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ABSTRACT 

In this paper, the resilience of an airline in the face of huge investment needs to get an impressive 

reduction of carbon emissions is considered. A hard scenario is considered where new 

national/international regulations are introduced with an immediate quota on flights and fleet and 

mandatory milestone for fleet upgrade.  An original fleet upgrading optimization model is developed. 

The economic sustainability conditions attached to such a constrained situation and the forced fleet 

renewal program are established and financial and operational sustainability objectives are discussed.  
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1. Introduction 

This study addresses the issue of the aviation 

sustainability which has become an essential 

issue for the aviation sector which is a direct 

polluter of the Earth's atmosphere through its 

emissions of CO2, NOx and other particles, noise 

as well as the creation of contrails contributing to 

the greenhouse effect. More than a decade ago, 

apart from aeronautical noise, reducing 

environmental impact was not a top priority for 

the aeronautical sector. In the last decade, aircraft 

manufacturers and airlines have faced increasing 

pressure from governments, customers, and 

investors to act assertively on environmental 

issues and to promote and achieve sustainable 

environmental goals and targets. It is considered 

that to reach audacious sustainability objectives 

in the next decades, new regulations and 

penalties will be applied to air transport operators 

and then new aeronautical technologies must be 

introduced to maintain the activity of this sector. 

This will have as consequence a rather complete 

renewal of civil aviation fleets in the next 

decades. Then airlines will soon be faced with the 

necessity to implement heavy investment 

programs for the renovation of their fleets, 

entailing significant financial costs which in turn 

could lead to higher ticket prices and a 

contraction in demand. The survival of airlines 

during this apparently turbulent period could be 

put seriously to the test. 

In this paper, the resilience of an airline in the 

face of such high investment needs, but also in 

the face of the uncertainty with respect to future 

operational costs and demand, is analyzed.  

A long-term fleet planning period is considered 

for a generic airline with her initial fleet, operated 

network, and demand. A hard scenario where 

new national/international sustainability 

regulations are introduced with an immediate 

double quota policy and two milestones:  

1) The double quota is relative to flights 

and fleets: satisfied demand and 

operating fleet are immediately 

restricted to the levels of year base 1. 

2) The milestones are such that after the 

first one, TL, environment non-

compliant aircraft operating will be 

subject to a penalty and after the second 

milestone, TE, such aircraft cannot be 

sold to another airline to be operated 

elsewhere.  

 The economic sustainability conditions 

attached to such a constrained situation and the 

forced fleet renewal program are established 

and financial and operational sustainability 

objectives are discussed. 

2. Methodology 

The proposed approach is based on an oriented 

modelling of the airline operation. This means 

that at this stage of the study, part of the decision 

space available to an airline is frozen. In that 

case, the structure of the supply, represented here 

in an original way through monthly tours to take 

into consideration seasonal effects on the airline 

performance, is considered unchanged during the 

whole horizon of analysis. The same is done with 

demand, represented by flows between 

connections. This results in a constant revenue 

through the years while ticket prices remain 

untouched. Then the focus in this study is on the 

operation of the fleet and its changing 

composition to face as well as possible new 

environmental regulations with respect to carbon 

emissions. The adopted scenario is an extreme 

one, where before considering the introduction of 

more performant technologies with respect to 

carbon emissions, the traffic volume and air 

transport activity are limited to their values at the 

base year.  

The aim of the proposed model is to investigate 

what could be a feasible timing for the upgrading 

of an airline fleet in such a context with the 

objective of achieving a relevant reduction of 

carbon emissions.  

3. The proposed model 
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Here the time horizon considered in a monthly 

basis is T (several decades), starting from time 

t=1 (initial situation) and t= tth year period, m = 1 

to 12 are month numbers. 

Operations assumptions 

An airline operates in year t  FA aircraft between 

a set A(t) of |𝐴(𝑡)| airports from a single base 

where the maintenance operations of its FA 

aircraft are performed.  

The offer of transportation service is composed 

of the multiple tours realized by each aircraft of 

the fleet during each month of a given year. Let 

TR(t, m) be the set of these tours with r∈

{1, … , 𝐹𝐴} . A tour is composed of a sequence of 

elementary flights with possible repetition during 

the month. Let EF(t, m) be the set of elementary 

flights offered by the airline during month m of 

year t and let NEF(t, m ,r, f) the number of times 

that flight f is present in tour r, 𝑟 ∈ 𝑇𝑅(𝑡,𝑚). 

Let LC(t, m, r) the set of connections offered by 

the airline to its customers in month m of year t 

and built from the flights of tour r (a connection 

realized in a tour may be composed of one flight 

or a succession of flights of this tour). Then, let 

LC(t, m, r, l) be the set of flights building 

connection l. 

Let 𝜋𝑙(𝑡, 𝑚) be the ticket price (minus airport 

taxes) and 𝐷𝑙(𝑡,𝑚) the satisfied demand for 

connection 𝑙 ∈ 𝐿𝐶(𝑡, 𝑚, 𝑟). 

Let 𝐶𝐴𝑟(𝑡) be the capacity in terms of passengers 

(only one class of passengers is considered in this 

study) of aircraft r at period t, it must be such as 

(capacity constraint for flight f): 

𝑁𝐸𝐹(𝑡,𝑚, 𝑟, 𝑓) ∙ 𝐶𝐴𝑟(𝑡) ≥ 𝐷𝑙(𝑡, 𝑚) 

        𝑙 ∈ 𝐿𝐶(𝑡,𝑚, 𝑟), 𝑟 ∈ 𝑇𝑅(𝑡, 𝑚)∀𝑡, ∀𝑚   (1) 

 

4. Costs and revenues from the fleet 

The revenue of the airline for year t retrieved 

from aircraft r is given by:  

𝑅𝑟(𝑡) = ∑ ∑ 𝐷𝑙(𝑡, 𝑚) ∙ 𝜋𝑙(𝑡, 𝑚)𝑙∈𝐿𝐶(𝑡,𝑚,𝑟)𝑚             

𝑟𝑇𝑅(𝑚, 𝑡)                 (2) 

The revenue of the airline for year t is given by: 

𝑅(𝑡) = ∑ 𝑅𝑟(𝑡)𝑟𝑇𝑅(𝑚,𝑡)                (3) 

Let the cost of flight f operated by aircraft r in 

year t (it is supposed here that it remains the same 

during a given year month by month) be given by 

𝐶𝑓𝑟(𝑡, 𝑡𝑟). Here tr is the year at which the 

propulsive technology of aircraft r has been 

upgraded, then if 𝑡 < 𝑡𝑟 the aircraft uses the older 

technology, cost 𝐶𝑓𝑟
1  and, when 𝑡 ≥ 𝑡𝑟, it uses the 

new technology with eventually smaller 

operating costs 𝐶𝑓𝑟
2 while performing flight f. 

Then the total operations cost of aircraft r at year 

t is given by:  

𝐶𝑂𝑟(𝑡) = ∑ ∑ 𝑁𝐸𝐹(𝑚, 𝑡, 𝑟, 𝑓) ∙𝑓∈𝐸𝐹(𝑚,𝑡)
12
𝑚=1

𝐶𝑓𝑟(𝑡, 𝑡𝑟) 𝑟 = 1,⋯ , 𝐹𝐴                    (4) 

The total operations cost of the airline for year t 

is such that:  

𝐶𝑂(𝑡) = ∑ 𝐶𝑂𝑟(𝑡)
𝐹𝐴(𝑡)
𝑟=1 +COV(t)    (5) 

where it is assumed that: 

𝐶𝑂𝑉(𝑡) = 𝜑(𝐹𝐴(𝑡), 𝐷(𝑡))         (6) 

𝜑(. , . ) being an increasing function of the fleet 

size FA(t) and of the total number of processed 

passengers D(t), with: 

𝐷(𝑡) = ∑ ∑ 𝐷𝑙(𝑡, 𝑚)𝑙∈𝐿𝐶(𝑡,𝑚,𝑟)𝑚            (7) 

At initial situation, all the aircraft of the airline 

use the same propulsive technology and carbon 

emissions with this technology is given by: 

𝐶𝐸(𝑡) = 

∑ ∑ ∑ 𝑁𝐸𝐹(𝑚, 𝑡, 𝑟, 𝑓) ∙𝑓∈𝐸𝐹(𝑚,𝑡)
12
𝑚=1

𝐹𝐴(𝑡)
𝑟=1 𝐶𝐸𝑓𝑟(𝑡, 𝑡𝑟)  

(8) 

 

Here if 𝑡 < 𝑡𝑟 the aircraft uses the older 

technology, carbon emissions 𝐶𝐸𝑓𝑟
1 and, when 

𝑡 ≥ 𝑡𝑟, it uses the new technology with less 

carbon emissions 𝐶𝐸𝑓𝑟
2 ,while performing flight f. 

5. Economic assumptions 

A long-term inflation rate a over T is considered 

for the surrounding economy. According to this 

inflation rate, corrected ticket prices and nominal 

operational costs are adjusted to maintain initial 

value: 

𝜋𝑙
𝑐(𝑡, 𝑚) = 𝜋𝑙)∙ (1 + 𝑎)𝑡−1          (9) 

and  

𝐶𝑓𝑟(𝑡, 𝑡𝑟) = 𝐶𝑓𝑟
1 ∙ (1 + 𝑎)𝑡−1if 𝑡 < 𝑡𝑟  (10.1) 

𝐶𝑓𝑟(𝑡, 𝑡𝑟) = 𝐶𝑓𝑟
2 ∙ (1 + 𝑎)𝑡−1if 𝑡 ≥ 𝑡𝑟    (10.2) 

To acquire a new aircraft, it is supposed that the 

airline has to make a loan to be reimbursed all 
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along years of operation well beyond T. This loan 

is only possible if the level of the debt of the 

airline is expected to remain during the 

repayment period less than β times its capital 

value ( with β  0). It is supposed that the 

acquisition of aircraft r has resulted (𝑡 ≤ 𝑇𝐿 ∧

𝑤𝑖𝑙𝑙𝑟𝑒𝑠𝑢𝑙𝑡(𝑡 > 𝑡𝑟) in a fixed financial charge 

𝐿𝑟(𝑡) for the airline: 

if 𝑡 < 𝑡𝑟 , 𝐿𝑟(𝑡) = 𝐿𝑟
1    and if 𝑡 ≥ 𝑡𝑟 , 

 𝐿𝑟(𝑡) = 𝐿𝑟
2                        (11) 

It is supposed that shareholders of the airline 

receive every year a return proportional to the 

annual net revenue with 0  µ 1: 

RS(t) = 𝜇 ∙ (𝑅(𝑡) − 𝐶𝑂(𝑡) − 𝐿(𝑡))   (12) 

 

At time TL, a new legislation about carbon 

emissions is enforced. It is such that: 

3) By TE (TL ≤ TE ≤ T ) airlines must have 

renewed their fleet so that a new 

technology is adopted to operate their 

flights with reduced carbon emissions 

𝐶𝐸𝑓𝑟
2 with: 

𝐶𝐸𝑓𝑟
2 < 𝐶𝐸𝑓𝑟

1 𝑟 ∈ 𝐹𝐴(𝑡), 

𝑓 ∈ 𝐸𝐹(𝑚, 𝑡),𝑚{1,⋯ ,12}, 𝑡 ≥ 𝑇𝐿     (13) 

4) While this objective is not achieved at 

TE by tour r, the airline (and others) has 

to pay every year a penalty Pr(t) 

computed by: 

𝑃𝑟(𝑡) = 𝑚𝑎𝑥{𝛼 ∙ 𝑅𝑟(𝑡), 𝑃𝑟
𝑚𝑖𝑛}      (14) 

This expression avoids the situation in which a 

tour has small revenues leading to an ineffective 

penalty, then the penalty will be at least 𝑃𝑟
𝑚𝑖𝑛. 

Then, if 𝑡 < 𝑇𝐸  the financial charge is given by: 

𝐿(𝑡) = ∑ 𝐿𝑟(𝑡)
𝐹𝐴
𝑟=1            (15) 

and if 𝑡 ≥ 𝑇𝐸, the financial charge is given by: 

 

𝐿(𝑡) = ∑ 𝐿𝑟(𝑡)𝑟:𝑡𝑟<𝑡 +

∑ (𝐿| |𝑟(𝑡)| |+𝑃𝑟(𝑡))𝑟:𝑡𝑟≥𝑡    (16) 

 

It is supposed here that the lifetime of the initial 

fleet of aircraft is higher than T, so a minimal 

situation is the case in which no aircraft is 

renewed until T, then at T this airline is out of 

operation.  

The new technology is characterized by 

parameters (capacity, operating cost (base year 

1), carbon emissions): 𝐶𝐴𝑟
2, 𝐶𝑂𝑓𝑟

2  and 𝐶𝐸𝑓𝑟
2 . At 

time tr (with TL ≤ tr ≤ T) an old aircraft r is 

removed from service and a new one with 

enhanced environmental technology enter in 

operations servicing connections LC(1, m, r), m 

=1 to 12.  

 

6. The optimization problem 

The considered optimization problem is stated at 

time TL to establish a planning of the fleet 

renewal during the time horizon from TL to T. 

Here the objective can be to maximize the 

present value of the return to the shareholders of 

the airline while different constraints are 

considered: 

𝑚𝑎𝑥
𝑡𝑟 ,𝑟=1,⋯,𝐹𝐴

∑ 𝑅𝑆(𝑡) ∙ (1 + 𝑎)−𝑇
𝑡=𝑇𝐿

   (17) 

 

with the constraints: 

∑ 𝐶𝐸(𝑡)

𝑡=𝑇

𝑡=𝑇𝐿

≤ (1 − 𝜀 100⁄ ) ∙ 

∑ ∑ ∑ ∑ 𝑁𝐸𝐹(𝑚, 𝑡, 𝑟, 𝑓) ∙𝑓∈𝐸𝐹(𝑚,𝑡)
12
𝑚=1

𝐹𝐴(𝑡)
𝑟=1 𝐶𝐸𝑓𝑟

1𝑡=𝑇
𝑡=𝑇𝐿

 

(18) 

∑ (1 − 𝜇) ∙ (𝑅(𝜏) − 𝐶𝑂(𝜏) − 𝐿(𝜏)) ∙𝑡
𝜏=𝑇𝐿

(1 + 𝑎)−(𝑡−𝑇𝐿) + 𝑅𝑇𝐿 ≥ 𝐾 ∙ ∑ 𝐿𝑟(𝑡) ∙
𝐹𝐴
𝑟=1

(1 + 𝑎)−  (19) 

 

𝑁𝐸𝐹(𝑡,𝑚, 𝑟, 𝑓) ∙ 𝐶𝐴𝑟(𝑡) ≥ 𝐷𝑙(𝑡, 𝑚) 

      𝑙 ∈ 𝐿𝐶(𝑡,𝑚, 𝑟), 𝑟 ∈ 𝑇𝑅(𝑡, 𝑚)∀𝑡, ∀𝑚   (20) 

 

𝑇𝐿 ≤ 𝑡𝑟 ≤ 𝑇𝑟 = 1,⋯ , 𝐹𝐴           (21) 

 

Constraint (18) imposes that the total carbon 

emission is reduced by at least 

𝜀%𝑑𝑢𝑟𝑖𝑛𝑔𝑡ℎ𝑒𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑𝑝𝑒𝑟𝑖𝑜𝑑. Then, 𝑅𝑇𝐿 is 

the initial financial reserve of the airline, K is an 

integer and constraint (19) is a financial 

condition for the airline to be able to acquire new 

aircraft. Constraint (20) is relative to the capacity 

which must remain sufficient to cope with the 
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planned demand in all its components, finally 

constraint (21) implies that by time T all the 

aircraft of the airline fleet have been upgraded.  

 

7. Conclusion  

The first issue to be tackled using this model is 

the feasibility issue: what is the maximum value 

of 𝜀 so that this problem is feasible? It appears 

easily that depending of the relative importance 

of the penalties 𝑃𝑟(𝑡), 𝑟 = 1,⋯ , 𝐹𝐴 with respect 

to the difference of financial charges between 

two generations of aircraft, the aircraft should be 

upgraded as soon as possible (TE), or as late as 

possible (T). The proposed problem does not 

adopt a standard formulation although it is a 

linear integer optimization problem (decision 

variables:𝑡𝑟 ∈ {𝑇𝐿, 𝑇𝐿 + 1,⋯ , 𝑇} , 𝑟 =

1,⋯ , 𝐹𝐴). Different heuristics based on the 

productivity and pollution characterizing each 

tour, could be designed to get with limited 

calculation some acceptable solutions.  The 

proposed model could be also integrated in a 

multilevel optimization process where the 

pricing of flights and penalties to aircraft are 

fixed. Finally, a new version of this model could 

incorporate demand reactiveness to prices to 

allow the design of a pricing policy associated 

with the fleet renewal process. 
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