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Executive Summary  

The performance evaluation of Air Navigation Service Providers ensures safe, punctual, and cost-

effective operations. In recent years, the environmental component of air traffic gained more and 

more attention in benchmarking exercises. With regards to resource planning, the trade-off between 

costs and capacity leads to the necessity of a precise traffic forecast. Despite it has been demonstrated 

that air traffic forecasts are mostly imprecise, the consequences regarding delays, emissions, and 

environmental costs of different traffic scenarios are still unknown. We aim to determine those 

interdependencies using state-of-the-art methods, most of them already validated in earlier 

investigations. 

The study is based on the STATFOR traffic forecasts from autumn 2021, including three scenarios 

(here named as high, base, and low). To consider the low forecast quality, we created two additional 

scenarios (super-high, super low). For each scenario, flights are forecast for 2021-2027 at the ANSP 

level. For each ANSP, the expected resources and ATCO employment costs are calculated. The range 

between super-high and super-low scenario reflects the uncertainty regarding resources and costs. 

Based on 2015-2019 data, the interdependence between demand and delays is estimated using 

exponential regression formulas. These formulas can then be used to predict delays based on the 

previously predicted flights. This approach was performed for all ANSPs, FABs, and Europe separately, 

and addresses both the total delay and the CRSTMP delay.  

Based on the total predicted delays, the cost of these delays was estimated. The first attempt to 

monetize the cost of one minute of ATFM delay was made by the Transport Studies Group from the 

University of Westminster (2004) with costs of 72 €, on average per minute of delay. Successive 

revisions were published (in 2011 and 2015). In 2015, the network average cost of ATFM delay, per 

minute, was 100 €. However, using the average values does not seem to be a good representation of 

the real costs, as not all flights are subject to the same amount of delay, so it is crucial to determine 

the distribution of these delays and how they affect the total cost. This can be done by estimating a 

cost curve (mathematical) function per minute of delays. In this study, we have compared the results 

of applying an average value of 100 € and a function. Annual data on total delays (not on CRMSTP 

delays) have been used to estimate the costs of delays with the average, while in the case of the 

function, the calculation has been made with daily data for ANSPs. In the absence of information, 

annual data have been used for FABs and Europe.  

To establish the link between forecast and environment we use the indicators KEA and KEP, 

which evaluate the horizontal flight efficiency. In order to forecast the scores, we must first determine 

the influencing factors. Using multiple regression analyses, we quantify the influence of e.g., weather, 

route charges, and CO2 pricing for each unit. The optimal model is then used to forecast future values 

for KEA and KEP. 

As it is essential to analyze the efficiency of flight paths in order to optimize and balance 

environmental costs, other variables such as CO2 emissions and their likely increasing cost need to be 

explored. A CO2 price forecasting exercise has been carried out. However, climate and environmental 

costs go beyond CO2 costs. For example, they include factors such as non- CO2 emissions that also 

cause climate change, noise, or habitat damage. Therefore, in the study, we first focused on CO2 costs 

and then moved on to a broader definition of climate and environmental costs: the cost of CO2 

emissions accounts for 34% of the total cost of climate change, with the remaining 66% coming from 

other sources. All in all, climate change (CO2 + non-CO2 effects) represents 63.16% of the total 

environmental cost.   
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The traffic scenarios reflect that STATFOR forecasts do not meet their own confidence interval 

in the majority of cases. However, the additional scenarios also imply greater uncertainty: At the 

European level 4.8 Mill. Flights, respectively 5,596 ATCOs, or about 860 Mill. €. The interdependency 

between demand and delay can be approximated by a hyperbolic function in the case of saturated 

airspaces, while the function tends to be linear for unsaturated airspaces. Applying those formulas led 

to a total delay between 17.9 Mill. and 45.2 Mill. minutes on a European level. Assuming no change in 

productivity, respectively technology, the pan-European delay target of 0.5 minutes per flight won't 

be feasible in any of the scenarios for the years 2026 and 2027. The difference in delay costs when 

using the average versus the function gives values between 0.69 and 0.78, which means that, when 

the function is applied, the estimates are between 69% (or 78%) of the average values. In other words, 

the function makes the value 31% (or 22%) lower than the average.  

The prediction of the HFE scores yields intuitively plausible results, but an individual 

consideration of single units is necessary due to the ANSP-specific particularities. We calculated a KEP 

between 3.61% and 4.84% for Europe in 2027. The KEA will probably be between 1.94 and 3.06%. 

Based on these two indicators, the CO2 costs in 2027 will probably amount to approximately 2,981 to 

4,564 Mill. €, depending on the scenario and whether KEA or KEP is considered. The range of values 

for the climate costs will be between 8,769 and 13,428 Mill. € and, for the environmental costs (which 

include Climate Change costs as well as noise or loss of biodiversity), between 13,886 and 21,263 Mill. 

€.  

We proved that the approach and the selected methods lead to valid results. The report might 

be updated once or twice a year, depending on the publication by STATFOR.  
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1 Background 

Air Navigation Service Providers (ANSPs) are responsible for the safe and efficient operation of 

air traffic. For this purpose, ANSP provides surveillance capacity (measured e.g., flight entries in sector 

per hour) which can be adjusted according to demand [1]. Obviously, this capacity is built upon human 

resources and as such incurs costs. In other words, ANSP’s responsibility also comprises the efficient 

deployment of resources to ensure service provision at minimum costs to stakeholders. Therefore, 

resource planning relies on expected demand for a pre-set horizon. The optimum competes with 

sufficient resources for robust and safe operations, but minimum resources for cost-effectiveness 

[2,3].  

Consequently, traffic forecasts have a significant influence on the cost- and resource planning 

of an ANSP. For an efficient operation, it is necessary to predict the demand as precisely as possible. 

To estimate future demand, STATFOR publishes three scenarios in its medium-term forecasts [4]: 

“high-level”, “baseline” and a “low-level” scenarios. The difference between the high- and low-level 

scenarios can be considered as a confidence interval (CI) and interpreted as the implied resource and 

cost uncertainty for the ANSPs. However, previous studies showed that the majority of ANSPs face an 

inadequate forecast and the CI is in a majority of cases not met [2]. It has further been proven that 

imprecise forecasts hamper the performance of ANSPs significantly [5]. 

In the early 1990s, EUROCONTROL started to assess the European ANSPs [6,7]. In the currently 

valid performance scheme, four Key Performance Areas (KPAs) are defined: safety, capacity, cost 

efficiency, and environment. The latter is expressed by the indicator horizontal flight efficiency (HFE) 

and is mainly a metric expressing detours [8]. In the past years, regulators emphasized an 

enhancement of cost efficiency and capacity. However, social pressure (e.g., Fridays for Future) caused 

a shift towards environmental aspects of air traffic recently. As a consequence, the environmental 

indicators gain increasing importance in benchmarking exercises as well as their interdependency to 

other areas. 

Although the importance of the environment KPA in performance benchmarking has increased, 

there have been no studies on the relationship between traffic forecasts and environmental impacts. 

This gap is filled by the present study. Based on the most recent STATFOR report [9], supplemented by 

two scenarios, the following questions are answered in this document: 

1. How many ATCOs will be needed per year? 

2. How much total delay and/ or CRSTMP delay will be created per year? 

3. How much cost of total ATFM delay and/or CRSTMP delay for airspace users will be 

created per year?  

4. What are the forecast values for Horizontal Flight Efficiency (KEA and/or KEP) per year? 

5. What is the total amount of CO2 emissions forecasted? 

6. What is the total amount of climate costs (and potentially other environmental costs) 

per year? 

Therefore, the document is structured as follows: In section two, we describe the forecast 

scenarios by STATFOR and our supplements. Furthermore, we determine the consequences for ANSPs 

with regards to resources and costs induced by the scenarios. Section 3 deals with the consequences 

of the predictions on the delays. Environmental consequences of demand, delay, and other factors are 

discussed in section 4, where we calculate how the predictions affect the horizontal flight efficiency. 

Based on the results, section 5 shows how the prediction scenarios affect emissions and environmental 

costs. A graphical scheme of the investigations is provided in Annex A1.  
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2 Traffic Scenarios and Implications 

In October 2021, EUROCONTROL presented the most recent medium-term forecast, predicting 

traffic movements and service units for the years 2021-2027 [9]. Obviously, forecasting always inheres 

uncertainty due to global (e.g., financial crisis) or local (e.g., the Russian attack on Ukraine) events, 

leading to short-term changes in traffic demand. To cover these uncertainties, STATFOR published 

three scenarios (low, base, and high).  

However, it was proven that the forecast quality is very limited and [5,10] showed that in the 

past the actual demand did not match the confidence interval in the majority of cases. In consequence, 

we created two further scenarios (super high and super low): the super low scenario assumes that 

traffic figures decrease again in 2022, e.g., due to a new corona virus mutation, followed by a growth 

rate below the low scenario for the years 2023-2027. The super high scenario expects that COVID was 

a tremendous, but short external shock and traffic figures recover faster as expected by STATFOR. The 

growth rates are expected to be slightly higher than the ones in the high scenario. The exact 

assumptions are shown in Annex A2. 

Modeling of traffic scenarios considers applicability to all ANSPs. This is to avoid overfitting, e.g., 

by arbitrary adjustments. It should further be noted that the study is a snapshot of the current 

situation. It aims to show which consequences (in particular planning uncertainties) will be caused by 

the forecasted traffic. It is not meant to represent a specific use case, but to demonstrate the Effects 

of EUROCONTROL / STATFOR assumptions on ANSPs with regard to performance. The presented 

results reflect the perspective in autumn 2021 (STATFOR forecast date). Later geopolitical events are 

not integrated and effects (e.g., due to the Russian attack on Ukraine) are not taken into account. 

STATFOR predicts traffic on a country basis and as such not for ANSPs. However, for our 

investigation it was necessary to have a database on an ANSP basis since operational and financial data 

is provided for ANSPs mainly, e.g., ACE data [11]. Further, the airspace of an ANSP does not match the 

airspace of a country in any case. In consequence, there are airspace-specific deviations between 

STATFOR actual demand (e.g., Germany) and the demand provided by the ACE database (e.g., for DFS). 

In addition, a country perspective disables the consideration of MUAC, which would mean a decisive 

disadvantage for our analyses. Finally, some data inconsistencies might not be caused by allocation 

problems. As an example, there are inconsistencies for DSNA 2017: 

• STATFOR: 3.241.000 flights, 

• ACE:  3.135.236 flights. 

This emphasizes the necessity for a homogeneous database on an ANSP basis. In other words, 

country-based values (based on the dimension of FIRs that match the charging area for a country) have 

to be transformed into ANSP-related values in advance (based on AUA(s) size which may differ from 

FIR(s) size because of different areas of responsibility). There are two options to transform data. First, 

it is possible to use the demand forecasts and adjust the geographic units. However, data 

transformation is challenging concerning MUAC, Germany, Belgium/Luxemburg, and the Netherlands. 

The second option is to use the STATFOR prediction, calculate the growth rates (5-year horizon) and 

apply them to ACE data (flights). This option is expected to be more precise. Figure 1 shows the 

transformation scheme.  

The calculations (Adjusted Database, orange) combine the STATFOR growth rates based on 

countries (blue) with the operational ACE data (red). For MUAC, the average change rate of Germany, 

Belgium, and the Netherlands is used. ANSP airspaces are expected to be within the borders of the 

corresponding country. However, this is relevant for illustrations only. Annex A3 provides a calculation 

example for the transformation. 
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We applied this method to all ANSPs, using the transformation procedure (state-related figures 

into ANSP-related figures) proposed by [5], as well as to all Functional Airspace Blocks (FABs) and the 

EUROCONTROL area (also further designated as “Europe”), the latter shown in Figure 1. Two further 

examples are shown in Annex A4.  

 

Figure 1: Data Transformation – From country-based to ANSP-based values 

Figure 2 shows the expected number of flights between 2021 and 2027. Since the STATFOR 

report was published in the fall of 2021, a first deviation between the scenarios is visible for this year. 

The expected demand in 2027 may increase up to 14 Mill. flights in the most optimistic scenario. In the 

most pessimistic scenario, the demand will be about 9.3 Mill. flights and thus below the number in 

2019. Concerning uncertainty, the STATFOR scenarios inhere a CI of 1.8 Mill. In flights, the range 

between super high and super low scenarios represents 4.8 Mill. flights. 

 

Figure 2: Traffic Scenarios, Europe 

Please note that the traffic scenario results are not included in the appendix due to 

comprehensiveness. All graphs are provided in datasheets, which are available for all ANSPs, FABs, and 

Europe [12].  
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3 Expected Resources and Costs 

It goes without saying that the implied confidence intervals lead to planning uncertainties for 

ANSPs. Resource planning relies on expected demand for a pre-set horizon. The most scarce and 

expensive resources are the Air traffic control officers (ATCOs). Using ACE data [13] and assuming a 

constant ATCO-productivity (the reference year 2019) [6,7], we can calculate the number of ATCOs 

and the corresponding employment costs for each ANSP as well as each scenario. 

Unlike flights, resources and costs are clearly allocated to an ANSP. This means that the values 

can be aggregated and therefore the required controllers and subsequent employment costs can be 

calculated on the FAB level. As an example, the largest unit in meanings of demand, FABEC, employed 

5,609 ATCOs in 2019. Using the forecasted traffic scenarios, the FAB will need between 4,668 and 7,167 

ATCOs in the year 2027, respectively 5,865 ATCOs in the case of STATFORs baseline scenario (Figure 

3). In other words, the uncertainty with regards to resources is 2,499 Full-Time Equivalences (FTEs) 

when comparing super high and super low scenarios. Further examples are shown in Annex A5. 

  

Figure 3: Expected Need for ATCOs, FABEC 

The need for resources directly affects the costs to be planned for Reference Period 3 (RP3) and 

beyond. In 2019, ATCO employment costs in FABEC summed up to 1.07 Bill. €. As shown in Figure 4, 

the expected costs for the year 2027 will be between 890 Mill. and 1.4 Bill. €, respectively 1.1 Bill. € in 

the most-likely scenario.  

Further examples are shown in Annex A6. Please note that the results are not included in the 

appendix due to comprehensiveness. All graphs are provided in the traffic scenario data sheets, which 

are available for all ANSPs, FABs, and Europe [12]. 
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Figure 4: Expected ATCO Employment Costs, FABEC 

The conversion of demand into resources (ATCOs) inheres some limitations. First, the 

assumption of a linear interdependency between resources/costs and demand might not be accurate, 

since scale effects are expected to have an influence. Thus, there is an over-estimation of resources 

and costs in case of increasing returns to scale, and an under-estimation of resources and costs in case 

of decreasing returns to scale. Second, the need for resources does consider ATCOs only. However, an 

increase in ATCOs may lead to the need for other resources as well (administrative staff, working 

positions, etc.), affecting costs as well. Third, the costs do not consider training costs, which are 

according to IFATCA up to 600.000 € per fully trained ATCO. Since the drop-out rate and inflation are 

not considered as well, the costs might be higher than calculated. Fourth, productivity is expected to 

be constant at the 2019 level. However, it might be expected that productivity increases, e.g., by 

innovative systems and tools. Fifth, the calculations do neither consider contractual or union aspects 

nor the availability of ATCOs. And finally, a change in traffic flows may lead to a higher or lower 

workload influencing the actual need of ATCOs and subsequently their productivity and costs. 
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4 Delay Forecast 

4.1 Data and Method 

An essential quality criterion of ANS service is represented by the punctuality of flights. If 

demand exceeds the available capacity, delays will occur, which can be due to various reasons, 

including weather, staffing, accidents, etc. Accordingly, in ANS provision delays are divided into total 

Air Traffic Flow Management (ATFM) delay (all causes) and CRSTMP delay (those causes which can be 

assigned to ANSPs).  

EUROCONTROL publishes data for a number of flights as well as delay minutes (distinguished 

into causes) on daily basis [14]. We used this data (years 2015 to 2019) to derive the interdependency 

between demand and delay. Therefore, we first need to find the functional relationship between both 

indicators. In the second step, we use this formula to calculate the delay for each day and each year 

(see section 4.2), based on the expected flights (see section 2).  

Earlier studies already proved that the relationship is expected to be exponential [15,16]. Thus, 

we imply the functional form shown in (1), where y stands for the delay, x for the flights, and a, b and 

c are parameters to be optimized. The parameter c represents an “offset” or “threshold” parameter, 

implying that delay does not occur below the corresponding demand. 

Y=a(x-c)b                         (1) 

The solver optimizes the parameters so that the quadratic distance between observations and 

function is minimized. This procedure was applied for both total and CRSTMP delay. To monitor the 

quality, we used the coefficient of determinations (R²). Figure 5 shows an example of French DSNA. 

The blue dots represent the observations, the orange dots are based on the functional relationship 

between demand and delay.  

 

Figure 5: Interdependency between Demand and Total Delay, DSNA 
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The optimization model also considers two restrictions. First, the value c for CRSTMP delay is 

larger or equal to the one for the total delay. Otherwise, we would imply the possibility that CRSTMP 

delay could occur without the occurrence of total delay, which is obviously wrong. Second, the value 

for CRSTMP delay for one day can never be larger than the value for total delay. The model restriction 

assures that the CRSTMP delay is always smaller or equal to the total delay. Figure 6 compares both 

functions for DSNA. The curves increase exponentially and will eventually continue congruently.  

 

Figure 6: Interdependency between Demand and Total Delay, DFS 

Due to the high heterogeneity in European Air Traffic Management (ATM) and the subsequent 

particularities of ANSPs, the analysis was executed for each ANSP separately. It can be observed that 

the relationship between demand and delay tends to be linear for smaller ANSPs (b ≈ 1), while the 

exponential parameter for larger ANSPs results in a parabolic or hyperbolic function. This can be 

explained by the fact that the concerned small airspaces are also non-saturated. As a result, demand 

is not yet in the range of exponential growth and delay occurs due to capacity constraints in no or just 

a minor number of cases. Further, some of the ANSPs have no (reported) delay, or only a small number 

of observations, which also hampers a (precise) forecast. 

The approach inheres some limitations. First, we assume that the temporal distribution of 

demand is relative to those of previous years. This is not necessarily the case: local or global events, 

such as the Russian attack on Ukraine, can change this distribution. In consequence, the delay for the 

day(s) and subsequently the year might be over- or underestimated. However, such events are not 

predictable for us and thus not included. Second, the delay is influenced not only by demand, but also 

by other factors such as weather, military activities, or low forecasting quality. Subsequently, there is 

a scattering of the observations as shown in Figure 5. Again, these effects are not predictable, at least 

not on a daily basis, and thus not included in the prediction. It might be assumed, that those effects 

offset each other – in other words: the overestimated delay on day one is compensated by the 

underestimated delay on day two. Nevertheless, the prediction inheres some uncertainty with regard 

to the actual values. Third, some ANSPs do not have or not have reported delays. Subsequently, we 

cannot predict any delay for those units. 

0

5.000

10.000

15.000

20.000

25.000

30.000

35.000

0

3
4

0

6
8

0

1
0

2
0

1
3

6
0

1
7

0
0

2
0

4
0

2
3

8
0

2
7

2
0

3
0

6
0

3
4

0
0

3
7

4
0

4
0

8
0

4
4

2
0

4
7

6
0

5
1

0
0

5
4

4
0

5
7

8
0

6
1

2
0

6
4

6
0

6
8

0
0

7
1

4
0

7
4

8
0

7
8

2
0

8
1

6
0

8
5

0
0

8
8

4
0

9
1

8
0

9
5

2
0

9
8

6
0

1
0

2
0

0

1
0

5
4

0

1
0

8
8

0

1
1

2
2

0

1
1

5
6

0

E
x

p
e

ct
e

d
 D

e
la

y

Expected Flights

ATFM Delay CRSTMP Delay



 

  Page 16 of 63 

4.2 Prediction of Delay Minutes 

Based on the functional shape, as well as the predicted flights (section 2), the delay can be 

determined for each day of a year and be summed up for the annual value. For this purpose, the 

formula determined in the previous step (see section 4.1) is applied: The individually optimized 

parameter values (a and b) and the expected flights for x. Thus, a delay value y can be determined for 

each unit, for each day, and for each scenario.  The procedure is applied to the years 2021-2027. Figure 

7 shows the expected total delay minutes for French DSNA, Figure 8 illustrates the CRSTMP delay 

minutes.  

 

Figure 7: ATFM Delay Prediction, DSNA 

 

Figure 8: CRSTMP Delay Prediction, DSNA 
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According to the graphs, the ATFM delay in the French airspace will be between 1.5 and 13.9 

Mill. delay minutes, which is rather high uncertainty. Even using the STATFOR scenarios will lead to a 

CI of 5.5 Mill. delay minutes. CRSTMP is generally lower, but the CI is larger: 5.9 Mill. minutes in the 

case of the STATFOR scenarios, and 12.6 Mill. minutes when comparing super high and super low 

scenarios. 

Since delay minutes are aggregable, the values for FABs and Europe can be determined by 

summing up the minutes of the corresponding ANSPs. Further, it is possible to calculate the ATFM 

delay per flight, respectively CRSTMP-delay per flight, which might be beneficial for capacity target 

monitoring [17] or setting [18]. For example, the European capacity target represents a delay below 

0.5 minutes per flight. As shown in Figure 9, the expectation is rather unrealistic, indicating that all 

scenarios will lead to a higher delay per flight in the years 2028 and 2029. However, it has to be 

considered that the analysis implies today’s technology. Actual delay may be lower when ANSPs 

performance increases (see also [19]). 

 

Figure 9: Expected Delay per Flight, Europe 

Please note that the results are not included in the appendix due to comprehensiveness. All 

graphs are provided in the traffic scenario data sheets, which are available for all ANSPs, FABs, and 

Europe [12]. 
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1 Note that ATFM Delay is often used to express the lack of capacity of a given airspace or airport, defined as the maximum aircraft throughput 
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To assess the overall performance in these different areas, the concept of “total economic cost” 

has been developed [21]. The total economic cost recognizes that a delay for an airspace user, while 

desirable to optimize the air flow, carries a burden and a cost. Subsequently, a provision costs for ATC, 

the cost for safety oversight (this performance area is defined as paramount), and ATFM delay costs 

(due to the imbalance between demand and supply of air traffic management (ATM) capacity) are 

added to provide an overall view by bringing together two different Key Performance Areas. As a 

prerequisite, it is necessary to monetize delay.  

In addition, ANSPs manage the capacity of their airspace. They, therefore, need to invest capital 

in both technology and staff. Ideally, by combining these measures, ATFM delay is avoided and safety 

levels are measured2. For any cost-benefit analysis, there is a need to arrive at a figure that quantifies 

this benefit. In order to have a common approach to this issue, EUROCONTROL has developed a 

publication with some Standard Inputs for Cost-Benefit Analysis in which the cost of delay is one of the 

most prominent figures [22]. 

The first attempt to monetize the cost of one minute of ATFM delay, as incurred by the Airliners 

in Europe, was made by the Transport Studies Group from the University of Westminster (2004) where 

such delays were measured relative to the last filed flight plan and with costs of 72 euros, in average 

per minute of delay. This is a very comprehensive and detailed report to serve as a basis for 

determining the true cost to airlines of one minute of airborne or ground delay [23], and it is probably 

the most relevant study performed until now. 

The 2004 report differentiates between “short” (15 minutes) and “long” delays (65 minutes) and 

considers that there are neither passenger costs of delay nor crew costs for “short” delays and that 

the longer the delay, the higher the cost (for instance, the cost is less than 1 € per minute at-gate for 

short delays, while 289 € for long delays [23]. A differentiation between tactical (those incurred on the 

day of operations and not accounted for in advance) and strategic (those accounted for in advance) 

costs, and between gate-to-gate and at the network level is also made. All in all, the disaggregated 

calculation according to “long” and “short” delay types gave a range of the total cost of ATFM delay 

minutes of 840 – 1,200 Mill. €. Based on these delays, a network value of 72 € per minute for “long” 

delays was obtained. This average value includes reactionary delay costs but does not consider 

strategic costs associated with buffer minutes added to schedules. 

Successive revisions were published, which included more aircraft types, a gate-to-gate 

perspective of delay cost, and some updates on the average cost of ATFM delay. Unlike the previous 

report, in this one costs were assigned to “short” delays, and tactical cost delays were given for nine 

delay ranges (5, 15, 30, 60, 90, 120, 180, 240, and 300 minutes) rather than for two (“short” and 

“long”), as before. The network total cost of ATFM delay (all causes) was 1,250 Mill. €, the average cost 

of delay of an ATFM delayed aircraft was 1,660 € and the network average cost of ATFM delay, per 

minute, was 81 € [24]. The methodology was substantially unchanged in the 2015 report. Only some 

minor specific modifications were included (e.g., more aircraft variants were considered, fuel burn was 

also included in the at-gate calculations, cost scenario values were increased and there was an average 

increase of 20% in the passenger cost of delay). As a result, the average cost of delay of an ATFM 

 
2 It is true that some ATFM delay problems can be solved by contracting new ATCOs. However, we cannot ignore the fact that many delays 

are attributed to the elementary capabilities of the sector, so in these cases the delays stem from an airspace problem, not a resource 
problem. 
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delayed aircraft was 1,970 €, the ATFM delay cost averaged over all flights was 103 € and the network 

average cost of ATFM delay, per minute, was 100 € [25].  

However, using the average values does not seem to be a good representation of the real costs, 

as not all flights are subject to the same amount of delay. This means that the use of the average value 

overestimates the total cost. Thus, it is crucial to determine the distribution of these delays and how 

they affect the total cost. That is, to have a precise picture of the number of delays but also of how 

long these delays were, and consequently a more accurate estimate of the cost. 

One way to do so is to propose a cost curve (mathematical) function per minute of delays based 

on the earlier values. If, in addition to the distribution of delays, we want to obtain the values resulting 

from using different costs for different ranges of delays, we can do the following (the full procedure 

can be thoroughly explained in [26]: first, starting from the average cost per range of delays from [24], 

we can calculate the cost per minute by dividing the average cost by the midpoint of the range, and 

update it to 2015 values, as shown in Table 1.  
 

Delay range (min) 01-04 05-14 15-29 30-59 60-89 90-119 120-179 180-239 240-299 300+ 

Average total cost (€) 39,50 259,25 1074,02 4,78 14,74 31,55 49,02 65,70 86,97 99,09 
Cost per minute (€) 15,80 27,29 48,82 107,36 197,85 301,95 327,91 313,60 322,71 330,32 

Table 1. ATFM delay ranges and weighted costs – total and per minute – (in 2015 €) for ten delay ranges  
(adaptation from Table J5 (2010 values) in[24] 

Once the cost per minute has been estimated, the next step consists of multiplying the number 

of minutes of delay considering the full distribution for the delays ranges by the cost of them. Using 

the information in Table 1, we can estimate a cost function to be used for calculations. 

Deriving a function is potentially more appropriate, but the results obtained with it will depend 

largely on the quality and stability of the base data available. In any case, it is a step forward in terms 

of methodology.  

The function should meet the following theoretical conditions: 

a) Only make sense for positive delay values; 
b) Goes through the origin; 
c) Must be a growing function, that is, the first derivative should be positive; and 
d) As values are expected to grow rapidly with delays, the second derivative should also be 

positive. 

The function proposed (2) is as follows [26]: 

Cost=a(y)b                         (2) 

y being delays and a and b parameters.  

Equation (2) is equivalent to (3): 

ln(Cost)=ln(a)+bln(y)                (3) 

In addition, annual data on total delays have been used to estimate the costs of delays with the 

average, while in the case of functions, the calculation has been made with daily data for ANSPs. In the 

absence of information, annual data have been used for FABs and Europe.  

Table 2 shows the cost of delays for FABEC, whether the average value of 100 € per minute or 

the function is applied. Results are based on total delay, not CRSTMP delay.  
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AVERAGE 2022 2023 2024 2025 2026 2027 

Super low 0.03 34.56 79.74 200.76 251.06 282.12 

Low 94.51 219.23 375.66 676.60 754.44 831.55 

Base 450.59 649.70 909.39 1002.00 1107.20 1213.97 

High 672.83 1277.36 1635.58 1833.92 2076.03 2237.72 

Super high 855.43 1763.23 2345.83 2744.07 3234.00 3631.80 

FUNCTION 2022 2023 2024 2025 2026 2027 

Super low 0.02 29.82 70.86 184.32 232.32 262.139 

Low 84.50 201.89 352.59 648.36 725.73 802.658 

Base 425.63 621.70 880.57 973.57 1079.57 1187.528 

High 644.62 1251.79 1616.86 1820.26 2069.61 2236.704 

Super high 826.53 1747.68 2348.67 2762.62 3274.77 3692.665 

Table 2. Cost of delays for FABEC, 2022-2027 (in Mill. €) for the five scenarios and using the average and function 

As the function takes into consideration the distribution of delays, this makes the estimate more 

accurate. Moreover, using the average cost value tends to overestimate the cost3. The difference is 

illustrated in Table 3. A result of 0.68 indicates that the function is 68% of the mean value. In other 

words, the function makes the value 32% less than the mean.    

DIFFERENCE 2022 2023 2024 2025 2026 2027 

Super low 0.68 0.86 0.89 0.92 0.93 0.93 

Low 0.89 0.92 0.94 0.96 0.96 0.97 

Base 0.94 0.96 0.97 0.97 0.98 0.98 

High 0.96 0.98 0.99 0.99 1.00 1.00 

Super high 0.97 0.99 1.00 1.01 1.01 1.02 

Table 3. Difference between the average cost of delays and the costs calculated by applying the function (FABEC, 2022-2027) 

Further examples are shown in Annex A6. However, all results are presented in data sheets, 

which are available for all ANSPs, FABs, and Europe.

 

3 This is true in most cases. However, it is not impossible that, in certain scenarios, the function of slightly above average values. This has to 

do with the fact that "long" delays are expected to be much longer than "short" delays, so that the mean does not adequately capture this 
distribution. 
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5 Prediction of Horizontal Flight Efficiency 

5.1 Definition and Metrics 

In the EUROCONTROL benchmarking scheme, environment-related performance is assessed by 

the horizontal en-route flight efficiency [8]. The HFE is expressed as a ratio of distances and is, 

therefore, an average per distance within given airspace: All portions p of a flight f traversing an 

airspace j are considered, comparing flown (L) and achieved (H) distance as shown in (4).  

𝐻𝐹𝐸𝑗 =
∑𝐿𝑓𝑗𝑝−∑𝐻𝑓𝑗𝑝

∑𝐻𝑓𝑗𝑝
              (4) 

EUROCONTROLs Performance Review Unit (PRU) publishes the achieved and flown distance for 

each day. The corresponding indicators may be referred to as three different trajectory data [27]: 

• The shortest constrained trajectory (SCR), 

• The last filed flight plan trajectory (FTFM), 

• The actual trajectory (CPF). 

Official reports as well as the provided database use indicators to express the HFE, representing 

a proxy for detours. The higher the indicator, the lower the efficiency. In our study, we focus on the 

indicators of the planned (KEP) and actual trajectory (KEA). The indicators are calculated as shown for 

KEA in formula (5). The yearly values for KEA or KEP represent the average of the daily values; however, 

the ten highest and ten lowest values are excluded. In our analysis, we use all values. 

𝐾𝐸𝐴 =
𝐿

𝐻
− 1                    (5) 

It should be noted that the methodology and significance of the indicator might be debatable. 

As an example, [28] showed that the achieved distance concept leads to biases, in particular for small 

airspaces. The authors recommend not comparing HFE scores spatially (e.g., in a ranking or on a map). 

Despite the weaknesses, the indicator is still used in official benchmarking. We use the indicator to 

estimate the environmental consequences of different traffic scenarios.  

5.2 Data 

Before we can predict HFE scores based on the traffic scenarios, we need to examine which 

factors influence the horizontal flight efficiency, measured by the indicators KEA and KEP [8], and how 

high this influence is. Therefore, in the first step, a long list of factors is compiled, e.g., demand, 

complexity, weather, military airspaces, etc. In a second step, it is checked which factors are 

quantifiable and which only have qualitative characteristics. For the quantifiable factors, a suitable 

metric is sought, otherwise, they cannot be considered in the analysis. As an example, there is a metric 

that is supposed to define the complexity of demand [29,30], but it has already been shown that this 

indicator is not applicable due to methodological weaknesses [31]. Military data, while available in 

principle, is sensitive and therefore not usable. Nevertheless, operational experts expect that military 

activities have a tremendous influence on the HFE. To emphasize this situation, we provide a case 

study in section 5.6. The third step is to examine how high the correlation between the factors is. It is 

not advisable to use highly correlated factors in one analysis model.  

Table 4 shows all potential factors, whether it was included or not (also in test models), the 

expected influence as well as the data source. Some factors correlate with each other, as shown in 

Figure 10. Included are also KEA (HFE_CPF) and KEP (HFE_FTFM). The dark blue and dark red points 

represent a strong positive or negative correlation. In consequence, these factors should not be 

included in one model. However, this issue mainly affects the complexity indicators.  
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Factor Acronym Expected Influence Considered Data Source 

Demand DEM + YES PRU [32] 

Airspace Sze SIZE - YES ACE [6,13] 

Density DENS + YES Calculated 

Adjusted Density ADENS + YES EUROCONTROL [29] 

Horizontal Score HS + YES EUROCONTROL [29] 

Vertical Score VS + YES EUROCONTROL [29] 

Speed Score SS + YES EUROCONTROL [29] 

Complexity Score COMP_S + YES EUROCONTROL [29] 

ATFM Delay ATFM_DEL + YES PRU [32] 

CRSTMP Delay CRSTM_DEL + YES PRU [32] 

Weather ATMAP - YES 
METAR, Own 
Calculations 

CO2 Price CO2P - YES  

Fuel Price FUELP - YES  

Charge CHARGE - YES CRCO [33] 

Wealth WEALTH + YES World bank [34] 

Military Area MIL + No  

Flexibility Staff Scheduling FLEX - No  

2016 Y2016 - Yes Dummy 

2017 Y2017 - Yes Dummy 

2018 Y2018 - Yes Dummy 

2019 Y2019 - Yes Dummy 

Table 4: Factors influencing HFE 

Weather is one of those factors that operational experts rank as significant for HFE. Severe 

weather can lead to detours, which would affect particularly the KEA score. Despite there being 

approaches to quantify en-route weather, such as the Weather Impacted Traffic Index (WITI) [35,36], 

there is no reliable dataset for the time period and spatial scope considered in the study. For this 

reason, we developed an approximation based on the concept of weather evaluation for airports. Data 

and evaluation were provided by Prof. Michael Schultz. 

Usually, weather conditions are recorded at each airport using the Meteorological Aviation 

Routine Weather Report (METAR) and reported every 30 or 60 minutes (depending on the airports' 

importance). Current and historical weather data are accessible on different publicly available 

websites. In addition to information about the location, the day of the month, and the UTC, METAR 

contains relevant information for airport operations, such as wind speed and direction, visibility, 

precipitation, clouding, air temperature, and pressure.  

Besides this general weather information, additional measurements were available related to 

adverse weather situations, such as information about wind gusts, runway conditions (e.g., ice layer), 

thunderstorm-related cloud formations, or measurements of runway visual range. For the following 

analysis, METAR messages are parsed and filtered to enable the quantification of weather 

measurements regarding their impacts on the aviation domain.  

EUROCONTROL provides a framework for measuring airport airside and nearby airspace 

performance for this quantification [37]. Here, weather conditions are generally separated into 

nominal, degraded, and disruptive conditions with an increasing impact on airport performance. We 
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used the implementation [38] of the Air Traffic Management Airport Performance (ATMAP) algorithm 

[39] for the quantification of weather conditions.  

ATMAP algorithm quantifies and aggregates major weather conditions at airports, significantly 

impacting airport operations. Five different weather classes with significant influence on aircraft and 

airport operations include visibility and cloud ceiling, wind, precipitation, freezing conditions, and 

dangerous phenomena.  

These five different weather classes are related to particular meteorological conditions, which 

are linked to an associated coefficient. More severe weather conditions lead to higher coefficients, 

equivalent to a high impact on the performance of the air traffic/airport system. The sum of all five 

coefficients represents a quantified weather score (cf. [40]). 

To obtain a quantitative value for the weather we first created a list of airports for each ANSP. 

An ATMAP score was then determined for these airports on a daily basis. The score for the 

corresponding ANSP is defined by the mean of the airport values. Although this approach is very rough, 

it yielded good results. Countries with frequent severe weather conditions achieved a higher score, 

e.g., countries in the north and/or with a high percentage of mountainous terrain. Moreover, the test 

regressions have already shown that this value significantly improves the prediction model. 

 

Figure 10: Correlation between factors 
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5.3 Approach and Methodology 

Since it is expected that several factors significantly influence the HFE, a pure correlation analysis 

(e.g., by using scatter plots) is not applicable. Subsequently, we need to apply methods that can map 

multiple interdependencies. One of these methods is regression analysis. 

Regression analysis allows the quantification of one or more independent variables (factors) on 

one or more dependent variables. As an example, the speed of an athlete may depend on multiple 

factors, such as age, muscles, training, food, etc. These factors may or may not be measurable (e.g., 

due to qualitative nature or missing determinability). The regression calculates how to weight the 

measurable factors (“coefficients”) in order to estimate the speed of the athlete v as precisely as 

possible (see Figure 11 and formula 6). The term c represents the constant of the formula, which means 

the speed when all observed influences would be zero. 

 

Figure 11: Aim of a Regression Analysis 

𝑣 = 𝑐 + 𝑤1 ⋅ 𝑎𝑔𝑒 + 𝑤2 ⋅ 𝑠𝑡𝑎𝑚𝑖𝑛𝑎 +…    (6) 

In our investigation, the dependent variable is the KEA or the KEP indicator. The independent 

variables are represented by (potential) influencing factors on KEA or KEP, e.g., demand, delay, or 

weather. In the first approach, we calculated one regression using whole ANSPs. However, due to the 

high level of heterogeneity in European Airspace and the particularities of each ANSP, we decided to 

calculate one regression model for each ANSP, each FAB, and Europe. Aggregations (FABs, Europe) 

partly use average data to predict scores, e.g., for wealth.    

The type of regression is dependent on the characteristics of the dependent variable and the 

data (cross-sectional versus panel data). Cross-sectional data means that data is available for one time 

period and all firms. The advantage is, that no time effects have to be considered. Panel data shows 

the data for each firm for multiple years. Thus, more observations are available, enabling the 

consideration of a higher number of factors. In other words, the model might be more precise than a 

cross-sectional model. Depending on data characteristics, different regression types might be applied. 

If panel data is available, panel regression models like Pooled, Fixed- or Random-Effect Models might 

be applied. For cross-sectional data, Ordinary-Least-Squares (OLS) regression is the most common 

method. However, if the dependent variable is restricted, OLS is model misspecification and Tobit- or 

Truncated models are to be preferred [41].  

There are mainly two ways to apply regression. The most common method is to maximize model 

quality (e.g., adjusted R²) by variable reduction. That means, that statistically insignificant variables are 

excluded successively from the regression model. Another possibility is the sequential inclusion of 

variable clusters. As an example, potential factors might be distinguished into endogenous and 

exogenous variables. Those applications however also lead to other model quality criteria, such as 

Akaike. Our study focuses on variable reduction and model quality maximization. 
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The accuracy of the regression model is evaluated by model quality criteria. Good model quality 

is e.g., expressed by a high coefficient of determination (R²): The closer the indicator is to 100%, the 

more variance is resolved by the considered factors. We used three different model quality criteria, 

depending on the regression model: 

• Adjusted R² for Pooled OLS (incl. constant). 

• Non-centred R² for Pooled OLS (excl. constant), 

• Dummy R² for Fixed Effects Model. 

The resolved variance is the most commonly used model quality criterion in scientific research 

and is therefore used in this study. The distinction is necessary due to the differences in the 

mathematical background of the regression models. As an example, models tend to have a higher R² 

in case there are more explanatory variables (even if they might not be significant. Therefore, the 

“adjusted” only considers the independent variables which actually influence the dependent variable. 

Due to the calculation procedure of R² (squares of deviation), the adjusted R² represent a centred value 

since it is “corrected” (or centred) by the observed mean. However, this is only valid if the regression 

formula considers the constant c. In case the model does not consider a constant, the regression line 

intersects the coordinate origin. Due to the calculation scheme of R², this would lead to negative 

values, and thus the criterion is invalid. In consequence, an adjusted formula is used, where the squats 

of deviation are not centred by the empirically observed mean. Therefore, it is called “non-centred” 

R². Considering time effects (fixed or random effects) influences the regression formula itself. It is 

supplemented by an independently and identically distributed disturbance term. The solution of the 

regression model is often found by using dummy variables by applying the Least Squares Dummy 

Variables (LSDV) method. Subsequently, the R² for the fixed effect model is also called “Dummy-R²” 

[42,43].  

Although the working principle is similar for all three criteria, the values are not comparable due 

to the different mathematical calculation schemes. For example, the non-centred R² will always lead 

to high values. In this respect, only the values of the same calculation basis, i.e. the same indicator, can 

be compared. 

The regression analysis provides the strength (value of the 

coefficient), direction (the sign of the coefficient), and significance 

(p-value of the model statistic) of the influence of all factors 

considered. The model can now be used to determine the KEA and 

KEP values for the following years. Further, model quality criteria 

are indicated. However, if the non-quantifiable factors have a 

significant influence as well, model quality will decrease. The 

prediction nevertheless might lead to useful results. 

The figure on the right side (Figure 12) describes the 

procedure. Regression analysis is applied to each ANSP separately. 

Based on an ANSP-specific dataset, an initial model (base model) 

is calculated. By adding / removing / substituting factors, the 

model quality is increased (adjustments). The best model is used 

for the HFE prediction. In case the results are significantly counter-

intuitive, the previous step is repeated. Otherwise, the results are 

used for the HFE prediction. 

 
Figure 12: HFE Prediction Scheme 
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Expected demand and delay for 2021 to 2027 are extracted from the traffic scenario study. 

Other expected values are based on official documents (e.g., charges and CO2 prices) or own 

assumptions. In general, the following assumptions have been made: 

• HFE decreases slightly (expressed by yearly dummies) 

• Fuel Prices and CO2 Prices increase 

• Charges decrease 

• The weather becomes worse (extreme weather situations will be more often) 

• Wealth increase 

5.4 Prediction Models 

For each ANSP, two optimized models are set up for prediction: One for KEA and one for KEP. 

This allows us to consider that a certain factor influences ANSP A, but not ANSP B. Furthermore, it is 

taken into account that a factor might be important for the KEA, but not significant for the KEP 

indicator.  

The tables below show, which factors were included in the optimized regression model, the 

corresponding model quality criterion, and which type of regression was used. The type was chosen 

based on statistical tests (e.g., Breusch Pagan Test or Hausman Test) as well as based on model 

optimization mechanisms. FEM stands for Fixed Effects Model, POLS for Pooled Ordinary Least 

Squares. Results are shown on ANSP- (Table 5), FAB- (Table 6), and European level (Table 7). Please 

note that the Coefficient of Determination (R²) is comparable only between models based on the same 

regression method and whether the “constant” was included or not: 

• Fixed Effects Model:  Dummy R² 

• Pooled OLS (incl. constant): Adjusted R² 

• Pooled OLS (excl. constant): Non-centred R² 
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Albcontrol FEM 46% X X  X  X  POLS 28% X X  X     

ANS CR POLS 4% X X X X X   FEM 59% X X X X  X   

ARMATS POLS 89%  X  X X   POLS 4% X X  X  X   

AustroControl POLS 94%  X  X X   FEM 59% X X  X  X   

Avinor FEM 44% X X X X X   FEM 19% X X  X     

BULATSA FEM 33% X X  X   X POLS 97%  X X X X X X 

Croatia Control POLS 87%  X  X X   FEM 56% X X  X     

DCAC POLS 95%  X  X X   FEM 30% X X  X  X   

DFS FEM 42% X X  X X X  FEM 58% X X  X X X   

DSNA POLS 97%  X  X X   POLS 98%  X  X X    

EANS FEM 61% X X  X X X  FEM 34% X X  X     

ENAIRE POLS 9% X X X X    POLS 29% X X X X X X   

ENAV POLS 93%  X  X X   FEM 21% X X X X X    

Fintraffic ANS FEM 37% X X    X  FEM 30% X X X X   X 

HCAA POLS 42% X X  X X   POLS 41% X X  X   X 

Hungaro Control POLS 40% X X X X X X  FEM 63% X X X X  X   

IAA POLS 92%  X X X X   POLS 95%  X  X X    
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LFV FEM 39% X X   X X  FEM 36% X X  X   X 

LGS FEM 20% X X  X X X  FEM 47% X X X X  X   

LPS POLS 94%  X  X    FEM 43% X X  X  X   

LVNL FEM 59% X X X X X X  FEM 40% X X X X  X X 

MATS POLS 2% X X  X    FEM 59% X X  X X X X 

M-NAV POLS 68%  X  X    POLS 12% X X  X     

MoldATSA POLS 68%  X  X X   FEM 24% X X  X  X   

NATS FEM 45% X X  X X X  FEM 54% X X  X  X X 

NAV Portugal FEM 22% X X  X    FEM 24% X X  X     

NAVIAIR FEM 48% X X  X X X  FEM 42% X X  X  X X 

Oro Navigacija FEM 41% X X  X X   FEM 54% X X  X     

PANSA POLS 97%  X  X X   FEM 47% X X X X  X X 

ROMATSA FEM 16% X X  X  X  FEM 37% X X X X     

Sakaeronavigatsia FEM 48% X X  X X X X POLS 80%  X  X     

skeyes FEM 59% X X  X  X X FEM 53% X X  X  X X 

skyguide POLS 97%  X  X X   POLS 20% X X X X X X X 

Slovenia Control POLS 88%  X  X X   POLS 40% X X X X X X   

SMATSA POLS 90%  X  X    FEM 51% X X X X  X   

UkSATSE FEM 50% X X X   X X   FEM 27% X X       X   

Table 5: Regression Models on ANSP Level 
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Baltic FAB FEM 30% X X X X X X X FEM 49% X X X X X X  

BLUE MED FAB POLS 37% X X  X X   POLS 13% X X  X X   

DANUBE FAB POLS 12% X X X X    POLS 36% X X X X    

DK-SE FAB FEM 47% X X X  X X  FEM 41% X X X    X 

FAB CE POLS 95%  X  X X   FEM 64% X X  X  X  

FABEC FEM 33% X X X  X X  FEM 54% X X X X X X  

NEFAB FEM 55% X X X  X X  FEM 22% X X  X X  X 

SW FAB POLS 10% X X X X X X X POLS 27% X X X X X X X 

UK-Ireland FAB FEM 47% X X X X X X  FEM 53% X X X X X X  

Table 6: Regression Models on FAB Level  

Unit KEP KEA 

Ty
p

e
 

R
² 

C
O

N
ST

 

D
EM

 

A
TF

M
_D

EL
 

A
TM

A
P

 

C
O

2
P

 

Fu
e

lP
 

C
H

A
R

G
E 

Ty
p

e
 

R
² 

C
O

N
ST

 

D
EM

 

A
TF

M
_D

EL
 

A
TM

A
P

 

C
O

2
P

 

Fu
e

lP
 

C
H

A
R

G
E 

EUROCONTROL FEM 54% X X X X X X  FEM 69% X X X X X X X 

Table 7: Regression Models on European Level 

The results show that different factors influence the HFE of an ANSP, FAB, or Europe. Keeping in 

mind that some significant factors (e.g., military airspaces) could not be included in the model, the 

regression lead to appropriate results for the majority of ANSPs. As expected, the POLS without a 

constant lead to higher R², which does not necessarily mean that the HFE can be predicted more 
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precisely than using a POLS with a constant. In fact, there is no threshold dividing the results into 

“good” and “bad” models. However, some examples (e.g., KEP for MATS) can be identified to be 

insufficient. 

The model quality also differs according to the unit considered. A (relatively) lower model quality 

is caused by unobserved effects, either because a significant factor was not included (availability) or 

not quantifiable (qualitative nature). Lower quality scores as well as the individual analysis of KEA and 

KEP (different regression models) may lead to counterintuitive predictions or inconsistencies. As an 

example, the KEA might be higher than the KEP. Table 8 shows the average model quality per Indicator 

and regression model. Overall, the regression models for KEA achieve higher quality. Thus, it might be 

assumed that also the prediction of HFE scores is more precise than those for KEP. 
 

ANSP FAB 

KEP KEA KEP KEA 

Dummy R² 41,8% 42,7% 42,4% 47,2% 

Adjusted R² 19,4% 24,9% 19,7% 25,3% 

Non-Centered R² 89,2% 92,5% 95,0% - 

Table 8: Comparison of model quality criteria 

Some factors are very important for HFE, while other factors only affect a minor number of units. 

These differences can be observed when comparing units, but also indicators (KEA vs. KEP). Table 9 

ranks the factors according to their impact, distinguishing KEA and KEP. The maximum value is 46 (36 

ANSP + 9 FABs + Europe).  

Demand is the only factor affecting all units and both HFE scores. The second most influencing 

factor is the weather, affecting 87% (KEP), respectively 97% (KEA) of the units. In contrast, the route 

charges influence the HFE for just 5, respectively 15 units. Please note that other factors (e.g., wealth) 

were considered, but never included in the optimized models which were used for the predictions. 

KEP KEA 

Factor Impact Factor Impact 

DEM 46 DEM 46 

ATMAP 40 ATMAP 44 

CO2P 34 FuelP 27 

FuelP 21 ATFM_DEL 20 

ATFM_DEL 15 CO2P 16 

CHARGE 5 CHARGE 15 

Table 9: Comparison of impacts by factors of 46 units 

5.5 Results 

Based on the regression model and the expected values of the factors (see section 5.3), KEA and 

KEP are estimated for all scenarios and all years. The expected values are available for each ANSP, FAB, 

and Europe. Figure 13 shows the expected KEP, and Figure 14 the expected KEA values on the ANSP 

level for the British NATS. Figure 15 and Figure 16 illustrate the results for FABEC, Figure 17 and Figure 

18 show the prediction on the European level.  

Please note that the scale (y-axis) might differ between KEA and KEP figures and that the scale 

might not start with 0. This is due to illustrational reasons. Further results can be found in Annex A7 

and A9. However, due to the amount of data, only excerpts of the results are included in this document. 

A detailed description is provided in [44]. 
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Figure 13: HFE on ANSP Level - Predicted KEP for NATS 

 

Figure 14: HFE on ANSP Level - Predicted KEA for NATS 

2021 2022 2023 2024 2025 2026 2027

Super Low 3,79% 3,66% 4,64% 4,86% 5,15% 5,18% 5,16%

Low 3,79% 4,98% 5,34% 5,54% 5,81% 5,81% 5,80%

Base 3,88% 5,82% 6,01% 6,12% 6,11% 6,10% 6,10%

High 3,92% 6,04% 6,46% 6,53% 6,55% 6,59% 6,60%

Super High 3,96% 6,20% 6,74% 6,87% 6,94% 7,03% 7,10%
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Base 1,07% 3,43% 3,69% 3,85% 3,88% 3,91% 3,94%

High 1,11% 3,68% 4,21% 4,33% 4,39% 4,47% 4,52%

Super High 1,16% 3,87% 4,53% 4,72% 4,84% 4,98% 5,10%

0,00%

1,00%

2,00%

3,00%

4,00%

5,00%

6,00%

7,00%

8,00%

K
EA



 

  Page 30 of 63 

 

Figure 15: HFE on FAB Level - Predicted KEP for FABEC 

 

Figure 16: HFE on FAB Level - Predicted KEA for FABEC 

2021 2022 2023 2024 2025 2026 2027

Super Low 4,15% 3,81% 4,53% 4,68% 4,89% 4,91% 4,90%

Low 4,17% 4,83% 5,05% 5,20% 5,41% 5,41% 5,42%

Base 4,23% 5,38% 5,51% 5,65% 5,65% 5,66% 5,67%

High 4,26% 5,57% 5,92% 6,05% 6,08% 6,13% 6,15%

Super High 4,30% 5,71% 6,17% 6,37% 6,47% 6,59% 6,67%
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High 2,04% 2,87% 3,09% 3,16% 3,18% 3,20% 3,20%

Super High 2,06% 2,96% 3,27% 3,40% 3,46% 3,54% 3,59%
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Figure 17: HFE on European Level - Predicted KEP for EUROCONTROL Area 

 

Figure 18: HFE on European Level - Predicted KEA for EUROCONTROL Area 

2021 2022 2023 2024 2025 2026 2027

Super Low 3,32% 3,20% 4,22% 4,46% 4,78% 4,82% 4,82%

Low 3,32% 4,54% 4,94% 5,16% 5,45% 5,47% 5,48%

Base 3,42% 5,41% 5,62% 5,74% 5,75% 5,76% 5,77%

High 3,46% 5,64% 6,11% 6,19% 6,23% 6,28% 6,31%

Super High 3,51% 5,81% 6,40% 6,54% 6,63% 6,74% 6,84%
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Methodology and results have already been discussed with operational experts and found to be 

realistic. Significant deviations are only to be expected for those national airspaces controlled by 

multiple ANSPs, especially the Benelux countries. Since the HFE score is based on states, the ANSP-

specific HFE score will be higher, which was also demonstrated in a case study for Skeyes (Belgium), 

see section 5.7.  

5.6 Case Study: Military Influence 

According to operational experts, military areas have a significant impact on HFE. The influence 

is emphasized in Figure 19, showing the airspaces (such as temporarily restricted airspaces, TRAs) 

across Europe. There are data sources such as PRISMIL, which are, however, sensitive and thus not 

publicly available. Subsequently, data could not be provided by the client. Public data (e.g., Network 

operations portal, NOP) is not available at the granularity needed [45].  

 

Figure 19: Military Airspaces in Europe 

As shown before, HFE predictions lead to satisfactory results. Thus, military areas might be seen 

as one of the “particularities” which are covered by ANSP Individual regressions. The only biasing factor 

would be significant differences between the years. External shocks, such as the downing of MH17 by 

Russian separatists, the annexation of Crimea by Russia, or the Russian war against Ukraine leads to 

significant traffic shifts. Smaller events, such as the hijacking of a Ryanair plane by Belarus, can trigger 

such effects as well. 

Several analysis options are available to visualize these effects. As an example, density plots of 

the trajectories show shifts in traffic flows. The plots can be created and evaluated by applying 

EUROCONTROL tool NEST [46,47]. The data were provided by DFS [48]. It is visible that the traffic flows 

shifted, comparing the situation before (Figure 20) and after (Figure 21) the downing of MH17 and the 

Crimea annexation. Similar effects are visible for Belarus (not illustrated). 
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Figure 20: Density Plot Actual Trajectories in European Airspace, 18.07.2012 

 

Figure 21: Density Plot Actual Trajectories in European Airspace, 13.07.2016 

The shift in traffic flows also affects the HFE scores significantly. For example, the downing of 

MH17 caused a sharp increase in the HFE scores in Ukraine's neighboring states. Figure 22 shows the 
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development of KEA in 2014 for Poland and Lithuania based on daily data, and Figure 23 for the 

corresponding FAB based on monthly data.  

 

Figure 22: KEA of Poland and Lithuania, 2014 

 

Figure 23: KEA of Baltic FAB, 2014 

The same effect can be observed triggered by the Russian attack on Ukraine in February 2022, 

as shown in Figure 24 (ANSP level) and Figure 25 (FAB level). Surprisingly, the HFE did not increase 

significantly in Danube FAB and the associated ANSPs.  
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Figure 24: KEA in various countries after the Russian attack on Ukraine  

 

Figure 25: KEA in Baltic FAB and Danube FAB after the Russian attack on Ukraine  

The analyses emphasize the importance of military traffic on HFE. Therefore, a consideration of 

the military in the regressions and predictions would be desirable. However, it can also be shown that 

political conflicts in one country can affect the HFE of other countries tremendously. These effects in 
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turn are hard to model and impossible to predict. In this respect, we argue that the inclusion could 

improve the regression model, but the high uncertainty of future events would make a meaningful 

prediction rather difficult. In this respect, the results obtained are to be regarded as appropriate and 

sufficient estimates, even though new military airframes will impact the activation of TRA/TSA and 

thus also HFE which might lead to biased results. 

5.7 Case Study: HFE Prediction for Skeyes 

The prediction of KEA and KEP is done on an ANSP basis. This is because the factors in the 

regression model, with a few exceptions, contain ANSP-related values. For example, demand is 

represented by the traffic scenarios, and the corresponding flights were calculated on an ANSP basis. 

The regression method establishes a functional relationship between the dependent variable and the 

independent variable. This model can then be applied to other units of investigation (e.g., to other 

years). However, in case the dependent variable has significant other variance, this may cause 

problems.  

In the European context, this problem occurs when several ANSPs control a (national) airspace. 

The HFE value provided by PRU then represents the average of the participating ANSPs. This is mainly 

the case for LVNL, MUAC, and skeyes, partly also for DFS. As an example, the values for Belgium are 

composed of the scores for MUAC and skeyes. However, since MUAC controls mainly the upper 

airspace, the HFE scores are rather low. Conversely, the values for skeyes should be higher and thus 

the predictions may have to be corrected upwards. 

To illustrate this effect, the prediction was repeated using specific values for skeyes. HFE data 

was provided by skeyes [49], using the FABEC tool Carpe Diem. It should be noted that the calculation 

method is similar to the PRU method but may lead to slightly deviating scores [50]. The application of 

the data to the regression model indeed led to higher HFE scores, as shown in Figure 26 and Figure 27. 

The initial results for skeyes are illustrated in Annex A7 (Figure A 14, and Figure A 15). 

 

Figure 26: HFE Forecast for skeyes, KEP 

2021 2022 2023 2024 2025 2026 2027

Super Low 11,92% 11,81% 12,07% 12,14% 12,24% 12,26% 12,27%

Low 11,93% 12,16% 12,26% 12,33% 12,42% 12,44% 12,45%

Base 11,95% 12,38% 12,44% 12,50% 12,52% 12,54% 12,55%

High 11,96% 12,45% 12,58% 12,63% 12,66% 12,69% 12,71%

Super High 11,98% 12,50% 12,66% 12,73% 12,77% 12,82% 12,86%
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Figure 27: HFE Forecast for skeyes, KEA 

The results emphasize the importance of a valid dataset. Since we apply regression on individual 

units (and not Europe), with the specific particularities, regression models and subsequently HFE 

prediction differ significantly with changes in the input data of the model. In this case, the 

characteristics of Belgium airspace strongly differ from the one assigned to skeyes, and thus the HFE 

scores as an input for the regression model as well. This mainly affects the constant of the regression 

model, but also (to a lower extent) the factor coefficients. Thus, also the predicted HFE scores differ 

significantly. Based on this finding, we recommend for units where state and ANSP-related airspaces 

differ significantly to estimate the HFE scores for both airspaces to emphasize the differences. 
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6 Environmental Influences 

A shortfall of capacity leads to delay costs and considerable environmental costs (i.e. changes in 

air-traffic management capacity may lead to an increase in distances flown and therefore in fuel burn 

for airlines who prefer to reroute rather than accept the initial delay). And all this leads to significant 

increases in environmental costs). Therefore, considering that capacity is planned for the medium and 

long term, traffic forecasts are a crucial element. This means that further research on the 

interdependency of traffic forecasts, capacity, and environmental costs is justified. In this respect, it is 

essential to analyze the efficiency of flight paths in order to optimize and balance delays and, 

consequently, possible environmental costs. This means exploring other variables such as CO2 

emissions and its likely rising cost. An exercise for forecasting CO2 prices has been conducted in this 

study. Note that estimates of future emissions costs are not included in the studies by the Transport 

Studies Group from the University of Westminster, so this should be added to these calculations.  

Nevertheless, climate and environmental costs go beyond mere CO2 costs. They also include 

factors such as non-CO2 emissions that also cause climate change, noise, or habitat damage. Therefore, 

in this study, we first focus on CO2 costs and then move on to a broader definition of climate and 

environmental costs. 

6.1 CO2 Emissions and Climate Costs 

In the assessment of HFE targets, the regulation does not consider actual wind – and 

temperature conditions – nor the presence of significant weather along the route, which may have a 

comparable impact on the flight time and fuel burn. However, although a higher horizontal flight 

efficiency measurement usually means a more direct flight trajectory, this does not necessarily 

translate into a climate optimal trajectory. The optimal climate trajectory refers to the flying trajectory 

that minimizes the amount of Greenhouse Gas Emissions (GHG). In consequence, in particular for long-

haul flights, flying in a straight line may not be the most efficient option. For short-haul flights, a longer 

route might be preferred when then the shortest route is impacted by level-capping measures. 

There is also an interdependency between airspace and ATM Capacity and Environment: when 

the offered capacity falls short of the demand for flights, ground delays, holdings and traffic shifts to 

adjacent areas occur. This entails detours and a deterioration of the HFE indicator. In addition to this, 

there are the countermeasures: If it takes longer to complete the flight or if the flight is delayed due 

to low ATM capacity, pilots may speed up to arrive on time which will increase fuel consumption and 

therefore costs (and also CO2 emissions). 

Interdependency between Cost-Efficiency and Environment leads also to a decrease in HFE. 

When the unit rate of a country becomes too expensive compared to a neighboring country, or when 

the price of fuel becomes cheaper, airlines do not hesitate to file and fly on longer routes.  

Aviation warms Earth’s surface through both CO2 and net non-CO2 contributions. According to 

[51], CO2 emissions are responsible for only 34% of the total climate change impact, meaning that 

aviation emissions are currently warming the climate at approximately three times the rate associated 

with aviation CO2 emissions alone4. Thus, non-CO2 impacts (e.g., nitrogen oxides (NOx), water vapor, 

soot and sulfate aerosols, and increased cloudiness due to contrail formation) comprise about two-

thirds of the net radiative forcing (the remaining 66%).  

 

4 This study is based on CO2-warming-equivalent emissions based on global warming potentials (GWP method).  
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On this basis, in this study, we assume that the cost of CO2 emissions also accounts for 34% of 

the total cost of climate change, with the remaining 66% coming from other sources. 

6.2 Environmental Costs 

Nevertheless, aviation causes other environmental impacts which, although not directly related 

to climate change, are environmentally damaging, such as noise, local air pollution, well to tank, or 

habitat damage.  

In order to estimate the environmental cost, [52] provides average external costs for selected 

EU28 (air)ports, concluding with the following (see Table 10): 

Cost category 

Aviation passenger  

Short-haul Medium haul Long haul 

€-cent/pkm €-cent/pkm €-cent/pkm 

Accidents 0.04 0.01 0.00 
Air pollution 0.30 0.13 0.06 
Climate 2.39 1,85 2,24 
Noise 0.46 0.11 0.01 
Well to tank 1.06 0.70 0.91 
Habitat damage 0.03 0.01 0.00 

Total 4.28 2.81 3.22 

Environmental costsa 4.24 2.8 3.22 
            a: Air pollution, climate, well to tank, noise and habitat damage costs 

Table 10. Average external costs for selected EU(28) air(ports) 

 This allows us  to calculate the following shares (Table 11): 

Cost category 

Aviation passenger  

Short-haul Medium haul Long haul Average 
% €-

cent/pkm 
€-cent/pkm €-cent/pkm €-cent/pkm 

Air pollution 0.30 0.13 0.06 0.16 4.78 
Climate 2.39 1,85 2,24 2.16 63.16 
Noise 0.46 0.11 0.01 0.19 5.65 
Well to tank 1.06 0.70 0.91 0.89 26.02 
Habitat damage 0.03 0.01 0.00 0.01 0.39 

Environmental costsa 4.24 2.8 3.22 3.42 100 

Table 11. Share of average external costs for selected EU(28) air(ports) 

According to Table 11, it can be seen that climate change (CO2 + nonCO2 effects) represents 

63.16% of the total environmental cost, so it is possible to estimate how much the rest of the 

categories amount to (see Table 12). This is for all ANSPs and FABs. 

Environmental cost = climate cost + non-climate costs 100% 

Climate cost 63,16% 

Co2 (34% of climate cost) 21,47% 

Non-CO2 (66% of climate cost) 41,68% 

Non-climate costs 36,84% 

Local air pollution 4,78% 

Noise 5,65% 

Well to tank 26,02% 

Habitat damage 0,39% 

Table 12. Distribution of environmental costs by type of costs 
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6.3 Methodology to estimate environmental costs 

This sub-section presents the full methodology and steps taken to estimate environmental costs 

for each ANSP, FAB, as well as for Europe as a whole (see Figure 28). 

 

Figure 28. Steps taken to estimate environmental costs 

From the 2020 Key operational annual data, the total distance (in km) controlled by the ANSP 

(or FAB) is divided by the values of the total IFR flights controlled by the ANSP (or FAB) to obtain the 

average distance flown per flight (per ANSP and FAB). This value corresponds to the year 2020. Km is 

then converted into nautical miles (NM)5.  

In the previous stages of the study, the total number of flights was calculated for the 5 scenarios 

(super low, low, base, high, and super high) from 2021 to 2027. Taking these flights as a variable, they 

are multiplied by the average distance flown per flight already estimated (in NM), so as to obtain the 

total distance flown per ANSP, FAB, and Europe. It has been assumed that the average distance will 

remain the same over the years (from 2021 to 2027).  

In parallel, KEA and KEP have also been foreseen in previous steps. In order to find out the 

difference between the scenarios, the base scenario is taken as a starting point and then the values of 

the other scenarios are compared with this baseline scenario (see the example shown in Figure 29). 

 

Figure 29. KEP estimates – FABEC (2021-2027) and differences between scenarios 

 

5 1 NM is equivalent to 1,852 km. 
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For FABEC, KEP for 2024 is 4.7% for the super low scenario, compared to 5.6% in the base 

scenario. This results in a difference of - 0.97%, which means that there will be an improvement in this 

indicator for this year. In other words mean, FABEC will be more efficient in 2024 and the cost will be 

reduced. If the difference were positive, then inefficiency would occur and the cost would increase.    

In summary, information on total distance, on the one hand, and variations in KEA and KEP, on 

the other hand, are available so far. With both variables in place, the next step is to estimate the “new” 

total distance flown after considering KEA and KEP. This is done by adding the variation due to HFE to 

the total distance flown (on a 2020 basis). Back to the FABEC example (Figure 30), as the difference in 

2024 was -0.97%, the new total distance flown is less than that given without taking into account the 

KEP differences because there has been an improvement.  

 

Figure 30. New total distance flown – FABEC (2021-2027) 

Once the total distance flown is available (per ANSP, FAB, and Europe), environmental 

equivalencies can be applied.  

 According to [53] there was an average fuel burn for departing and arriving Instrument Flight 

Rules flights in the European Civil Aviation Conference (ECAC) region of 10.011 kg on an average flight 

length of 946 NM (see page 55 of [53]). This means that per NM flown, some 10.58 kg of fuel was 

burnt. In addition, one kg of fuel burnt leads to an emission of 3.15 kg of CO2; 1.237 kg of H2O; and 

0.00084 kg of SO2 (see pages 24 of [53] and [54].  

With all this information, it is possible to extract the emissions generated (in million tonnes) by 

aviation in each ANSP, FAB, and at the European level and for each of the 5 scenarios and 7 years.  

Finally, the CO2 prices for each year can be applied to calculate the CO2 costs. Note that the price 

of CO2 from the futures market has been used directly, as this information is available until 2027 (CE 

EUA FUTURES PRICES (EUR)). Considering that CO2 costs represent only a small part of environmental 

costs (see table 12), then it is straightforward to estimate both climate and environmental costs (see 

Figure 31 for FABEC results).     
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Figure 31. CO2 costs, climate costs and environmental costs for FABEC, 2021-2027 

Further examples are shown in Annex A10 However, all results are presented in data sheets, 

which are available for all ANSPs, FABs, and Europe.
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7 Conclusion 

The report discusses the impact of STATFOR's traffic forecast, extended by two scenarios, on the 

performance of ANSPs, FABs, and Europe. In the light of current social, political, and economic 

preferences, we focus on the environmental domain. This is reported by EUROCONTROL through the 

indicator Horizontal Flight Efficiency. Although this score has significant methodological weaknesses, 

it is still a frequently used metric, especially in the official reports. It can be assumed that the diversions 

factor is indirectly or directly dependent on demand. Uncertainty in actual transport demand is 

therefore also accompanied by uncertainty in HFE, and thus in environmental consequences and their 

costs. 

We have shown that uncertainties in demand lead to uncertainties in resource and cost 

planning. As some airspaces are already operating at capacity limits, an increase in delay can be 

assumed. The expected values were determined and mapped using functional relationships. The 

interdependency was exponential for the majority of units. For FABEC we expect between 5.2 Mill. and 

8.0 Mill. flights in 2027, which leads to a need for resources of between 4,668 and 7,167 ATCOs. The 

respective employment costs are up to 1.4 Bill. €, not considering inflation. Based on the delay of the 

assigned ANSPs, a total delay between 2.8 Mill. and 36.3 Mill. minutes is expected. This large span is 

due to the exponential interdependency between demand and delay. These delays will result in 

associated costs of between 262 and 3,692 Mill. €, depending on the scenario and whether the average 

or the function is considered.  

Based on the traffic scenarios, delay values, and other endogenous and exogenous influences, 

the influence of various factors on the HFE was determined utilizing regression analysis. The pan-

European approach is not practicable. However, the ANSP-specific approach led to appropriate results, 

both in terms of regression and prediction. The models lead to appropriate results concerning 

significance and quality for the majority of units.  

Using this method, it was possible to predict the HFE scores for the years 2021 to 2027. The 

comparison with the 2022 values gives confidence in the quality of the method. One limitation might 

be that the HFE is very sensitive to demand, but during the Corona pandemic, it was found that the 

HFE hardly decreased despite the absence of traffic. This can be attributed both to the fact that the 

calculation method of the HFE has weaknesses and that no COVID years were included in the 

regression. As a consequence, the values for 2021 should be interpreted accordingly. The shown 

results reflect the perspective in autumn 2021 (STATFOR forecast date). Later geopolitical events are 

not integrated and effects (e.g., due to the war in Ukraine) are not taken into account. For FABEC, we 

expect a KEP between 4.9% and 6.7% in 2027. The KEA will most probably be between 2.3% and 3.59%. 

However, these values may change significantly due to current political conflicts and the subsequent 

investment in military equipment.  

The HFE results were used to determine the emissions, CO2 costs, climate costs (both CO2 and 

non- CO2), and environmental costs depending on the scenarios. The CO2 costs in 2027 would amount 

to approximately 1,543 to 2,412 Mill. €, depending on the scenario and whether KEA or KEP is 

considered. The range of values for the climate costs would be between 4,540 and 7,097 Mill. € and, 

for the environmental costs, between 7,190 and 11,238 Mill. €. This means that FABEC alone would 

represent around 52-53% of total CO2, climate, and environmental costs in Europe.  
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ANNEX 
A1 Analysis Scheme 
 

 

Figure A 1: Components of the Study 

A2 Assumptions for super-high and super-low Scenarios 
 

Year Super-low Super High 

2021 90% of the growth rate in the low scenario 2% above high level 

2022 40% of mov. in 2019 4% above high level 

2023 80% of mov. in low scenario. 6% above high level 

2024 82% of mov. in low scenario. 7% above high level 

2025 84% of mov. in low scenario. 8% above high level 

2026 85% of mov. in low scenario. 9% above high level 

2027 85% of mov. in low scenario. 10% above high level 

Table A 1: Extension of Traffic Scenarios 

A3 Calculation Example for State-ANSP-Transformation 

The STATFOR reports provide the predicted movements as well as the seven-year average 

annual growth rate (AAGR). The AAGR was adjusted to fit the 5-year-horizon. On a 5-year basis, the 

predicted AAGR for Germany until 2023 is 2.2% (Baseline Scenario). The predicted total growth rate 

(TGR) is 11.3% (see [55], Annex 3). 

 

Table A 2: STATFOR Predictions for Germany, Spring Report 2019 

In Spring 2019, the actual flights 2019 are yet unknown. Thus, growth rates are related to the 

year 2018. Since it is beneficial to have a homogenous database, the flights of 2018 were extracted 

from the ACE database [56]. In 2018, the German ANSP DFS was responsible for 3,113,468  flights. 

Applying the forecasted 11.3% growth, STATFOR predicts 3,463,779 flights for DFS in 2023. The 

induced CI reflects the uncertainty of 13.2 percentage points, respectively 411,592 flights: 

• High-Level-Scenario: 3,634,818 movements 

• Low-Level-Scenario:  3,223,26 movements 
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A4 Traffic Scenarios on Different Operational Levels 

 

Figure A 2: Traffic Scenarios FABEC 

 

 

Figure A 3: Traffic Scenarios, DFS 

 
 
 
 
 
 
 

2019 2020 2021 2022 2023 2024 2025 2026 2027

Super Low 6.297.681 2.718.577 3.085.550 2.519.072 4.078.913 4.493.796 5.007.577 5.153.918 5.240.661

Low 6.297.681 2.718.577 3.126.325 4.557.845 5.098.641 5.480.239 5.961.401 6.063.433 6.165.483

Base 6.297.681 2.718.577 3.237.610 5.596.638 5.937.639 6.264.839 6.371.104 6.480.969 6.585.119

High 6.297.681 2.718.577 3.315.770 5.940.229 6.607.858 6.900.191 7.044.434 7.207.792 7.315.476
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A5 Need for Resources 

 

Figure A 4: Expected need for ATCOs, skeyes 

 

 

Figure A 5: Expected need for ATCOs, DSNA 

 

 

 

2019 2020 2021 2022 2023 2024 2025 2026 2027

Super Low 206 89 101 82 129 143 159 164 167

Low 206 89 103 144 161 174 189 193 196

Base 206 89 106 180 190 201 205 208 212

High 206 89 109 192 213 222 227 233 237

Super High 206 89 111 199 226 237 245 254 260
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A6 Expected Employment Costs 

 

Figure A 6: Expected Employment Costs, skeyes 

 

 

Figure A 7: Expected Employment Costs, DSNA 

 
 
 
 
 

2019 2020 2021 2022 2023 2024 2025 2026 2027

Super Low 47.638.7 20.485.1 23.435.0 19.055.4 29.806.4 33.087.2 36.809.6 37.917.9 38.524.3
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A7 Further Results of Cost of Delays 
 

AVERAGE 2022 2023 2024 2025 2026 2027 

Super low 0.00 5.65 20.95 65.33 83.53 95.71 

Low 20.56 69.93 134.96 263.53 294.77 329.06 

Base 136.01 230.80 338.95 374.98 416.89 459.74 

High 214.11 496.38 655.35 744.34 853.37 921.18 

Super high 283.97 715.33 983.83 1170.21 1400.92 1582.22 

FUNCTION 2022 2023 2024 2025 2026 2027 

Super low 0.00 3.82 14.74 47.60 61.32 70.56 

Low 14.46 51.05 100.57 200.64 225.24 252.33 

Base 101.38 174.97 260.17 288.77 322.16 356.41 

High 161.93 385.79 514.03 586.29 675.22 730.74 

Super high 216.72 562.70 782.15 935.73 1126.99 1278.06 

Table 13. Cost of delays for DFS, 2022-2027 (in Mill. €) for the five scenarios and using the average and function 

DIFFERENCE 2022 2023 2024 2025 2026 2027 

Super low  0.68 0.70 0.73 0.73 0.74 

Low 0.70 0.73 0.75 0.76 0.76 0.77 

Base 0.75 0.76 0.77 0.77 0.77 0.78 

High 0.76 0.78 0.78 0.79 0.79 0.79 

Super high 0.76 0.79 0.80 0.80 0.80 0.81 

Table 14. Difference between the average cost of delays and the costs calculated by applying the function (DFS, 2022-2027) 

 

 
AVERAGE 2022 2023 2024 2025 2026 2027 

Super low 0.04 28.62 55.40 115.65 139.42 152.82 

Low 70.50 126.47 186.48 305.35 338.20 366.71 

Base 246.67 311.04 410.41 450.61 494.21 538.88 

High 343.68 548.86 688.77 762.18 849.97 913.62 

Super high 418.92 723.14 940.07 1080.48 1249.45 1393.13 

FUNCTION 2022 2023 2024 2025 2026 2027 

Super low 0.02 20.31 40.13 85.74 103.98 114.31 

Low 51.45 94.03 140.39 233.60 259.60 282.23 

Base 187.39 238.10 317.04 349.17 384.13 420.05 

High 263.95 428.09 541.30 601.02 672.70 724.83 

Super high 323.83 569.24 746.53 862.05 1001.76 1121.07 

Table 15. Cost of delays for DSNA. 2022-2027 (in Mill. €) for the five scenarios and using the average and function 

DIFFERENCE 2022 2023 2024 2025 2026 2027 

Super low 0.58 0.71 0.72 0.74 0.75 0.75 

Low 0.73 0.74 0.75 0.77 0.77 0.77 

Base 0.76 0.77 0.77 0.77 0.78 0.78 

High 0.77 0.78 0.79 0.79 0.79 0.79 

Super high 0.77 0.79 0.79 0.80 0.80 0.80 

Table 16. Difference between the average cost of delays and the costs calculated by applying the function (DSNA, 2022-2027) 
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AVERAGE 2022 2023 2024 2025 2026 2027 

Super low 0.00 0.19 2.21 6.58 8.27 9.26 

Low 2.38 7.24 12.50 19.20 20.76 22.18 

Base 14.75 19.38 24.56 26.16 27.89 29.47 

High 20.24 30.11 34.26 36.82 39.67 41.49 

Super high 23.79 36.21 41.76 45.63 49.86 52.99 

FUNCTION 2022 2023 2024 2025 2026 2027 

Super low 0.00 0.12 1.47 4.45 5.62 6.31 

Low 1.58 4.91 8.56 13.29 14.40 15.41 

Base 10.14 13.41 17.11 18.26 19.50 20.64 

High 14.02 21.10 24.11 25.96 28.04 29.36 

Super high 16.56 25.52 29.56 32.39 35.49 37.79 

Table 17. Cost of delays for Skeyes. 2022-2027 (in Mill. €) for the five scenarios and using the average and function 

DIFFERENCE 2022 2023 2024 2025 2026 2027 

Super low  0.64 0.66 0.68 0.68 0.68 

Low 0.66 0.68 0.69 0.69 0.69 0.69 

Base 0.69 0.69 0.70 0.70 0.70 0.70 

High 0.69 0.70 0.70 0.71 0.71 0.71 

Super high 0.70 0.70 0.71 0.71 0.71 0.71 

Table 18. Difference between the average cost of delays and the costs calculated by applying the function (Skeyes, 2022-2027) 

 
 

AVERAGE 2022 2023 2024 2025 2026 2027 

Super low 0.31 64.69 148.01 343.25 434.54 484.46 

Low 153.66 369.97 620.64 1075.77 1213.62 1329.43 

Base 726.32 1072.96 1458.02 1616.90 1801.70 1991.87 

High 1066.14 2019.05 2542.59 2872.80 3293.48 3603.85 

Super high 1339.66 2743.82 3590.81 4223.58 5027.30 5711.46 

FUNCTION 2022 2023 2024 2025 2026 2027 

Super low 0.19 44.63 104.00 246.51 313.94 351.07 

Low 108.76 266.31 452.81 798.91 904.38 993.62 

Base 533.49 795.55 1092.15 1214.97 1358.13 1505.92 

High 792.23 1528.65 1941.12 2201.17 2533.26 2778.51 

Super high 1002.65 2098.68 2773.22 3278.45 3922.89 4473.44 

Table 19. Cost of delays for Europe. 2022-2027 (in Mill. €) for the five scenarios and using the average and function 

DIFFERENCE 2022 2023 2024 2025 2026 2027 

Super low 0.59 0.69 0.70 0.72 0.72 0.72 

Low 0.71 0.72 0.73 0.74 0.75 0.75 

Base 0.73 0.74 0.75 0.75 0.75 0.76 

High 0.74 0.76 0.76 0.77 0.77 0.77 

Super high 0.75 0.76 0.77 0.78 0.78 0.78 

Table 20. Difference between the average cost of delays and the costs calculated by applying the function (Europe, 2022-2027) 
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A8 Further Results of HFE Predictions – ANSP Level 
 

 

Figure A 8: Predicted KEP, DFS 

 

Figure A 9: Predicted KEA, DFS 

2021 2022 2023 2024 2025 2026 2027

Super Low 3,74% 3,43% 4,29% 4,49% 4,75% 4,78% 4,78%

Low 3,75% 4,59% 4,88% 5,07% 5,31% 5,32% 5,32%

Base 3,80% 5,18% 5,35% 5,49% 5,50% 5,50% 5,50%

High 3,85% 5,37% 5,76% 5,88% 5,91% 5,95% 5,95%

Super High 3,88% 5,51% 5,99% 6,16% 6,24% 6,33% 6,38%
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Base 1,52% 2,44% 2,56% 2,67% 2,68% 2,69% 2,71%

High 1,56% 2,56% 2,83% 2,92% 2,95% 2,99% 3,00%

Super High 1,58% 2,65% 2,98% 3,10% 3,16% 3,24% 3,28%
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Figure A 10: Predicted KEP, DSNA 

 

Figure A 11: Predicted KEA, DSNA 

 

2021 2022 2023 2024 2025 2026 2027

Super Low 3,18% 2,61% 3,99% 4,36% 4,86% 5,02% 5,10%

Low 3,24% 4,48% 4,91% 5,24% 5,72% 5,84% 5,93%

Base 3,36% 5,47% 5,71% 6,03% 6,14% 6,27% 6,38%

High 3,43% 5,81% 6,36% 6,67% 6,82% 6,98% 7,10%

Super High 3,49% 6,03% 6,72% 7,11% 7,33% 7,58% 7,77%
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Low 1,71% 2,42% 2,66% 2,85% 3,13% 3,19% 3,24%

Base 1,77% 3,00% 3,14% 3,31% 3,38% 3,44% 3,50%

High 1,81% 3,20% 3,52% 3,69% 3,77% 3,86% 3,92%

Super High 1,85% 3,33% 3,73% 3,95% 4,07% 4,21% 4,32%
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Figure A 12: Predicted KEP, LVNL 

 

 

Figure A 13: Predicted KEA, LVNL 

2021 2022 2023 2024 2025 2026 2027

Super Low 2,97% 2,68% 3,50% 3,73% 3,96% 3,99% 4,00%

Low 2,98% 3,77% 4,08% 4,31% 4,51% 4,52% 4,53%

Base 3,04% 4,45% 4,62% 4,80% 4,80% 4,81% 4,82%

High 3,09% 4,67% 5,04% 5,13% 5,15% 5,19% 5,21%

Super High 3,13% 4,81% 5,28% 5,41% 5,48% 5,57% 5,64%
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Low 1,62% 2,08% 2,32% 2,50% 2,66% 2,68% 2,71%

Base 1,66% 2,55% 2,69% 2,83% 2,86% 2,89% 2,91%

High 1,69% 2,70% 2,98% 3,06% 3,10% 3,15% 3,18%

Super High 1,72% 2,80% 3,14% 3,26% 3,33% 3,41% 3,48%
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Figure A 14: Predicted KEP, Skeyes 

 

Figure A 15: Predicted KEA, Skeyes 

2021 2022 2023 2024 2025 2026 2027

Super Low 4,32% 4,11% 5,38% 5,60% 5,89% 5,81% 5,65%

Low 4,37% 6,12% 6,43% 6,63% 6,88% 6,75% 6,61%

Base 4,48% 7,29% 7,38% 7,50% 7,37% 7,25% 7,12%

High 4,57% 7,69% 8,13% 8,17% 8,11% 8,06% 7,94%

Super High 4,64% 7,94% 8,55% 8,68% 8,70% 8,75% 8,72%
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Super Low 2,40% 2,50% 3,15% 3,20% 3,29% 3,16% 2,99%

Low 2,43% 3,66% 3,76% 3,79% 3,86% 3,71% 3,55%

Base 2,50% 4,34% 4,30% 4,30% 4,15% 4,00% 3,85%

High 2,55% 4,57% 4,74% 4,69% 4,57% 4,47% 4,32%

Super High 2,59% 4,72% 4,98% 4,98% 4,92% 4,86% 4,77%
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Figure A 16: Predicted KEP, Skyguide 

 

Figure A 17: Predicted KEA, Skyguide 

2021 2022 2023 2024 2025 2026 2027

Super Low 3,81% 3,04% 4,82% 5,31% 5,94% 6,10% 6,19%

Low 3,89% 5,50% 6,04% 6,49% 7,08% 7,19% 7,30%

Base 4,05% 6,91% 7,16% 7,55% 7,65% 7,78% 7,90%

High 4,14% 7,41% 8,08% 8,40% 8,57% 8,78% 8,89%

Super High 4,23% 7,70% 8,57% 8,99% 9,26% 9,58% 9,79%
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A9 Further Results of HFE Predictions – FAB Level 

 

Figure A 18: Predicted KEP, Baltic FAB 

 

 

Figure A 19: Predicted KEA, Baltic FAB 

2021 2022 2023 2024 2025 2026 2027

Super Low 2,80% 2,66% 2,76% 2,79% 2,82% 2,82% 2,83%

Low 2,80% 2,77% 2,83% 2,86% 2,88% 2,88% 2,89%

Base 2,81% 2,85% 2,89% 2,92% 2,92% 2,92% 2,93%

High 2,82% 2,87% 2,93% 2,95% 2,96% 2,97% 2,98%

Super High 2,82% 2,88% 2,96% 2,98% 3,00% 3,01% 3,02%

2,40%

2,50%

2,60%

2,70%

2,80%

2,90%

3,00%

3,10%
K

EP

2021 2022 2023 2024 2025 2026 2027

Super Low 1,39% 1,34% 1,45% 1,49% 1,51% 1,52% 1,51%

Low 1,39% 1,47% 1,53% 1,57% 1,60% 1,60% 1,60%

Base 1,40% 1,56% 1,63% 1,65% 1,66% 1,66% 1,66%
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Figure A 20: Predicted KEP, FAB CE 

 

Figure A 21: Predicted KEA, FABCE 

2021 2022 2023 2024 2025 2026 2027

Super Low 1,31% 0,99% 1,69% 1,89% 2,12% 2,19% 2,22%

Low 1,34% 1,90% 2,18% 2,37% 2,59% 2,63% 2,68%

Base 1,40% 2,46% 2,65% 2,79% 2,83% 2,88% 2,93%

High 1,44% 2,63% 3,01% 3,11% 3,17% 3,26% 3,32%

Super High 1,47% 2,75% 3,20% 3,35% 3,45% 3,59% 3,69%
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A10      Further Results of Environmental Costs 
 

 

 

 

Figure 32. CO2 costs, climate costs and environmental costs for DFS, 2021-2027 
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Figure 33. CO2 costs, climate costs and environmental costs for DSNA, 2021-2027 
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Figure 34. CO2 costs, climate costs and environmental costs for Skeyes, 2021-2027 
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Figure 35. CO2 costs, climate costs and environmental costs for Europe, 2021-2027 

 

 


