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Abstract

:

The purpose of this paper was to develop a simulation model that allows simultaneous analysis of airport screening lane performance and power consumption per passenger served. These two issues have not yet been considered simultaneously in the scientific literature. So far, the focus has been placed on process performance. However, this paper shows, by performing an empirical study and applying the proposed model, that it is important to consider these two issues simultaneously. This will allow for the sustainable development of air transport. As a case study, three system configurations for single, dual and single fast screening lanes were analyzed. For each configuration, 3 different types of X-ray devices were checked, and the results were compared. The results showed that for example calculations with 2 million passengers handled per year, the gains could be as high as 4614 kWh/year. This article therefore shows that it is important to manage the process with power consumption in mind.
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1. Introduction


Power consumption costs airports as much as 15% of expenses for operating activities [1]. Over 75% of the power is consumed by the terminal buildings [2]. The remainder is the maintaining of the navigation infrastructure, runway lighting, taxiways, aprons, etc. Inside the terminals, there are cooling, lighting and air ventilation facilities as well as information and technical infrastructure for passenger service. This article will focus on analyzing the operation of equipment that relates to passenger service.



Power consumption is at every stage of passenger and baggage handling. The passenger completes the transport process at the check-in, security screening, documents control, gate. The highest power consumption is at the security checkpoint, where each security lane is equipped with electrical devices like X-ray, explosive trace detectors, metal detectors, body scanners, etc. There are also supporting devices that control the flow of baggage like belt conveyors and roller conveyors that are controlled by electric motors or manually.



The primary purpose of the system is to scan the passenger and items in the passenger’s possession. This screening is designed to identify items that could lead to an act of unlawful interference by a passenger. The screening lane must also have an adequate level of performance [3]. The airport operator must ensure that the screening system is efficient enough to allow passengers to arrive at the gate on time. This system is usually designed to be redundant and is managed by the scheduling of security line operations.



The manner in which screening is conducted and the passenger space is important on Level of Service (LoS) [4,5,6]. LoS is directly related to the airport’s non-aeronautical revenue. The higher the LOS the higher the revenue. According to [7], 40–60% of airport revenues are from non-aeronautical activities.



Performance and LoS have already been considered in other research work. There, however, no one considered the need for sustainable development. The only consideration was passenger satisfaction and quick processing time.



This paper proposes a method that also considers power consumption when optimizing the security screening process. This is to prevent taking actions that will be negative for the environment. This will ensure the sustainability of passenger service at airports. This has not been considered so far.



The article consists of the following parts as follows. Section 2 indicates a research gap that will be filled by the model presented in Section 3. Section 4 presents the validation of the model using a selected real system as an example and discusses the results obtained. Section 5 presents the conclusion of the paper.




2. State of the Art


The importance of air transport management in terms of power consumption has already been noted in the scientific literature. An excellent literature review on this topic was conducted in [2]. Analyzing this review and extending it with recent research papers, the first conclusion is that there is a research gap in the field of terminal passenger handling. Particular interest should be placed on power modelling and simulation, since that is what this article is about. Here, it is important to note that the analyses are macroscopic. They apply to entire airport terminal buildings. As such, they focus primarily on HVAC (heating, ventilation, air conditioning) systems. For example, a thermal simulation for Greek airports was carried out by [8], or in China [9]. The simulation predicted up to 35% of potential gains.



Some of the papers involve focused research on selected topics. Ma et al. [10] established the relationship between indoor airflow and interior space to improve indoor comfort. Parker et al. [11] reduced the carbon footprint by improving the envelope of a glazed roof at a selected airport. Gowresuunker et al. [12] analyzed the efficiency of displacement ventilation for an airport terminal.



Selected articles are directed towards the prediction of power consumption of airport terminals. In this case, Chen [13] used an unbiased gray Markov model. Huang et al. [14] on the other hand relied on neural networks. Fan et al. [15] built a model based on probability density functions.



There are only 2 papers in the literature that relate their subject matter to terminal operations. However, they are not directly related to the analysis of the power consumption of the operating systems. Mambo et al. [16] noted that the internal environment can be dynamically controlled according to flight schedules. This can give up to 25% benefits. In [17,18], the ability to dynamically manage thermal comfort and lighting for different terminal spaces was similarly noted.



Summarizing this part of the review, it is clear that the current research gap in the literature is the lack of consideration of power consumption in airport handling processes. So far, other aspects have only been considered. An extensive literature review on passenger service process modelling is presented in [19]. It takes into account scientific papers published until 2013. The review found that the main factors were process efficiency and quality of passenger service. Until now, the approach has not changed significantly. Recent work indicates that these factors are still a major interest for researchers. For example, a stochastic passenger boarding model was developed to improve the efficiency of the process [20]. Additionally, uncertainty is also considered when planning airport terminal operations [21]. The goal is to continue to focus on handling optimization processes [22]. To support process performance, proper resource allocation is often considered [23,24]. The current challenge is to align legacy solutions with the safety standards associated with COVID-19 [25].



However, the new solutions developed do not take into account the indicator related to power consumption. It is not compared whether the new proposals are environmentally friendly. In this article, this gap will be filled. The aim of the paper is to develop a model that allows checking different system configurations also in terms of power consumption.




3. Methodology


To be able to evaluate different system configurations and different output variables, a discrete event simulation model is proposed. The model was developed using the FlexSim environment. A model was built that represents the known screening of passengers and baggage methods [26,27]. The concept of the model is shown in Figure 1. The user must configure the structure of the system as an input variable. Then the simulation model calculates the flow of passengers and their items through the system. Based on this flow, in parallel, the operational state of the devices is checked and the power consumption is counted. Performance and power consumption are given as output variables. The individual components of the model are described in detail in Section 3.1 and Section 3.2.



3.1. System Structure


To identify the basic lane features of the analyzed system, the elementary notation is introduced (1).


| TYPE | LANES | IN | OUT |



(1)







The TYPE parameter specifies the type of security lane. It can be set to an “F” value, which specifies a Fast Lane for business class, or an “S” value, which specifies a Standard Lane for other passengers. This parameter is necessary because service times vary on these lanes. This is due to the number of items held by businesses and other passengers. The LANES parameter specifies the complexity of the lane. It can be set to either 1 or 2. A value of 1 indicates that it is a single lane and 2 indicates that it is a double lane. This parameter is also important because it determines the number of passenger screening devices. Each individual lane is equipped with an X-ray device for baggage screening, an Explosives Trace Detector (ETD) for passenger and baggage screening and a WTMD (Walk Through Metal Detector) for passenger screening. However, if it is a double lane, then only one WTMD will continue. If there were 2 single lanes side by side, then there would be 2 WTMD devices. The difference between 2 single lanes and 1 double lane is shown in Figure 2.



The IN parameter indicates the number of places in the passenger preparation area. In this area, the passenger transfers his/her baggage and all items in his/her possession for screening. The OUT parameter indicates the number of places in the collection area where the passenger picks up their items after inspection. Overall, the IN and OUT parameters determine the size of the screening lane.



Other inputs are directly related to the flow of passengers and items through the simulation model. As soon as the number of passengers in the preparation area is less than the IN parameter, a new passenger is generated. The process of its handling is carried out as shown in Figure 3.



Passengers and baggage move through the system in a FIFO (First In First Out) strategy. In the first stage, preparation for inspection is carried out. Passenger transfers items to be X-rayed. The time it takes is given by the random variable tpr. After this, the passenger and objects await inspection on their flow paths. Here the time is not set by the user. It is derived from the current state of the simulation experiment. To screen the waiting objects, the X-ray must be free from screening other objects. To screen a waiting passenger, WTMD must be free from screening other passengers. Additionally, the current number of passengers in the items claim area must be less than the OUT parameter. So, as a result of the experiment, the simulation model counts passenger waiting time tqp and items waiting time tqi. Once this is in place, passenger screening is conducted according to the time specified by the random variable tsp. The same is true for items and the time of their inspection is determined by the random variable tsi.



The probability that a screened passenger must have an additional screening will be designated as Ppe. The probability that it will be an ETD screening is Ppetd. The probability that a manual inspection is required is 1-Ppetd. The time for the ETD to screen the passenger is given by the random variable tpetd. The time of manual passenger screening is given by the variable tpm. The probability that a screened items must have an additional screening will be designated as Pie. The probability that it will be an ETD screening is Pietd. The probability that a manual inspection is required is 1-Pietd. The time for the ETD to screen the items is given by the random variable tietd. The time of manual passenger screening is given by the variable tim.



As soon as the passenger and luggage are screened, the process of collecting the items begins. The duration is described by a random variable tic. The passenger is then removed from the system. The total service time for a given passenger is described by Equation (2).


ts = tpr + max{tqp + tps + tpetd + tpm; tqi + tsi + tietd + tim} + tic



(2)







All of the aforementioned random variables are initially described in the model by the distributions shown later in Chapter 3, where the validation of the model on a case example is presented. The model supports the use of probability distributions: Beta, Cauchy, Erlang, Exponential, Gamma, Logistic, Log-Normal, Normal, Pearson, Poisson, Uniform and Weibull.




3.2. Output Data


The simulation model provides two output variables. These are crucial from a system management perspective. The first (SP) provides information about system performance. The second output variable (WSC) indicates the power consumption of the system. The simulation model implements a Monte-Carlo experiment to obtain the expected value of the results. This means that the experiment is repeated many times. Thus, the output is counted as the average value of SPi and WSCi indices according to Formulas (3) and (4).


   SP =   (    ∑    i = 1    100     SP  i   )   / 100   



(3)






   WSC =   (    ∑    i = 1    100     WSC  i   )   / 100   



(4)







Each iteration of the simulation model determines the parameter SPi, which represents the number of passengers served in one hour at the analyzed station. This is counted according to an algorithm (Figure 4a) that, in a loop, waits for a passenger service completion event and adds it to the current value of the SPi indicator. The loop ends when one hour (3600 s) of the simulation experiment has passed.



Another loop (Figure 4b) analyzes the current power consumption and adds it to the total consumption for that i-th iteration of the computer simulation WSCi. This is performed at a 1 s interval. Every 1 s, the algorithm checks the current status of the devices. When they are under workload, their one-second current consumption is calculated and added to the total WSCi value. The loop ends when the 3600 s (1 h) value of the simulation is reached.



During the real system investigation, different states were defined for the devices used in the security screening. The X-ray may be in a waiting state for inspection when no further objects are transferred to the device and it is already available. The power consumption of the device in this state is indicated as PXi. When moving items to and from the X-ray when the X-ray is not screening, the current consumption is indicated as PXm. The last state of the X-ray machine indicates that objects are being x-rayed. The current consumption is indicated as PXs. The power consumption of the WTMD is independent of the idle or screening state. Thus, only one state is defined, and its current consumption is denoted as PW. The next device with power consumption is the ETD. Here the difference is again significant depending on the state of the device. In the idle state, the current consumption of the ETD will be as PEi. In the overexposed state, the current consumption of the ETD will be as PEs.



For each device, the power consumption can be calculated for given time intervals as W = P∙∆t. As already mentioned in this model, second intervals are considered, and the total power consumption of a given device state will be the sum of all calculations. Totally for each iteration of the simulation experiment, the entire screening lane consumes power according to (5).


  W S  C i  =   ∑   t = 0   3600 −  Δ t     W  X i    (  t ; t + Δ t  )  +   ∑   t = 0   3600 −  Δ t     W  X m    (  t ; t + Δ t  )  +   ∑   t = 0   3600 −  Δ t     W  X s    (  t ; t + Δ t  )  +   ∑   t = 0   3600 −  Δ t     W W   (  t ; t + Δ t  )   +   ∑   t = 0   3600 −  Δ t     W  E i    (  t ; t + Δ t  )  +   ∑   t = 0   3600 −  Δ t     W  E s    (  t ; t + Δ t  )   



(5)









4. Results and Discussion


In this section, validation of the proposed model is presented. The three screening lane configurations are examined. They are based on data from the real system (EPKT, KTW Airport, Poland). The first configuration |F|1|8|8| is an 8 places single fast lane. The second configuration |S|1|8|8| is an 8 places single standard lane. The third configuration |S|2|8|8| is 8 places double standard lane. Simulation experiments were conducted for various conditions as follows:




	
the maximum workload with a comparison of different devices (Scenario 1),



	
the variable workload for selected devices (Scenario 2).








For the simulation model, data were collected for more than 100 passengers for each lane configuration. Based on this, the input data of the simulation model were estimated and entered (Table 1). Configuration |S|1|8|8| and |S|2|8|8|represent the standard lane and the basic characteristics are the same. However, some of the characteristics are different for the fast lane |F|1|8|8| because it serves passengers of a selected type (usually only business passengers).



To validate the proper operation of the model, a two-sample Kolmogorov–Smirnov test was conducted. This is the method used to validate event-based simulation models [28]. Validation was performed on a sample of 100 real system data for configurations |S|1|8|8|, |S|2|8|8| and |F|1|8|8|. The passenger processing time ts (2) in the system was compared with simulation. The value of the test statistic was less than the critical value of 1.92. This means that the model gives results that are consistent with the real system.



4.1. Scenario 1: Maximum Workload with a Comparison of Different Devices


Due to the development of technology, new equipment is being used for screening at airports. During the research conducted at EPKT, it was possible to test three different X-ray machines. The first X-ray device for which the study was conducted was the HI-SCAN 6040i single-generator scanner (hereafter designated SH1). This is a basic device in which an object is screened by a single beam of X-ray. The second popular baggage screening device that was studied is the HI-SCAN 6040aTiX scanner (with the 2018 version hereafter designated SH2 and the 2020 version hereafter designated SH3). In this case, 2 or more X-ray beams cross the object being moved during an inspection.



Different models of equipment are used at airports, depending on the needs and financial capabilities of the airport. Multi-generator X-ray machines can be additionally equipped with EDS (Explosive Detection System) that automatically detects explosives.



According to the adopted model (Section 3.2), tests were conducted on the real system and the data needed for further analysis was determined. The data are presented in Table 2.



To be complete, all screening lines were also equipped with other passenger and baggage screening devices. One of the most popular solutions for passenger screening at airports is the use of a walk-through metal detector (WTMD), which uses the electromagnetic induction effect. The device detects metal objects concealed on the body of the controlled person. Most of the objects, which may be considered as weapons and therefore are not allowed for air transport, are made of different types of metals. Thus, their elimination is of great importance in the context of transport safety. Given the possibility of making dangerous articles prohibited for carriage out of non-metallic materials, WTMD screening is supported by hand search and explosives trace detection (ETD). Hand search and ETD is also used in baggage screening at the security checkpoint. However, only ETD uses a device that requires power consumption. ETD is based on the ion mobility spectrometry measurement method. It is a device that allows detecting the presence in the baggage or on the body of a passenger of a wide range of explosives that pose a real threat to air operations. In practice, the control carried out by this device not only prevents attempts to bring explosives on board the aircraft, but also has a preventive effect by indicating the person who only had physical contact with dangerous substances.



In this study, only one type of WTMD and ETD was available for each screening lane configuration, so the necessary data, according to Section 3.2, is presented in Table 3.



Monte-Carlo simulation (100 replicate experiments) was performed for the adopted system configurations. The results are summarized in Table 4. The tests were conducted for the full workload of the screening line so that the performance of the system could also be determined. Since each system configuration yields a different performance, the results were converted to power consumption per passenger. This will allow for a simpler comparison of results. Furthermore, data were collected for different simulation experiment durations of 1, 12 and 24 h. This may be useful for those stakeholders interested in the results for which dynamic or continuous use of lanes may have different operation durations.



The results obtained gave a lot of important conclusions. First, note that regardless of the configuration of the security control lane, SH1 always yields lower power consumption per passenger than SH2 and SH3. This is up to 3 times less power consumption. It is known from other literature sources that single-generator devices like SH1 are rated as inferior for safety assurance. So, the dilemma arises: is increased safety or lower power consumption important? This has never been analyzed from this point of view in the scientific literature. The model proposed in this paper therefore opens a new field of discussion on this topic for future research work. It may turn out that an operator with high skills provides an adequate level of safety with SH1 and the power consumption of the system can be reduced. This will be the subject of future research.



Looking at the results in more detail, interesting insights for the process manager can be seen. For the SH2 device and a single lane, the highest value of power consumption with a low system performance of about 139 pax/h can be observed. The power consumption at the determined system performance is 12.93 Wh/pax. For a double lane, the power consumption at a performance of 300 pax/h is 12.37 Wh/pax. At a double lane, the gaps between passengers passing through the WTMD gates are eliminated, which results in a continuous service stream and, consequently, a lower power consumption value per passenger. In the case of the fast lane system configuration with the performance of 169 pax/h, the power consumption per passenger is 11.13 Wh/pax. In the case of the fast lane, the reduction in power consumption is influenced by the passengers’ behaviour. Fast lane passengers are usually business customers who do not have many pieces of luggage and have full knowledge about the security control process. For stations equipped with SH3, power consumption is slightly lower than for SH2. Regardless of the manager’s choice of screening device (SH1, SH2, SH3), it is more advantageous from a power consumption perspective to configure the screening checkpoint based on dual stations supported by a fast track. It is crucial to ensure a continuous stream of passenger requests. However, because the volume of the service stream varies throughout the day, an extended analysis was performed. The variable value of passengers handled per hour and its impact on power consumption was checked (see Section 4.2).




4.2. Scenario 2: Variable Workload for Selected X-ray


It is crucial for the security control system manager to plan the work schedule in order to achieve a uniform workload for security control lanes. The number of passengers must also be high enough to maximize the operational performance of the screening lane. According to the conducted research (Section 4.1), baggage screening equipment in an idle state consumes more than 50% of the power it uses during the screening process. When non-uniform security lanes workloads are obtained, the power consumption per passenger for each lane varies.



A sensitivity analysis of the security lane to a change in the intensity of passenger reports to the system was performed. The study was conducted for lane configurations that were equipped with SH2 X-ray machines selected as the most frequently used in EPKT. The power consumption per passenger as a function of the number of passengers screened on the security lane per hour is shown in Figure 5. The results for the double-lane configuration were split into single lanes to be comparable to the other configurations.



It should be noted that the single screening lane has the highest power consumption per passenger and the double lane the lowest. The power consumption of the single lane is also worse (about 10 passengers per hour) than the double lane configuration. The fast lane has the highest performance (approximately 170PAX/h), but the power consumption per passenger is in the middle between the single and double lane configuration. Assuming the recommended IATA screening performance level [29] of 120 pax/h (for single lane and fast track) and 240 pax/h (for double lane), the power consumption per passenger is:




	
14.56 Wh/pax for a single lane,



	
12.25 Wh/pax for a double lane,



	
13.83 Wh/pax for the fast lane.








The difference in power consumption at an airport with approximately 2 million passengers for which the screening checkpoint is based on double lanes compared to single lanes can be less by 4614 kWh/year. These results show that the scale of the issue is high. The proposed model that calculates power consumption can be extremely important for the process manager. Dynamic management of the number of open lanes per hour with power consumption determination can contribute to significant savings and sustainability of air transport.





5. Conclusions


The issue of managing a security screening system from the perspective of power consumption has not been addressed in the literature to date. This study shows the impact of passenger and baggage screening equipment types on power consumption per passenger processed. Newer devices have higher power consumption but from a procedural point of view more operational steps have to be performed (e.g., manual control). The simulation model made it possible to analyze the impact of operational decisions made by the airport manager on the amount (which translates into costs) of power consumption. The most advantageous variant of security control from the point of view of power consumption is a double stand. However, crucial from the point of view of its use is the need to ensure a high number of passengers reaching its capacity.



Further work will be carried out in the direction of developing a multi-criteria evaluation method for the screening system. On the one hand, the key parameters for evaluating a screening process are: performance, passenger service level, electricity consumption level per passenger but there is also a second aspect, i.e., the probability of carrying a prohibited item into the security restricted area of the airport. Older generation scanners consume less power; however, they do not have the tools to support the operator in the evaluation of the scanned image.
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Figure 1. Simulation model structure. 






Figure 1. Simulation model structure.



[image: Energies 14 06725 g001]







[image: Energies 14 06725 g002 550] 





Figure 2. Comparison of systems with: (a) two single lanes, (b) one double lane. 
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Figure 3. Simplified algorithm for passenger and baggage flow. 
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Figure 4. Simplified algorithm for calculating output variables: (a) system performance, (b) power consumption. 
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Figure 5. The amount of power consumed per passenger as a function of the number of passengers screened per hour. 
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Table 1. Input data.






Table 1. Input data.





	
Variable

	
Lane Configuration




	
|F|1|8|8|

	
|S|1|8|8| and |S|2|8|8|






	
tpr

	
0.33∙((tpr − 1.38)/12.84)3.27exp(−((tpr − 1.38)/12.84))3.27

	
(tpr − 3.1)1.21/(3.972.21Γ(2.21))∙exp(−(tpr − 3.1)/3.97)




	
tsp

	
exp(−1/2∙(ln(tsp − 0.11) − 3.01)2)/2.05




	
tsi

	
0.61(tsi/3.14)0.9exp(−(tsi/3.14)1.9)




	
Ppe

	
0.16

	
0.24




	
Ppetd

	
0.91

	
0.77




	
tpetd

	
(tpetd − 49.27)−0.96/(0.290.06Γ(0.06))∙exp(−(tpetd − 49.27)/0.29)




	
tpm

	
(tpm − 2.0)11.08/(11.1112.08Γ(12.08))∙exp(−(tpm − 2.0)/11.11)




	
Pie

	
0.15

	
0.18




	
Pietd

	
0.83

	
0.83




	
tietd

	
(tietd − 49.27)−0.96/(0.290.06Γ(0.06))∙exp(−(tietd − 49.27)/0.29)




	
tim

	
0.17((tim − 2.34)/7.44)0.29exp(−((tim − 2.34)/7.44)1.29)




	
tic

	
0.1((tic − 2.17)/84.29)8.19exp(−((tic − 2.17)/84.29)9.19)

	
0.1((tic − 2.11)/96.38)8.44exp(−((tic − 2.11)/96.38)9.44)








Where Γ is the gamma function.
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Table 2. Power consumption of X-ray equipment.
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Variable

	
Power Consumption by X-ray Device




	
SH1

	
SH2

	
SH3






	
PXi

	
130 W

	
1 kW

	
1.2 kW




	
PXm

	
265 W

	
1.13 kW

	
1.3 kW




	
PXs

	
400 W

	
1.85 kW

	
1.5 kW











[image: Table] 





Table 3. Power consumption of WTMD and ETD equipment.






Table 3. Power consumption of WTMD and ETD equipment.





	Variable
	Power Consumption





	PW
	70 W



	PEi
	48 W



	PEs
	140 W
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Table 4. Computer simulation results for given system configurations.
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X-ray Type

	
Simulation Time

	
System Configuration




	
|S|1|8|8|

	
|S|2|8|8|

	
|F|1|8|8|




	
[pax]

	
[kWh]

	
[Wh/pax]

	
[pax]

	
[kWh]

	
[Wh/pax]

	
[pax]

	
[kWh]

	
[Wh/pax]






	
SH1

	
1 h

	
119

	
0.53

	
4.45

	
264

	
0.91

	
3.45

	
141

	
0.57

	
4.02




	
12 h

	
1428

	
6.36

	
3600

	
10.93

	
1692

	
6.82




	
24 h

	
2856

	
12.72

	
7200

	
21.86

	
3384

	
13.63




	
SH2

	
1 h

	
139

	
1.80

	
12.93

	
300

	
3.71

	
12.37

	
169

	
1.88

	
11.13




	
12 h

	
1668

	
21.56

	
3600

	
44.53

	
2028

	
22.57




	
24 h

	
3336

	
43.13

	
7200

	
89.06

	
4056

	
45.11




	
SH3

	
1 h

	
132

	
1.60

	
12.14

	
284

	
3.10

	
10.87

	
158

	
1.63

	
10.30




	
12 h

	
1584

	
19.24

	
3408

	
37.04

	
1896

	
20.18




	
24 h

	
3168

	
38.47

	
6816

	
74.09

	
3792

	
40.37
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