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Abstract

Undoubtedly, the flight of a complex aircraft between two locations is associated with a significant engine fuel
consumption leading to a likewise significant as well as complex environmental burden. With improved under-
standing of the environmental impact of flights from extensive research, the present work utilises a validated
model for the main engine’s fuel consumption applicable to Boeing 777’s using the GE90-110 engine base.
Methodologically, the engine fuel consumption model used in this paper incorporates EUROCONTROL’s widely
accepted BEAM model, which is overarched by, e.g., an incorporated complex weather model. It uses a MERRA-
2 product harmonised with METAR information per flight trajectory-relevant airport. This information as well
as information from other submodels is passed into an emission evaluation model that relies on Boeing’s Fuel
Flow Method 2.

Applying the approaches, the authors examine the corresponding emission substances for the provided flight
trajectories over an eight month period starting at the beginning of the year of the Ukrainian-Russian conflict,
2022. For a more detailed knowledge and understanding, the findings are compared with the corresponding
reference period in 2019 (as pre-Covid-19 basis). Although fairly low resolved, the trajectories for the respective
time intervals were aggregated through Flightradar24, which utilises a filtered combination of position determi-
nation through ADS-B, radar, and multilateration information. The rationale for using this data is based on
the relatively easy access of the data compared to actual Flight Data Recorder reports.

In total, for both years 276,536 original flight events of different quality are provided, which implies the need
for flight event recombination if the flight event is of a cross-day character. Thus, the day-wise recombination
for the individual year 2019 and 2022 left 97,083 and 131,952 for further evaluation.

Additionally, not all the supplied Flightradar24 data can be used in above-mentioned models due to data
integrity problems. Therefore, the provided trajectories are screened for three error types: (A) a range check,
(B) a data gap check, and (C) trajectory completeness. After recombination and data cleaning,

The aggregated results show a significant increase in aircraft movements in the year 2022 by 37.04% that lead to
well above 9.5mio.t of carbon dioxide emitted. Thus, a significant contribution to increase the aviation-imposed
environmental burden is ascertained. Therefore, a multilayered flight event deduction was performed to identify
the trajectories that penetrate the focal airspaces of Ukraine and Russia. These analyses have determined the
influence of the flight numbers, routes, and individual operators. Subsequently, the more and less restriction-
affected operators have been identified. An airline from Far East Asia experiences the most striking year-to-year
changes introduced by the airspace bans resulting in a notable emission of primary and secondary constituents.
Finally, the prominent effort-added for German B777 operators has been quantified.
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NOMENCLATURE

Roman Symbols

FC
f
FF

Fuel Consumption, kg

BADA BEAM fuel coefficient, diff. units
Fuel Flow, kgs™!

Number, km

Oil Consumption, gth™!

Range, km

BADA BEAM thrust coefficient,
units

Thrust, N
Temperature, ms™
Time, s

Speed, ms™!

diff.

1

Greek Symbols

A

I
o

Subscripts
adj
Block
CRZ
dev
DP
FE
max
min
Ref
Reg
TAS

X

Acronyms
AAW
ADS-B

B7T7
BADA
BEAM
CFR
CSV
DFS

DP

FAA
FDR

FE

FIR
FLARM
FN

FOB
FR24
GES DISC

GPS
TATA
ICAO
D
IQR
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Difference operator
Arithmetic mean
Standard deviation

Adjusted

Block

Cruise phase
Deviation

Data Point
Flight Event
Maximum
Minimum
Reference
Regression-based
True Airspeed
Coefficient counter

/ Abbreviations
Actual Aircraft Weight
Automatic Dependent
Broadcast

Boeing 777

Base of Aircraft Data
BADA Enhanced Approach to Modelling
Code of Federal Regulations
Comma-separated values

Deutsche Flugsicherung

Data Point

Federal Aviation Administration

Flight Data Recorder

Flight Event

Flight Information Regions

FLight alARM

Flight Number

Fuel on Board

Flight Radar 24

Goddard Earth Sciences Data and Infor-
mation Services Center

Global Positioning System

International Air Transport Association
International Civil Aviation Organization
Identification Number

Interquartile Range

Surveillance -

ISA International STandard Atmosphere

LH Long-haul

MERRA-2 The Modern-Era Retrospective analysis
for Research and Applications, version 2

METAR  Meteorological Aerodrome Reports

MH Medium-haul

MTW Maximum Taxi Weight

NASA National Aeronautics and Space Adminis-
tration

NOTAM  Notice to Airmen/Notice to Air Missions

OBW Off-block Weight

ocC Oil Consumption

OEW Operating Empty Weight

OL Oil Level

PDF Probability Density Function

PIA Pakistan International Airlines

PL Payload

SH Short-haul

UAE United Arab Emirates

UIR Upper Flight Information Region

Y2Y Year-to-Year

1. INTRODUCTION

Without a doubt, aviation has a non-negligible impact
in altering local and global air composition. Hence,
this transport mode is widely accepted to be classified
as having a negative impact on both local air quality
and climate change. In the last decade, there has been
an increase in the amount of effort in modelling air-
craft operating-induced emission in the scientific com-
munity. Especially, in the following fields:
« fuel consumption (FC) modeling of a generic
(e.g., (1], [2], [3], [4], [5], [6], [7], to name a few)
and individual nature (e.g., [8], [9]),
« emission and dispersion modeling with their at-

mospheric coupling characteristics, and side ef-

fect coupling (i.e., [10], [8], [11], [12], [13], [14],

[15], [16], [17], and [18] to name a few) etc.
Research in these fields has been highlighted as rele-
vant under the increasing societal awareness for this
transport sector’s emission responsibility. In fact, this
focus is almost exclusively based on the thrust engine-
related fuel burn, with minor digressions into the Aux-
iliary Power Unit-related fuel burn. Generally speak-
ing, other air-altering constituents must be considered
under-represented in the scientific community. This
context can be, e.g., traced back to issues with propri-
etary data and data privacy entitlement, and, subse-
quent challenges in receiving detailed, structured in-
formation by the respective participants in global avi-
ation.
The development of these models, undoubtedly, has
created the baseline for a common understanding in
aircraft operation and its consequences for the envi-
ronment and mankind.
In the present work, this context is identified and the
role and influence of the B77L' (aircraft-individual as-

I This International Civil Aviation Organization (ICAO) air-
craft descriptor likewise contains the aircraft types of Boeing
777-200LR (passenger version) and 777-F (freighter version).
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sessment similar to [19]) will be evaluated and chal-
lenged after a general introduction to the historical
background.

1.1. The Invasion of Ukraine

In February 2023, the century-long political tensions
between Ukraine and Russia increased as a conse-
quence of the latest aggressive Russian campaigns
of the annexation of the Crimean peninsula (2014)
and the political recognition of the proclaimed (but
internationally unrecognised) separatist territories of
Luhansk and Donezk on 21%% February 2021. Both
agitations paved the way to the 24*" February 2022
when the strained relationship culminated in the Rus-
sian invasion of the Ukrainian territory. In addition
to the humanitarian or economical drawbacks, the
attack imposed massive repercussions on the respec-
tive national and international aviation, which will be
focused in the present work. Currently, the Deutsche
Flugsicherung (DFS) has set a Level 3 risk level pro-
hibiting civil German air operators to penetrate the
Flight Information Regions (FIR) of Dnipropetrovsk,
Simferopol, Lviv, Odesa, and Kyiv as well the latter’s
Upper Flight Information Region (UIR). Beginning
the 25'" February 2022, parts of the Russian and
the Belarusian airspace (FIR Moscow, Rostov-Na
Donu, and Minsk) are being considered a Level 2
risk with possible usage of weapons against operators
and are, thus, recommended to be avoided, the DFS
announced [20]. The Federal Aviation Administra-
tion (FAA) agrees with their published Notice to
Airmen/Notice to Air Missions (NOTAM/NOTAMs)
issued in [21] and [22], respectively.

The developed international tension has introduced a
wave of airspace bans initiated by the government of
the United Kingdom towards the Russian air opera-
tors. As a respective adversarial action, Russia an-
nounced the same for British aircraft on the following
day. Up until 15* March 2022, the two conventionally
formed opposite systems, namely the Western coun-
tries (e.g., European Union, Canada, and USA) and
Russia have mutually banned each other’s operations
in their relevant airspaces [23-25]. As a direct con-
sequence, international aviation as a whole has faced
a strict increase in economic and financial expenses.
Here, e.g., [24] highlights the increased flight time and
the incorporated additional fuel burn? (plus imminent
additional refuelling stops if needed) for Western op-
erators relying on Russian airspace. The context is
exemplified in Fig. 1 that clearly shows the trajec-
tory rerouting due to the Russian airspace ban. For
example, on 7" March 2022 Air France flight num-
ber AF276 (Paris to Tokyo) used a southern route
avoiding Ukrainian and Russian airspace as well as the
Simferopol FIR (controlling the airspace around the
Crimean peninsula) with the airspace ban effective. In
contrast, the JL44 flight from London to Tokyo per-
formed a route via the North Atlantic, North Pacific

2That includes the crisis-incorporated oil, and thus kerosene,
prices. [24,26,27]
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to its destination. It is noteworthy that the scientific
community agrees to evaluate LH FE with a South
East Asia direction originating from Finland (mainly
by Finnair) as an operational worst-case scenario (in
terms of routing, incorporated fuel burn, and addi-
tional flight time) [23, 24,26, 28]. Furthermore, the
relation is also applicable to Russian airlines operat-
ing nationally to/through the Kaliningrad FIR and in-
ternationally conceivably close to or through foreign
airspaces.

FIG 1. Exemplary visualization of flight AF276 using
B77W prior and after Russian airspace ban. Flight
JL44 performed a similar route as AF276 on 26"
February 2022 with significant re-routing adjust-
ment from 7" March 2022. [29]

The references [30] (as freighter operation is highly re-
liant on routes from Europe to Asia) and [27] elude
or directly refer to the additional costs with regard
to the transport of goods or the aircraft maintenance.
Whereas the former issue concerns both side’s opera-
tors, the latter is significantly more stringent for Rus-
sian operators as, e.g., the acquisition of replacement
components for the aircraft manufactured by Airbus or
Boeing is prohibited by the respective Western coun-
tries leaving Russian operators almost exclusively with
black market or other (in the understanding of West-
ern countries) illegal replacement acquisition options.
In addition to various other repercussions, the authors
want to highlight the dependency of Western aviation
manufacturers and their suppliers on Russian titanium
that leads to increased costs as new/different sources
and/or supply chains must be established [26,31]. Fur-
ther influences can be deduced from [32]. For purposes
here, the authors have decided to omit indirect ef-
fects such as the influence of the crisis on neighbouring
countries as part of a spillover effect as substantiated
by [25].

In any case globally, Russia is left isolated from west-
ern markets by bans, sanctions, and embargoes from
the western pole that instate nonnegotiable fronts. As
a consequence of the country’s dimensions the depen-
dency on Asian markets, Western operators face added
efforts when offering preinvasion established routes.
This relation describes the rationale for increasing re-
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search effort with respect to the environmental impact
of mutually significant airspace bans on various civil
air operators.

2. METHODOLOGY

In this chapter, the reader is introduced to the ap-
plied models for the calculation emissions as appeared
before in [9]. Both model descriptions are presented
as an overview to introduce the reader to the created
approaches.

Generally, the reader should note that the modelling
approach presented relies on a series of assumptions.
Here, the authors emphasise that the model is created
and validated from FEs performed with a B777-
200LR/B777F. Subsequently, separation of aircraft
type cannot be allowed. That also incorporates the
fact that the type of aircraft used is equipped with
GE90-110B1 engines. Here, the authors neglected the
engine’s maintenance and modification status (that
can be identified as influence, e.g., to the engine oil
consumption) as well as differences with regard to
the engine’s subtype ("-110B1"). Subsequently, it
is assumed that all FEs were performed with this
explicit engine type. Furthermore, the aircraft-engine
integration is also not explicitly reflected by the
model which could lead to additional FC. The sys-
tem/component status is indirectly presented by the
content of the FDR report snippets only, but not
specifically evaluated.

2.1. Data Aggregation & Handling of FR24

As the work aims to improve the understanding of
emissions to the public, the authors also tested the
performance of the incorporated models against,
among others, the ADS-B data of the respective
flights, gathered from the provided FR24 data sets?.
Furthermore, FR24 utilises multiple information to
deduce a specific aircraft position (state), which re-
quires filtering to reduce the respective and combined
measurement uncertainty. Even though receivable
(as ADS-B transponder-equipped aircraft transmit
the data continuously) with fairly low-cost equip-
ment, ADS-B data are prone to various issues like
eavesdropping of the relatively nonsecure communi-
cation, jamming, or message injection/modification,
reports [37]. Furthermore, there are various aircraft
not equipped with the technology, namely smaller or
older aircraft®. Therefore, additional data aggrega-
tion approaches are followed. Briefly, the FR24 data
originate from ADS-B (ground and satellite-based),
multilateration, and radar data [38]. In the present
work, the relevance of portable collision avoidance
system sources such as FLight alARM (FLARM) or
the Open Glider Network are neglected.

3The regulatory technical background on ADS-B is exten-
sively explained in [33], [34], [35]. Interpretation of ADS-B can
be found, among others, in [36] or [37]

4Not to be generalised as the technology can be (and un-
der circumstances should) be retro-fitted (cf. Code of Federal
Regulations 14 CFR 91.225 and 14 CFR 91.227)
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The server-based original data was provided by FR24.
To ensure the readiness of the data provided, the au-
thors established a data handling process that is visu-
alised in Fig. 2. The handling input data is composed
of the individual flight events containing rudimentary
information of

« the aircraft’s 4-D position (with Zulu timestamp

and UNIX timestamp),

« the flight number, altitude®,

« ground speed, and

« flight direction.
In addition, a daily flight summary is offered. It is
composed of

« a flight identification number (ID)®,

« an aircraft 1D,

« the aircraft’s registration,

« the aircraft type,

« the callsign,

« the flight number,

« scheduled origin airport,

« scheduled destination airport, and

« actual destination airport.
As the files are separated per day, they have been re-
combined to complete the respective trajectory and
create the target Comma-separated values (CSV). Fur-
thermore, the trajectories are passed through a gate
keeper to ensure data consistency (data gaps greater
than 3h return a file rejection and, thus, lead to the
termination of the process). The accepted files will be
offered to the proposed model introduced in Sec. 2.2.

Process
Termination

i Model :

Top Level ;
Overview |

Daily Flight
Summaries

Accepted
Input CSVs

Handling Input i
Data!

FIG 2. Data handling procedure for the aggregation of
FR24 CSV input files (own figure).

After recombination and cleaning, the data input con-
tains 57.60% of the year 2019 data are rejected leaving
57,183 files open to be used for the calculations. For
the year 2022 44.69% of the 141,673 flight events are
rejected using the above criteria, introducing a notable
reduction in files.

This results in the evaluation of 739,280,407.68 km
travelled in 135,549 flights performed by 291 unique
aircraft connecting 443 unique airports across both
years. The authors assume the defined setup as repre-
sentative of the actual fleet movement with relevance
to the northern or southern bypass of Russia.

5Notably, FR24’s understanding of altitude does not comply
with the technical term that references to the QNH alone.

6The authors assume that to be a company-internal number-
ing logic.
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2.2. Top Level Design

The present model is created from FDR reports’ that
are assumed to be the single-source-of-truth. Subse-
quently, the created submodels were validated against
the FDR data. To offer an open source approach to
the usage of the submodels, the authors decided to
evaluate the submodel performances against data re-
ports provided by Flightradar24 (FR24) (see Sec. 2.1
to get an overview of the aggregation and structure
of FR24 data). Thus, with the gathered observations
from the respective model validations, an appraisal of
the broad application of FR24 data as input data can
be manifested.

To better illustrate the modelling approach, see Fig. 3.
The top-level model process is initiated with the prepa-
ration of the input data. Thus, the provided trajectory
will be aligned with the upfront defined calculation re-
quirements (e.g., numerical inputs (weights, oil level),
state inputs (e.g., METAR, interpolation functions,
calculation frame), and other supplementary calcula-
tion properties). Subsequently, a gate keeper analyses
the flight trajectory for two additional requirements
that lead to FE rejection if not met:

« A disagreement of calculated great circle dis-
tance® per DP and in summation the aircraft’s
maximum range, and

 an incompleteness of the trajectory (minimum
missing one of the airport of origin and destina-
tion).

In case of a positive rating, the calculation will pro-
ceed to the calculation of the main engine consump-
tion. This portion consists of multiple supplemental
models. Foremost, the FC calculation is based on the
BADA BEAM approach defined in [1]. Furthermore,
a weather module is arranged together with additional
cooperative submodules and is supported with the use
of databases of, e.g., aircraft, airports, and regression
parameters.

The reader should note that the emission assessment
can solely be performed as a result of the FC calcula-
tion. Moreover, the Emission Evaluation that allows
the calculation of the primary and secondary emission
residues applies the Boeing Fuel Flow Model 2.

2.3. Main Engine Fuel Consumption & Emis-
sion Evaluation

To aggregate the aircraft emissions across the provided
trajectories, a model developed by the authors [9] is
used that is designed to be applicable to the relevant
aircraft type. The model is based on the BEAM model
(see [1] for further information) to calculate the FC
of an individual flight event using B77L. In BEAM,
various coefficients for the calculation of thrust tc, and
fuel flow fc, are introduced through said reference. As

"Henceforth, the term FDR report and FDR extract is used
interchangeably.

8A range check failure references to a GPS position error,
where the timestamp is not corrupted. The inter-DP great circle
distance was calculated using the Haversine equation.
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per Eq. 3.1-10 of [1] the thrust is calculated as follows:

(1)

Thr = teg- (teg —terh+tey

—tcs +tcah?)

UTAS UTAS

. (tCG — tC5AT[SA).
Consequently, the fuel flow FF is gathered through:

(2)

FF = fes-(feo— farh+(fea+ feavras — feaviag)
-Thr)).

The developed approach introduces a non-ISA model
using MERRA-2 data in combination with official
METAR. data representing the local atmosphere in
airport-near air parcels. Additionally, a temperature-
dependent correlation was detected and its influence
is compensated by an implemented correction factor
to the respective thrust calculation. Consequently,
the model was validated against FDR data of a
B77L operator. Further comparative validation was
performed using FR24 data, which, ultimately, allows
the provided data to be applied as input data set to
the authors’ model [9].

Fig. 4 illustrates the model performance against the
FDR data and further details the model performance
when clustering the FR24 input data set into SH,
MH, and LH flights. For t he s ake o f understanding,
a time-dependent clustering requirement is used. For
this reason, flight d urationsu pt o 180 m in a re con-
sidered a SH FE. The time interval between 180 min
and 360 min determine an MH FE, and consequently
a flight time greater than the last requirement defines
a LH flight. O bviously, the model shows its weakspot
in the SH portion. Across all FE types, the model
performance is considered acceptable as the median
achieves — 1.13 t with a standard deviation o of 2.89 t
(£-3.93 + 11.98%) compared to the proposed model
with FDR sets.

In contrast to the procedure described in [9], the model
input with respect to the present paper’s focus has
been further adjusted as detailed individual FDR re-
ports (including actual aircraft weight information per
timestamp) are not available for the relevant time pe-
riod. Adjustments include, i.e., the aggregation of
weather data (here: MERRA-2 and METAR informa-
tion), as well as weight inputs. The former will be col-
lected through publicly available data®, the latter will
be separated into three subclusters with maximum and
minimum off-block m ass, and a ¢ ommon trajectory-
individual off-block weight (OBW) deduced from FDR
data of [9]. This approach yields the following equa-
tions that are a result of the limited availability of data

9Data is provided through NASA GES DISC data and the
IOWA Environmental Mesonet Network.
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FIG 3. Top level overview of the modelling approach (own figure).
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FIG 4. Relative Performance of the proposed model from
[9] against FDR data when applying FR24 data
(own figure).

and the sequential nature of the code.

(3) OBWpin(R) = OEW + FOBpey(R) and

OBWaa(R) = OBWpin(R) + PLyas

The minimum OBW weight determination is the
result of the aircraft structural Operating Empty
Weight (OEW) and the regression-based Fuel on
board (FOB) to commence the respective route.
According to Eq. 3, OBW,,4; is allocated from the
range-dependent OBW,,,;,, with the maximum pay-
load PLypqs- The developed weight corridor (between
the grey and orange distributions) with the identified
regression-based weight from [9] is presented in Fig. 5
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as shown in the following illustration. The relevant
frame of consideration for the B77L is presented in
light grey. It is determined through the maximum
range R4, and the OEW and Maximum Taxi Weight
(MTW) respectively.

OEW :

0 2,500 5,000 7,500 10,000 12,500 15,000 17,500
Distance, km

— OBWhqy — OBW —— OBW,ux

FIG 5. Overview of the weight assumptions derived from
regression approaches (colored solid line) and the
train DPs (colored points) as baseline for the cal-
culation input data (own figure).

The authors used 137 FDR reports as the training
baseline to aggregate the respective input OBW for
the subsequent calculation. The reader should note
that the limiting approaches for the minimum and
maximum OBW correlate with the respective constant
structural limit weights of the OEW and MTW. In
essence, the authors decided to align these two weight
inputs with the necessity to operate the planned mis-
sions. Consequently, OBW i, and OBW . must in-
crease with ground distance. The specific values also
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TAB 1. Parametrization of the OBW regression functions.

OBWmin OBW OBWmax
bo 143.81 202.36 252.08
by 0.01 0.01 0.01
by -1.65-10"% -1.28-10~7 -1.65-10"%

rely on the train data that allows one to explore the FC
per individual FDR FE. Subsequently, the observed
functions are parallel.

The three approaches (OBWy;,, OBW, and
OBWi.x) were created using quadratic regres-
sion approaches. Here, the OBW,,;, and OBW .«
achieved a coefficient of determination'?, R2, of 0.94.
The estimated actual OBW shows a reduced R?
of 0.67. That behavior can be traced down to the
influence of the payload of the individual FE as part of
the train data set. Even though unpractical to reflect
the reality, henceforth the authors assume similar
payloads for the subsequent calculation regardless of
the trajectory operator.

The gathered FC results are the starting point for the
Emission Evaluation. As illustrated in Fig. 3, the ap-
proach to calculate the primary emission constituents
was derived from the literature and defines the con-
stant constituent parameters for carbon dioxide, CO,,
water, HyO, and sulfur dioxide, SO,, which is assumed
to incorporate other sulfur oxides S,S, 11 The eval-
uation of the secondary emission constituents follows
the work of DuBois and Paynter from Ref. [39] (with
further discussion in [5]) with the application of [40].
Here, the emission of nitrogen oxide, NO,, carbon
monoxide, CO, and hydrocarbon, HC, is based on the
thrust setting. From a simplified point of view, the
former is increased where the latter two are decreased
with increasing thrust.

3. CASE STUDY -
TURE

THE DATA STRUC-

In this section, the cleaned-up FR24 data is pre-
sented and analyses with regard to the structure and
distribution are commenced. The data covers the
years 2019 and 2022. The former is introduced as
reference year prior to the corresponding influences
from COVID-19 (year 2020 with biasing spurs into
the following year). The latter comprises the first
year of the Russian campaign against the Ukraine as
introduced in Sec. 1.1.

One can observe significant data gaps above land
masses. The largest areal data outages can be
identified in the joint of central Sahara and subtropi-
cal/tropical Africa, as well as the area of the Highland
of Tibet to the northern borders of the country of

10The use of the adjusted coefficient of determination, RQadj,
is neglected as no additional descriptive variables were added.

UEIco, = 3,160gkg !, Ely,0 = 1,230gkg !, Elgo, =
0.84gkg 1.
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Mongolia. In particular, the data show no submitted
DPs at and around the Crimean Peninsula that is
also part of the aggressive political tension between
the focused countries.

To summarize the 57,183 usable files of the year 2019,
the B77L-operated individual FEs cover distances
from 106.36 km to 17,828.32km '2 performed by 227
aircraft. In u, the B77Ls travelled 5,455.12km with
a o of 3,454.51km. The major portion lies in the
range of 2,648.43km (Q1) to 7,376.20km (Q3). In
total, usable data from the global B77L fleet comprise
312,295,033.28 km of ground distance in 2019 (with
reported 26,708,469 DPs).

The analysis has revealed that Qatar Airways com-
menced 9,441 FEs or a share of 16.51% of the present
data set, followed by FedEx Express (15.77% = 9,016
FEs). Further airline shares are depicted in Fig. 19
that offers to identify all operators with more than
2,000 FEs commenced in 2019'3. Notably, the four
major airlines of the Arabic peninsula (Qatar Airways,
Emirates, Etihad Airways, Saudi Arabian Airlines,
and Iraqi Airways) are responsible for 34.61% of all
B77L FEs in 2019. In comparison, the total share is
composed from

1) American operators (24.90%),

2) Asian airlines (18.38%),

3) European operators (14.66%), and

4) Others (7.43%).
The authors have also evaluated the FEs with regard
to the shares in freighter and passenger service. In
fact, the reader should note that this assessment can-
not be evaluated exactly from the given data. A coarse
B777 separation could be made with the data request
for the ICAO aircraft code B77L!. It is noteworthy
that multiple airlines use the B77L’s passenger and
freighter version equally, e.g., Qatar Airways, Emi-
rates, or Ethiopian Airlines. Subsequently, by default,
the state passenger service was assigned generalising,
in an airline’s mixed fleet (passenger and freighter
service, both) the transport of goods on freighter
aircraft are identified as subordinate. The identified
shares can, therefore, be interpreted as an estimated
minimum share for freighters, as only all-freighter air-
lines are identified correctly. Coherently, the portion
of passenger airlines are prone to be interpreted as
maximum assumption. However, with 52.88% is the
minimum freighter share in B77L operation in 2019 is
still higher than the passenger service share of 47.05%.

In 20223, the cleaned data set provided comprises
78,366 FEs performed by 281 aircraft. In fact, the
flight movements are composed of 49,404,910 DPs
that is a significant absolute increase of 84.98% in
available scope of DPs. Here, the shortest FE with

2Minimum ground distance: CDG/LFPG to ORY/LFPO
performed by AF370Y, Maximum ground distance: SFO/KSFO
to DEL/VIDP performed by AI174

13 Henceforth, the term "year" is used for the time interval
from 15¢ January to 315% August of the respective year.
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141.32km was performed on the 23'¢ August 2022'4.
The maximum distance travelled was DOH/OTBD to
DFW/KDFW performed by QR731%%. In general, in
2022 (compared to 2019) npg increased by 36.99% to
427,340,297.16 km.
Similarly to above’s approach, Fig. 6 illustrate the 2-
D distribution of DPs across the earth’s surface and
the corresponding data rate per grid field of 1°-1° res-
olution. Notably, the local concentration of DPs is
exceptionally high in the Greater Hongkong area, now
with an even more prominent DP density of 2.24% (of
2022’s DPs) in the area of the UAE.
The data rate mean value p is improved to 0.14 Hz with
a standard deviation o of 0.15Hz. Additionally, 50%
of the values (IQR) span 0.18 Hz around the arithmetic
mean.
When analysing airline performance, it is clear that
Qatar Airways again drives the UAE share among air-
lines, Fig. 20 reveals. With the UAE share in per-
formed flights remains relatively constant (34.71%),
the differences can be, especially, identified in the num-
ber of FE originated by European (significant increase)
and American operators (reduction in share). Here the
The exact shares are calculated as follows:

1) American operators (21.77%),

2) Asian airlines (15.12%),

3) European operators (20.95%), and

4) Others (5.67%).
For Qatar Airways Tab. 2 even unveils the significant
increase in absolute FE/day of +29.17% within three
years. Additionally, the authors highlight develop-
ment of German cargo operators like Lufthansa Cargo
and Lufthansa’s joint venture (with DHL), Aerologic.
With extensive growth, the former managed to add
165.48% to the FE commenced per day. Already being
a stable B777F operator, Aerologic even added +15.71
flights per day to its schedule.

TAB 2. Flights performed per airline with more than 2,000
FEs per year as lists inner join.

Airline 2019 2022 AFE/day' |- AFE/day'S, %
Qatar Airways 9,441 16,499 +29.17 +74.76
FedEx Express 9,016 11,024 +8.30 +22.27
Aerologic 4,588 8,389 +15.71 +82.85
Emirates 7,399 7,283 -0.48 -1.57
Korean Air 4,635 5,019 +1.59 +8.28
Ethiopian Airlines 4,247 4,442 +0.81 +4.59
Lufthansa Cargo 1,405 3,730 +9.61 +165.48
Turkish Airlines 1,631 3,229 +6.60 +97.98
EVA Air 2,222 3,170 +3.92 +42.66
Southern Air'” 2,021 1,614 -1.68 -20.14

Compared to 2019, the number of B777 all-freighter
FEs (as determined above) increased by 4.76%. In

14CGN/EDDK to LGG/EBLG performed by FX9001

15Henceforth, the authors use the International Air Transport
Association (IATA) and ICAO code as airport designator.

16Evaluated in the relevant time interval inter-annually be-
tween 2019 and 2022.

17Ceased operation and merged into Atlas Air, thus adapted
in the evaluation.
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2022 in total 45,172 FEs were performed by the B777’s
freighter version. In turn, in the first eight months of
2022 30,240 flights were commenced on a B777-200LR.

4. RESULTS

In this section we illustrate the fuel consumption and,
thus, the emission composition of the FEs penetrating
and bypassing the focal airspaces of the Russian-
Ukraine conflict based on the model introduced in
Sec. 2.3.

The established Reduction Procedure.

The proposed approach imposes a narrowing reduc-
tion to FEs with relevance, which, furthermore, will
be clustered to ensure consistent analysis using multi-
ple analysis focus frames as proposed in Fig. 8.

Here, Fig. 8 depicts that five steps were tested for va-
lidity and, subsequently, analyzed with regard to the
key parameters (e.g., FC, Emissions). The initial re-
duction to the usable FEs can be traced back to the
process introduced in Sec. 2.1 that is visualized in
Fig. 2. As originally stated in the previous chapter,
this step leaves 57,183 and 78,366 trajectories to be
analyzed for 2019 and 2022. In further process tasks,
the authors concentrate on a FN-focussed approach
(3) that determines the role of FNs in an operators
network with respect to the airspace restrictions. In
(3a) the total FNs per complete airline set and per op-
erator are focussed. The reader should note that this
approach lacks of comparability as the data reference
baseline is altered between the focal years. Thus, in
(3b) the FNs are reduced to a relevant subset. This
decision is based on the intransparent use of FNs, es-
pecially, in freighter operation as illustrated in Fig. 18.
In this early stage, the reader should note the critical
clustering into FNs to determine the aviation’s envi-
ronmental burden added by the airspace restrictions in
Ukraine and Russia. The authors identified multiple
operational change options (Apart from trajectory al-
teration) that are deduced when comparing a reference
flight number FNgcy of 2019 to the pendant in 2022:
A) The 2022’s FN is operated alike F'Ng.s. B) Further
stations are inserted to the original Origin/Destination
(O/D) connection of FNge; as, e.g., refuelling of the
aircraft is necessary to accomplish the planned refer-
ence mission. C) The mission of FNg.s is appended
with further stations before and/or after the reference
mission. D) The FN is cancelled/unused/reassigned
in 2022. E) In general, diversions are of relevance ir-
respective of the focussed year. Therefore, the FN-
reduction in itself is valid, but arguably in terms of in-
tercomparability betwenn 2019 and 2022 as the frame
of reference is altered.

Nevertheless, observations found in (3a) and, subse-
quently, (3b) issued the establishment of relevant sin-
gle O/D connections as well as the closing focus on
individual routes operated per airline.
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FIG 6. Global distribution of data rate and 2D-position of provided DPs of the year 2022 (own figure).
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FIG 7. Daily B77L operation in nrg as per submitted data
set per time interval with the Russian invasion ini-
tiated on day 54 (own figure).

Due to the unsatisfying results using the procedural
step (3a) and (3b) in the present paper the results of
the steps (4) and (5) are highlighted solely.

To further accomplish the reduction of FEs to the re-
spective trajectories of relevance, the authors intro-
duce the used focal airspaces of Ukraine and Russia
that might be penetrated by aircraft operating spe-
cific routes.

The Airspace Definition.

In the light of FR24 data and to expose the penetrating
flights, the authors implement a bi-criterial approach.
Firstly, to identify the overflown countries, the min-
imum distance (great circle) to the next available
airport per DP'® was calculated based on the air-
port database provided through David Megginson’s

18The acquisition of the geolocations, independent of the
open-access data source, understandably shows hard daily bulk
request limits with one of the more generous limits using
GeoPy’s geocoders with temporal limiters.
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(1) Complete Set

(2) Usable FEs

(3) Bi-FN Reduction (4) Relevant Single O/Ds

(3a) Total FNs (5) Individual Route

(3b) Relevant FNs

FIG 8. Applied reduction process to establish the relevant
FEs (own figure).

OurAirports.com that was further appended manually
as this offers airports to be assigned to Ukraine and
Russia. Taking into account Fig. 11, assumptions
were introduced regarding the Russian mainland east
of the Ural mountains with relevance to the regions
of the Kamchatka Peninsula, Sakhalin, and Kuril
Islands. In those areas, the demographic density
is relatively low and, thus, can be characterised as
remote, which imposes the necessity of heliports,
small airfields next to small airports. Therefore, the
iterative determination of the closest airport returns
affected trajectories that seem to be located outside
of Russian airspace. This effect also considers the
open waters Easterly of Russia where similar prob-
lems were identified. In fact, the critical aerodromes
here are, e.g., Petropavlovsk-Kamchatsky Airport,
Iturup Airport, Yuzhno-Kurilsk Mendeleyevo Airport,
Severo-Kurilsk Vertodrom, Nikolskoye Airport, Ust-
Kamchatsky Airport, Yuzhno-Sakhalinsk Airport,
Aeroport Preobrazheniye, Vladivostok International
Airport, or Airport Lavrentiya as they are of a remote
nature. Furthermore, this procedure is also limited
when considering Southern bypasses of the airspace
in the vicinity of the international airports of Sochi,
Simferopol, Kosh-Agach, Nalchik, or Sevastopol.
Finally, considering the Ukrainian airspace the west-
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ern borders are influenced by the proximity to the
Uzhhorod and Chernivtsi International Airport.

Notably, the authors experienced similar behaviour
with the comprehensively developed remote locations
in the centre of Russia (in the area from the Ob river
to the Lena river) where the assignment of the nearest-
airport lead to significant great circle distances.

FIG 9. Clustering of sectors and location of critical re-
mote aerodromes for the identification of the
Ukrainain/Russian airspace (own figure).

Thus, the respective year’s trajectories are analysed
for the penetration of the highlighted airspaces shown
in Fig. 9 created with [41]. In addition to the nearest-
airport approach that is prone to impose uncertainty,
e.g., above international waters, the authors introduce
an underlying procedure to improve the identification
of trajectories penetrating the Ukrainian and Russian
airspaces. Hence, the respective airspaces are defined
by polygonial structures created, e.g., per [41] (includ-
ing Kaliningrad) as well as Ukraine’s territory borders
that are illustrated in Fig. 9.
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FIG 10. Influence of the threshold value with the accepted
FEs (from usable files) above the Ukrainian and

Russian airspace (own figure).

W 2022

As FR24 data sets experience company-internal filter-
ing, the authors determined to use a threshold value
of 75 that rejects trajectories with the cumulated pen-
etrating npp per FE less than the said value as irrel-
evant to the airspace penetration. The authors’ expe-
rience shows that, e.g., airlines bypass the Ukrainian
airspace with just minimal lateral distance for exam-
ple in the area around Uzhhorod International Airport.
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Thus, the threshold value ensures consistent identifi-
cation of relevant FEs.

Total Emissions of 2019 and 2022.

Initially, we highlight the FC and emissions created in
the respective years regardless of airspace restrictions.
The model estimates the total FC in the focal time in-
terval of the reference year to 2,386,265.78 t consumed
on 53,826 FEs (further rejection of 5.87% of the us-
able files). Here, only LH FEs are respounsible for
the consumption of 1,931,025.95t of fuel (= 80.92%
of fuel used in the three clusters SH, MH, and LH).
As a consequence, the total CO4 emission amounts to
7,540,599.86 t. Furthermore, the authors want to high-
light the 43,224.35t of the total NO, emitted in the
airport vicinities.

As mentioned above, the model identified an increase
in npr by 18,634 flights, still leaving the increase in
usable FEs at 25.72%. The total calculated FC is
3,253,331.94 t of kerosene with an average FC of 44.90 t
per individual FE (40.57 t compared to 2019). The FC
composition within the clusters changed in negligible
magnitude. However, in 2022 an average of 77.00 FEs
per day are added, increasing the CO, emission by
2,739,929.08t (+11,322.02t per day) and circa lmio.t.
of Hy,O ( +4,406.99t per day). The air at and around
the 260 used airports is altered, e.g., by 59,038.81t of
NO,.

The Establishment of the Reference State in
2019.

When analysing the usable trajectories (2) for pen-
etration of the established polygonal airspaces in the
relevant time frame from 24*" february to 315* August,
the formed subset (3a) for the year 2019 is constructed
of 3,603 FEs in 216 unique flight numbers performed
by 17 B777 operators!®. In this year, the Russian
and Ukrainian airspace was used extensively by Ko-
rean Air on 778 (= 21.59% of the FEs), followed by
China Southern Airlines on 646 occasions. The Ger-
man operators Aerologic and Lufthansa utilised the
relevant airspaces on 668 FEs (320 and 348 FEs re-
spectively), in majority, on their flights to/from Far
East (e.g., Japan, China, or Singapore). Of the 3,603
flights, 2,710 FEs are performed by all-freighter B77L
operators. Congruently to Chpt. 3, in a relative per-
spective, this translates to a minimum of 75.22% of
the flights performed by these operators.

Compared to the results previously presented, the rel-
evant flight events using at least one of both airspaces
comprise 5.03% of the total usable FEs performed by
a B77L. Therefore, the results reveal the natural op-
erational change in subset characteristics that is in-
duced by the geographic location and surface area of
Russia and Ukraine. Hence, just 1.08% of the flight
events crossing the Ukrainian and Russian airspace

19The reader should note that, e.g., Aerologic performs flights
under Lufthansa Cargo’s identifier.
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FIG 11. Relevant trajectories fulfilling the penetration cri-
teria of the Russian and Ukrainian airspace per
year (24" Feb to 31°° Aug) (own figure).

are of a SH nature (below 180 min considering the p
of 168.01 £ 9.22min). The composition in FEs above
180 min the majority of flights are longer than 360 min
(94.17%).

From 24*"" February to the end of August 2019 the
collective flights cumulatively used 286,142.16t of
kerosene. As reported in Tab. 3, this directly trans-
lates into the COg-emission of 904,209.23t. When
reducing this approach to the Ukranian and Russian
airspace alone, for the year 2019 the authors estimate
the emission of at least 301,916.58t of CO, in the
Russian airspace as source (assuming no dispersion of
air parcels).

For the complete set of penetrating FEs, the proposed
model estimates the possibly contrail-creating H,O
emission (acc. to [17] dependent on temperature and
water vapour pressure assuming isobaric mixing) to
at least 351,954.86t with 117,518.16t alone above
both airspaces. The reader should note that the share
of high-altitude 4-D positions of the B77L above the
relevant airspaces is significant. Indeed, 65.06% of the
submitted states are located at altitudes greater than
or equal to 9km. Taking into account the Ukrainian
and Russian airspaces, 94.58% of the npp is located
higher than or at 9km. With the indirect height
dependence in the contrail composition, this result
introduces a substantial Global Warming Potential
for the respective time period.

The Changes in the Focal Airspaces in 2022.

In the focus period from 24*" February to 315 August
2022, the amount of relevant flight events was con-
siderably reduced to 1,393 FEs due to the extensive
inbound ban of Western operators as shown in Fig. 12
(grey trajectories). Individual FEs can be separated
into 223 unique flight numbers performed by 18 air-
lines. The reader should note that the identified npg
is depicted in Fig. 11 with no position submitted in
Ukrainian airspace in 2022.
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Unaffected by the inbound ban into Russia, Air In-
dia performed the most FEs penetrating this focus
airspace on 318 occasions. The model ascertains fur-
ther operators using the, generalizing, advantageous
routes across Russia more than 100 times in 2022:

+ Air China (295 FEs),

» Ethiopian Airlines (171 FEs),

« Pakistan International Airlines (135 FEs),

+ Emirates (118 FEs), and

+ China Southern Airlines (115 FEs).
In total, at least 44.15% of the trajectories were per-
formed by all freighter operators (in terms of B77L).

China Southern Airlines
Air France

Lufthansa

AirBridge Cargo
Korean Air

Alas Air

Turkish Airlines
Federal Express
Southern Air

Qatar Airways

EVA Air

Delta Air Lines
Emirates

Air Canada

Air India Limited
Turkmenistan Airlines
Air China

Pakistan International Airlines.
Ethiopian Airlines
Etihad Airways
China Cargo Airlines

Aerologic

600 400 200 0 200 400

W 2019 I 2022

FIG 12. Comparison of the Airline Composition (fulfill-
ing the criteria for relevant FEs) penetrating the
Ukrainian and Russian Airspaces per year (24“‘
Feb to 31°" Aug) (own figure).

When focussing on the single flight events, the relative
flight composition changed marginally. Additionally,
an increased portion of FEs can be allocated to the
LH section (98.35%). In total, the average flight time
amounts to 771 min with 50% of the value between
623 min and 925 min. The maximum flight time sits
at 1,126 min. No FE was shorter than or equal to
180 min.

Naturally, only 38.92% of fuel was consumed in 2022,
compared to the year 2019. Here, the cumulative FC
amounts to 111,371t that translates to 352,147t of
CO, and 137,070t of H5O, the authors report with
Tab. 3. Respectively, the share of primary constituents
emitted in Russian airspace is 23.29%. Due to the FE
composition with the majority of FEs of a flyover na-
ture, the total amount of NO, estimated to be emitted
as low as 2,019.42t. When reducing the frame of con-
sideration from the complete trajectory to the Russian
airspace only, 622.24 t of NO, was emitted. In fact, due
to the significant amount of LH FEs just 1.13% can be
allocated to the narrow atmospheric band below 1km
where in this band itself 63.00% of the portion are
emitted in the ground-near zone up to 0.10 km.

The complete frame reduction is considered adequate
as no trajectory penetrated Ukrainian airspace, as the
country is in a state of war coinciding with further
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Level 3 risk evaluation (assuming the categorisation of
the DFS). The consequential mass-wise emission eval-
uation can be aggregated from Tab. 3.

The Changes outside of the Focal Airspaces in
2022.

Due to the inbound prohibition/ban into both
airspaces, it can be concluded that the respective
flight movements extensively circumvent the area
to fulfill the flight to a destination. Consequently,
the initial task lies in the deduction of relevant FEs
allowing an acceptable comparison considering the
increased complexity. The increase is a consequence
of the comprehensive area to be avoided. That
infers further constraints into the aircraft operation,
especially in the MH and LH portion.

Following the above listed items A) to E), the analy-
sis infers more complexity when striving to identify the
changes, and, thus, the environmental burden added to
the transport system outside of the relevant airspaces.
To understand this behaviour, the authors identified
the connections used per FN in the reference year.
Only 14 of the 586 unique flight numbers are operated
between a single unique O/D connection (see element
(4) of Fig. 8). The maximum O/D assignment is iden-
tified for FX21. The operator assigned the FN to 27
different O/D connections (see Fig. 18).

To narrow down the paper focus, the author choose to
highlight the identification of critical individual single
O/D routes.

When analysing single routes operated by Aerologic,
the authors identified the route from Hongkong
(HKG/VHHH) to Leipzig (LEJ/EDDP) as the most
critical route that was performed 179 times. In that
direction, the model calculates an additional average
FC of 9.43t (from 87.11t per FE in 2019). The IQR
of the FC distribution’s results is broadened to 4.61 t.
However, return connections to Hongkong experience
an average FC per FE increase of 5.95t (= 7.90%)
with the IQR rising by 72.37%. The o increases by
29.04% in the year 2022. The average flight time
increased by 59.64min with an extra distance of
743.17Tkm. The most critical routes are summarised
in Tab. 4 together with the respective emissions in
Tab. 11.

Similarly to Fig. 13, although routes to India (Banga-
lore and New Delhi) penetrated the airspaces of inter-
est in 2019, a slight reduction in FC per FE in 2022 was
identified, identifying their influence on the network’s
FC as marginal.

The second German operator with importance to the
present paper is Lufthansa Cargo. The airline alone is
the source of an average increase of 28.39t of CO, per
FE (= 11.22%), consistent with the increase in FC.
Notably, the FC’s ¢ increased from 4.54t to consider-
able 10.41t. The FC distribution’s m even increased
by 11.10t. In total, the German operator emitted
60,213.48 t of CO,. Approximately 39.87% of the car-
bon dioxide’s mass is added by the emission of H,O.
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FIG 13. The trajectories of the German airlines Aerologic
and Lufthansa Cargo operating a single O/D pair
in 2019 (red) and 2022 (black distribution) (own
figure).

Furthermore, the authors identified the most critical
routes of Lufthansa Cargo. When highlighting the av-
erage parameters of flight time and FC, the critical
route is operated from Seoul Incheon to Frankfurt. In
a year-to-year comparison, the increase in both pa-
rameters lies well above 20% resulting in an added
time cost to 835.60 min increasing the FC to 99.17t.
However, the average ground distance travelled of the
route from Frankfurt to Tokio-Narita describes this
parameter’s maximum impact.

The authors identified a further operator with rele-
vance to the topic but with a substantial need for ad-
justment. With their main hub Seoul, Korean Air op-
erated to European airports (i.e., Vienna Schwechat,
Milano Malpensa, London Heathrow, Frankfurt Air-
port, Paris Charles de Gaulle, Stockholm/Arlanda and
Oslo Gardermoen). Adversely, the hub’s beneficial lo-
cation with respect to North America routes to New
York JFK, Vancouver International Airport, Los An-
geles, or Anchorage are part of the data set submitted.
Both areas include FEs in 2019 that penetrated the fo-
cal airspaces. The provided trajectories are shown in
Fig. 14.

Nevertheless, certain Korean Air flight numbers were
identified to cross the relevant airspaces (under the
condition introduced by Fig. 9) in 2019 and 2022.
Especially for the latter year, their relevance is neg-
ligible. Exemplary, the authors want to highlight
the flight number KE273 that was used multiply on
different O/D connections. The proposed procedure
identified the direct flights from Seoul to Anchorage
and Seoul to Miami as relevant to the analysis.
Unfortunately, the flight number was also used to
connect Miami and Anchorage in 2022 plus further
connecting flights from Miami to South America (Sao
Paulo-Congonhas/Brazil, Campinas International
Airport/Brazil, and La Nubia Airport in Maniza-
les/Columbia) were operated under the FN. As these
flights are partially short and do not reflect this
paper’s focus, further manual rejection was performed
on ten other flight numbers.

Hence, the authors identified 717 cumulative Korean
Air FEs (2019: 385; 2022: 332) as ready to be statis-
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TAB 3. Overview of substances emitted in total and in the Ukrainian and Russian airspaces assessed through the
proposed model in the time interval from 24" Feb-31%% Aug in the years of 2019 and 2022.

Frame Year Mass of Primary Constituent m, t Mass of Secondary Constituent m, t
CO, H,O SO, NO, CO HC
Total 2019 904,209.23 351,954.86  240.36  5,255.71 1,096.00 63.15
2022 352,146.86 137,069.82 93.61 2,019.42 408.01 22.00
Above UKR/RUS 2019 301,916.58 117,518.16  80.26 1,653.10  287.89 9.77
2022 115,157.71  44,824.05 30.61 622.24 105.48 3.26

FIG 14. The trajectories of Korean Air operating various
O/D pairs in 2019 (red) and 2022 (black distri-
bution) after a manual FN rejection process (own
figure).

tically assessed. The evaluation of fuel consumption
reveals significant changes for the B77L operator from
Korea: in 2019 the average FC on the reduced FEs
was 70.16t with o of 15.86t. When avoiding Rus-
sian airspace, Korean Air on average has to consume
an additional 11.36t of kerosene per FE to commence
its routes (with similar o). This increase in average
FC pushes the results distribution’s median in equal
orders of magnitude while reducing the IQR slightly
by 2.03t in FC per FE. Korean Air’s average flight
time increased by 49.49 min to 703.02min on addi-
tional 996.08 km (2019: 8,876.78 km).

The airline’s CO, emission per FE (in u) increased by
22.96% to 48.11t. In a total view on the year 2022,
Korean Air emitted 82,946.52t of CO, and 32,286.15t
of Hy,O. The total NO, emission could be reduced by
1.21% to 481.40t.

As Korean Air is a prohibition/ban affected airline, the
authors managed to deduce the most critical connec-
tion commenced by the airline based on the provided
data. Generally, this pertains the operators routes to
Europe. Regardless of the average parameters pre-
sented in Tab. 4, the relative highest cost is imposed
to operate from Stockholm-Arlanda to Seoul Incheon
when compared to 2019. The efforts rose above 30%
with the FC even increased by +39.30%. Coherently
presented by Tab. 11, the amount of primary con-
stituents emitted relates evenly and amounts to an
276.94t of CO4 and 107.80t of HyO emitted on av-
erage per FE on the route. Compared to 2019, NO,
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increased by +45.33 altering air in the vicinty of air-
ports.

As introduced above, the FN issue is even more strin-
gent with FedEx Express’ B77L operation. Identified
FNs in 2019 are not uniquely used on the routes in
both focal years. Therefore, an empirically correct
comparative view to other B77L operators is question-
able as a common baseline is missing. A similar ap-
proach as in the FN reduction of Korean Air flights
was chosen. Hence, just 130 FEs were of importance
to the topic (reduced from 175 FEs; 2019: 88 FEs,
2022: 42 FEs) that are visualised in Fig. 15.

FIG 15. The trajectories of FedEx Express operating vari-
ous O/D pairs in 2019 (red) and 2022 (black distri-
bution) after a manual FN rejection process (own
figure).

As a consequence of above’s finding, together with the
flight time and ground distance, the FC per FE and,
thus, the corresponding emission evaluation showed
no significant change. Therefore, further analysis is
neglected, e.g., on an individual route basis. The
founding results with regard to the reference estab-
lishment can be aggregated from Tab. 5 in coherence
with Tab. 6. Additional comparison offer Tab. 7 with
Tab. 8.

As expected, next to the above-mentioned negative ef-
fects on operators when comparing both years, the re-
sults also indicate that there are winners of the crisis.
Naturally, these are the operators unaffected by the
restrictions. In general, all identified unaffected oper-
ators, except for China Southern Airlines?’, increased

20 According to the proposed model’s FN analysis, the airline
reduced to operate to London Heathrow or Amsterdam Schiphol
in 2022 and experienced cut-backs on their connections to the
United States of America (Los Angeles, Anchorage) that pre-
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their nuumber of rotations and even added new con-
nections to their network with B77L network growth
rates up to 2,000% (Air China added 38 rotations to
their 2 rotation network from 2019).

Exemplary, the authors want to highlight the results
aggregated through an unaffected Air India’s opera-
tion.

FIG 16. The trajectories of Air India operating various
O/D pairs in 2019 (red) and 2022 (black distri-
bution) (own figure).

With the trajectories illustrated in Fig. 16, Air India
even achieved a significant reduction in FC per FE
(corresponding to the reduced flight time and distance
travelled). In comparison to other unaffected opera-
tors, the airline achieved lower growth rates (in terms
of the B77L network) with 123.51%2!. Here, the differ-
ence can be deduced from the (identified by the model)
in 2019 already high number of commenced FEs of 251.
The Fig. 16 introduces the reason for the savings in
FC per FE. As identifiable by the provided red lateral
positions, Air India managed to circumvent the South-
ern departure routes around Pakistan, Afghanistan in
the western direction, and the Himalayas on the east-
ern routes. That is also deductable to India’s conflict
with Pakistan as well as the political instabilities in
Afghanistan.

In turn, this allows the airline to reduce the average
fuel burn per FE by 19.14 t (the relative o increased by
9.58% in the frame of consideration). The network’s
m was significantly reduced by 30.57%. As a conse-
quence of the airline’s rerouting option, an average
of 60.48t of CO, was not emitted per FE compared
to 2019. Even in the statistical maximum, 31.20t of
Greenhouse Gas were saved, thus reducing Air India’s
environmental burden in the considered time frame
(similarly related is the reduction in H,O and SO,).
With regard to secondary emission constituents, the
average NO, emission per FE was reduced greatly by
0.37t (to 1.54t). However, the effect is statistically
minimised by an increase of the IQR by 11.72% (see
exact values in Chpt. 7). In total, 476.13t of NO, was
emitted.

viously penetrated the Russian airspace. The growth rate
was -358.49%.

21Cf.  Qatar Airways: 1,050.00%, China Cargo Airlines:
155.00%, Pakistan International Airlines: 184.62%.
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Further notable results can be deduced from the op-
eration of Pakistan International Airlines. This is an
operator allowed to use Russian airspace. Based on the
identified network as visualised in Fig. 17 and assum-

ing Russian ATC does not prefer specific operators,

PIA avoided Turkmenistan in the year 2022. It can be
assumed that Russia offers just a few entry points into
the airspace when arriving from the South such that
fixed areas in the northern portion of Kazakhstan must
be approached (year 2022). On four occasions PIA
even circumvents the Ukrainian airspace on a West-
erly route increasing the result’s IQR. The maximum
distance travelled was operated in 2019 where PIA’s
operation 2022 suffers from a significant broadening of
the ground distance by 492.68 km. Nevertheless, PTA
experienced a slight improvement of the FC per FE
from 98.01 £+ 6.35t to 96.71 + 6.96t. On the other
hand site, the maximum FC calculated experienced
an increase of 1.88% to 114.99t. Naturally, this leads
to a slight decrease in primary constituents and the
emitted NO,. The other two focal secondary emission
constituents (CO and HC) increased in the frame of
consideration.

FIG 17. The trajectories of Pakistan International Airlines
operating various O/D pairs in 2019 (red) and
2022 (black distribution) (own figure).

On a global level, the authors showed that there are
beneficiaries and disadvantaged operators of t he focal
airspace restriction. Mostly, these clusters are built
with respect to the operator’s country of origin’s rela-
tion to Russia (the airspace penetration prohibition in
Ukraine can be considered a concern of all civil B77L
operators). Korean Air can be identified as part of the
latter group. Furthermore, from the presented find-
ings in coherence with Tab. 9 and Tab. 10 that on
dedicated routes/FNs the German operators cannot
ensure optimal trajectory planning requiring a mini-
mum amount of fuel consumed. Compared to the com-
plete set of relevant airlines (in terms of the proposed
model), Aerologic and Lufthansa Cargo "suffer" from
the airspace prohibition and ban in Ukraine and Rus-
sia on an above-average level. This can clearly be de-
rived using Tab. 9 when compared to the total results.
Here, it shows the significant decrease in total flight
time by (-7.89%) that results in a considerable added
total FC of —11.58%. That translates to an overall
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+8.50% increased total FC considering the entire set
of airlines.

The effect is even harsher when one compares the Ger-
man operator with the conglomerate of the other 8
airlines. When compensating for that, the A,; in FC
rises to 12.34% in added fuel consumption compared
to the non-German operators. The relation reflects on
the emission of primary and secondary constituents
whose year-to-year (2019-2022) difference is notable.
Besides the other significant increases in emissions, the
authors want to highlight the rise in NO, per FE that
amounts to an added 1.64% of emission for Aerologic
and Lufthansa Cargo. To further ensure comparabil-
ity, the reader should note that the respective total
results underlie an increase in aircraft movements per
FN. Thus, intercomparability is recommended.

5. DISCUSSION & OUTLOOK

Following the composition of the extensive data pro-
vided by FR24, the authors presented a method to
identify the influence of the bypass of the Ukrainian
and Russian airspace as a consequence of the Russian
agitation against Ukraine inititated on 24*" February
2022 to aviation and operators of different regions.
To account for the operational differences imposed by
COVID-19 in the years 2020 and 2021, the year 2019
is identified as the appropriate reference. Earlier years
would introduce an even more significant uncertainty
due to the already rapid changes in, e.g., network
routes or operator fleets. In the focal time intervals
in 2019 and 2022 data was provided for the time pe-
riod from 15¢ January to 31%% August, respectively. In
total, 51,604 and 69,062 FEs were considered usable
for further analysis.

The proposed results are highly dependable on the
FR24 data input. This also implies limitations for a
consistent evaluation across years. The authors as-
sume that the input reference changed over the years
as, e.g., the composition of the company’s receiver
network as well as the data quality improved. For
two FEs (one per focal year) this might impose an
increased data rate, because the sensor network den-
sity in a certain area increased when comparing 2019
to 2022. This development is supported with the com-
pany’s extrinsic motivation to extend the network with
own or FR24-built receivers. In addition to the pre-
sumed alteration in the data aggregation setup, the
data composition itself is described by an increase in
aircraft movements from 21,183 (= 37.04%), among
other things, imposed by an increase in the B77L-fleet
of 55 units.

As part of the proposed methods, a range of anal-
yses were performed. Initially, the total FC results
and the corresponding emissions in both years are pro-
vided. The authors’ findings revealed the composition
in B777 operations in terms of SH, MH, and LH flights.
Naturally, the LH portion represents the main FE type
responsible for the FC. Here, a total of 1,827,309.69t
of kerosene were consumed. This amounts to an emis-
sion share of 55.32% where the SH flights describe the
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lowest share portion. Notably, the global amount in
average FC per FE increased marginally from 44.23 t in
the reference year to 44.82t in the time period in 2022.
Subsequently, the increase in total FC of 813,273.84t
can be traced back to the increase in aircraft move-
ments using B77L. Based on this initial and general ap-
proach, the authors introduced an analysis of FNs that
penetrated the airspaces of interest. Consequently, the
airspace polygons were roughly defined as visualised in
Fig. 9. Although a border- and source-based airspace
definition approach was followed, the authors account
for discrepancies or imprecise definition with a total
penetration threshold of 75 DPs in the polygons per
FE that is accompanied by a second nearest-airport
criteria. The combined assessment, a valid evalua-
tion to airspace penetration was made. Nevertheless,
the underlying second approach could be adjusted,
e.g., for a geolocation request per position submitted
though this increases computational costs significantly
when using open-source data. Additionally, such an
approach might also include incorrect country identi-
fications, especially above high waters. Furthermore,
one might vary the defined threshold value to deter-
mine to investigate the accompanying change in oper-
ator composition entering the focal airspaces.

As follows, the identified single FEs operating in
Ukrainian or Russian airspace were clustered accord-
ing to the FN used on the connection. The authors
consider the results of the subsequent analysis as
unsatisfying. Clearly, a reduction in focal aircraft
movements is considerable, but still included trajec-
tories irrelevant to the present paper’s topic. It was
experienced that, other than passenger connections,
many freighter operators use a flight number on
different, even unrelated, routes. Based on the data
submitted, the authors identified FedEx Express to
use an unique FN on 30 different routes (including
unrelated and connecting routes) operated by B77L -
assuming the input data set as single-source-of-truth.
The relation was proven in both focal time periods
and, thus, imposes uncertainty to the statistical
evaluation. Therefore, it is assumed that due to the
airspace prohibition/ban especially freighter opera-
tors reacted more flexible on the restrictions with
added destinations in to previously directly operated
routes. It can be assumed that these additional stops
cannot be solely traced back to refueling stops. The
authors claim that the freighter operators network
can be adjusted with additional payload added at
added stations to reduce total economic pressure and
incorporated losses. The broadly determined relation
is prone to a high share in freighter operators using
B77L.

Additionally, the authors identified FNs in 2022 where
the original 2019 route was initiated from an inserted
origin airport, following the 2019 route and with fur-
ther connection to another final destination. Inserted
or appended stations (to the reference route) might
also vary, which raises difficulties of FN and route ref-
erencing.
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TAB 4. Summary of most critical Routes per affected Airline evaluated in the Average Performance Parameters per FE.

Airline Route (IATA-/ICAO-code) Ground Distance, km  Flight time, min FC, t
Aerologic HKG/VHHH - LEJ/EDDP 10,102.46 7781 96.54
(+7.94%) (+8.67%) (+10.82%)
LEJ/EDDP - HKG /VHHH 10,165.69 670.66 81.32
(+8.59%) (+6.70%) (+7.90%)
Lufthansa Cargo  ICN/RKSI - FRA/EDDF 10,112.91 835.60 99.17
(+12.66%) (+24.62%) (+21.95%)
FRA/EDDF - NRT/RJAA 11,622.59 773.84 92.40
(+18.73%) (+13.56%)  (+17.07%)
217. 23. 1.
FRA/EDDF - PEK/ZBAA 9,:217.07 623.90 7195
(+15.29%) (+7.81%) (+11.72%)
Korean Air CDG/LFPG - ICN/RKSI 10,453.94 783.64 88.07
(+11.26%) (+20.86%) (4+16.09%)
10,162. . .
FRA/EDDF - ICN/RKSI 0,162.96 083.95 5350
(+12.78%) (4+9.68%) (+13.98%)
OSL/ENGM - ICN /RKSI 10,461.42 697.98 87.13
(4+27.92%) (+24.45%) (+30.54%)
1 .01 16. .64
ARN/ESSA - ICN/RKSI 0,688.0 71650 87.6
(+36.10%) (+30.96%)  (+39.30%)

In a last step, the connection network analysis per FN
was used to determine the used routes as innerjoin
across the time period. As a consequence of the over-
laying increase in aircraft movements, it was shown
that the analysis per FN-based route per operator of-
fers comparability. Here, the authors assumed that
certain FNs are operated by just one operator such
that, i.e., Lufthansa Cargo operates the identified FNs
solely.

Subsequently, the trajectories of the affected opera-
tors and those of operators unaffected by the prohi-
bition/ban were analysed. For the year-wise compari-
son, the authors want to present an actual picture of
the consumed kerosene and emissions, and therefore
assumed a similarly strong influence of the weather.
Applying the introduced model in coherence with the
proposed selection (and rejection) method on the pro-
vided data operated by B77L only, the authors iden-
tified multiple critical routes of Korean Air to experi-
ence the most significant increase in FC of up +39.30%
on their route from Stockholm to Seoul (ARN/ESSA -
ICNRKSI) when being banned from using the Russian
airspace. Additionally, the route from Oslo to Seoul
(OSL/ENGM - ICN/RKSI) describes another connec-
tion with circa a 30.00% increase in FC. Lufthansa
Cargo’s Seoul Incheon connection was identified as the
most critical route for a German operator (third criti-
cal on a global view). Underlying the present weather
and the connections offered further analysis can be
commenced per operator network where the opera-
tors effort added can be combined with the present
weather and possible routes creating an individual ef-
fort /demand matrix per operator.
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In a further analysis aiming for trajectory compara-
bility, the input weather data might be fixed to deter-
mine the added effort t o commence c ertain missions.
Notably, that approach can only be used with ban-
affected airlines if t he routing uncertainty is assumed
to be similar. The authors also want to highlight that
the presented results are based on an already vali-
dated model that imposes uncertainty. For example,
the model underestimates p by —=3.72% with a o of
11.98% when being exposed to FR24 data. This fact
must be taken into account when judging the validity
of the results for further extensive analyses. The au-
thors recommend the proposed assessment described
in Sec. 2.3 with Fig. 5 where an input weight corri-
dor is established between OBW,,;, and OBW,,4z.
As the presented results are based on the determined
validation-based OBW, the evaluation of the corridor
might introduce additional insights. That approach
would also broaden the results possible in the corri-
dor of variation in input OBW as the FC and payload
weight will vary among the various operators. Hence,
an emission spread is created.

To further broaden the corridor, the parameter
OBW 4. is highlighted. Here, with a recursive
calculation approach with reference to the landing
with the structural limitation Maximum Landing
Weight can be insightful. In this approach, it should
be assumed that the aircraft’s on-block is performed
with no usable fuel remaining but maximum payload
possible transported.

Additionally, the authors want to highlight the anal-
ysis opportunities imposed when future researchers
might get access to an airline’s payload mass addition-
ally. Hence, network adjustments would be detectable
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according to external factors and further predictions
of global network changes might be performed. This
can greatly elaborate the estimation of aviation-based
future environmental burden extensively.

Lastly, as an enhancement in scope, the authors plan
to use the data baseline of FR24 on the calculation
of other sources of emission as the main engine’s oil
consumption and the Auxiliary Power Unit’s FC. Such
an extension is assumed to improve the holistic view
on operational aircraft emissions.
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FIG 18. FN-reduced trajectories of FedEx Express FX21
operating among 27 destinations (own figure).
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FIG 19. Shares of airlines with more than 2,000 FEs in
2019 (own figure).
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FIG 20. Shares of airlines with more than 2,000 FEs in
2022 (own figure).
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TAB 9. Summary of Performance Parameters per FE, cumulated for German Operators, and total cumulation.

Ground Distance, km  Flight time, min

(Arer to 2019)

(Are to 2019)

FC, t

(Ae to 2019)

u 9,710.55 683.59 75.51
Per FE (+3.47%) (+2.22%) (10.89%)
3,364.75 224.39 26.07
o
(+1.59%) (+4.38%) (+2.02%)
IQR 3,368.98 252.27 29.54
(4+102.46%) (454.08%) (+33.62%)
German 5,002,024.21 351,139.85 42,207.00
Operators (-7.89%) (-11.39%) (-11.58%)
15,760,223.46 1,109,464.73 122,628.78
Total X
(~18.08%) (-19.07%) (~20.08%)

TAB 10. Summary of Performance and Emission Parameters per FE, cumulated for German Operators, and total cu-

mulation.
Mass of Primary Constituents per FE, t Mass of Secondary Constituents per FE, t
CO, H,O SO, NO, CO HC
(Arer 10 2019)  (Ayer t0 2019)  (Aye 10 2019)  (Aye t0 2019)  (Apes t0 2019)  (Aye; to 2019)
238.61 92.88 0.06 1.38 0.29 0.02
Per FE a (4+0.89%) (4+0.89%) (4+0.89%) (4+0.28%) (+2.57%) (4+2.93%)
82.38 32.07 0.02 0.48 0.10 0.01
(4+2.02%) (4+2.02%) (4+2.02%) (+1.67%) (4+2.25%) (4+9.39%)
QR 93.35 36.33 0.02 0.53 0.13 0.01
(+33.62%) (+33.62%) (+33.62%) (+16.14%) (+61.61%) (4+26.92%)
German 133,374.13 51,914.62 35.45 785.88 167.52 10.14
Operators (-11.58%) (-11.58%) (-11.58%) (-10.88%) (-10.76%) (-9.90%)
Total 5 387,506.96 150,833.40 103.01 2,243.79 476.47 27.46
(-20.08%) (-20.08%) (-20.08%) (-20.56%) (-18.75%) (-18.46%)

TAB 11. Summary of most critical Routes per affected Airline evaluated in the Average Emission Parameters per FE.

Mass of Primary Constituents per FE, t

Mass of Secondary Constituents per FE, t

Airline Route (IATA-/ICAO-code)  CO, H,O SO, NO, CO HC
1. . .02
Aerologic HKG/VHHH - LEJ/EDDP  305.07 118.75 0.08 88 033 0.0
(+12.64%)  (+4.76%) (+1.18%)
LEJ/EDDP - HKG/VHHH 256.97 100.02 0.07 1.52 030 0.02
(+9.92%)  (+2.50%) (-0.57%)
, 1.84 0.46 0.03
Lufthansa Cargo ICN/RKSI - FRA/EDDF 313.39  121.99 0.08 .
' (+23.34%)  (+53.76%) (496.28%)
FRA/EDDF - ICN/RKSI 261.96 101.97 0.07 155 031 0.02
(+9.60%)  (+7.99%)  (+26.17%)
FRA/EDDF - NRT/RJAA 291.97 113.65 0.08 169 036 0.02
(+21.24%)  (+10.76%)  (+7.78%)
1.32 . .02
FRA/EDDF - PEK/ZBAA 227.35 88.49 0.06 3 033 ; 0.0 ;
(+17.58%)  (+28.06%)  (+44.43%)
1.5 A4 .04
Korean Air CDG/LFPG - ICN/RKSI 278.30 108.32 0.07 5 048 0.0
(+15.35%) (+59.15%)  (+108.98%)
4
FRA/EDDF - ICN/RKSI 264.06 102.78 0.07 154 031 0.02
' (+17.97%)  (+7.42%) (+4.67%)
OSL/ENGM - ICN/RKSI 275.32  107.17 0.07 1.62 032 0.02
/ (+36.97%)  (+20.69%)  (+13.68%)
1.61 .32 .02
ARN/ESSA - ICN/RKSI 276.94 107.80 0.07 6 03 0.0
' (+45.33%)  (+25.27%) (+15.53%)
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