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Abstract: This article presents a novel model for the management of air cargo shipment screening.
Previous research has focused solely on making the air cargo screening process as efficient as possible.
These scientific papers did not look at the costs generated by the improper selection of technical
equipment for the cargo handled. The challenge is to be able to complete the entire screening process
in the expected time with the lowest possible energy consumption. This article presents a discrete-
event simulation model for the balanced planning of air cargo screening. The innovation of this
solution is the parallel analysis of process performance and energy consumption. The user receives
two variables (energy consumption and process execution time) in relation to the number of cargo
shipments handled. The user can therefore control the process by taking these variables into account.
This will allow the user to find the right system configuration for the preferences desired. It is possible
to strike a balance between achieved process efficiency and energy consumption. This approach has
not been considered so far. Given that energy consumption constitutes 15% of operating costs at
airports, this is an important issue that needs to be addressed.

Keywords: air cargo handling; X-ray selection; discrete event simulation model

1. Introduction

Cargo transport in aviation follows a complex cargo handling process. According to the
current regulations [1], these tasks are carried out by a registered handling agent, who is also
responsible for carrying out cargo security checks. The selection of screening equipment is
strictly regulated, and screening methods are adapted to the type of cargo being screened.
Cargo and mail are screened using one or more of the methods: manual inspection, X-ray
screening, explosives detection system, explosives detection dog, explosive trace detection,
visual inspection and metal detection. This means that, depending on the type of cargo
and its complexity, one of the available screening methods can be used to ensure that
the contents of the screened cargo do not raise safety concerns. Each of these methods
has different labor hour consumptions, energy consumptions and process capacities. The
improper selection of equipment and mismanagement of the cargo handling process are
incurring significant losses for airports and cargo terminals.

Energy consumption costs airports as much as 15% of their operating expenses [2].
More than 75% of energy is consumed by terminal buildings and their equipment [3].
This equipment is dedicated precisely to the process of handling cargo. The remainder of
the costs are for the maintenance of navigation infrastructure, runway lighting, taxiways,
aprons, etc.

This article presents a novel simulation model that helps select a sustainable strategy
when scheduling X-ray equipment for screening air cargo. The model returns cargo
handling time and energy consumption by the type of device deployed as outputs. In
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practical terms, by knowing the stream of cargo handled (its size and level of consolidation),
it is possible to select a suitable X-ray device that will provide a balance between process
efficiency and electricity consumption. This newly developed model will help answer the
research question: is it possible to control the baggage screening process at the airport to
achieve the expected efficiency, reducing energy consumption?

The remainder of the article is divided as follows: Section 2 presents a research gap,
demonstrating that the current literature has focused solely on process performance and
not on costs from energy consumption. Section 3 presents a novel simulation model for
X-ray equipment selection. Section 4 discusses the application of the model to a real system
and presents model validation. Section 5 presents the analysis performed and discusses the
results. Section 6 summarizes the achievements made.

2. State of the Art

Air cargo handling has been addressed many times in the literature. A very broad
review of state-of-the-art approaches and studies on this topic until 2015 was conducted by
Feng et al. [4]. More than 70 scientific papers were analyzed for the topics they covered in
this review. It was noted that past research focused on several main topics: air cargo service
operations/key players, revenue management, air cargo fleet planning and scheduling,
aircraft loading, container loading, air cargo terminal operations and industrial strategy.
The conclusion of this review was that energy consumption during cargo handling at the
airport terminal was not considered as a research topic until 2015. According to the findings
of this article, the category of air cargo terminal operations was crucial. This literature
review has been expanded to include new content from 2016–2023.

Nobert and Roy [5] focused on minimizing process costs by selecting the correct
number of employees. The same issue was addressed in several other works [6–8]. Hall [9]
worked on reducing the time to complete an operation, and a similar issue was addressed
by Lee et al. [10], where they reduced the overall duration of operations. Ou et al. [11]
looked at the possibility of reducing costs arising from cargo storage. Xu et al. [12] focused
on minimizing costs arising from cargo handling congestion.

The issue of sustainability has not been addressed so far. Research on terminal cargo
handling so far has been one-sided, based on the desire to perform the process in the most
efficient way and provide an adequate number of technical resources. The screening process
was also not addressed as a pre-flight cargo handling step. Amorim da Cunha et al. [13]
note that smaller and medium-sized airports incur higher security costs than larger airports
due to low cargo and passenger traffic. Brandt and Nickel [14] summarized in their review
that studies that address air cargo scheduling issues focus on aircraft configuration, built-up
scheduling, air cargo palletization, weight and balance problems. They did not address the
topic of security in their review.

It is important to note a change in trends within recent research work. Recent analyses
have focused more on preventive and corrective actions when disruptions occur, rather
than on process planning, as before. Delgado and Mora [15] studied the problem of
rescheduling flights to respond to disruptions in cargo demand in the short term. To
increase flexibility, they considered two different cargo allocation policies. Anguita and
Olariaga [16] were of a similar opinion that the volatility of aviation cargo demand must
be taken into account when planning the development or expansion of infrastructure.
Delgado et al. [17] studied the problem of recovering the air traffic schedule to adapt
to last-minute changes in demand caused by various disruptions. Lange [18] pointed
out in his research that changing transportation policies and the increasing combination
of cargo and passenger shipments were having a negative impact on the punctuality of
passenger shipments.

In the scientific literature, there have been papers addressing energy consumption
savings in air terminals. However, they have not directly addressed the implementation
of the cargo handling process. For example, a thermal simulation for Greek airports
was carried out by [19,20]. The simulation predicted up to 35% in potential gains. Ma
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et al. [21] established the relationship between indoor air flow and interior space to improve
indoor comfort. Parker et al. [22] reduced the carbon footprint by improving the envelope
of a glazed roof at a selected airport. Gowresuunker et al. [23] analyzed the efficiency
of displacement ventilation for an airport terminal. Selected papers have looked at the
prediction of power consumption in airport terminals. Chen [24] used an unbiased gray
Markov model, whereas Huang et al. [25] relied on neural networks. Fan et al. [26] built a
model based on probability density functions. Only [27] presented an analysis that explored
the possibility of reducing energy consumption in the airport screening process. However,
this was applied to passenger screening.

Summarizing the current state of the literature, it should be noted that there is a
research gap on the possibility of reducing energy consumption in air cargo handling. This
is especially true for the topic proposed in this work related to the planning and design
of security control systems. The next chapter will propose a novel method dedicated to
estimating energy consumption in the process of cargo screening at an air cargo terminal.

3. Methodology

This article proposes a discrete event simulation model. Such a method was chosen
because of the random nature of the process, which can be described by probability density
functions. According to the law of large numbers, the Monte-Carlo method will be applied.
This method, through repeated simulation experiments, will allow us to obtain the expected
values of the model output variables.

The general assumptions of the model are shown in Figure 1. The simulation model
is based on an integrated process execution algorithm (handling procedure module). The
user enters the input variables for each experiment that will determine the paths of event
execution and times of occurrence of each event. These are probability density functions
for the durations of individual events and the probabilities of their occurrence. The user
also indicates how long the experiment should last by indicating the number of loads to be
handled. The user is given the option to enter the number of repetitions for each experiment.
As output variables, a vector of three variables is stored at the end of each load’s service:
the load number, the time the service ended and the system’s current energy consumption.

Figure 1. Concept of the methodology adopted.

This simulation experiment module implements a Monte-Carlo simulation. By contin-
uously repeating the simulation experiment, the expectation value of the data output vector
is determined. The user decides how many times (N) the experiment will be repeated.
Starting with the first repetition I = 1, the algorithm performs a simulation and calculates
the expected value of the output variables for the I-th repetition. Then, the final output
matrix is computed and the index I is changed to the next repetition. The procedure repeats
until N repetitions are reached (Figure 2).



Energies 2023, 16, 7246 4 of 12

Figure 2. Monte-Carlo simulation.

The data output matrix for each iteration of the simulation consists of rows, from
i = 1 to n, which represent consecutive consolidated cargo loads that have been screened.
The first column j = 1 of the matrix will denote the index of the next cargo shipment. The
second column j = 2 will denote the current simulation time that the shipment screening
was completed. The third column j = 3 will denote the current power consumption of the
system, at the time the screening of the i-th cargo shipment was completed.

OUT I =

outI
11 = 1 outI

12 outI
13

. . . . . . . . .
outI

n1 = n outI
n2 outI

n3

 (1)

The actual iteration I of the experiment calculates the expected value of the output
variables outij and generates the final output matrix OUT (2).

OUT =

out11 = 1 ∑I
1 outI

12
I

∑I
1 outI

13
I

. . . . . . . . .

outn1 = n ∑I
1 outI

n2
I

∑I
1 outI

n3
I

 (2)

This simulation experiment involves a screening process for all cargo shipments from
i = 1 to n. A simplified algorithm of the simulation model in BPMN notation is shown
in Figure 3. In the beginning, the number of items m in the shipment and the dimension
of shipment Cs = [W H] are drawn. The number of shipments is given by the user of the
model on a deterministic basis. Dimensions are given randomly according to the P(w), P(h)
and P(l) functions entered by the user. Next, it is checked whether the size of the shipment
is adequate for the tunnel size of the X-ray device Xs = [W H]. The dimensions of the tunnel
are set deterministically by the user. When the value of the Os (3) formula is greater than
0, this means that none of the dimensions exceeds the allowable value. Only the height
and width are checked. The device, through continuous screening, can measure shipments
of any length. If the shipment is suitable for screening, the screening is performed. The
screening time is given by a probability density function specified as input variable P(txray).
If its dimensions do not meet the requirements, then the number of items m in the shipment
is checked. Variable m is determined according to a probability distribution P(m). This is
an input variable set by the user. When m is equal to 1, ETD (Explosives Trace Detection)
and visual inspection should be performed. This is because the shipment is too large and
cannot be deconsolidated into smaller items. When m is greater than 1, deconsolidation
(depalletizing) can be performed to m items. Then, each item from j = 1 to m is screened by
X-ray. After screening, all items from the shipment needs to be consolidated (palletized)
again. The depalletization time is given by the probability density function P(tdep). The
palletization time is given by the probability density function P(tpn). ETD control time is
given by the probability density function P(tetd). Visual inspection time is given by the
probability density function P(tvl). These are user-specified input variables.
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Figure 3. A simplified algorithm of the simulation model.

When a black alarm BA occurs during screening, an additional explosives trace de-
tection is required for the shipment. The probability of a black alarm is dependent on the
ability of rays to penetrate the steel. This probability must be specified as input variable Pba.

During the simulation experiment, the simulation time and energy consumption of
the X-ray equipment are continuously measured. For each load, after its inspection, the
cumulative values of the results are recorded. For the time-of-service completion, the times
of service of previous loads and the currently completed inspection ts are summed (4). For
energy consumption, the previous energy consumption is summed up with the energy
consumption due to idle time Ei, roller conveyor workload Ecb and screening workload
Exray (5).

Os = max
{

Xs(1,1) − Cs(1,1); Xs(1,2) − Cs(1,2)

}
(3)

OUT I
(i,2) =

i

∑
i=1

OUT I
(i,2) + tsi (4)

OUT I
(i,3) =

i

∑
i=1

OUT I
(i,3) + Eii + Ecbi + Exrayi (5)

The algorithm executes the loop for all shipments from i = 1 to n, and then, according
to Figure 2, repeats the experiment N times. The expected values of the OUT matrix (2) are
then determined. After completing the experiments, an analysis of the obtained results
should be carried out.

4. Model Application and Validation
4.1. Input Data

The model application was carried out for the air cargo screening system at one of
Poland’s regional airports. The analysis was carried out for the possibility of using one of
four devices in the screening process (Table 1).
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Table 1. Attributes of the analyzed devices.

Attribute X-ray 1 X-ray 2 X-ray 3 X-ray 4

Xs [W H] [cm] [100 100] [130 130] [145 180] [180 180]

Penetration [mm] 35 35 35 70

P [W]
Idle 262 270 276 910

Conveyor 505 534 564 1545
Screening 720 756 805 1764

X-ray 1 was characterized by an inspection tunnel size of 100 cm × 100 cm, generator
voltage of 160 kv and standard penetration of 35 mm. This solution implies the necessity
of so-called depalletization of items already built on the cargo pallet, which, due to the
size of the entire shipment, cannot be X-rayed in its entirety. This way of organizing work
negatively affects the performance of the cargo terminal and its operational capabilities.
Preparation of cargo for safety inspection and re-building a shipment for air transport can
have a measurable impact on the cost of cargo handling organization. Such a solution
could be applied to the handling of cargo of relatively small size or a small volume of
shipments in the cargo terminal. The advantage of using this type of device is its small size
and limited demand in electricity consumption.

X-ray 2 and 3 devices had an increased inspection tunnel size of 130 cm × 130 cm and
145 cm × 180 cm, respectively, and an X-ray voltage of 160 kV with a standard penetration
of 35 mm. The operator was able to X-ray full-pallet shipments without having to adjust
the size of the cargo to the size of the inspection tunnel. Such a solution has a positive effect
on time-of-flight operations and the capacity of the cargo terminal. The risk, on the other
hand, may be the need for more frequent use of additional ETD-type and visual inspection
methods. However, this will only occur if, due to the content of the cargo being screened,
the screening operator is unable to determine its security status.

X-ray 4 had an inspection tunnel size of 180 cm × 180 cm (sign X-ray 4), an X-ray
tube voltage of 300 kV and a standard penetration of 70 mm). The operator had an X-ray
device with the maximum available size of the inspection tunnel. This meant that with this
device, full-pallet cargo could also be X-rayed, but the nearly doubled depth of gamma
ray penetration compared with earlier X-ray machines allowed for a clearer image of the
cargo being X-rayed. This, in turn, had a measurable effect on the number of so-called
“black alarms” that resulted in the need for time-consuming manual inspections or cargo
inspections using an explosive trace device (ETD).

The exploitation of different X-ray equipment also affects other values of parameters
characterizing the process of cargo handling. The inspection time on the X-ray device
depends on the quality of the device’s parameters, which directly affects the quality of the
received image of the inspected shipment. When the operator is not able to unambiguously
assess the image, it is necessary to carry out additional inspection. Table 2 shows the set of
input data for the simulation model. The screening time (ts) and ETD inspection time (tetd)
variables in the simulation model are randomized from a probability density function f (x)
fitted to a lognormal distribution. The distribution parameters were estimated with the
ExpertFit tool at a significance level of α = 0.05 for a sample of 1000 data points collected
from the real system. The manual inspection time (tvl) variable in the simulation model
was randomized from the probability density function f (x) for a Weibull distribution. The
distribution parameters were fitted with the ExpertFit tool at a significance level of α = 0.05
for a sample of 1000 data points from the real system. Black alarm probability (PBA) was
determined from the data collected by the X-ray machine by dividing the number of alarms
by the number of all scanned items. PBA was estimated on a sample of tens of thousands
of items.
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Table 2. Input parameters—screening characteristics.

Input Variable Device Formula

Screening time X-ray 1 ts = f (x) = exp−((ln(
(x−13.48)

1.92 ))
2

/0.42)

1.15(x−13.48)

X-ray 2, X-ray 3 ts = f (x) = exp−((ln(
(x)
2.9 ))

2
/0.06)

0.43(x)

X-ray 4 ts = f (x) = exp−((ln(
(x−6.78)

2.16 ))
2

/0.5)

1.25(x−6.78)

Black alarm probability X-ray 1 PBA = 0.47

X-ray 2, X-ray 3 PBA = 0.44

X-ray 4 PBA = 0.23

ETD inspection time ETD tetd = f (x) = exp−((ln(
(x−3.96)

2.92 ))
2

/5.71)

4.23(x−3.96)

Visual/manual inspection time Hand search tvl = f (x) = 108.9
( x

5.1
)554.1exp−(x/5.1)555.1

Another group of input variables were random variables dedicated to activities accom-
panying the shipment screening process. They are necessary when the loads are too large in
relation to the tunnel of the X-ray machine. They describe the process of depalletizing and
palletizing (splitting the shipment into smaller items and reassembling them into a single
pallet). These variables, also determined from research conducted at the same airport, are
shown in Table 3. The variable depalletization time (tdep) in the simulation model was
randomized from a probability density function f (x) fitted to a Weibull distribution. The
distribution parameters were estimated with the ExpertFit tool at a significance level of
α = 0.05 for a sample of 1000 data points collected from the real system. The palletization
time (tpn) variable in the simulation model was randomized from the probability density
function f (x) for a lognormal distribution. The distribution parameters were fitted with the
ExpertFit tool at a significance level of α = 0.05 for a sample of 1000 data points from the
real system.

Table 3. Input variables—accompanying operations.

Operation Formula

Depalletization tdep = f (x) = 15.5
(

x−104.69
3.2

)48.55
exp−((x−104.69)/3.2)49.55

Palletization tpn = f (x) = exp−((ln(
(x)
5.48 ))

2
/0.11)

0.55x

The purpose of the analysis being carried out was to see which X-ray device would be
most suitable for the cargo stream to be handled. The necessary input data included the
size of the shipments and the number of items inside the shipments that could be unpacked.
The determined values from the conducted tests are presented in Table 4. The variable
width (Cs(1,1)) in the simulation model was randomized from a probability density function
f (x) fitted to a Weibull distribution. The distribution parameters were estimated with the
ExpertFit tool at a significance level of α = 0.05 for a sample of 1000 data points collected
from the real system. The height (Cs(1,2)) variable in the simulation model with a probability
of 0.78 was a constant value, and the remaining probabilities were randomized from the
probability density function f (x) for a Weibull distribution. The distribution parameters
were fitted with the ExpertFit tool at a significance level of α = 0.05 for a sample of 1000 data
points from the real system. The variable number of items (m) in the simulation model was
randomized from a probability density function f (x) fitted to a normal distribution. The
distribution parameters were fitted with the ExpertFit tool at a significance level of α = 0.05
for a sample of 1000 data points from the real system.
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Table 4. Input variables—shipment stream.

Variable Formula

Width Cs(1,1) = f (x) =
exp(−1/2( x−104.84

32.98 ))
82.45

Height Cs(1,2) = f (x) =

{
120 f or x ∈ [0, 0.78)
0.03

( x
74.02

)1.3exp
(
−
( x

74.02
)2.3
)

f or x ∈ [0.78, 1]
Number of items in

shipment m = f (x) = 6.24xexp−6.24

x!

4.2. Model Validation

Validation of the model was carried out on a real system, in which the system operated
with X-ray 3. A 100-fold measurement for 100 loads was collected from the real system
and the energy consumptions of the X-ray and ETD devices were measured. In parallel,
a simulation model was built in the FlexSim environment, and 100 experiments were
conducted for the same conditions. The T-test was conducted at a significance level of
α = 0.05 to verify that the model functioned properly. A T-value of 0.76 (1) was obtained,
which was less than the critical value of 1.97. This meant that there was no basis for rejecting
the null hypothesis, which states that there are no differences between the mean values.

T =
|x1 − x2|√

s2
1

n1
+

s2
2

n2

=
|442.2− 452.56|√

9040
100 + 9380

100

= 0.76 (6)

The simulation model was therefore positively verified for the input variables intro-
duced. This can be applied to the analysis carried out in Section 5.

5. Results and Discussion

For the data indicated in Section 4, the handling of 200 cargo shipments was simulated
separately for different X-ray equipment. One hundred experiments were conducted for
each of the four system configurations. In each configuration, a different X-ray device
was analyzed. Mean values of the output variables were calculated for each configuration.
These values were taken as the output data for the analysis. The function of the time of
screening 200 pieces of air shipments as a function of the number of shipments screened is
indicated in Figure 4.

Figure 4. Function of shipment inspection time depending on the number of pieces to be inspected.

It should be noted that the inspection of 200 pieces of cargo shipments for RTG 3 and
RTG 4 devices was carried out in a similar amount of time. Due to the ability to inspect
larger shipments using the RTG 4 device, the inspection time was slightly less than for
the RTG 3 device. For the RTG 3 and RTG 4 devices, only 1% of shipments needed to
be deconsolidated. The inspection time for cargo shipments using RTG 2 was more than
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three times longer than for RTG 3 and RTG 4. The increased inspection time was due to
the higher number of shipments that needed to be deconsolidated. For RTG 2, 17.5% of
shipments had to be deconsolidated and then consolidated. The longest inspection time for
200 pieces of air shipments was executed by RTG 1. This time was almost 16 h, which is
almost 10 times higher than inspection times with RTG 3 and RTG4, and almost four times
longer than in the case of security screening executed by RTG 2. About 53.5% of shipments
needed to be deconsolidated due to their dimensions. The functions of the relationship
between energy consumed in the number of shipments inspected are presented in Figure 5.

Figure 5. The relationship between energy consumption and the number of inspected cargo ship-
ments.

The lowest energy consumption for 200 air shipments was by RTG 3. RTG 3 consumed
nearly half the energy consumed by RTG 4. This was due to: RTG 3’s lower energy
consumption and the same number of shipments that had to undergo consolidation and
deconsolidation processes. For RTG 1, the value of energy consumption for carrying out the
process of the same number of shipments was seven times higher than for RTG 3. Similarly,
for RTG 2, the energy consumption was almost three times higher than for RTG 3. To
a large extent, energy consumption was used by the equipment waiting for inspection.
Figure 6 presents a function of energy consumption values depending on the number of
air shipments inspected, but only looking at the time of effective inspection by equipment.
Deconsolidation and consolidation losses were not considered.

Figure 6. The relationship between effective inspection energy consumption and the number of
inspected cargo shipments.
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The lowest value of energy consumption for an effective air shipment screening process
was obtained for RTG 3. Twice the energy consumption was obtained for RTG 2 and RTG 4.
The highest value of energy consumption for an effective screening process was obtained
for RTG 1.

The most favorable choice for the air cargo terminal in this case would be to use the
X-ray 3 device, as the inspection time of 200 pieces was short and similar to the X-ray 4
device (less than 2 h). The X-ray 3 device, however, consumed much less power compared
with the X-ray 4 device. The X-ray 4 device consumed almost twice as much energy as
X-ray 3. Due to the shipment inspection time, X-ray 1 and 2 devices should not be used. It
took more than 8 times longer to inspect the same stream of shipments using the X-ray 1
device than the X-ray 3 and 4 devices, and energy consumption was more than 3.5 times
higher compared with those devices. One could consider using X-ray 2 as a device to
support the screening process, but only for shipments of certain dimensions. It would then
be necessary to direct smaller shipments to the X-ray 2 device and larger shipments to
the X-ray 3 device (if the screening system could consist of two devices). The correlation
between energy consumption and screening completion time from the number of shipments
being screened is shown in Figure 7. In the case of guidelines for the screening system,
it would be necessary to develop an evaluation model for the screening system for air
shipments, which would clearly define the evaluation of such a system.

Figure 7. Correlation between energy consumption and screening completion time from the number
of shipments.

6. Summary

The choice of equipment for air cargo inspection should depend on the type and size
of shipments handled at a given terminal. Underestimating the size of the device in relation
to the stream of cargo handled results in substantial losses in time or energy consumed.
This is often due to the need to deconsolidate shipments, which consequently increases
inspection time as well as electricity consumption. Increased inspection time can negatively
affect the shipment handling process, as it can also cause air traffic delays or delivery
delays. Increased electricity consumption increases the cost of handling air shipments,
which consequently transfers to the total cost of the logistics of handling the shipment.

This article presents a simulation model to assess what performance the system
would achieve from the use of different cargo shipment screening equipment. Cargo
operators know the current distribution of handled shipments and know the development
forecasts. Thus, they can estimate whether their system is working properly or whether
reconfiguration is necessary.
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Future scientific work should address further developments of the presented simu-
lation model. The entire process of air cargo handling should be taken into account. The
development of this model would allow for the strategic planning of implementation of
the cargo handling process at airports.
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