


Results
Energy intensity and distribution
Private aviation is energy-intensive. Our analysis identified 72 PA models
marketed as business jets, with fuel consumption values ranging between 48
to 576 gph (equivalent to 182–2180 L per hour). For some aircraft models,
this impliesmore CO2 per hour than emitted by an average human per year
(4.5 t CO2e in 2020

35) (Fig. 1). Private aircraft spend 45.4% of the total flight
time at >30,000 and 21.4% at >40,000 feet, suggesting that a share of
emissions enters sensitive layers of the atmosphere with relevance for non-
CO2 radiative forcing

5,36.
The total number of private aircraft in service at the end of December

2023 was 25,993. A total of 4,301,561 individual flights (legs) were made in
2023, with a total flight time—not including taxiing—of 6,474,710 hours, or
249 h per aircraft. Weighted for aircraft models, this generated 15.62Mt
CO2 (3.6 t CO2 per flight) in direct emissions. The average great circle
distance flown was 865.7 km, with an average speed of 575 km/h, and an
average flight time of 90min. Almost half of all flights (47.4%) cover dis-
tances below 500 km, and 4.7% of flights are shorter than 50 km (Table 1).
Less than one-third of flights (29.1%) are longer than 1000 km.

The spatial distribution of private aviation is shown in Fig. 2. Most of
the air traffic is taking place within the USA, followed by Europe. Central
American capitals (Mexico City, Guatemala City, San José, and Panama
City), as well as the Caribbean (Turks and Caicos, Anguilla, Barbados,
Cancun) are highly frequented, as is theMiddle East. Private air transport is
less common in China and Southeast Asia, Oceania, Central and South
America, except Brazil and individual capital cities (Caracas, Bogota,
Montevideo, Buenos Aires). There appears to be limited private air trans-
port in all of Africa, with the exception of South Africa and Nigeria. Some
islands attract much air transport, including the Hawaiian Islands, Car-
ibbean, Canary Islands, Cape Verde, as well as some remote destinations,
including Maldives, Seychelles, Mauritius, or French Polynesia. There are
alsonotable concentrations of air transport in specific areas: for example, the
Miami area alone accounts for 6% of all PA departures.

PA use is concentrated, with six countries accounting for more than
80%of aircraft. TheUSAare home to about 4%of theworld population, but
68.7% of all PA are registered in the country (Table 2). Brazil has the second
highest number (3.5%, 927private aircraft), followedbyCanada (2.9%, 770),
Germany (2.4%, 630), Mexico (2.0%; 534), and the UK (2.0%; 522). Per
capita, Malta has by far the highest density of PA (46.5 per 100,000

residents), followed by the USA (5.5), Switzerland (3.8), and Austria (2.9)
(Supplementary Material, Table 2).

Air transport patterns
Further insights can be derived from the analysis of spatial patterns, such as
the importance of global events. Figure 3 depicts various global events and
conferences taking place in 2023, including theWorld Economic Forum in
Davos, Switzerland (16-20 January), the Super Bowl in Arizona, USA (12
February), the Conference of Parties (COP28) in Dubai (30 November–12
December), and the Cannes Film Festival in France (16-27May). Themaps
illustrate that events attract considerable air transport activity, including
international (WEF, COP28), national (Super Bowl), and regional (Cannes)
air traffic.

One of the most relevant global events is the FIFAWorld Cup (Fig. 4).
In 2022, the event took place in Qatar, attracting visitors from all over the
world. Thismay have included affluent spectators, but also functionaries, or
football stars owning PA37.

Events can attract hundreds of individual flights, and generate con-
siderable emissions, ranging from 1.5 kt CO2 (Super Bowl) to 14.7 kt CO2

(FIFA Qatar) (Fig. 5, Table 4). Total emissions from events are higher, as
affluent attendees may also use helicopters, or arrive by yacht (Cannes).

The analysis of the spatialmovementpatterns of individual air travelers
reveals considerable differences inflight numbers, emissions,min-max, and
average distances (Figs. 6 and 7). These require further investigation, as very
short flights (13–72 km) suggest that aircraft are moved for parking and
used for pickup/delivery (for both business and leisure; Supplementary
Material, Fig. 2). An indeterminable share of flights is made empty. For
example, in on-demand chartering, the nearest available jet will be sent to
pick up a client19.

Travel motives
The use of PA for leisure purposes is investigated for Ibiza, Spain, andNice,
France (Fig. 8), showing a clear seasonal trend of visitation peaking in
summer. Arrivals are also concentrated on weekends (arrivals on Fridays,
departures on Sundays), suggesting that travel motives are leisure-
dominated. In Ibiza, visitation is highest in the summer (June to August).

Data also reveal that private aircraft serve the same events. The events
studied (Figs. 3–5) have political, economic, cultural, and sports foci, yet are
frequented by the same aircraft (Fig. 9). For example, 172 of the 595 aircraft

Fig. 1 | Private aircraft emission intensity*.
*Highlighted models are the most popular in the
global fleet of PA; see also “Methods” and Table 1.
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signals under the USA’s Federal Aviation Administration’s44 Limiting Air-
craft Data Displayed (LADD). To understand the scale of LADD, we
examined a sample of 10%of all privateflights in 2023,finding that 30%had
requested LADD. ADS-B Exchange thus appears to be a more reliable
provider for private aviation data than FlightRadar24. As data are con-
tinuously updated, marginal changes can occur.

There are limitations even to the use of ADS-B Exchange data.
Flights are not tracked when they are using a third-party flight ID. Under

the Federal Aviation Administration’s ADS-B Privacy program, aircraft
registered in theUS and flying inUS-managed flight information regions
can apply for Privacy ICAOAddresses (PIA). These are temporary ICAO
aircraft addresses not assigned to the owner in the Civil Aircraft Registry
(CAR)45. Legs under these ICAO numbers are not considered in the
analysis, because the ADS-B exchange database relies on the original
ICAO aircraft address to link it to the model that we use to determine if it
is a private aircraft. According to information provided by the FAA

Fig. 2 | Geospatial pattern of private aviation, 2023*. *Lines depict direct connections between city pairs, considering 4.3 million flights.

Fig. 3 | Global events attracting private air transport in 2023*. *From top left to bottom right: World Economic Forum, Super Bowl, Conference of Parties, Cannes;
includes all air travel at dates of the event.

https://doi.org/10.1038/s43247-024-01775-z Article

Communications Earth & Environment |           (2024) 5:666 4



(personal communication, 19 April 2024), 283 PIA are currently issued,
indicating that around 1% of aircraft may not be covered by ADS-B
Exchange temporarily. It is possible that these are used primarily by
owners of larger aircraft and lead to a larger underestimate in fuel con-
sumption. We generally find earlier ADS-B Exchange data to be noisier,
potentially because of changes to the open-source software distributed by
volunteers of the ADS-B Exchange network. In more recent years, PIAs
affect the data, as the FAA (Personal Communication, April 19, 2024)
outlines that the number of PIA applications has risen considerably
since 2020.

ADS-B Exchange data is used to calculate fuel use and emissions based
on flight time, as well as great circle distances based on the identification of
departure/arrival airports for each leg.To assess thedifference betweengreat
circle and real distance, we calculate real distances based on georeferenced
flight tracks (60 s intervals). Flown distances are on average 10.1% larger
than great circle distances.

Aircraft fuel use
ADS-B Exchange provides data of all aircraft with a ICAO 24-bit code, the
tail number and model. A manual inspection and comparison of n = 23

Fig. 5 | Carbon-intensity of events*. *Includes only flights associated with the event.

Fig. 4 | FIFA World Cup*. *Includes all air travel at dates of the event.
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aircraft with FAA, FlightAware, and FlightRadar24was performed to assess
the quality of ADS-B Exchange, but no differences were found. The country
of registration was obtained from the ICAO 24-bit code based on [ICAO
working paper NACC/DCA/3 –WP/05]. This dataset is available at https://
private-jets.fra1.digitaloceanspaces.com/private_jets/all.csv.

Based on ADS-B Exchange data and unique hex codes, it was deter-
mined that there were 25,993 aircraft in December 2023. This compares to
industry figures pointing to 23,369 business jets in 202346, 2.1% more than
our number that includes 22,878 business jets, as well as 3115 turboprops.
The difference can potentially be explained with the use of PIA or aircraft

that are offered for sale and not in use. Table 1 shows the number of private
aircraft bymodel, including fuel consumption in gph, as providedby aircraft
brokers for thesemodels. The 10most popularmodels represent about 40%
of the total fleet. Themost common is the Pilatus PC-12with an 8%market
share, followed by the Bombardier CL-600 Challenger and the Piper PA-
46-500TP.

For the analysis of private aircraft traffic between 2019 and 2023, all
data was retrieved and stored to minimize operational impact to ADS-B
exchange. The data includes the ICAO code, aircraft, timestamp, coordi-
nates, altitude of the aircraft, and an indicator variable whether the plane is

Fig. 7 | Global public figures and their private air travel, 2023*. *List based on Yard50, includes reknowed actors, singers, and directors.

Fig. 6 | Individuals’ air travel, 2023*. *Global public figures, anonymized.
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average from the total number of flights arriving during the event. This data
is then used to estimate emissions associated with the event by calculating
total emissions associated with all flights during the event, and subtracting
the average of all flights before and after the event period.

Data for the flight patterns of public figures is derived from the data-
base through the compilation of all flights associated with the publicly
available tail number. This may underestimate flights in cases where an
individual owns several aircraft, or where PIAs have been assigned. It may

overestimate emissions where aircraft are made available to friends or
family.

Company patterns are exemplified on the basis of a family-owned
company in Denmark for which tail numbers for three aircraft are publicly
known. As the company is family-owned, it is possible to explain flight
patterns aspartially related topublicly knownsecondhomes, andflights that
appear to serve holiday destinations (for illustration see Supplementary
Material, Fig. 2). Flight patterns are illustrated for a five-year period to show

Fig. 9 | Cross-visitation of global events*. *Event
bubbles show the total number of aircraft, with
satellites referring to identical tail numbers appear-
ing at other events.

Fig. 10 | Growth in private aviation and key performance indicators*. *Does not include distances flown under PIA use.
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overlap. It is unknown who used the aircraft, which may also have been
made available to non-family members within or outside the company.

Development of maps
Maps visualize air transport based on the geographic coordinate system
World Geodetic System 1984 that defines latitude, longitude, and altitude.
Maps are generated based on ADS-B transponder data for departure and
arrival points. The projection distorts distance by increasingly stretching
distances between points as they move away from the equator towards the
poles, leading to visual distance exaggeration of high-latitude regions.

Data availability
All data are available through the following link49: (enter the year 2019, 2020,
2021, 2022 or 2023 in {year}: https://private-jets.fra1.digitaloceanspaces.
com/leg/v2/all/year=2023/data.csv. There are no restrictions to data access.

Code availability
The code is available via Github, https://github.com/jorgecardleitao/
private-jets.
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