaircraft
and their modified EIS date, this scenario is identical to the other two
scenarios in this study.
Results of the Advanced Aircraft Technology Study: Figures 7a

and 7b show the normalized demand served by the airline and CO2

emissions in study 1. These figures show that the introduction of a
HWBaircraft results in no significant difference between the demand
levels when compared to the case with large twin aisle (LTA) aircraft
available. The LTA, which enters service starting 2020, needs more
than a decade to have enough fleet penetration to begin to show the
effect of loweredCO2 emissions. In contrast, the HWB, which enters
service in 2025, leads to reduced emissions relatively more quickly,
with emissions being lower than in scenario 1, beginning 2033.
Despite this, the advantages of using an HWB aircraft disappear in

the years after 2040. This could be because the large class 6 aircraft

are used on few trips, mainly being reserved for long-distance
international routes. For example, in both scenarios 1 and 3, the class
6 aircraft made 1172 trips in year 2050, compared with scenario 2 in

which the number was 1112.
The demand served in all three scenarios is nearly identical, which

helps make a direct comparison between them. Thus, the difference

between the scenarios is due to the airlines’ choices on aircraft
utilization rather than market demand. This is fortunate in the case of
a direct comparison between two different aircraft models; in this

case, the HWB aircraft does not promise much benefit over the
traditional tube-and-wing aircraft in the long run. Note that themodel

of theHWBaircraft has an identical number of seats as the LTA.With
better models of these aircraft being available, the economics related

to the use of aircraft might change, leading to different decision
outcomes from the resource allocation problem. This, in fact, is the

strength of the FLEET: that the allocation problem is responsive to
available aircraft and can changewhich aircraft to fly and where in an

attempt to increase profit.

2. Study 2: Low-Carbon Fuel Mandate

This study seeks to understand the potential environmental

benefits of using biofuels. Of the three scenarios, the first two are
identical to those in the advanced aircraft technology study. Scenario

3, however, builds on top of the first two, with the exception that the
airline follows amandated use of biofuels with lowerCO2 equivalent

life-cycle emissions than petroleum-based Jet-A. Low-carbon
biofuels are likely to become available at a gradually growing pace. In

this scenario, the airline in the FLEET must use biofuels as 2% of its
total fuel in 2023 and, by 2050, as much as 50% of the airline’s fuel
consumedmust be biofuel. In the FLEET simulation, the effect is as if

this percentage were mandated; the airline has to use the specified
amount in any given year. This scenario assumes the biofuel is a

“drop-in,” requiring no substantial modification of any aircraft in the
airline’s fleet.
To consider the effect of using biobased jet fuel onCO2 emissions,

comparisons must use fuel life-cycle CO2 equivalent values because

a drop-in biofuel would produce essentially the same “tailpipe”
emissions as petroleum-based Jet-A; but, over the life cycle, the

biofuel feedstock would absorb CO2 while growing. In the FLEET,
for conventional petroleum-based Jet-A, the ratio of life-cycle CO2

per unit of fuel is 3.67, whereas for biofuel, the ratio is 1.05. Also, the
FLEET assumes that the biofuels will be more expensive when they

are first introduced and their price will drop gradually. To account for
this assumption, while preventing the introduction of any addition
price effects, the FLEET sets the price of biofuel to be twice that of jet

fuel throughout the period of the simulation. This scenario uses tube-
and-wing aircraft for all four generations of aircraft technology.
Results of the Low-CarbonFuel Study: Figure 8a shows the growth

of demand in all three scenarios over the simulation period. Under all
three scenarios, demand growth follows the same curve until 2025,
when the first of the future-in-class aircraft become available in

Fig. 7 Normalized a) demand and b) CO2 evolution for advanced aircraft technology study.
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scenarios 2 and 3. The future-in-class aircraft available in scenario 2
provide different costs for the airline, so the demand variations are

due to price-elasticity effects. In scenario 2, the change in demand

served is small relative to scenario 1; in 2050, the airline in the
additional technology scenario serves a slightly greater demand of

about 2.35% compared to scenario 1. This can be explained by the
future-in-class aircraft that are more economically efficient than

those it replaces: in part, due to their lower fuel burn. However, the
CO2 emissions plot shows substantial differences among the

scenarios (Fig. 8b). For scenario 2, the emissions in 2050 are 10.44%

lower than in scenario 1. This shows that the future-in-class aircraft
help the airline reduce its total emissions despite serving higher

demand.

The variation of demand served over the years under the low-

carbon fuels scenario differs notably from the other two scenarios.

The mandated use of biofuels starting in 2023 starts to increase the

airline operating costs because of the higher biofuel cost. This leads
to an increase in ticket prices and a corresponding drop in demand

due to price-demand elasticity. By 2050, the demand served is 8.13%

lower than the ongoing fleet renewal scenario. The advantage of

using biofuels, however, appears via the significantly lower CO2

emissions in this scenario that, in 2050, are 50.93% lower than

scenario 1. Clearly, introduction of low-carbon fuels would be highly

advantageous for the goal to reduce aviation carbon emission.
Figures 9a–9c show the total number of aircraft used by the airline,

broken into the constituent technology types, in each of the three

Fig. 8 Normalized a) demand and b) CO2 evolution under low-carbon mandate study.

Fig. 9 Fleet by type evolution under different scenarios.
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scenarios. The ongoing fleet renewal scenario has no future-in-class
aircraft; Fig. 9a has no future-in-class aircraft displayed and shows
that all fleet growth in the future is the airline buying new-in-class
aircraft. In the additional tube-and-wing technology scenario, the
airline begins to use future-in-class aircraft as soon as they become
available. However, in this scenario, the introduction and use of these
future-in-class aircraft does not speed up the retirement of best-in-
class aircraft. This is because some of the best-in-class aircraft are still
relatively new; given the penalty associated with early retirement of
aircraft, it would not be economically beneficial to replace them any
more rapidly than in scenario 1where no future-in-class are available.
Moreover, the limit to the number of future-in-class aircraft produced
in a given year means that the airline cannot buy as many aircraft as
it needs.
The classwise distribution trend is similar across all three scenarios

(Figs. 10a–10c). Although not very evident from these figures, the
fraction of total trips flown by classes 1, 2, and 4 slowly but gradually
increases as the year advances, coming at the expense of the fraction
of trips by class 3. The trends here have a few differences from other
published future fleet forecasts (e.g., Boeing Airplane Commercial
Market Outlook [51]). Two notable differences are that the FLEET
airline continues to use a large number of the class 1 and 2 regional
jets and that the FLEET does not add a large percentage ofwide-body
aircraft, i.e., classes 5 and 6.Much of this is due to the combination of
the ticket pricemodel that favors smaller aircraft on shorter routes and
the network that focuses upon operations touching the United States,
so the FLEETairline is not reflective of the entire world market. With
many short-range routes in the network, comparatively few long-
range transoceanic routes, and no airport capacity constraints
enforced in these simulations, themix of aircraft in the FLEETairline
is plausible.
The results present here are a small portion of the results that

FLEET can generate. For example, Figs. 9 and 10 show the counts of
the actual number of aircraft flown. No figures accompany this

quoted number of trips flown, but they can be easily generated to

show the trend over the period of simulation. The FLEET also

generates and stores additional information such as profits generated

and aircraft allocation to routes, as this information is useful for more

detailed analysis of the modeled scenarios.

C. Future Enhancements

The FLEET uses several abstractions to model the air

transportation system and its various complex social, economical,

and technological interactions. For example, the aircraft acquisition

module in the FLEET assumes that the airline correctly forecasted

its need and ordered aircraft so they were available exactly when

needed. Furthermore, the modeling in the FLEET neither accounts

for details of aircraft scheduling, which could help assess the

propagation of capacity constraints throughout the network, nor

consider improvements in airline operations. All these limitations

would form part of future research and development efforts in

the FLEET.

Currently under development is a model of the FLEET that divides

the airlines operating in the U.S. air transportation network into two

airlines [33], accounting for the presence of competition in the

market. The two airlines are classified as low cost and legacy, based

on their business model. Supporting this model is exploration of

application of game theory as a means to modeling interaction of the

two airlines.

The models within the FLEET system-dynamics framework

interact by exchanging information. The airline’s resource allocation

decisions and aircraft acquisition decisions are done sequentially by

separate models. Future efforts will explore how these two models

can be made to interact such that the airline’s aircraft acquisition

decisions take into account its utilization of aircraft. This could be a

way to model the real-world dynamic of the time delay between

aircraft orders and delivery.

Fig. 10 Fleet by class evolution under different scenarios.
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VI. Conclusions

This paper presents the development of a model that predicts the
fleetwide environmental impact, concentrating in this work on CO2

emissions, of new aircraft concepts and technologies under fuel
policy scenarios. The Fleet-Level Environmental Evaluation Tool
goes beyond the aircraft-specific technological improvements
reflecting relationships between emissions, market demand, ticket
prices, and aircraft fleet composition over several years. At its core is
an optimization problem that allocates aircraft to routes, providing a
limited but useful simulation of the decisions of a profit-seeking
airline. Taken together, these features enable the FLEET to make
unique contributions to the difficult task of useful forecasting of the
impact of aircraft technology and utilization on emissions.
Two studies executed using the FLEET (one on advanced aircraft

technology introduction and a second on aggressive low-carbon fuel
policy) suggest that aviation CO2 emissions do not reach the levels
associated with the stated goals of many organizations. With the
prediction of served demand in 2050 at a level of over three times that
of 2005, the CO2 emissions increase only to a level about 1.5 times
that of 2005. This demonstrates that, even if the individual aircraft
operated in 2050 are far more fuel efficient than those operated in
2005, considering the way that airlines operate and how this impacts
passenger demand over time is very important for predictions of
future fleet-level environmental impacts.
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