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Abstract 

Only recently aviation has been considered a relevant sector to climate change, in part because of the 
minor share of global emissions of greenhouse gases. The airlines main concerns for aircraft 
replacement usually are related with aircraft performance, usage and/or operating and maintenance 
costs. This document appraises the economic impact of CO2 emissions costs in the aircraft 
replacement decision through the application of Real Options model. A quadrinomial lattice for the 
NPV was developed for each aircraft considered in the study, the short–haul A320ceo (defender) and 
the A320neo (challenger). We find that CO2 as a lower impact on costs, and it doesn´t interfere in the 
decision of replacement. The kerosene consumption influences the decision of replacement due to the 
high efficiency gains of the new technology (A320neo). Through the comparison of the quadrinomial 
lattices of both aircrafts, it is advisable to replace the older for the newest model, since the first year of 
the analysis.  

Keywords: Aircraft replacement, CO2 emissions, Kerosene consumption, Emission Trading System, 
Real Options Model. 

1. Introduction 

Aviation is carbon-intensive and one of the 
fastest sectors growing in terms of its 
greenhouse gas emissions. With increasing 
demand for air transportation worldwide and 
decreasing marginal fuel efficiency 
improvements, the contribution of aviation to 
climate change relative to other sectors is 
estimated to increase in the future. As a result, 
growing public and political pressures are likely 
to further target air transportation to reduce its 
GHG emissions through flexible mechanisms 
as the European Union Emissions Trading 
System (EU-ETS) (Sgouridis et. al, 2011).  
According to Chao (2014) taxes imposed by 
the EU ETS may lead to an increase in 
transportation costs for airlines, which is 
dependent of various factors including unit	  
carbon emissions per aircraft, aviation 
emission allowances per airline, and carbon 
trading prices. In the 2014-2033 Boeing 
forecast, that from 36,770 new airplanes, 

15,500 (42% of the all new deliveries) will 
replace older, less efficient airplanes. The 
remaining 21,270 airplanes will be for fleet 
growth (Boeing, 2014).	   From among several 
aircraft manufacturers, it is notable the high 
percentage of use of airbus family aircrafts. 
With more than 3,000 firm orders from 60 
customers since A320 neo launch, which 
represents a 60 percent market share 
compared to its direct competitor (Boeing 737-
800). Regarding aircraft replacement, the 
motivation of this document is concerned with 
the need of choosing the optimal level of cost 
towards minimization, considering economical 
variables but also the environmental efficiency 
measured by the values of CO2 emissions and 
kerosene consumption. Determining how does 
CO2 emissions impacts on the decision to 
replace aircrafts enables airlines to extract the 
full potential brought by environmental factors. 
So, this study aims to assess how 
environmental sustainability can create 
conditions to ensure financial sustainability in 
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aviation sector when replacing high value 
assets with high maturity and possibly several 
economic lives.  

2. Problem definition and case study 
Considering the high value of an aircraft, and 
the inexistence of policies including aviation on 
emission trading system in the past years, 
traditional financial models of aircraft 
replacement tend to ignore the influence of 
CO2 emissions prices on the financial 
evaluation of new aircrafts. However, due to 
the expected growth of CO2 emissions and its 
associated costs this document will addressed 
the problem of determining aircraft 
replacement optimal timing and level, with and 
without the impact of external factors as CO2 
emissions and kerosene consumption. An 
asset should be retained for a time period – 
economic service life (ESL) - that minimizes its 
cost to the owner, which means that an aircraft 
may still have many years of service life 
remaining beyond the point at which it has 
become uneconomical to operate it. The in-
place asset is referred to as the defender, and 
the replacement alternative is called the 
challenger (Blank & Tarquin, 2005).  

It was decided to focus in the commercial 
aviation because this is the only segment 
included in the EU-ETS.	   Aircraft fuel 
consumption is a very large component of 
airline costs and its importance is highly 
correlated with emissions contributing directly 
to transport externalities (Park & O’Kelly, 
2014). From several possible models, the 
Airbus A320ceo (current engine option) 
replacement by the Airbus A320neo (new 
engine option) was selected. According to 
Airbus while maintaining a 95 per cent 
commonality with the ceo versions, the 
A320neo incorporates new more fuel-efficient 
engines combined with airframe improvements 
and the addition of large winglets, named 
sharklets. The key benefits of the A320neo 
compared to today’s A320 are (Airbus Press 
Office, 2014) : 

- new engines will burn 15-20% less fuel 
- less 3 600 tonnes CO2 /aircraft/year; 
- 14 % lower cash operating costs; 
- 2 tons of additional payload; 
- Up to 500 nautical miles of more range. 

The case study consists on the replacement of 
an existing aircraft that had been in service for 
a number of years N. The decision will be then 
to replace the asset in K years for the newest 
version available in the market. Two underling 
variables will be considered – the kerosene 
and the CO2 costs. 

2. Literature Review 

2.1. General Operating Rules 

The rules and regulations related with aviation 
are developed on an international and national 
basis. The International Civil Aviation (ICAO) 
develops policies and standards for the United 
Nations (ICAO, 2014). Several certifications 
are required to operate an aircraft. Also, every 
aircraft require regular inspection and 
maintenance, based on calendar age, hours 
flown, and cycles of take-off and landing. 
Typically maintenance work is organized in 
different work packages (check A, B, C and D) 
(Ackert, 2010). Each airline is under a charge 
system. Charges levied by airport or 
government authorities per passenger are 
generally the same for all airlines, while other, 
such as landing charges,	   vary depending on 
the particular air carrier’s purchasing power 
(EC, 2009).  

2.2. Emission Trading System and carbon 
emissions in aviation 

In 2005, the European Union (EU) 
implemented an emissions trading scheme 
(ETS) for certain industries and installations 
with the goal to reduce greenhouse gas 
emissions. Since the start of 2012, emissions 
from all flights from, to and within the European 
Economic Area are included in the EU ETS.	  
Airlines receive or buy aviation allowances, 
which they can trade as needed. Each 
allowance gives the right to emit 1 tonne of 
CO2. If the aircraft operator does not surrender 
enough allowances to cover its emissions, it 
has to buy extra allowances to make up the 
shortfall, and must pay a dissuasive fine for 
each excess tonne of GHG emitted (European 
Commission, 2013).	   Aircraft operators in the 
EEA receive the large majority of their 
emission allowances for free. Only 15% of 
allowances will be auctioned over the whole 
third period. 
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Aviation is responsible for 12% of CO2 
emissions from all transports sources, 
compared to 74% from road transport (ATAG, 
2014). The overall goal for aviation is to reduce 
CO2 emissions in 2050 to 17% of what they 
were in 2005. Aviation emissions are 
calculated based on fuel burned, distance 
flown, take-off weight (including freight for 
example), occupancy rate, atmospheric 
conditions and operational conditions such as 
speed and cruise altitude, and a series of 
assumptions (Gössling & Upham, 2009). 
According to Jardine (2009) different GHG 
emission calculators give widely varying results 
for the same flight due to variations in the 
underlying assumptions made in the calculator 
methodology. Estimates for the average CO2 
emissions per passenger km (pkm), referred to 
as the emission factor, vary widely. According 
to Sutkus et al, (2003) an emission index of 
3.155 Kg CO2/Kg fuel can be considered for 
commercial jet fuel – kerosene.	  

2.3 Aircraft Replacement 

Fleet expansions and reductions are achieved 
through aircraft purchase, lease or by 
disposing of the surplus aircrafts. The 
scrapping and replacing of an existing aircraft 
is generally motivated by the physical 
deterioration of the aircraft or the availability of 
newer, more efficient ones. However, the 
decision to replace can be scheduled in 
advance to coincide when the airline market is 
forecasted to going into downward trend, 
thereby reducing the operating and 
maintenance costs (Hsu et al, 2011).	  
Investments into aircraft are made under 
considerable uncertainty with respect to the 
economic conditions under which they will 
enter service (Wojahn, 2012). Typically, major 
airlines renew their fleet about every 15 years. 
After that period, the major airlines would then 
sell their aircraft into the second-hand market 
for a possible further 15 years of flying. So it is 
expected at least a 30-year cycle before all 
aircraft are compliant with the new engine/fuel 
technology (O’Neill, 2013).	   Each type of 
aircraft requires human-capital investments in 
specific skills for pilots, crew, and mechanics 
that increase the degree of physical 
differentiation. As a result, carriers tend to 
minimize the number of types of aircraft they 
operate (Gavazza, 2010).  

2.4 Aircraft leasing vs purchase  

The value of an aircraft depreciates 
exponentially from the moment the aircraft has 
been manufactured and is being operated. In 
other words, the purchase cost of the aircraft 
decreases with its age, and so does the 
depreciation cost. In addition, a low salvage 
price is of no consequence to the airline once 
the aircraft is scrapped because it is being 
replaced or simply because of fleet reduction. 
Operating leasing has benefits for operators of 
aircraft, offering a level of fleet flexibility and 
residual value risk reduction unobtainable 
when purchasing. Companies use operating 
leases for flexibility when adopting a new 
aircraft type. British Airways, for example, has 
financed 10 of its 15 A320 family fleet under 
10-year extendible operating leases. In 
aviation accounts, operating lease payments 
are viewed as operating costs, while interest is 
presented below the operating profit line 
(Gibson & Morrell, 2004). 

3. Proposed Methodology 

 The current study consists in the 
application of the Real Option model in the 
context of the describe case study applied to 
the aircraft replacement within airline industry. 
In this type of replacement the major source of 
uncertainty is fuel and carbon pricing. 

3.1. Cash Flow Profile 

The estimated inflows (revenues) and outflows 
(costs) of money are called cash flows (Blank 
& Tarquin, 2005). The discounted cashflow 
valuation, relates the value of an asset to the 
present value of expected future cashflows on 
that asset. Cashflows are discounted at a risk-
adjusted discount rate to arrive at an estimate 
of value.	  	  

3.1.1 Revenues 

An airline gets its revenue mostly from cargo 
freight and ticket fares paid by passengers. 
Other sources of revenue include fees for extra 
baggage, ticket change, extra amenities, 
annual subscriptions to premium services, 
frequent flyer programs, and even on board 
duty-free sales.	  Regarding CO2 emissions, the 
inclusion of aviation in the EU ETS is widely 
assumed to increase the cost burden on 
airlines. However, some studies suggest that 
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the imposition of allowance rights can create a 
new source of profit for airlines.	   If opportunity 
costs are passed on to the customer, windfall 
profits are generated (Scheelhaase et al, 2012) 

3.1.2 Operating and Maintenance Costs 

Variable costs, like fixed costs, are important to 
determine when buying an aircraft.	   Variable	  
costs are defined as costs that vary with 
aircraft usage. As the aircraft usage increases, 
the variable cost will increase too, but the cost 
per unit will remain constant. For example, the 
more an aircraft flies, the higher the total fuel 
cost will be. Therefore, fuel is a variable cost. 
Other examples are: CO2, landing and parking 
fees, maintenance costs, inspections, parts, 
and airframe. A fixed cost remains essentially 
constant for a given period or level of activity. 
For example, insurance, aircraft financing 
(leasing or loan payment), hangar rental. Any 
cost that can be directly tied to the aircraft is a 
direct cost for that aircraft. So, aircraft 
operating costs includes direct costs (fuel, 
CO2,  crew, landing and ground handling fees, 
depreciation or lease of aircraft, maintenance 
and insurance of aircraft) and indirect costs 
(salaries of ground staff, equipment and 
warehouse costs) that add up to total cost of 
ownership (Chao & Hsu, 2014). Since the cost 
of most variable expenses such as crew, 
ground handling, navigation and passenger-
related costs should be similar, it is necessary 
to focus on the main cost drivers between 
aircraft types - aircraft ownership, fuel and 
maintenance - that account for more than half 
of an airline’s operating expenses (Bowman, 
2013). In the specific case of A320ceo life 
cycle cost, figure 1 demonstrates that the fuel 
and oil (33%) and capital costs are the largest 
components of the costs (Morrison, Sgouridis, 
& Hansman, 2011). Maintenance costs is 
normally between 10-20% of operating costs 
(PeriyarSelvam et al., 2013). Contributory 
factors to the high maintenance cost are the 
age of the aircraft in its fleet, and the reportedly 
shockingly high cost of Checks. Several 
airlines establishes lease agreements for a 
period of six years, long enough to fly a new 
aircraft and avoid an expensive “D” Check 
which usually happens in the 7th year, for 
aircrafts like the A320 and Boeing 737NG. 

 

Figure 1 - A320/737 Lifecycle Cost Estimates. Source: 
(Morrison et al., 2011) 

3.2. General Models of Replacement 

Bazargan & Hartman (2012), refers that one 
possible reason for limited aircraft replacement 
models is the reluctance of airlines to share 
their confidential financial data. To solve the 
replacement problem the several models can 
be used: discounted cash flow methods, Net 
Present Value (NPV), the Equivalent Annual 
Cost (EAC), dynamic programming and others. 
The traditional analysis of equipment`s optimal 
replacement commonly calculates 
deterministic future cash flows to obtain 
indicators such as NPV, however these 
analyses do not consider the uncertainty. In 
order to determine the replacement level and 
time, it was selected the real options model.  

3.2.2 Real Options Model  

A real option may be defined as a right to 
undertake specific actions (e.g. defer, expand, 
contract or abandon a project) at 
predetermined costs (a cost of option´s 
exercise) during a certain period of time 
(option´s duration). An option has a particular 
value where there is uncertainty understood as 
volatility and not only a threat. When 
uncertainty creates value, a correct use of an 
option may only increase the value of a project 
and so the company. Real Options Approach 
builds on expected NPV, providing new 
insights into the value of flexibility. Real options 
applies this basic framework to the pricing of 
options on real assets, such as aircraft (Gibson 
& Morrell, 2004). 

Girardet & Spinler (2013) evaluated purchase 
options with a framework developed for real 
options analysis to estimate the value of 
flexibility under uncertain kerosene and CO2 
prices. Those authors divide costs in three 
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segments: Kerosene costs, CO2 costs and 
“Other costs”. Even considering the magnitude 
of other costs, as crew costs (flight and cabin 
crew), landing and navigation fees, handling 
costs (aircraft) and insurance, they cannot be 
considered in the replacement model because 
the difference between the neo and ceo values 
is not relevant. The valuation approach used 
by those authors is applied in this study, 
introducing some changins. The main steps 
are: 

(1) Establish the annual costs !"#$!   !, !  
driven by kerosene (k) and carbon (c) costs:	  
The uncertainty operation costs !"#$!"   !, !  for 
the defender (A320neo) and for the challenger 
(A320ceo) is given by equation 1: 

!"#$!"   !, ! = !"#$%%&$'!"!" kerp !, ! +
!"  ×  !"2! !, ! 1 − !" + !"ℎ!"#$%&%!"  !"  (1) 

y:  year;  
dt:  period  
!:  !"#$#!%&  !"#$   !"#,!"# ;  
!,!:  #  !"  !"#$!$%&'  !"#  !"#$%"&"   !   !"#  !"#  !"2  (!); 
!"#$%%&$'!": !"#$%"&"  !"#$%&'()"#  !"#  !"#$;	  
!"#$ !,! :!"#$%"&"  !"#$%  !"  !"#$%&  !;	  
!": !"#$$#%&  !"#$%&;	  
!"#$ !,! :!"2  !"#$%  !"  !"#$%&  !;	  
!": !"##  !""#$!%&#';	  
!"#$%&'("(!"  : !"ℎ!"  !"#$%&'()  !"#$#;  	  
	  
The annual kerosene consumption is given by 
equation 2: 

!"#$%%&$'!" = !"#$%&'()  ×  !"#$ℎ!"#$  ×
  !"#$%&  ×   1 −   !"#$%&!                           (2) 

!"#$%&'():  !"#$%"&"  !"#$%&'()"#  !"#  !"#$ℎ! 
!"#$%&'():!"#$%&  !"  !"#$ℎ!"  !"#  !"# 
!"!"#$:!"#$%&'()%*  !"#$  !"#  !"#$	  
!"#$%&! :  !""#$#%&$'  !"#$%  !"  !"#ℎ!"#"$%  (%).	  
	  

The Kerosene and CO2 prices are taken from 
the binomial lattices developed for each 
uncertainty variable. 

(2) Estimate the Present Value PV!" i, n  
of both aircrafts in each of the uncertainty 
states. 

!"!" !, ! =    !"#$!"   !, ! +    !"#$!"

!"
!"

!!!

!, !    

×  !(!!"#$%×!"×!)!"                        (3)        

!"#$%: risk  inte!"#$  !"#$ 

 
(3) Discount back the values of each state 
to derive a value for the aircraft with no 
flexibility (i.e. not option to purchase a more 
efficient aircraft). The values for the last period 
of the present value lattice are simply the 
present values in the respective states.  

!"#!!(!, !) =    !!"!#×!!!!,! !, ! +
  !!"#$×!!!!,! !, ! + 1 +     !!"#$×!!!!,! ! +
1, ! +   !!"!#×!!!!,! ! + 1, ! + 1   ×
  ! !!"#$%∗!"                (4) 
  !!"!#:  !"#$  !"#$%&'  !"#$%$&'&()  !"#$%&'(%#)  !ℎ!   
!"  !"#  !"#$  !"#$!$%&'  !"  !"#$%"&"  !  !"#  !"2; 
S:  Cost  at  node  (i,n)  ate  year  y  for  a  (A320ceo  or  
neo)  

  
(4) The option value is the difference 
between the nodes with flexibility (A320ceo) 
and without flexibility (A320neo). The option 
value with only kerosene as an uncertainty, 
allows determining the impact of CO2 on the 
option pricing. 

!"#$!"#$ !, !
= min !"_!"#$!"# !, !   ,!"_!"#$!"! !, !        (5)	  

3.2.2.1 Lattice Model (Risk Neutral 
Approach) 

The two underlying’s are modelled as 
independent because, according to several 
authors the correlation between CO2 and 
kerosene prices has not so far been significant 
(Girardet & Spinler, 2013).	  The price evolution 
is determined by the number of up u and down 
d movements (random parameters) that have 
occurred at each dt period, reflecting the 
market conditions. For example the kerosene 
prices lattice the input variables are 
determined through formulas 5, 6 and 7.  

 

The CO2 price lattice follows the same 
calculations. A quadrinomial lattice of future 
prices is created through the sum of the 
kerosene and CO2 binomial lattices. The 
lattice of potential future costs of the 
underlying’s, cost!   i, n  can be determined 
using the risk neutral probabilities for options 

 Kerosene 

!"#$ !!! ! !"#$!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!"#$
!!! ! ! !!!!" !$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$!%#$
!! ! !!!!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$!&#$
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valuation. Finally, calculation of the expected 
value of the asset proceeds, applying a 
backward induction, with risk-neutral 
probabilities and discounting using the risk 
neutral interest rate. The probability of the 
kerosene to increase or decrease is given by 
the following equations. The same calculation 
method is applied to CO2.  

 

Considering joint movements, these risk-
neutral probabilities for options valuations can 
be multiplied. For example,	   !!"!# =
  !!"   ×  !!" .	  
	  
4. Application	  and	  results	  of	  the	  model	  

 
4.1.	  Input	  variables	  	  
 
The input variables that are in common for 
both aircrafts are (independent of aircraft type): 
 
(1) Kerosene initial price (Kerp0(i,y)): 901.6 $/ton 
(2) Kerosene annual cost volatility (σk): 2.84% 
(3) CO2 initial price (CO2p0(n,y)): 6.814$/ton 
(4) CO2 annual cost volatility (σc): 3.58% 
(5) Free Allocation (FA): 52% 
(6) Emission factor (ef): 3.157 kgCO2/kg fuel 
(7) Distance per flight (distpf): 937 Nm/flight1 
(8) Kerosene consumption per flight (kerconspf): 
  6.230 ton/ flight 
(9) Flights per day (Flights per day): 5 days 
(10) Operational days per year (Op_daysy): 345 
days/year 
(11) Maintenance Costs per year: table 1 
 
The initial prices are the first value of the lattice 
of future prices. The kerosene initial price (1) is 
the average price between June 2012 and 
June 2015. The data source is the platts 
website (Platts, 2015) and the average is 
obtained from the daily prices. From this 
historical data it was possible to determine the 
standard deviation for this variable and thus 
obtain the kerosene volatility (2). The CO2 
initial price (3) corresponds to the 2015´s 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 One nautical mile equals 1,852 metres (1 Nm = 1.852 
km) 

average value, obtained from the daily prices 
published on the European Energy Exchange 
website (EEX, 2016). To convert CO2 price to 
$, it is assumed the 2015 exchange rate.	  
Analogously to the kerosene, the future CO2 
volatility (4) is estimated based on 2013, 2014 
and 2015 allowance prices. The uncertainty 
lies over two types of costs: kerosene costs 
and CO2 costs. It was considered that there 
was no uncertainty about the future evolution 
of the remaining costs – “Other costs”.  

The 52% of free allocation (5) is the 
percentage of allowances allocated for free to 
a country and indirectly to airline companies. It 
was assumed the value proposed by (Girardet 
& Spinler, 2013). Among several alternatives, 
the adopted emission factor 3.157 kgCO2/kg 
fuel is the most used within airline industry, for 
example in the Small Emitters Tool 
(EuroControl, 2015).  The distance per flight 
(7) is a typical distance flown by short-haul 
aircrafts and it was set 937 Nm/flight, which 
corresponds, to 1735 Km/flight. Considering 
the characteristics of the air traffic covered by 
the EU ETS, given an aircraft type and the 
distance flown, the Small Emitters Tool 
calculates the kerosene consumption per flight 
(8). The operational days per year are 
dependent on the maintenance scheduling.	  
Some airlines do “A checks” on overnight stops 
that are extended to about 12 hours, so the 
airplane isn't taken out of service. It will be 
assumed that in one year an A320 take-off 345 
days per year, according to Girardet & Spinler 
(2013), and performs on average 5 flights per 
day (9), in accordance with TAP historical data 
(TAP, 2015). Finally, maintenance costs (11) 
were obtained from Airbus maintenance cost 
projection (TAP, 2015) and can be seen in 
table 2. It is assumed that maintenance costs 
have the same profile for both aircrafts, 
however, it is expected a 14% reduction in 
operating costs of the A320neo. Due to a lack 
of information specifying the “operating costs”, 
this consideration is not applied in this study. 
The input variables dependent on aircraft type 
are: 
Table	  1	  -‐	  Aircraft	  dependent	  variables	  

Variable	   A320ceo	   A320neo	  
    !"#$%&! 	  (%)	   0	   20	  

kerannuala	  (ton/year)	   10	  746.75	  	   8	  584.40-‐	  
Leasing	  rental	   Table	  2	   Table	  2	  	  

                     Kerosene 

!!" ! !!"#$!!!
!!!!!

!!!!!!!!!!!!!!!!!!!!"#$!

!!" ! !! !!!!!!!!!!!!!!!!!!!!!!!"%&$!
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The annual kerosene consumption is 
determined by formula 2. It is assumed that the 
newest model (A320neo) is 20% more 
efficient.  The efficiency is set to 0% for the 
A320ceo (Airbus Press Office, 2014). Leasing 
costs were determined considering the market 
value of each aircraft (A320ceo: 97,000,000 
US$; A320neo 107,300,000US$) and a 
depreciation rate. The monthly lease rentals 
are determined multiplying the 0.8-1.2% rate to 
the market value of the aircraft in each year. 
To the calculation of the annual lease rates, an 
annual risk free interest rate (riskfr) of 2.4% 
based on Treasury Obligations issued has 
been applied.   

Table	   2	   -‐	   A320ceo	   and	   neo	   annual	   maintenance	   and	  
leasing	  cost,	  during	  15	  years	  of	  operation.	  Source:	  (TAP,	  
2015)	  

 

4.2.	  Period	  of	  replacement	  analysis	  
The quadrinomial model requires an 
appropriate horizon of time that represents the 
maturity of the replacement option. In average, 
airplanes have an operating lifetime of 20-25 
years. The replacement analysis period is 15 
years. It will be considered an A320ceo and 
A320neo with an operation starting in 2015.  

4.3.	  Kerosene	  and	  CO2	  prices	  
The first step of the model is the determination 
of the binomial price lattices for kerosene and 
CO2. The two underlying’s are modelled as 
independent because, according to several 
authors the correlation between CO2 and 
kerosene prices has not so far been significant 
(Girardet & Spinler, 2013). Figure 3 presents 
the lattice of future kerosene prices, 
considering a volatility σk of 2.84% and the  
initial price of kerosene, 901.6 $/ton. The up 
factor is (uk) is 1.0288 and the down factor (dk) 
is 0.9720.  

The lattice of CO2 future prices assumes a 
3.90% of volatility σc, a initial price of 6.81 
US$/ton and an up (uc) and down (dk) equal to 
1.0364 and 0.9628 respectively. 

	  
4.4	  Quadrinomial	  lattices	  

After developing a quadrinomial lattice of the 
annual costs cost!   i, n  driven by kerosene (k) 
and CO2 (c), for each aircraft, it is mandatory 
to calculate the Present Value lattices  of the 
costs, appying equation 3. The assumed risk 
neutral interest rate, 10,50% per year,  
corresponds to the cost of equity for a large 
airline group, Lufthansa, used by Girardet & 
Spinler (2013) study. The results are available 
on figure 5 and 6 (only a sample). 

 

 

Finally, the backward lattices for each aircraft 
are presented bellow. This lattices are 
determined using the risk neutral probabilities. 
The risk free interest rate (riskfr)  is 2.4% 
based on Treasury Obligations for a 6 year 
maturity period. 

 
Figure	   7	   –	   Backward	   lattice	   for	   the	   A320ceo	   (values	   in	  
US$).	  
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2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

169,226,901 145,438,043 125,020,185 107,491,475 92,439,578 79,511,546 68,405,184 58,861,684 50,659,333 43,608,148 37,545,293 32,331,163 27,846,038 23,987,229 20,666,630 17,808,629
145,353,358 124,946,068 107,426,608 92,382,805 79,461,857 68,361,697 58,823,623 50,626,022 43,578,994 37,519,777 32,308,831 27,826,493 23,970,123 20,651,658 17,795,525
145,269,219 124,877,069 107,366,219 92,329,952 79,415,600 68,321,212 58,788,190 50,595,011 43,551,853 37,496,023 32,288,040 27,808,297 23,954,198 20,637,720 17,783,327
145,149,485 124,805,262 107,310,000 92,280,749 79,372,537 68,283,522 58,755,204 50,566,141 43,526,585 37,473,909 32,268,686 27,791,358 23,939,372 20,624,745 17,771,971
144,893,249 124,684,115 107,246,869 92,234,943 79,332,447 68,248,435 58,724,496 50,539,264 43,503,063 37,453,321 32,250,668 27,775,588 23,925,570 20,612,665 17,761,399
144,360,711 124,399,157 107,117,548 92,176,939 79,295,126 68,215,771 58,695,908 50,514,244 43,481,165 37,434,156 32,233,894 27,760,907 23,912,722 20,601,420 17,751,557
143,495,846 123,823,384 106,796,406 92,032,247 79,238,554 68,185,362 58,669,294 50,490,951 43,460,778 37,416,313 32,218,278 27,747,240 23,900,760 20,590,951 17,742,394
142,430,075 122,957,082 106,181,733 91,669,039 79,070,752 68,126,083 58,644,517 50,469,266 43,441,800 37,399,703 32,203,741 27,734,517 23,889,624 20,581,205 17,733,864
141,418,863 121,987,460 105,337,908 91,025,444 78,662,142 67,926,933 58,577,565 50,449,079 43,424,132 37,384,240 32,190,207 27,722,672 23,879,258 20,572,132 17,725,923
140,660,569 121,160,943 104,491,027 90,231,782 78,005,951 67,473,473 58,338,629 50,368,169 43,407,684 37,369,844 32,177,608 27,711,645 23,869,607 20,563,686 17,718,531
140,189,900 120,605,465 103,850,111 89,527,912 77,291,447 66,827,498 57,846,458 50,081,541 43,304,546 37,356,443 32,165,879 27,701,380 23,860,622 20,555,822 17,711,649
139,923,152 120,290,181 103,466,347 89,061,018 76,741,063 66,218,909 57,239,147 49,564,318 42,964,293 37,219,916 32,154,959 27,691,823 23,852,258 20,548,502 17,705,242
139,759,828 120,115,016 103,263,750 88,811,932 76,425,089 65,820,033 56,756,523 49,027,352 42,445,016 36,824,668 31,969,736 27,682,926 23,844,472 20,541,687 17,699,278
139,637,615 119,999,273 103,147,269 88,684,528 76,272,495 65,623,373 56,493,765 48,679,254 42,008,807 36,336,627 31,527,087 27,427,815 23,837,223 20,535,343 17,693,725
139,531,198 119,904,544 103,061,304 88,603,520 76,190,934 65,532,811 56,381,180 48,525,448 41,788,380 36,023,398 31,112,480 26,961,574 23,482,722 20,529,436 17,688,556
139,433,347 119,818,731 102,985,834 88,536,704 76,130,870 65,476,992 56,325,760 48,463,918 41,709,327 35,907,142 30,927,416 26,665,086 23,044,574 20,034,351 17,683,744
139,342,376 119,739,103 102,916,123 88,475,647 76,077,329 65,429,894 56,283,992 48,426,107 41,673,357 35,869,055 30,878,926 26,587,869 22,897,193 19,722,259 16,990,458
139,257,691 119,664,986 102,851,256 88,418,874 76,027,640 65,386,406 56,245,931 48,392,796 41,644,202 35,843,538 30,856,593 26,568,323 22,880,087 19,707,288 16,977,355

Backward lattice_defender = A320ceo (US$/year)

KEROSENE PRICES TREE (US$/TON JET FUEL)
year 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

901.60 927.55 954.25 981.71 1,009.97 1,039.04 1,068.95 1,099.72 1,131.37 1,163.93 1,197.44 1,231.90 1,267.36 1,303.84 1,341.37 1,379.98
876.38 901.60 927.55 954.25 981.71 1,009.97 1,039.04 1,068.95 1,099.72 1,131.37 1,163.93 1,197.44 1,231.90 1,267.36 1,303.84

851.86 876.38 901.60 927.55 954.25 981.71 1,009.97 1,039.04 1,068.95 1,099.72 1,131.37 1,163.93 1,197.44 1,231.90
828.02 851.86 876.38 901.60 927.55 954.25 981.71 1,009.97 1,039.04 1,068.95 1,099.72 1,131.37 1,163.93

804.86 828.02 851.86 876.38 901.60 927.55 954.25 981.71 1,009.97 1,039.04 1,068.95 1,099.72
782.34 804.86 828.02 851.86 876.38 901.60 927.55 954.25 981.71 1,009.97 1,039.04

760.45 782.34 804.86 828.02 851.86 876.38 901.60 927.55 954.25 981.71
739.17 760.45 782.34 804.86 828.02 851.86 876.38 901.60 927.55

718.49 739.17 760.45 782.34 804.86 828.02 851.86 876.38
698.39 718.49 739.17 760.45 782.34 804.86 828.02

678.85 698.39 718.49 739.17 760.45 782.34
659.86 678.85 698.39 718.49 739.17

641.40 659.86 678.85 698.39
!k = 0.03 623.45 641.40 659.86
uk = 1.03 606.01 623.45
dk = 0.97 589.06

Kerosene prices

Figure	  3	  -‐	  Lattice	  of	  kerosene	  prices	  (values	  in	  US$).	  

CO2 PRICES TREE (US$/TON CO2)

year 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
6.81 7.06 7.32 7.59 7.86 8.15 8.45 8.75 9.07 9.40 9.74 10.10 10.47 10.85 11.24 11.65

6.57 6.81 7.06 7.32 7.59 7.86 8.15 8.45 8.75 9.07 9.40 9.74 10.10 10.47 10.85
6.34 6.57 6.81 7.06 7.32 7.59 7.86 8.15 8.45 8.75 9.07 9.40 9.74 10.10

6.12 6.34 6.57 6.81 7.06 7.32 7.59 7.86 8.15 8.45 8.75 9.07 9.40
5.91 6.12 6.34 6.57 6.81 7.06 7.32 7.59 7.86 8.15 8.45 8.75

5.70 5.91 6.12 6.34 6.57 6.81 7.06 7.32 7.59 7.86 8.15
5.50 5.70 5.91 6.12 6.34 6.57 6.81 7.06 7.32 7.59

5.30 5.50 5.70 5.91 6.12 6.34 6.57 6.81 7.06
5.12 5.30 5.50 5.70 5.91 6.12 6.34 6.57

4.94 5.12 5.30 5.50 5.70 5.91 6.12
4.76 4.94 5.12 5.30 5.50 5.70

4.60 4.76 4.94 5.12 5.30
4.44 4.60 4.76 4.94

!c = 0.04 4.28 4.44 4.60
uc = 1.04 4.13 4.28
dc = 0.96 3.98

CO2 prices

Figure	  4	  -‐	  Lattice	  of	  CO2	  prices	  (values	  in	  US$).	  

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
160 353 123 141 884 803 125 258 796 110 595 471 97 062 552 85 557 592 74 442 648 64 976 429 56 437 104 49 346 582 42 232 503 36 848 890 30 478 088 26 005 555 21 431 168 17 808 629

141 818 978 125 198 770 110 540 851 97 012 970 85 512 702 74 402 123 64 939 963 56 404 408 49 317 384 42 206 547 36 825 935 30 457 907 25 987 932 21 415 900 17 795 525
141 223 098 125 142 888 110 490 003 96 966 812 85 470 911 74 364 397 64 906 015 56 373 969 49 290 203 42 182 384 36 804 565 30 439 119 25 971 526 21 401 687 17 783 327
140 763 523 124 548 127 110 442 665 96 923 841 85 432 006 74 329 275 64 874 411 56 345 633 49 264 898 42 159 889 36 784 671 30 421 629 25 956 253 21 388 456 17 771 971

PV lattice_defender = A320 ceo

Figure	  5	  -‐	  PV	  lattice	  for	  the	  A320ceo	  (values	  in	  US$).	  

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
149 096 110 131 193 909 115 164 413 101 116 567 88 208 476 77 329 638 66 835 416 57 979 001 50 034 063 43 518 886 36 958 239 32 103 918 26 236 592 22 240 507 18 114 727 14 912 472

131 141 325 115 116 461 101 072 934 88 168 868 77 293 778 66 803 043 57 949 870 50 007 944 43 495 562 36 937 504 32 085 581 26 220 470 22 226 429 18 102 531 14 902 005
130 665 308 115 071 820 101 032 314 88 131 995 77 260 394 66 772 905 57 922 751 49 983 628 43 473 848 36 918 202 32 068 510 26 205 461 22 213 323 18 091 177 14 892 260
130 298 179 114 596 698 100 994 499 88 097 668 77 229 314 66 744 849 57 897 504 49 960 992 43 453 633 36 900 232 32 052 617 26 191 489 22 201 122 18 080 607 14 883 188

PV lattice_challenger = A320 neo

Figure	  6	  -‐	  PV	  lattice	  for	  the	  A320neo	  (values	  in	  US$).	  
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Figure	   8	  –	   Backward	   lattice	   for	   the	   A320neo	   (values	   in	  
US$).	  

Through the comparison of the nodes of the 
two backward lattices, it is possible to identify 
the where the replacement is advisable.	  
Starting the comparison in the first year of the 
tree, the PV of the defender is 161,785,032 
US$ and 145,098,372 US$ for the challenger. 
The difference between NPV´s is 11,5% and 
the defender NPV is lower than the challenger 
NPV, thus after the first year of the analysis, it 
is advisable to replace the old technology for 
the newest one. Calculations have been made 
without CO2 costs (i.e., with kerosene as the 
only source of uncertainty) and the results are: 

	  Figure	  9	  -‐	  2015	  NPV	  with	  and	  without	  CO2	  costs.	  

The reduction on the value of aircrafts is -
0.83% for the A320ceo and -0.77% for 
A320neo. These results enhance the reduced 
influence of CO2 costs in the replacement 
decision. 

5. Sensitivity analysis 
Sensitive analysis allows explore the sensitivity 
of the solutions. In particular, it will be 
examined how the decision of replacement is 
affected with changes in kerosene and CO2 
volatilities and Free Allocation. A 2 % 
perturbation around the volatility of kerosene 
standard value, originates a variation in the 
Present Value (PV) between [-16.34%, 3.30%] 
for the A320ceo and [-15.23%, 3.08%] for the 
A320neo. The most critical impact on costs is 
obtained with a reduction of the kerosene 
prices volatility. The PV reduces more 10% 
when compared with an increase in the 
volatility. The A320ceo is more sensible to a 
change in the volatility. It is possible to 
conclude that a reduction in the volatility is 
favourable to the airlines because profits might 
be achieved, however is not enough to change 
the decision of replacement – it is still 
favourable the replacement for the A320ceo in 
2015. For the CO2 volatility, a 2% perturbation 

around the standard value origins an 
insignificant change in the costs in terms of 
present values of both technologies. This 
results show that CO2 has no particular 
influence in the costs of one single aircraft. 
This can be affected by the magnitude of the 
CO2 costs. Each CO2 allowance was in 
average (6.90$/ton) in 2015. When compared 
with the kerosene price (901.6$/ton) the value 
is 99% lower. The costs of CO2 might have 
particular importance when considering an 
entire fleet operated by the airliner. To analyse 
the impact of the free allocation, ie the 
percentage of CO2 allowances received for 
free, a perturbation of 30 % around the 
standard value has been tested. The results 
demonstrate that this variation influences the 
PV between [-0.52%, +0.48%] for the A320ceo 
and [-0.48%, 0.48%] for the A320neo. For the 
worst scenario, which corresponds to a 0% of 
free allocation the results are 0.90% for the 
A320ceo and 0.84% for A320neo. In general 
this perturbation has no particular influence in 
the present value of the aircrafts.  

 
6. Conclusions 
This study reveals that Real Options model is a 
useful to determine the level and time of 
aircraft replacement. However, considering 
several uncertainties, dealing with 
quadrinomial lattices becomes more complex. 
From several possibilities, a well known 
existing aircraft model was chosen– A320ceo– 
to be replaced by the next generation of fuel 

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
145 098 372 124 478 233 106 814 629 91 679 642 78 707 897 67 587 330 58 051 333 49 872 064 42 854 756 36 832 869 31 663 957 27 226 149 23 415 149 20 141 673 17 329 274 14 912 472

124 410 583 106 755 421 91 627 822 78 662 544 67 547 637 58 016 593 49 841 659 42 828 145 36 809 579 31 643 574 27 208 309 23 399 535 20 128 008 17 317 314 14 902 005
124 343 369 106 700 301 91 579 581 78 620 323 67 510 684 57 984 252 49 813 354 42 803 372 36 787 897 31 624 598 27 191 701 23 384 999 20 115 286 17 306 180 14 892 260
124 247 720 106 642 939 91 534 671 78 581 017 67 476 283 57 954 144 49 787 003 42 780 310 36 767 713 31 606 932 27 176 240 23 371 467 20 103 443 17 295 814 14 883 188
124 043 027 106 546 161 91 484 239 78 544 425 67 444 258 57 926 115 49 762 471 42 758 840 36 748 922 31 590 486 27 161 846 23 358 870 20 092 417 17 286 165 14 874 743
123 617 610 106 318 523 91 380 931 78 498 088 67 414 444 57 900 021 49 739 634 42 738 852 36 731 429 31 575 175 27 148 447 23 347 142 20 082 153 17 277 181 14 866 881
122 926 717 105 858 569 91 124 388 78 382 502 67 369 252 57 875 729 49 718 373 42 720 245 36 715 143 31 560 922 27 135 972 23 336 224 20 072 598 17 268 818 14 859 561
122 075 330 105 166 528 90 633 359 78 092 354 67 235 204 57 828 374 49 698 581 42 702 922 36 699 982 31 547 653 27 124 359 23 326 060 20 063 702 17 261 033 14 852 747
121 267 527 104 391 949 89 959 272 77 578 221 66 908 787 57 669 284 49 645 097 42 686 795 36 685 868 31 535 300 27 113 548 23 316 598 20 055 421 17 253 785 14 846 404
120 661 766 103 731 689 89 282 745 76 944 207 66 384 592 57 307 039 49 454 223 42 622 161 36 672 729 31 523 801 27 103 483 23 307 789 20 047 711 17 247 037 14 840 498
120 285 774 103 287 947 88 770 752 76 381 923 65 813 813 56 791 004 49 061 054 42 393 189 36 590 337 31 513 095 27 094 113 23 299 589 20 040 534 17 240 756 14 835 000
120 072 684 103 036 083 88 464 184 76 008 947 65 374 141 56 304 836 48 575 906 41 980 007 36 318 528 31 404 031 27 085 390 23 291 955 20 033 852 17 234 908 14 829 882
119 942 213 102 896 154 88 302 340 75 809 966 65 121 726 55 986 195 48 190 364 41 551 054 35 903 705 31 088 288 26 937 425 23 284 847 20 027 632 17 229 464 14 825 118
119 844 584 102 803 693 88 209 289 75 708 190 64 999 827 55 829 094 47 980 461 41 272 977 35 555 241 30 698 419 26 583 816 23 081 053 20 021 841 17 224 396 14 820 682
119 759 573 102 728 019 88 140 617 75 643 477 64 934 673 55 756 749 47 890 523 41 150 110 35 379 154 30 448 197 26 252 610 22 708 598 19 738 650 17 219 678 14 816 553
119 681 405 102 659 468 88 080 328 75 590 101 64 886 691 55 712 158 47 846 251 41 100 957 35 316 003 30 355 326 26 104 772 22 471 749 19 388 637 16 824 181 14 812 708
119 608 733 102 595 857 88 024 640 75 541 326 64 843 919 55 674 534 47 812 885 41 070 752 35 287 268 30 324 900 26 066 036 22 410 065 19 270 902 16 574 867 14 258 880
119 541 083 102 536 650 87 972 820 75 495 973 64 804 226 55 639 794 47 782 480 41 044 142 35 263 978 30 304 517 26 048 196 22 394 451 19 257 237 16 562 907 14 248 412

Backward lattice_challenger = A320ceo

CO2 PV Ceo - defender 
(US$) 

PV Neo - challenger 
(US$) 

With CO2 costs 169,226,901 145,098,372 

Without CO2 costs 167,825,613 (-0.83%) 143,978,959 (-0.77%) 

Difference 1,401,288 1,119,413 

 

Figure	  10	   -‐	  Sensibility	  analysis	   to	  kerosene,	  CO2	  and	  
free	  allocation.	  

!"#$"%&' Perturbation A320ceo A320neo

0.84% (-2%) 141,571,873      
(-16.34%)

123,006,261          
(-15.23%)

2.84% std. 169,226,901 145,098,372

4.84% (+2%) 174,815,476 
(+3.30%)

149,562,783 
(+3.08%)

22.84% (+20%) 182,596,691 
(7.90%)

155,778,777 
(+7.36%)

1.58%(-2%) 169,332,970 
(+0.063%)

145,183,105 
(+0,058%)

3.58% std. 169,226,901 145,098,372

5.58%(+2%) 169,135,705      
(-0.054%)

145,025,521        
(-0,050%)

23.58% (+20%)   168,754,981     
(-0.2791%)

144,739,351         
(-0.260%)

82% (+30%) 160,948,447        
(-0.52%)

144,398,739            
(-0.48%)

52% std. 161,785,032 145,098,372

22% (-30%) 162,621,616 
(0.52%)

145,798,005 
(0.48%)

0% (-52%) 163,235,112 
(0.90%)

146,311,069 
(0.84%)

!"##$
%&&'()*+',

-#"'.#,#$
/'&)*+&+0
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efficient aircrafts – A320neo. The maturity 
period was 15 years, starting in 2015, and 
during those years the airline would establish a 
contract leasing to finance the aircraft. In this 
study the option of purchasing the aircraft is 
not considered. The most relevant costs 
introduced were the kerosene costs, CO2 costs 
and the “other costs” which include leasing and 
maintenance costs. The results showed that 
the A320neo is the best option to consider 
since the first year of the time frame analysis, 
ie, 2015, because the NPV of the defender is 
higher (169,226,901.00 US$) than the NPV of 
the challenger (145,098,372.00 US$). The 
factor that most contribute to this result is the 
annual kerosene consumption of the A320neo 
aircraft when compared to the old technology. 
A 20% reduction in fuel consumption makes a 
decisive difference in an industry with thin 
margins. The results demonstrated that there 
is almost no influence of CO2 costs regarding 
the NPV of A320neo and A320ceo, which 
mean that the replacement decision is not 
influenced by CO2 costs. Without CO2 
interference, the NPV of the A320ceo only 
reduces 0.83% and 0.77% for the A320neo. 
The kerosene costs is the most sensitive 
parameter, because strongly influences the PV 
of both aircrafts (in average implies a reduction 
of 15%), whereas the effect of a perturbation in 
the CO2 price volatility is almost negligible 
(0%). Finally, the sensitivity analysis to the free 
allocation, demonstrate that this parameter has 
almost no influence in the NPV values (+/-
0.52% for A320ceo; +/- 0.48% for the 
A320neo). Summarizing, it has been proved 
that a perturbation in kerosene prices impact 
on PV costs. Having in account both 
uncertainties, the RO model allowed an 
unequivocal indication of the level of 
replacement given the most relevant 
uncertainties in the airline business. In future 
works it is suggested to do the same analysis 
considering an aircraft fleet instead of one 
aircraft, to pursue the real impact of CO2 in 
airline costs. Also, other relevant uncertainty 
within aircraft operation, such load factors or 
traffic growth	  in	  the future can be considered in 
the real options model.	  	  
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