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Abstract

:

The required minimum separation distance between aircraft is believed to be one of the limiting factors on airspace capacity. In recent decades, aircraft separation rules have been modified by progressively shortening the required minimum separation distance. Following this trend in the coming years, a further reduction in the minimum separation distance would be expected. Still, a thorough assessment of the impact of this action on air traffic management performance should be carried out before investing in a reduction of separation minima. A Monte Carlo analysis of the en-route Spanish airspace shows that it is worth reducing the en-route minimum separation distance from 5 NM to 3 NM. This paper shows that a separation minima reduction will bring significant fuel savings, flight delay reduction, air traffic controller workload drop, and overall improvement of safety.
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1. Introduction


After the economic crisis of a decade ago, since 2014 Europe has seen a steady return to air traffic growth, which is forecasted to continue in the long term. The year 2018 saw an all-time record of 11 million flights in the European airspace, an increase of 4% in 2017, and the most reliable traffic forecast scenarios anticipate over 15 million flights per year by 2035 [1]. Conversely, the average en-route air traffic flow management (ATFM) delay over European airspace was just under 2 min per flight in 2018, while the EU-wide performance target for the year was 0.5 min. The average flight delay in 2018 was twice that of 2017. In 2019, one in ten flights received ATFM delays, adding up to around 4.8 million min of delays in the European Civil Aviation Conference (ECAC) airspaces, with more than 490 million € costs [2]. This number was reduced during 2020 and 2021 mainly because traffic has dropped dramatically since the arrival of the COVID-19 pandemic in 2020, with about a 60% reduction in 2020 and a 49% reduction in 2021, with respect to the values in 2019 [3]. Nevertheless, traffic in the summer of 2022 has reached 86% of the 2019 traffic levels (as of August, already 2.9 million ATFM delays), showing that if the global world maintains the regularity of pre-pandemic times, traffic will tend toward 2019 levels. Therefore, given the expected growth, all signs of flight delays further increase if stringent actions are not taken [1].



In addition, a worldwide concern is the environmental impact of flying. In particular, Europe is prompting the aviation industry to step up its efforts to address the environmental sustainability of air travel to reach the EU’s carbon-neutral goal by 2050 [4]. In support of this goal, the Single European Sky Air traffic management Research (SESAR) has prioritized solutions that will gradually contribute to eliminating environmental inefficiencies due to the underlying aviation infrastructure. According to previous statements, the objectives of interest in the future Air Traffic Management (ATM) are to achieve a system that meets user expectations—improving capacity, maintaining safety, boosting flight efficiency, performing sustainable air operations, and reducing environmental impact.



Although there are currently many research lines to meet the above user expectations, improving Air Traffic Control (ATC) service delivery is a factor with lots of room for improvement. One of the core activities of the ATC service is to prevent collisions between aircraft [5], which is done following a particular set of separation rules. Such rules, together with specific procedures and application conditions associated with minimum separation, are designed by the International Civil Aviation Organization (ICAO) as separation mode [6]. From this definition, minimum separation is, therefore, the minimum displacements between an aircraft and a hazard which maintain the risk of collision at an acceptable level of safety. There are two approaches to defining separation mode. One method concerns a bottom-up approach that would consider the performance of some available technical means to determine the separation mode. Conversely, a top-down approach would define the target separation mode according to ATM necessities and then find the supporting technical means. Since the bottom-up used to be the preferred approach, the evolution of minimum separation distance was determined by the available technology, particularly in terms of surveillance. The minimum separation distance for the continental en-route flight phase has evolved from 15 NM in the 1980s to 10 NM in the 1990s. Then to 8 NM in the mid-2000s and finally to the current 5NM.



In parallel to the process above, massive research was aimed at decision-making supporting Separation Minima (SM) reduction. Theories, mathematical models and algorithms were developed, validated and later implemented to enhance ATC tools, enabling reductions in SM. One of the pioneering works in aircraft collision risk models was developed in 1964 by Reich [7]. Subsequently, numerous research projects on improving the collision risk model were produced, most of them based on probabilistic models [8,9,10,11].



Complementary, wide research was conducted on identifying and contributing factors involved in ATC provision. In so doing, [12,13] discusses the contributing factors involved in mid-air collisions. Simultaneously, mid-air collision fault trees were developed by Eurocontrol. Many theories related to aircraft separation are based on the definition of “SM conflict”. A conflict is said to occur when the minimum separation distance between a pair of aircraft is lost. Thus, determining the probability of conflict triggered has been the subject of much research. Among the most outstanding works are those that choose the conflict probability based on the encounter geometry [14,15,16,17,18], conflict probability in ascending/descending flights [19], conflict probability using surveillance a state vector approach [20], or conflict probability in free flight [21]. Beyond determining the likelihood of conflict, in [22], the criteria for airspace planning is established based on the risk of conflict as the main factor.



Moving towards the Trajectory-Based (TB) separation, the probability of conflict was determined from data of the actual aircraft trajectory [23]. Finally, in the context of an Artificial Intelligence (AI) boom, Machine Learning (ML) algorithms are also being used for conflict detection [24].



Most theories consider that the ATC is responsible for separation provision. However, in the not-too-distant future, the aircraft would take the role of separation provision itself. Thus, conflict detection should also be assessed from an aircraft perspective [25]. Not only is it essential to detect aircraft conflicts, but also to apply the appropriate actions to resolve the situation, which is known as Conflict Resolution (CR). Different resolution alternatives are under consideration, such as modifying the time of arrival at intersection points [26], speed regulation of involved aircraft [27], speed or heading modification under particular criteria [28] or multi-criteria decision-making for conflict resolution [29].



Some other research of particular interest is related to the air ATC’s workload, since they, with the support of specific tools, are in charge of Conflict Detection and Resolution (CD&R) while monitoring the progress of the rest of the traffic [26,30,31]. Significant research related to CD&R from a mathematical or technical point of view is found in the literature, but on many occasions, determining the benefits of reducing the SM has been neglected. Studies have focused on safety, but other areas of interest, such as capacity, flight efficiency, and environment, seem to have been largely ignored. Although these areas are assessed, they offer qualitative findings rather than satisfactory quantitative results [32,33,34,35,36].



In light of all this, this paper aims to quantify the expected benefits of reducing the current SM in the ATM’s key performance areas of capacity, safety, flight delays, ATC workload and environment. Demonstrating benefits would motivate the continuation of the subsequent research on the definition and validation of a new separation mode. Finally, as Brooker said in his research, the future ATM concepts are very different from the present system [35]. Aircraft separation distances below 5 NM would imply changing the paradigm of tactical ATC, including new ATC responsibilities and new concepts in trajectory management (i.e., more centralized systems avoiding dependence on local infrastructure, migration to shared data, etc.). All of this will require significant investments, which are necessary in order to guarantee that a reduction in the SM will meet the expected user needs.



The remainder of this paper is structured as follows: Section 2 provides the SM concept. The Key Performance Indicators (KPIs) and metrics are presented in Section 3. Section 4 provides a detailed description of the methodology. In Section 5 the use case scenario is detailed and the results are provided in Section 6. Finally, Section 7 summarizes the conclusions.




2. Separation Minima Concept


In 1998, the International Civil Aviation Organization (ICAO) defined separation as a generic term used to describe the action on the part of Air Traffic Services (ATS) to keep aircraft operating in the same general area at such distances from each other that the risk of collision is maintained below an acceptable safe level. Such separation can be applied horizontally and vertically. Separation in the horizontal plane can be achieved either longitudinally (by spacing aircraft behind each other at a specified distance, which may be expressed in flying time/distance) or laterally (by spacing aircraft side by side at a specified distance from each other or by specifying the width of the protected airspace on either side of an air route centre line). In en-route airspace, the separation is usually expressed in minimum distances in each dimension, which should not be infringed simultaneously. This information published by ICAO about the current en-route separation minima is mainly based on Doc 4444 ICAO—Air Traffic Management [37]. Additionally, information has also been obtained from the Air Traffic Services Planning Manual (Doc 9426) [38], Manual on Airspace Planning Methodology for the Determination of Separation Minima (Doc 9689) [10] and Performance-based Navigation (PBN) Manual (Doc 9613) [39].




3. Performance Indicators and Metrics


There are several areas for improvement within the ATM that guide the industry’s research and effort. In particular, ICAO defines 11 Key Performance Areas (KPAs) that are interrelated and conform to a holistic perspective of user expectations (access and equity, capacity, cost-effectiveness, efficiency, environment, flexibility, global interoperability, participation by the ATM community, predictability, safety and security). Among them, there are four areas that present a strong relationship with aircraft separation minima reduction; safety, capacity, efficiency and environment. These distinct areas provide a way of categorizing performance subjects related to high-level ambitions and expectations.



ATM performance is quantitatively expressed through indicators (KPIs). Ad-hoc defined indicators are related to detected number of conflicts, fuel burn, flight delay, ATC workload, and conflict agglomeration. Metrics have been defined ad-hoc so that the behaviour of a system is described as accurately as possible through one or several of them. Metrics are, therefore, numerical values that represent a system and compare different scenarios, which can be associated with one or more KPAs. Metrics have been carefully defined according to other studies with similar objectives like in [40]. Figure 1 summarizes the KPAs, KPIs and metrics defined to evaluate the operational impact of reducing separation minima on ATM performance.



3.1. Number of Conflicts


The first metric consists of counting the number of conflicts triggered in a scenario in 1-h (  N c  ). Scenarios will be defined in Section 5 and are the responsibility of either an airspace sector or FIR/UIR. Next,


   N c  =  ∑  i = 1   n f    c i   



(1)




where   c i   is the conflict triggered between a pair of aircraft in 1 h,   n f   is the total number of flights in the sector.




3.2. Flights with Conflict


This metric is intended to link the number of conflicts to the total flights in a particular sector. Then, the number of flights with conflict, since every conflict involves two aircraft (  N  f c   ), is computed as follows:


   N  f c   =   2 ·  ∑  i = 1   n f    c i    n f   · 100  



(2)




where   n f   is the total number of flights in the sector. The metric is therefore given in percentage.




3.3. Total Fuel


The fuel metric is intended to quantify the difference in fuel burn due to conflict resolution manoeuvres. Thus, the metric measures how much fuel is burned in an executed trajectory, (modified by conflict resolution manoeuvres), compared to the planned trajectory. Note that, for every conflict, a resolution manoeuvre can be applied to one or both aircraft involved, (although most common practice is to adjust only one aircraft). The increment of fuel due to conflict manoeuvre resolution of a single aircraft (  Δ  f i   ) is measured in kg.


  Δ  f i  =  f  e  x i    −  f  p  l i     



(3)




where   f  e  x i    ,   f  p  l i     are the executed and planned flight fuel, respectively.



Moreover, the total increment of fuel burned was defined by the flights involved in conflicts F as the total fuel burned due to conflict avoidance manoeuvre in a particular sector in 1-h.


  F =  ∑  i = 1   n f   Δ  f i   



(4)








3.4. Total CO2


CO   2   metric is an estimation of the CO   2   emissions due to conflict resolution manoeuvres. It can be obtained by multiplying the number of fuel kilograms by 3.15. This estimation comes from the SESAR Environment Assessment Study [41], where a direct link was determined between fuel burn and the amount of   C  O 2    produced. The total carbon emissions (E) in a sector in 1-h is measured in kg.


  E = 3.15 · F  



(5)








3.5. Total Flight Delay


The metric is conceived to measure the added executed flight time to the planned flight time (flight delay) due to conflict avoidance. The approach of this metric calculation follows the same pattern as the total fuel metric but considering flight times, that is to compare the flight time of the executed trajectory versus the flight time of the planned trajectory. The delay due to conflict manoeuvre resolution of a single aircraft (  Δ  d i   ) is measured in minutes.


  Δ  d i  =  t  e  x i    −  t  p  l i     



(6)




where   t  e  x i    ,   t  p  l i     are the executed and planned flight times, respectively.



The total delay of the flights involved in conflicts (D) is computed as follows:


  D =  ∑  i = 1   n t   Δ  d i   



(7)







Note that, total time by flight delay is only due to conflict avoidance manoeuvres in a particular sector in 1-h. It should be remarked that, after a conflict resolution manoeuvre, it is considered that the aircraft returns to the planned route; therefore, it will generally imply an increase of flight time. In reality, a conflict resolution manoeuvre could result in either lengthening or shortening the flown distance with respect to the planned one, considering that the aircraft may modify its route downstream permanently.




3.6. ATCO Workload


This metric is designed to quantify the extra Air Traffic Control Officer (ATCO) workload added by the conflict detection and resolution activities. To measure workload, this metric focused on the necessary   t i m e   that an ATCO must spend to fully manage a conflict, from detection to the resumption of navigation [42]. To identify how much time is needed to manage a conflict, an expert judgment was conducted. A total of 6 ATCOs met to agree on the times for each of the conflict management and resolution activities. It was decided in consensus to split the conflict detection and resolution evolution into five sub-tasks (conflict detection, identification of the resolution manoeuvre, communication to pilot, manoeuvre execution and navigation resuming). A specific amount of time was assigned to every sub-task so that the total time for conflict management results from the ordinary sum of the times of each of the five sub-tasks. Table 1 gathers the results from the experts’ consensus.



From Table 1, the maximum time spent in CD&R activities of 210 s (3.5 min) can be deduced, which gives the workload per ATCO (W), measured in minutes in a sector in 1-h.


  W = 3.5 ·   N c   n  A T C O     



(8)




where   n  A T C O    is the total number of tactical controllers working on the scenario.




3.7. Total Area with Conflict


The last metric intends to quantify the area proportion where conflicts occur with respect to the total sector area. Due to its route configuration, a particular sector may have some locations where traffic agglomerates. This metric is intended to quantify potential conflict accumulation locations and is to be analysed using heatmaps (measuring hotspots). The ratio of area where any conflict is involved   A c   is measured in square kilometers.


   A c  =   a c   A s   · 100  



(9)




where   a c   is the total area where conflicts are involved,   A s   is the total scenario area.





4. Methodology


The methodology focuses mainly on quantifying how the SM influence the ATM key performance areas (see Section 3). As mentioned in the previous section, the selected performance indicators derived from KPAs for this study are the number of conflicts, flight delay, fuel burn, ATC workload and conflict agglomeration distribution.



A general overview of all of the data processing is schematized in Figure 2. The process consists of four stages: pre-processing, simulation execution, post-processing and results assessment.



4.1. Pre-Processing Phase


The pre-processing phase comprises data collection and preparation activities. In particular, there are two different parts: scenario definition and traffic generation. The definition of scenarios is based on choosing a portion of the airspace for the analysis of the influence of the SM. Once the scenario definition is completed, traffic needs to be generated. The traffic data comes from the Eurocontrol DDR2 (Demand Data Repository) database. The database is made up of the information from the Network Manager. Real data from 2018 has been chosen, to prevent traffic bias due to the pandemic. The data correspond to the last filed flight plans from the airlines of those crossing the sector of interest in the period of the analysis. The exported database contains information on coordinates of departure and arrival airports, departure time, arrival time and waypoints. Aircraft performance data for every aircraft model come from BADA 3 (Base of aircraft data from Eurocontrol) [43].



From the time slot selected, exported data correspond to traffic a bit below the declared airspace capacity. This traffic will be called original traffic since some other scenarios will be created from these exported from DDR2.



The analysis of the SM reduction needs to bring the studied sector to its traffic saturation. Different scenarios have been generated on this basis, increasing the number of flights by 15%, 25%, 35% and 50% of the actual traffic. The traffic scenarios are developed by randomly duplicating trajectories from the original dataset and varying the entry times between zero, plus or minus ten minutes. Kindly note that the new traffic is created from cloning an original flight that is randomly chosen. Thus, new traffic will follow the exact route from the primitive traffic, but at a different entry time.The new entry time is restricted because no conflicts can be allocated at the entrance to the sector, i.e., the initial conditions no longer imply a conflict.




4.2. Simulation and Execution Phase: Fast-Time Simulation


The analysis of the influence of the SM on ATM performance is performed statistically using Monte Carlo Simulations to find patterns in a non-deterministic way. The total number of simulations is determined to ensure convergence, but might be different depending on the particular features of each use case. Simulations were run multiple times, varying the minimum separation distance that triggers a conflict and the traffic density for each scenario. RAMS Plus software has been used for running the simulations.



The software’s conflict detection and resolution (CD&R) model detects and resolves longitudinal, lateral, and vertical conflicts.



The conflict detection model uses a protected zone around each aircraft that moves over time with the flight. A cylindrical shape defines the protected zone, a 4D collision avoidance volume. The base of the cylinder is a circle with a centre in the aircraft and a radius of the lateral separation. The vertical separation is above and below the aircraft in the vertical direction. A spatial conflict is triggered when an aircraft violates the protected zone of another aircraft.



Trajectories are modified in a 4D manner to ensure a conflict-free environment, i.e., flight level, speed or course changes. If there is no interaction with other aircraft, they will match filed flight plan parameters over WPs (time, altitude, etc.)




4.3. Post-Processing Phase


The raw data generated in the fast-time simulations are analysed in the post-processing phase. Scripts in MATLAB® have been developed to filter and classify data and implement the appropriate formulas to calculate the metrics.





5. Use Case


The Spanish airspace is selected to evaluate the effect of reducing the separation minima. Spain has three Flight Information Regions (FIRs): Madrid (LECM), Barcelona (LECB) and the Canary Islands (GCCC). Madrid FIR includes the delegated airspace to Seville (LECS). At the same time, Spanish airspace is composed of 43 en-route sectors (16 in LECM, 13 in LECB, 5 in GCCC and 9 in LECS). From all en-route sectors in the Spanish airspace, Zamora upper (LECMZMU) airspace is chosen to illustrate results further since it could act as representative in terms of traffic density, route structure and communication, navigation and surveillance capabilities. The upper and lower vertical limits for LECMZMU are FL460 and FL245, respectively. LECMZMU is located within the Madrid FIR/UIR, see Figure 3.



The period selected for the analysis follows the IATA airport forecasting program recommendation stated in the ICAO Doc 8891 [44] for determining typical day traffic, which says to choose the time slot of the peak hour of the second busiest day of the average week in the busiest month of the year. The reader must note that collected traffic is filtered by the routes that are crossing the sector of interest in the analysed periods. Therefore, the time slot selected is from 13 h to 14 h on the 7th of July 2018, where 47 flights were executed. Hence, traffic in the original scenario comprises 47 flights, 54 in the +15% scenario, 59 in the +25%, 63 in the +35% and the +50% will have 71 flights.




6. Results


From a total of 1000 simulations over LECMZMU, the results show the values of the metrics that are presented below. It is relevant to highlight that the aircraft mix is 4.5% for heavy (H) aircraft (wake turbulence category) and 95.5% for medium (M) aircraft. Figure 4 shows the results obtained for the LECMZMU use case. Although the separation minima reduction studied is from 5 to 3 NM (no coloured area in the figures), the variation from 10 to 1 NM has been represented to better observe the trends.



Figure 4a,b show the behaviour of conflict in the different traffic scenarios. It can be observed that reducing the minimum separation distance results in a slight decrease in conflicts, which is more significant in high-traffic scenarios. Moreover, traffic greater than +25% presents a saturated sector where the number of conflicts is one order of magnitude higher than in the lower traffic scenarios.



As regards the fuel burn indicators, higher fuel savings and lower CO   2   emissions are presented while separation minima decreases (see Figure 4c). Besides, if traffic density grows, it becomes more relevant to use reduced separation minima.



In terms of total delay and ATCO workload, the results show similar tendencies to those in the conflicts analysis because those metrics are linked with the number of conflicts. Hence, traffic greater than +25% presents higher delays and ATCO workload than lower traffic. Also, a reduction in the separation minima implies positively decreasing the number of delays and ATCO workload (see Figure 4d,e. ATCO will manage fewer conflicts, thus devoting less time to CD&R and using it in other ATC activities, thereby increasing safety).



Figure 5 shows the distribution of conflict with separation minima. Route configuration determines conflict density distribution. Results show that the area where conflicts occur is larger with greater separation distances. No significant difference between the 3 and 5 NM maps is presented. The areas where the conflicts occur are very similar, although the accumulation of conflicts (red dots) is greater for 5 NM than when the separation minima are 3 NM.



As highlighted before, results corresponding to traffic higher than +25% of the original traffic seem excessive in the current operation concept. Comparing the other curves (original traffic, +15% and +25%), the results obtained for a separation minima of 5 NM and traffic +15% are equivalent to those of 3 NM with +25% traffic. These benefits would lead us to conclude that it is worth investing in reducing the minimum separation distance since similar metric values would be obtained with higher traffic.



Use case results are summarized in Table 2, which are grouped according to the KPIs defined in Section 3.



In contemplation of illustrating a generalisation of the results, LECMZMU is compared with FIRs in the Spanish airspace. The key figures of each airspace are presented in Table 3. It is essential to observe that the number of flights considered in this global analysis is much higher than the consideration for the LECMZMU use case. Still, it is in accordance with the number of tactical controllers working in each airspace and their total area.



Table 4 shows the values of the metrics for the LECMZMU use case and the Spanish FIRs. The results are computed as the difference between the results obtained for 5 NM minus results for 3 NM. Table 4 is calculated for the original traffic scenario, where the number of flights can be consulted in Table 3. The reader should note that the magnitude of the selected metrics varies significantly concerning the LECMZMU use case. Nevertheless, metrics maintain proportionality relations for the area of the scenario, number of flights or tactical controllers.



Figure 6 shows the results of the analysed metrics in the LECMZMU use case and the Spanish FIRs for different separation minima values. Note that, as before, only the original traffic scenario is presented. The evolution of the metrics on minimum separation distance in all scenarios follows similar trends, although the magnitudes and, therefore, the slopes of the graphs vary significantly among the considered use cases; this is because the differences among scenarios in terms of the number of the flight and its complexity are significant.




7. Conclusions


The ATC separation minima reduction has been a continuous trend since the beginning of air traffic control, which has made it possible to improve ATM performance, that is, to meet user expectations.



However, the reduction trend has not followed the logical process of demonstrating the benefits of a possible reduction and then developing operational procedures supported by technical means. Conversely, the improvement in the performance of the technical means has made it possible to create new operating procedures to reduce the separation minima once the non-degradation of safety has been demonstrated.



Once the minimum separation of 5 NM is reached, the feasibility of continuing to reduce that value is considered. There are again two approaches: improving technical means to define new operational procedures later (Bottom-Up) or determining the concept of operation to define later the technical means that support it (Top-Down). The Top-Down approach seems more convenient to meet user expectations without completely ruling out either of the two. Therefore, it would be necessary to start with the definition of the new concept of operation.



As the current separation minimum may be set almost at its limit, it is necessary to quantify the benefits expected from further reduction first. This paper quantifies the benefits that could be expected from such a reduction without considering the aspects of its feasibility. Benefits have been demonstrated in the performance areas of safety, capacity, efficiency and environment.



Starting from a base scenario considering real traffic in the sectors studied, simulations have been carried out in a fast time with the RAMS tool. Traffic has been theoretically increased by 15%, 25%, 35% and 50% of the original scenario, demonstrating higher benefits as the traffic increases. The simulations have been carried out in different control sectors, obtaining similar results in improvement trends, although not in their absolute values. These minor differences do not change the meaning of the potential benefit statement.



Additionally, this paper demonstrates that although the reduction of the en-route separation minima would offer benefits in those areas of performance, it may require a change in paradigm concerning ATC. Considering that separations of 3 or 4 NM would not always give enough time to avoid a collision once the separation minima have been lost. Hence, it would be necessary to migrate from the current use of a minimum separation distance to a sufficient time in advance concept to assess the needed time for the controller to intervene to prevent the collision.



This paper supports the need for research on the feasibility aspects of reducing the minimum separation, which may differ depending on the characteristics of the encounter, type of aircraft, speeds, encounter angle etc. Nevertheless, in the future of aircraft separation, it may not be necessary to speak of a separation minima as it is currently understood, but of the minimum time required for ATC to be able to act on an aircraft and for it to have time to resolve the collision.
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Figure 1. KPAs, KPIs and metrics. 
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Figure 2. Methodology workflow. 
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Figure 3. LECMZMU sector—Zamora use case. 
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Figure 4. Results for LECMZMU sector—Zamora use case. 
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Figure 5. Hotspot local scenario analysis: LECMZMU. 
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Figure 6. Results for every use case. 
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Table 1. ATCO Workload results from the experts’ consensus.
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	Task
	Time [s]





	Detection
	30–40



	Resolution identification
	45–60



	Resolution manoeuvre communication
	VNAV↑: 30–40, VNAV↓: 30, LNAV: 30



	Resolution implementation
	VNAV: 30–40, LNAV: 30



	Navigation resuming
	30
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Table 2. Results summarised for the reduction of the SM from 5 NM to 3 NM. Conclusions are relative to the metric outcomes; the ⇓ indicates that the metric value decreases.
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	KPI
	KPA Involved
	Metric
	Conclusions
	Reference





	Conflicts
	Safety
	Number of conflicts

Flight with conflict (%)
	⇓
	Figure 4a

Figure 4b



	Fuel burn
	Efficiency + Environment
	Total fuel (kg)

Total CO2 (kg)
	⇓
	Figure 4c



	Flight delay
	Efficiency
	Total Flight delay (min)
	⇓
	Figure 4d



	ATCO Workload
	Capacity + Efficiency + Safety
	ATCO Workload (min)
	⇓
	Figure 4e



	Conflict agglomeration
	Safety
	Total Area with conflict (%)
	⇓
	Figure 5
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Table 3. Scenario data for 1-h simulation.
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	Zamora (LECMZMU)
	Madrid (LECM)
	Barcelona (LECB)
	Sevilla (LECS)
	Canarias (GCCC)





	Number of flights
	47
	227
	149
	89
	85



	Number of ATCO (Tactical)
	1
	17
	13
	7
	4



	Sector Area (square km)
	48,000
	439,000
	270,000
	172,000
	1,413,000
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Table 4. Relative results from a reduction in the separation minima from 5 NM to 3 NM in the original traffic scenario.
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	Zamora (LECMZMU)
	Madrid (LECM)
	Barcelona (LECB)
	Sevilla (LECS)
	Canarias (GCCC)





	Number of Conflicts
	1
	18
	13
	4
	6



	Flights with conflict (%)
	6
	16
	17
	9
	14



	Total fuel saved (kg)
	35
	379
	351
	93
	181



	Total fuel saved (kg/flight)
	0.75
	1.67
	2.36
	1.04
	2.12



	Total CO2 reduction (kg)
	111
	1193
	1107
	293
	570



	Total CO2 reduction (kg/flight)
	2.34
	5.26
	7.42
	3.29
	6.71



	Total Flight delay (min)
	0.9
	14.5
	9.1
	1.9
	3.7



	ATCO Workload (min)
	5
	4
	4
	2
	6



	Total Area with conflict (%)
	6
	10
	17
	9
	1
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