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A B S T R A C T   

Air Transportation is a major contributor to international mobility and has high requirements to ensure safe and 
secure operations. Aircraft ground operations are impacted significantly by the current pandemic situation so 
that standard operating procedures need a redesign to incorporate the upcoming sanitation requirements. In 
particular, the passenger boarding process is challenged with requirements for physical distances between 
passengers, while in addition to standard cleaning, the cabin has to be disinfected after each flight. We evaluate 
potential alterations of these two aircraft cabin processes with respect to a pre-pandemic reference aircraft 
turnaround. The implementation of microscopic approaches allows to consider individual interactions and a step- 
wise process adaptation aiming for an efficient operational design. We find a significant extension of boarding 
times (more than doubled) if the physical distance rule is applied. The new disinfection process further extends 
the critical path of the turnaround, so we see a high impact on airport and airline operations. To compensate for 
the increased workload and process times, we provide an integrated cleaning and disinfection procedure with 
additional personnel. Our results indicate that the pre-pandemic turnaround times cannot be maintained for the 
same seat load, even if the process adaptations are being implemented. However, a seat allocation scheme with 
empty middle-seats (seat load of 67%) and the use of an apron position (additional use of rear aircraft door for 
boarding) enable pre-pandemic turnaround times without additional cleaning personnel. Aircraft turnarounds at 
terminal positions require between 10% (with additional personnel) and 20% (without additional personnel) 
more ground time.   

1. Introduction 

Air transportation offers mobility at national/international levels 
and faces numerous challenges ranging from safety, security, and 
operational efficiency to the call for zero environmental impact. The 
current worldwide pandemic situation demands significant changes in 
the aviation industry, which starts with a nearly full stop of air travel to 
avoid spreading of the coronavirus disease (COVID-19). After each 
major air traffic incident/accident or attack, the operational processes 
were significantly changed to prevent a recurrence. Thus, the multi-crew 
coordination concept to reduce authority gradients in the cockpit was 
introduced as a consequence of the Tenerife accident (1977) similar as 
hand luggage restrictions with regards to liquids were implemented 
after critical security events in 2006. From a passenger and operational 
point of view, process changes often result in longer service times and 

interrupt the idea of seamless transport. Besides safety and security 
constraints, we believe that the current pandemic situation will also 
sustainably change both aircraft ground operations and passenger 
handling. 

The processes of aircraft ground handling at the airport apron are 
summarized as aircraft turnaround. For years, airlines have pursued to 
enhance the efficiency of their turnaround operations to increase flight 
times of their aircraft and thereby resource utilization. Pushed by the 
groundbreaking innovations of low-cost carriers, turnaround processes 
across the entire industry have been shortened, redesigned, or ratio
nalized in the course of the last three decades. Especially cleaning and 
catering processes have seen the most substantial cut-backs, either being 
reduced to every second or third turnaround over the day or being 
operated cursory by cabin crew personnel, leaving full and thorough 
executions to overnight periods. 
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The current pandemic situation demands specific changes to the 
standard operating procedures for several turnaround sub-processes: (a) 
during aircraft deboarding and boarding, passengers have to comply to a 
minimum physical distance and (b) in addition to the standard cleaning, 
the cabin has to be disinfected. We expect that these changes will 
significantly impact also the total turnaround time, given that the 
related processes are typically part of the critical path. To ensure a 
minimum transmission risk during boarding and flight, new operational 
concepts and structural changes in the aircraft cabin could be applied. 

There are several approaches for infrastructural changes to the 
aircraft cabin, but most of these ideas are far away from being a flexible 
and standardized solution for the aviation industry. Wearing a mask and 
ensuring low transmission risk during de-/boarding by using appro
priate strategies (Schultz and Fuchte, 2020) is more likely to be imple
mented in actual airline and airport operations than altered cabin 
layouts. To limit the transmission via surfaces, the aircraft cabin needs to 
be disinfected before boarding starts. The disinfection process is 
currently tested by several airlines in mock-up and real environments to 
derive an appropriate process design. 

If currently required passenger de-/boarding and new disinfection 
procedures are implemented into a turnaround reference model, as 
shown in Fig. 1, it is obvious that an extended ground time needs to be 
considered for airline and airport operations. As a result, aircraft rota
tions may be significantly affected along the entire day of operations, 
especially in-between flights that have no schedule buffers assigned in 
excess to the aircraft’s minimum ground times. While current research 
approaches are more aimed at finding out to what extent ground times 
need to be reduced in order to increase aircraft utilization, the question 
now is how much additional ground time can be tolerated without 
endangering the operational efficiency of the entire airline network. 

1.1. State-of-art 

Comprehensive overviews are provided for aircraft ground opera
tions, passenger boarding, and their corresponding economic impact 
(Schmidt, 2017; Jaehn and Neumann, 2015; Nyquist and McFadden, 
2008; Mirza, 2008; Cook, 2015; Delcea et al., 2018). 

Research on ground operations is divided in strategic and tactical 
approaches. From a strategic perspective, it is a long-term research 
objective to allocate schedule buffers efficiently throughout daily airline 
schedules to eliminate critical resource dependencies and improve 
network robustness (Beatty et al., 1999; AhmadBeygi et al., 2010; Wu, 
2006; Wu and Law, 2019). For a better tactical situational awareness in 
the course of Airport-Collaborative Decision Making (A-CDM), several 
studies aim at the accurate prediction of turnaround target times by 
incorporating stochastic process time distributions (Wu and Caves, 

2004; Fricke and Schultz, 2009; Oreschko et al., 2012). A microscopic 
turnaround model was introduced which applies flight-specific trigger 
parameters and process variations for cleaning and boarding to actively 
manage delayed turnaround operations (Schultz et al., 2013). Further 
turnaround control options are proposed in (Kuster et al., 2009), while 
several analytical approaches target the optimal allocation of airport 
resources, such as ground handling equipment (Andreatta et al., 2014; 
Padrón et al., 2016), pushback trucks (Du et al., 2014), de-icing slots 
(Norin et al., 2012), and aircraft stands (Dorndorf et al., 2017; Dijk et al., 
2019). Future research will concentrate more on an integrated view of 
aircraft handling, which evaluates delays also concerning 
self-connecting passengers (Ali et al., 2019) or coupled ground and flight 
operations (Rosenow and Schultz, 2018) to include them into the opti
mization of ground procedures. 

A common goal of simulation-based approaches for passenger 
boarding is to minimize boarding time. Thus, the efficiency of different 
boarding strategies was the focus of several research activities (Marelli 
et al., 1998; Van Landeghem and Beuselinck, 2002; Ferrari and Nagel, 
2005; van den Briel et al., 2005; Bachmat and Elkin, 2008; Schultz et al., 
2008; Bachmat et al., 2013). The developed models are based on cellular 
automaton (Burstedde et al., 2001; Schultz, 2010) or analytical ap
proaches, but also other methods were applied to the passenger board
ing challenge: mixed integer linear programs (Bazargan, 2007), 
statistical mechanics (Steffen, 2008a), power law rule (Frette and 
Hemmer, 2012; Bernstein, 2012), cellular discrete-event system speci
fication (Jafer and Mi, 2017), and stochastic approach covering indi
vidual passenger behavior and aircraft/airline operational constraints 
(Schultz, 2018a). Focus at current research is set on seat assigned pas
sengers with regards to hand luggage (Qiang et al., 2014; Milne and 
Salari, 2016; Steffen, 2008; Milne and Kelly, 2014), boarding of groups 
(Zeineddine, 2017; Schultz, 2018a), consideration of passenger expec
tations (Wittmann, 2019), use of apron busses (Milne et al., 2019), 
real-time seat allocation (Schultz, 2018b; Yazdani et al., 2019), or the 
assessment of new technologies in the aircraft cabin (Schultz, 2017). 

There are two new research contributions available, which set a 
focus on behaviors during pandemic situations and their impact on the 
aircraft boarding procedures. The first research addresses the quantity 
and quality of passenger interactions (Cotfas et al., 2020) and the second 
research additionally develops and implements a transmission model to 
provide a more detailed evaluation (Schultz and Fuchte, 2020). With a 
focus on airport operations, the impact of physical distances on the 
performance of security control lanes was analyzed to provide a reliable 
basis for appropriate layout adaptations (Kierzkowski and Kisiel, 2020). 

Fig. 1. Adapted turnaround reference model with cabin disinfection, reduced catering and physical-distancing of passengers during deboarding and boarding. 
Because of the altered process layouts, the total turnaround time is likely to extend required ground times so that estimated off-block times (EOBT) overrun former 
scheduled off-block times (SOBT). 
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1.2. Focus and structure of the document 

Within our contribution, we evaluate the impact of operational 
process changes for the aircraft turnaround, which are mainly triggered 
by restrictions from a pandemic scenario. In particular, we will focus on 
the cabin cleaning process (i.e, integrating disinfection activities) and 
the passenger boarding (i.e., respecting minimum distance re
quirements). We implement the altered operating procedures into a 
turnaround reference model as we expect that the studied processes will 
be situated on the critical path and, thus, have a significant impact on 
the required ground time. 

Sec. 2 introduces the turnaround reference model and presents post- 
pandemic process adaptations made by airlines around the world as they 
currently ramp-up their operations after the shut-down. Sec. 3 presents 
two microscopic cabin models - one for the stochastic simulation of 
boarding times and another for the resource-constrained optimization of 
the cabin cleaning duration. Sec. 4 describes the implementation of both 
process models into various resource-constrained scenarios, which 
analyze different seat allocation schemes. The results of both micro
scopic models are presented in Sec. 5, which furthermore incorporates 
them into the turnaround reference model. Sec. 6 discusses the results in 
the context of efficient post-pandemic airline operations and draws 
conclusions for future research and long-term consequences. 

2. Aircraft turnaround 

The turnaround is defined as the ground times of aircraft in-between 
two flight legs, starting with scheduled in-block time (SIBT) of the in
bound leg and finishing with the scheduled off-block time (SOBT) of the 
outbound leg. The turnaround consists of up to twelve interdependent 
sub-processes which contain more than 150 individual activities and 
involve up to 30 different actors (IATA, 2018). The most critical 
sub-processes are those which are part of the critical path of the turn
around and, thus, directly influence the total turnaround time (see 
Fig. 1). Given that sub-process durations are stochastically distributed 
and depend on different trigger parameters (Fricke and Schultz, 2009), 
the critical path can differentiate between individual turnarounds (Evler 
et al., 2018). 

2.1. Reference model 

After aircraft acceptance, which includes the positioning of ground 
handling equipment and passenger stairs/bridges, two process paths are 
operated in parallel - cabin processes and cargo processes (Wu and 
Caves, 2004) (see Fig. 1). Fueling is associated with cabin processes, 
given that local safety regulations may define that during fueling no 
passengers should be on-board (deboarding and boarding). Thus, 
cleaning, catering, and fueling processes are operated in parallel, 
whereby all these processes have been omitted from time to time by 
some carriers in recent years to reduce total turnaround times. E.g., 
Lufthansa has switched to a so-called “return-catering” concept, so that 
the catering process is only executed at the aircraft’s home base and 
includes items for both upcoming flight legs. Ryanair caters aircraft only 
once at the beginning of the day for all scheduled flights, while the 
cleaning process is typically performed cursory by cabin crew members. 
For cleaning, Lufthansa still uses an external cleaning provider but has 
defined several procedures, such as “reduced-cleaning”, “stand
ard-cleaning” and “extended cleaning”, the latter one typically being 
operated during night-stops. To spare the fueling process, some airlines 
have even implemented so-called “tankering” for some flight cycles, so 
that the tanked fuel suffices for both upcoming flight legs, which extends 
the process at one airport but omits it at another one. Boarding starts 
only after all previous sub-processes have been completed. In the case of 
fueling, boarding could start earlier but needs to be authorized by the 
captain and the local fire brigade (so-called tank-protection procedure). 

2.2. Post-pandemic process adaptations 

With the ramp-up of flight operations following the pandemic shut- 
down, many airlines have implemented increased hygienic pre
cautions and redesigned their standard operating procedures for the 
turnaround to adhere to more strict official regulations regarding sani
tary conditions at the airport and inside the cabin. In cooperation with 
Dubai Health Authority, Emirates has been the first airline to introduce 
rapid result blood tests at the airport. On flights that exceed 90 min 
turnaround time, a dedicated cabin service assistant complements the 
crew to ensure frequent disinfection of central touch-points, such as 
lavatories. Furthermore, Emirates has decided to reduce the seat load to 
respect distance requirements during the entire flight. Also, other air
lines, such as Air France and American Airlines, have decided to employ 
seat allocation restrictions so that passengers are evenly allocated in the 
aircraft cabin. Delta Airlines follows a similar approach and applies the 
back-to-front boarding strategy to reduce contacts in the cabin. Air 
Canada has adapted arrival rates during boarding to guarantee enough 
physical distance between passenger groups and performs an infra-red 
screening at the gate to measure the individual body temperature of a 
passenger, considering that fever is a major indicator of a COVID-19 
infection. All airlines require their employees and passengers to wear 
masks for the entire journey, while many additionally provide hand 
sanitizers in lavatories and at cabin doors. Catering is reduced to few 
packaged items and water bottles, reducing the number of trolleys which 
needs to be loaded onto the aircraft during the turnaround (Puckett, 
2020). 

Almost all airlines advertise that high efficiency particulate air 
(HEPA) filters for the cabin are exchanged frequently and that the cabin 
is disinfected. In the initial process layout, disinfection is performed by a 
dedicated unit after the standard cleaning process has been finished. 
Assuming this process design within the turnaround reference model 
would mean that both processes are on the critical path and extend the 
turnaround time (see Fig. 1). Furthermore, the consideration of physical 
distances between passengers during boarding (and deboarding) would 
jeopardize the turnaround performance, which would ultimately impact 
the available block hours per day and thereby decrease aircraft 
utilization. 

3. Microscopic cabin model 

In our contribution, we focus on two major turnaround sub-processes 
in the aircraft cabin, which require a redesign to maintain pre-pandemic 
ground times: passenger boarding and disinfection as part of the adapted 
cabin cleaning. Whereas cabin cleaning is done by trained personnel, 
boarding mainly depends on the willingness and ability of the individual 
passenger to follow the proposed boarding procedures (e.g. late arrival 
at the gate, family groups). 

3.1. Aircraft boarding 

In the following sections, we introduce the aircraft boarding model 
and briefly describe the virus transmission model. This microscopic 
model is applied to standard boarding scenarios to exhibit the conse
quences of physical distances to the aircraft boarding time. 

3.1.1. Passenger movement model 
To reflect operational conditions of aircraft and airlines (e.g. seat 

load factor, conformance to the boarding procedure) as well as the non- 
deterministic nature of the underlying processes (e.g. amount and dis
tribution of hand luggage) a stochastic model was developed (Schultz, 
2018a) and calibrated (see Schultz, 2018c). Herein, the passenger 
boarding is defined as an agent-based, stochastic, forward-directed, 
one-dimensional, and discrete (time and space) process, which is map
ped to a regular grid. An appropriate mapping of the aircraft seat layout 
is shown in Fig. 2 (Airbus A320, 29 rows, 174 seats). This regular grid 
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consists of equal cells with a size of 0.4 × 0.4 m, whereas a cell can either 
be empty or contain exactly one passenger. 

The boarding progress consists of a simple set of rules for the pas
senger movement: a) enter the aircraft at the assigned door (based on the 
current boarding scenario), b) move forward from cell to cell along the 
aisle until reaching the assigned seat row, and c) store the baggage (aisle 
is blocked for other passengers) and take the seat. The storage time for 
the hand luggage depends on the individual number of hand luggage 
items. The seating process depends on the constellation of already used 
seats in the corresponding row. To reflect the narrow space in the cabin, 
the corridor is modeled with a width of one cell, and passengers are not 
allowed to pass each other. 

An evaluation scenario for passenger boarding is mainly defined by 
the underlying seat layout, the number of passengers to board (seat load 
factor, default: 85%), the arrival frequency of the passengers at the 
aircraft, the number of available doors (default left front door), the 
specific boarding strategy (default: random boarding) and the confor
mance of passengers in following the current boarding strategy (default: 
85%). Further details regarding the model, the simulation environment 
and a comprehensive comparison of several boarding scenarios are 
provided at (Schultz, 2018a). 

The actual model for passenger boarding was adapted for consid
ering different approaches addressing a reduced transmission risk dur
ing boarding. These approaches primarily focus on the two major 
concepts of distance keeping and reduction of contact times, where both 
concepts result in a lower chance to get in close contact with a probably 
infected passenger. As already introduced and analyzed in detail (Bur
stedde et al., 2001; Schultz, 2010; Schultz, 2013; Nishinari et al., 2003), 
social and long-range interaction could be reliably modeled by using a 
floor field. This field contains information about preceding passengers, 
which allows for a long-range interaction even considering adjacent 
cells around the actual position. So each passenger will leave a trace 
with a given length during movement phase, which blocks the corre
sponding cells and indicate the minimum distance required. 

As Fig. 3 exhibits, an increasing physical distance results in a longer 
boarding time accompanied by a decreased standard deviation. 
Assuming a minimum distance of 1.6 m, which corresponds to 4 grid 
cells in the stochastic model, the boarding time is nearly doubled for 

random boarding. The effect of physical distance superimposes advan
tages by a significantly reduced arrival rate and the completely coupling 
of the individual passenger movements. This is also indicated by the 
reduced relative standard deviations (RSD, standard deviation divided 
by average value) (Fig. 3, right). 

Furthermore, the increased distance between passengers results in a 
worse performance of standard block-based boarding strategies. This 
would be also true for the individual boarding, which follows the idea 
that each row is a block and this block should be boarded with window 
seat first and aisle seat last (outside-in). The distance of subsequently 
following blocks has to be adapted according to the required distance of 
the passengers. Finally, each (optimized) block-based strategy will 
converge to this individual approach with an increasing number of 
blocks. 

3.1.2. Transmission model 
The stochastic model for the passenger movements is extended by an 

approach to evaluate the risk of a virus transmission during the boarding 
process. In this approach, face masks are not considered. The trans
mission risk is defined by two major input factors: distance to the index 
case and reduction of contact time. A straight forward approach is to 
count both the individual interactions (passengers located in adjacent 
cells) and the duration these contacts in aisle and during the seating 
process. However, counting the individual contacts will only provide a 
first indication about potential ways of infections. We used a more 
comprehensive approach, which is based on the transmission model 
(Smieszek, 2009) defining the spread of SARS-CoV2 as a function of 
different public distancing measures (Müller et al., 2020). The proba
bility of a person n to become infected in a time step t is described in 
Equation (1). 

Pn,t = 1 − exp
(
− θ

∑
SRm,t inm,t tnm,t

)
(1)  

defined by: 

Pn,t the probability of the person n to receive an infectious dose. This 
shall not be understood as “infection probability”, because this 
strongly depends on the immune response by the affected person. 

Fig. 2. Grid-based simulation environment - Airbus A320 as reference.  

Fig. 3. Progress of boarding time (left) and relative standard deviation (right) time with increasing physical distance between passengers.  
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θ the calibration factor for the specific disease. 
SRm,t the shedding rate, the amount of virus the person m spreads 
during the time step t. 
inm,t the intensity of the contact between n and m, which corresponds 
to their distance. 
tnm,t the time the person n interacts with person m during the time 
step t. 

In our approach, we define the shedding rate SR as a normalized bell- 
shaped function (Eq. (2)) with z ∈ (x, y) for both longitudinal and lateral 
dimensions, respectively (see (Schultz and Fuchte, 2020)). 

SRxy =
∏

z∈(x,y)

(

1 +
|z − cz|

az

2bz
)− 1

(2) 

The parameters are a (scaling factor), b (slope of leading and falling 
edge), and c (offset) to determine the shape of the curve. The parameters 
have been initially set to ax = 0.6, bx = 2.5, cx = 0.25, ay = 0.65, by =

2.7, and cy = 0. This provides the spread in y-direction (lateral to 
moving direction) a slightly smaller footprint than in x-direction (lon
gitudinal to moving direction). The spread in x-direction is higher in 
front of the index case than behind it (see Fig. 4). When the passenger 
arrives his corresponding seat row, the moving direction is changed by 
90◦. 

Finally, the individual probability for virus transmission Pn corre
sponds to Θ, the specific intensity (dose) per time step (Eq. (3)). We set Θ 
to 1

20, which means a passenger reaches a probability of Pn = 1 after 
standing 20 s in closest distance in front of an infected passenger (SRxy =

1). The parameter α ∈ {1,2} is 1 and changed to 2 when the passenger 
stores the luggage or enters the seat row. This doubled shedding rate 
reflects the higher physical activities within a short distance to sur
rounding passengers. 

Pn =Θ SRxy α (3)  

3.1.3. Simulation results 
Table 1 shows the comprehensive evaluation of transmissions 

around one infected passenger, which is randomly seated in the aircraft 
cabin. Two different scenarios are evaluated against the reference 
implementation (R) of the boarding strategies: (A) applying a minimum 
physical distance between two passengers of 1.6 m, and (B) additionally 
to the physical distance the amount of hand luggage items are reduced 
by 50%. Furthermore, the use of two aircraft doors in the front and at the 
rear is evaluated (A2 and B2) using the transmission risk and boarding 
time as indicators. In particular, the back-to-front strategy (2 blocks: 
front block with rows 1–15, rear block with rows 16–29) exhibits lower 

values for the transmission risk than the optimized block strategy (using 
6 blocks of aggregated seat rows) (see Schultz (2018a)). When passen
gers are boarded (block-wise) from the back to the front, the chance to 
pass an infected person is reduced to a minimum, which is confirmed by 
the reduced transmission probability exhibited in Table 1. This effect is 
also a root cause of the low transmission probabilities of outside-in, 
reverse pyramid, and individual boarding strategies. The reference 
case of random boarding initially shows an average value of 5.9 possible 
transmissions, which could be reduced by operational changes (less 
hand luggage) to 1.1 using one aircraft door and 1.0 if two doors are 
used. With a focus to the corresponding boarding times, it may be 
noticed that a back to front approach is favorable for a reduced trans
mission risk, but on a cost of increased boarding times in comparison to 
the random boarding case . 

The use of two aircraft doors for boarding will provide an appro
priate solution for a reduced transmission risk inside and outside the 
cabin, if near apron stands could be used and passengers could walk 
from the terminal to the aircraft. This kind of walk boarding also prevents 
passengers from standing in the badly ventilated jetway during the 
boarding. Deboarding is difficult to control by specific procedures given 
that passengers demonstrated little discipline and high eagerness to 
leave the aircraft. More attention should be paid to this process and 
consideration should also be given to procedural or technical solutions 
to provide passengers better guidance and control. 

3.2. Cabin cleaning 

To avoid that cleaning becomes a critical process for the entire 
aircraft turnaround, this subsection introduces an analytical approach 
for the optimal allocation of cleaning personnel so that standard 
cleaning and disinfection can be performed mostly in parallel. The aim is 
to estimate the process duration for different cleaning schemes using a 
constrained number of cleaning agents. 

3.2.1. Problem description 
Cabin cleaning activities (ALL) include a number of specific activities 

(a ∈ ALL) which need to be performed at various points inside the 
aircraft, such as galley preparation (GAL) ⊆ALL, lavatory cleaning (LAV) 
⊆ALL, cockpit cleaning (COC) ⊆ALL, vacuuming (VAC) ⊆ALL and seat 
preparation (SEA) ⊆ALL. As already mentioned, some airlines (e.g. 
Ryanair) have totally omitted the cleaning process or use cabin crew 
members instead of dedicated personnel to perform it in order to reduce 
required ground times. However, given the increased requirements for 
thorough cabin sanitation, we assume that such procedures are deferred 
for the near future. 

Fig. 4. Transmission probability for longitudinal (x) and lateral (y) components and as two-dimensional probability field (right).  
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Thus, our resource-constrained cabin cleaning scheduling model 
includes the full set of standard cleaning activities plus disinfection (DIS) 
⊆ALL of all cabin areas. Within the initial version of the model, all 
cleaning agents k are qualified to perform all activities, so that there is 
no extra unit for disinfection. All activities are associated with flexible 
starting times s so that task allocation is mainly influenced by activity 
duration Dirk, as well as setup and transition times T in-between activ
ities. Note that setup times are zero between two activities of the same 
kind. For each part of the cabin, the respective activities in that partic
ular area have predecessor and successor relationships, which are 
defined within the precedence matrix PMij = ALL × ALL (see Fig. 5). 

While for some cabin areas (i.e., lavatories and cockpit) there is only one 
operating procedure (i.e., process sequence) which is to be performed at 
once by one agent, others are more flexible and can either be operated at 
once by one agent or split into the individual sub-activities cleaned by 
separate agents (i.e., galleys and seat rows - see Fig. 5). 

A decision variable xirk defines whether the respective activity i of the 
chosen procedure are part of the overall working scheme and need to 
performed by an agent k, 0 otherwise. Flexible operating procedures 
exist for galley and seat preparation. Galley preparation can be split into 
sub-activities galley cleaning (GCL) and galley vacuuming (GVA). Seat 
preparation can be subdivided into removing trash from seat-pockets 
(REM), cleaning seat-surfaces and tray tables (CLE), and restocking 
seat-pockets and head-rests (RES). Task durations were retrieved from 
field measurements (Schultz et al., 2013) and are adapted with their 
mean values as exhibited in Table 2. Given the lack of field data for 
disinfection procedures, we estimate the duration according to the size 
of the respective application area. 

Our model considers that not all seats might have been occupied on 
the inbound flight, so that seat preparation may be reduced or omitted 
for these areas. The number and location of such unnecessary cleaning 
tasks follows different seat allocation scenarios, which are detailed in 
Sec. 4. Note, however, that disinfection needs to be performed in all 
cases, given that passengers from adjacent seats may have contaminated 
surfaces in the vicinity of their allocated seats. 

3.2.2. Mathematical formulation 
In this part a mathematical optimization model is developed based 

on the Resource-Constrained Project Scheduling Problem (RCPSP) with 
considering sequencing constraints for each cleaning agent between the 

Table 1 
Evaluation of transmissions risk assuming one SARS-CoV2 passenger in the cabin. The simulated scenarios are: (R) reference implementation (Schultz, 2018a), (A) 1.6 
m minimum physical distance between two passengers, (B) additional reduction of hand luggage by 50%, (A2) and (B2) use of two door configuration.   

transmission risk boarding time (%) 

boarding strategy R A B A2 B2 R A B A2 B2 

random 5.9 1.6 1.1 1.4 1.0 100 198 154 133 103 
back-to-front (2 blocks) 5.6 1.4 1.0 1.2 0.8 96 220 169 153 116 
optimized block (6 blocks) 6.5 2.3 1.5 1.5 1.0 95 279 210 166 125 

outside-in 3.5 0.4 0.2 0.3 0.1 80 161 116 107 77 
reverse pyramid 3.0 0.2 0.1 0.2 0.1 75 185 128 119 82 
individual 2.0 0.2 0.1 0.2 0.1 66 114 104 103 74 

deboarding 10.0 9.7 7.8 7.6 6.0 55 97 68 52 36  

Table 2 
Task durations for cleaning sub-activities (adapted from Schultz et al. 
(2013a)).  

(Sub-)Activity Duration (Sec.) 

Galley cleaning + vacuuming 149 
Galley cleaning 100 
Galley vacuuming 40 
Galley disinfection 40 

Seat row preparation 30 
Seat row item removal 3 
Seat row cleaning 12 
Seat row restocking 6 
Seat row vacuuming 10 
Seat row disinfection 20 

Lavatory cleaning 120 
Lavatory disinfection 20 

Cockpit cleaning 60 
Cockpit disinfection 40  

Fig. 5. Microscopic resource scheduling model for cabin cleaning with precedence constraints (left) and two potential resource allocation schemes (right). Note the 
setup periods when an agent changes between two activities of a different kind. 
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activities in cleaning process.  
Sets: 

ALL Set of all cabin cleaning activities 
GAL Sub-set of all galley preparation activities 
GCL Sub-set of all galley cleaning activities 
GVA Sub-set of all galley vacuuming activities. 
SEA Sub-set of all seat row preparation activities 
REM Sub-set of all seat row item removal activities 
CLE Sub-set of all seat row cleaning activities 
RES Sub-set of all seat row restocking activities 
VAC Sub-set of all seat row vacuuming activities 
LAV Sub-set of all lavatory cleaning activities 
COC Sub-set of cockpit cleaning activities 
DIS Sub-set of all disinfection activities 
AR Start and end node 
CDP Set of cleaning depot 
AGT Set of available cleaning agents 
ROW Set of seat rows (left- and right-side) 
Parameters: 
Tijrlk  Transfer and setup time between nodes i and j, in seat rows r and l 

respectively when both are performed by agent k 
N Total number of cleaning agents 
M Parameter specific big M 
PMij ALL*ALL precedence matrix - equal to 1, if activities j can only be performed 

after activity i has been finished, and 0 otherwise  
Dik  Duration of activity i performed by agent k 
Variables: 
xirk  Binary variable – equal to 1, if activity i in seat row r is performed by agent k, 

and 0 otherwise 
wijrlk  Binary variable – equal to 1, if activity j in seat row r and directly succeeds 

activity i in seat row l and both are performed by agent k, and 0 otherwise 
sirk  Scheduled starting time of activity i in sear row r performed by agent k 
Cmax  Earliest finishing time of cleaning process  

min ​ Cmax (4)  

S.t sirk + M(1 − xirk) ≥ sirk + Dirk ∀ i, j|PMi,j = 1, ∀ r , k (5)  

xirk + xjrk = 1 ∀ i ∈ GAL , ∀ j ∈ GCL, ∀ r , k (6)  

xirk = xjrk ∀ i ∈ GVA , ∀ j ∈ GCL, ∀ r , k (7)  

xirk + xjrk = 1 ∀ i ∈ SEA , ∀ j ∈ REM, ∀ r , k (8)  

xirk = xjrk ∀ i ∈ REM , ∀ j ∈ CLE, ∀ r , k (9)  

xirk = xjrk ∀ i ∈ CLE , ∀ j ∈ RES, ∀ r , k (10)  

xirk =
∑

j∈AR
wijrlk ∀ i , r , l , k (11)  

xjrk =
∑

i∈AR
wijrlk ∀ j , r , l , k (12)  

∑

j∈AR

∑

k∈AGT
wijrlk ≤ N ∀ i ∈ CDP , ∀ r , l (13)  

sjrk ≥ sirk + xirk Dirk + Tijrlk − M
(
1 − wijrlk

)
∀ i , j , r , l , k (14) 

The objective function (4) minimizes the overall cleaning duration. 
Scheduling constraints (5) ensure that all selected activities are per
formed in a sequence which corresponds to the underlying precedence 
relationships in the respective area of the cabin. Constraints (6–7) define 
that galley preparation is either performed entirely by one agent or is 
split up into its individual processes, which can be performed by 
different agents. Equally, constraints (8–10) determine that the prepa
ration of a seat row is either performed by one agent entirely or is 
subdivided among different agents. Flow balance constraints (11–12) 
consider that one cleaning agent can only perform one activity at a time, 
whereby the number of available cleaning agents is bounded by (13) and 
setup and transition times between activities are considered by (14). 

4. Scenarios and application 

As mentioned above, the stochastic boarding simulation and the 
resource-constrained cleaning scheduling model are implemented for an 
Airbus A320 aircraft. This single-aisle, narrow-body aircraft configura
tion represents the dominating cabin layout for more than 70% of 
worldwide operated flights. Also, narrow-body aircraft fly more legs per 
day and therefore have shorter ground times, which leads to greater time 
pressure in turnaround activities. 

Taking into consideration that several airlines are purposely 
reducing the seat load to guarantee minimum distance requirements 
during the flight (see Sec. 2.2), we study the impact of various seat 
allocation schemes and a different amount of available cleaning agents 
onto the respective sub-process duration and, thus, the total turnaround 
time. Six different scenarios are generated which resemble potential 
allocation schemes as depicted in Fig. 6 and include seat load factors 
(SLFs) in the range between 17% (i.e., every sixth seat is occupied) to 
100% (i.e., all seats are occupied). For each scenario, the number of 
available cleaning agents ranges from 1 to 6, so that a total number of 36 
sub-scenarios is analyzed against a baseline instance, which contains a 
standard cabin cleaning process (i.e., without disinfection activities) 
with three cleaning agents and random boarding via the front-door at a 
terminal position. All scenario instances are summarized in Table 3. 

For each scenario instance, the stochastic boarding simulation pre
sented in Sec. 3.1 is run with the number of passengers which corre
sponds to the respective seat load, while the resource-constrained 
cleaning scheduling model presented in Sec. 3.2 assumes preparation 
times according to the number of occupied seats per row. Results from 
both models are transferred into the turnaround reference model so that 
the total turnaround time can be calculated under consideration of all 
precedence constraints. 

5. Results 

This section presents the individual results from the stochastic 
boarding simulation and the resource-constrained cabin cleaning 
scheduling model for all scenarios. Afterwards, both are incorporated 
into the turnaround reference model to study the impact on total turn
around time. 

5.1. Results of boarding simulation considering physical distances 

Table 4 exhibits the results from the stochastic boarding simulation 
considering the SLF of the respective scenario instances and the avail
able number of doors. With similar SLF, transmission risk can be reduced 
by more than two-thirds in the post-pandemic scenarios (from 5.9 to 
1.8/1.5) compared to the reference case. The risk can be reduced to an 
average below 1 transmission per flight if SLF is lowered to 50% or less. 
The transmission risk is effectively zero when only one in six seats are 
occupied (scenario S–I). Analyzing the relative changes in boarding 
time, the results in Table 4 indicate that a SLF of 50% with a one door 
boarding configuration and a SLF of 67% with a two-door configuration 
would be required so that pre-pandemic boarding duration could be 
maintained with the random boarding strategy. The frequently- 
referenced seat allocation scheme which leaves middle-seats unoccu
pied (i.e., scenario S-IV) would require a two-door boarding configura
tion so that the duration remains below the reference case (boarding 
time of 100%). Otherwise, the boarding time would be extended by 
roughly 40%. With similar SLF as in the reference instance, the duration 
of one door boarding would be almost doubled, while simultaneous 
boarding via front and rear doors would still take 29% more time. 

5.2. Results for resource-constrained cabin cleaning 

Fig. 7 exhibits the performance difference between the baseline 
instance and the minimal cleaning duration for all of the six seat 
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allocation scenarios considering the available cleaning agents. Note that 
with the same amount of cleaning agents as in the baseline (i.e., three), 
all instances comprise an increased process duration of up to 25%, which 
is still less than if cleaning and disinfection would be operated sequen
tially. Contrarily, at least five agents are required to maintain or 

outperform the baseline duration regardless of the seat allocation 
scheme. Typically for closed systems with increasing interactions, pro
cess times are not linked proportionally to the number of assigned re
sources, so that the marginal benefit of another agent decreases and 
causes the hyperbolic shape towards a saturation limit visible in Fig. 7. 
The saturation limit for the cleaning process is estimated at 40% of the 
pre-pandemic process duration, given that two exemplary calculations 
with 12 and 18 agents produced no additional time benefits. Thus, the 
negative time impact of less available agents is higher than the benefit of 
additional agents. This effect should be considered when the overall 
number of cleaning agents available across multiple turnarounds does 
not increase in a post-pandemic scenario so that resources would need to 
be prioritized between aircraft. An assignment of additional agents to 
one aircraft would mean a reduced availability for parallel operated 
turnarounds, which might lead to substantially extended cleaning and 
ground times for these aircraft. 

Figs. 8 and 9 depict two optimal cleaning schemes calculated with 
the resource-constrained cleaning scheduling model. In the prior 
instance, three cleaning agents need to clean the aircraft in which the 
middle seat in each row was not assigned, whereas in the latter instance 
four agents are available. Analyzing the working schemes of all three 
agents in Fig. 8, it can be recognized that galley and seat preparations 
are split among all agents. Thus, after the cleaning of rear galleys and 
lavatories, the first agent performs the removing of items for each seat 
row, the second one cleans seats, before the third agent restocks all items 
and headrests and vacuums the aisle. Once all seats are prepared, one 
agent performs all disinfection activities, while the others clean the front 
galley, lavatory, and cockpit. Contrarily, the working schemes in Fig. 9 
display that after cleaning the rear lavatory, one agent removes items 
and cleans the seats for all rows right of the aisle, while another one 
prepares all rows on the left side of the cabin. A third agent restocks all 
seats and vacuums the aisle before moving to the cockpit. As soon as the 
respective areas are finished, the fourth agent disinfects the cabin from 
rear to front. 

Fig. 6. Scenarios consider different seat load and allocation schemes.  

Table 3 
Post-pandemic turnaround scenarios considering various seat allocation 
schemes and a different amount of available cleaning agents.  

Scenario ID Scenario Description 

Baseline 83% SLF 3 agents - standard cleaning with no disinfection 

S–I 17% SLF only one in six seats needs to be cleaned by x agents 
S-II 33% SLF only two in six seats need to be cleaned by x agents 
S-III 50% SLF only three in six seats need to be cleaned by x agents 
S-IV 67% SLF only four in six seats need to be cleaned by x agents 
S–V 83% SLF only five in six seats need to be cleaned by x agents 
S-VI 100% SLF all seats need to be cleaned by x agents  

Table 4 
Simulation of seat configurations defined by scenarios S–I to S-VI using a random 
boarding sequence. The simulated scenarios are: (P) pre-pandemic situation 
with one door as reference implementation (Schultz, 2018a), (1D) 
post-pandemic situation (1.6 m physical distance) with one door and (2D) 
post-pandemic situation with two door configuration.    

transmission risk boarding time (%) 

Scenario P 1D 2D P 1D 2D 

S–I 17% SLF – 0.0 0.0 – 33 23 
S-II 33% SLF – 0.3 0.2 – 60 40 
S-III 50% SLF – 0.6 0.5 – 101 68 
S-IV 67% SLF – 1.4 1.2 – 141 94 
S–V 83% SLF 5.9 1.8 1.5 100 192 129 
S-VI 100% SLF – 2.1 1.7 – 240 160  

Fig. 7. Resulting cleaning times corresponding to scenario instances and number of available cleaning agents.  
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5.3. Impact on total turnaround time 

For the estimation of the total turnaround time in the reference case, 
pre-pandemic process time distributions for all turnaround sub- 
processes are adopted (Fricke and Schultz, 2009; Schultz, 2018a) and 
convoluted with each other (Evler et al., 2018). The 90% quantile of the 
resulting distribution is compared with the post-pandemic turnaround 
model (see Fig. 1), which incorporates the results from Sec. 5.1 and 5.2. 
Given the lack of a sophisticated deboarding model, results from the 
boarding simulation are equally adapted for the changes of deboarding 
times under post-pandemic circumstances. The duration of catering is 
assumed to be 30% less than in pre-pandemic operations, given that 
fewer items are loaded onto the aircraft. The fueling process remains 

unchanged. 
Fig. 10 shows the relative changes of the total turnaround time in the 

post-pandemic scenario considering different seat allocation schemes, a 
different amount of available cleaning agents, and the application of 
one-door or two-door boarding strategy. The graphs indicate that with 
the pre-pandemic amount of cleaning agents (i.e., three) and aircraft 
allocation to a terminal contact stand (i.e., one door boarding), former 
ground times can only be maintained when the SLF is reduced to 50% (i. 
e., scenario instance S-III-1D). Given that this scenario guarantees 
minimum distance requirements and reduced interactions during 
boarding and the disinfection of the cabin, transmission risk can be 
reduced by almost 90%. With an allocation to remote- or walk-boarding 
stands, which would enable a two-door boarding strategy, the 

Fig. 8. Optimal cleaning scheme with 67% SLF and three available cleaning agents (scenario instance S-4-3).  

Fig. 9. Optimal cleaning scheme with 67% SLF and four available cleaning agents (scenario instance S-4-4.  

Fig. 10. Post-Pandemic Total Turnaround Time relative to Pre-Pandemic Total Turnaround Time at 90% Quantile for all considered Scenario Instances.  
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completion of the turnaround with a SLF of 67% (i.e., scenario instance 
S-IV-2D) would become feasible without extending scheduled ground 
times. This corresponds to the seat allocation scheme which applies free 
middle-seats. This procedure still ensures a reduction of the transmission 
risk by at least 75% compared to the standard boarding. If airlines aim at 
maintaining pre-pandemic SLFs, scheduled ground times should be 
extended by at least 20% (e.g., 60 instead of 50 min for an A320 turn
around) when aircraft are positioned remotely, whereas turnarounds at 
terminal contact stands require a 40% time extension (e.g., 70 instead of 
50 min for an A320 turnaround). If the availability of cleaning agents 
would be doubled (i.e., six agents instead of three per turnaround), new 
scheduled ground times could be reduced by 5 min in both cases (e.g., 
55 min with two-door boarding, 65 min with one door boarding). Note 
that even with six cleaning agents and remote stands, former scheduled 
ground times cannot be achieved with higher SLFs (scenarios S–V and S- 
VI). Further note that with very low SLFs (scenario S–I and S-II) the 
relative time benefit is bounded at − 30%, given that in these cases the 
critical path of the turnaround would go via the cargo processes 
unloading and loading (see Fig. 1). 

6. Discussion and outlook 

Our contribution has highlighted that required adaptations to the 
aircraft turnaround standard operating procedure in a post-pandemic 
scenario can be incorporated while guaranteeing low level of virus 
transmissions. However, these adaptations involve additional cost for 
airlines at three different strategic levels: (1) opportunity cost caused by 
a reduced seat load and extended scheduled ground times, (2) more 
cleaning personnel leads to higher costs for ground handling, and (3) 
investments into altered gate infrastructure and walk-boarding 
positions. 

The analysis of six different seat allocation schemes has revealed that 
it is impossible to maintain previously scheduled ground times while 
aiming for an equal seat load and low transmission risk during the 
boarding process. Thus, trade-offs need to be made between reduced 
seat load per flight and longer scheduled ground times. Given the fact 
that airlines generally have very low profit margins, a lower seat load 
challenges the economic efficiency of many flights. However, consid
ering that demand is only slowly picking up after the shut-down, 
reduced seat loads seem more feasible than fewer flights per day 
(might result in reduced connectivity in the network), which would 
make the product even more unattractive. Nowadays, the option of 
leaving the middle seats in each row unoccupied seems to be a favored 
solution. Future research could focus on how ticket prices can be 
adjusted to ensure efficient operations with fewer tickets sold per flight, 
or how modified aircraft rotations can include longer ground segments 
for parts of the fleet. 

Our results show that a seat load factor of 67%, which corresponds to 
the “empty middle-seat” scenario, would require an extension of the 
minimum ground time by 20% at terminal positions when a one-door, 
physical distance strategy for boarding is applied and the same 
amount of cleaning agents is available as before the pandemic. At apron 
stands (enabling walk-boarding), previously scheduled ground times 
could be maintained given that front and rear aircraft doors can be used 
for deboarding and boarding processes. In both cases, transmission risks 
are reduced by more than 75% compared to the reference boarding. 
Also, an increase in cleaning personnel can help to keep overall turn
around times low, even if additional disinfection activities have to be 
carried out after standard cleaning. Assuming 67% SLF and a one-door, 
physical distance strategy for boarding is applied, only 10% more 
ground time would be required compared to pre-pandemic operation if 
the number of available cleaning agents were doubled from 3 to 6 per 
turnaround. In a parallel study, further seat allocation schemes are 
analyzed, taking into account the fact that members of the same group 
do not require physical distances during boarding and can sit together 
during the flight (Schultz and Soolaki, 2020). Future research should 

cover the same ground for the deboarding process and provide ideas for 
this rather uncontrolled aircraft cabin process. 

Taking into consideration that airport and ground handling re
sources are constrained, not all turnarounds can be operated on walk- 
boarding positions with increased cleaning personnel. Thus, airlines 
will need to prioritize between aircraft more than ever before. Especially 
walk-boarding positions are limited, given that they were requested 
solely by low-cost carriers in pre-pandemic operations, while full-service 
network carriers transported their passengers via apron busses to remote 
positions and parked their aircraft at terminal contact stands whenever 
available. Thus, walk-boarding positions and the related pre-boarding 
areas in the terminal have been built predominantly at secondary air
ports or low-cost terminals of primary airports. Given that badly- 
ventilated jetway bridges (and apron busses) offset the reduced trans
mission risks from physical-distance boarding, more stands in the vi
cinity of the terminal should be established at primary airports, so that 
passengers can board the aircraft via two doors in open space. Other
wise, airlines will need to pre-assign certain flights to walk-boarding 
stands to enable two-door boarding strategies. All other aircraft will 
require extended scheduled ground times when they are allocated to 
terminal positions. Future research should analyze the impact of addi
tional airport and ground handling resources on multiple parallel turn
arounds when they all adhere to the proposed process adaptations. With 
this, airlines can sustainably rebuild their schedules by considering that 
increased sanitation requirements might remain permanently and 
require extended ground times for at least a part of their fleet. 
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