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Abstract 6 

Reduced thrust takeoff has the potential to reduce aircraft-related NOX emissions at airports, 7 

however this remains to be investigated using flight data. This paper analyses the effect of 8 

takeoff roll thrust setting variability on the magnitude and spatial distribution of NOX 9 

emissions using high-resolution data records for 497 Airbus A319 activities at London 10 

Heathrow. Thrust setting varies between 67 and 97% of maximum, and aircraft operating in 11 

the bottom 10th percentile emit on average 514 grams less NOX per takeoff roll (32% reduction) 12 

than the top 10th percentile, however this is dependent on takeoff roll duration. Spatial analysis 13 

suggests that peak NOX emissions, corresponding to the start of the takeoff roll, can be reduced 14 

by up to 25% by adopting reduced thrust takeoff activities. Furthermore, the length of the 15 

emission source also decreases. Consequently, the use of reduced thrust takeoff may enable 16 

improved local air quality at airports. 17 
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Highlights 20 

• Flight data analysis for 497 Airbus A319 aircraft takeoffs at London Heathrow. 21 

• The adopted thrust setting during takeoff is found to vary between 67 and 97%. 22 

• The 10th percentile of takeoff thrust settings emits 32% less NOX than the 90th. 23 

• Reducing takeoff thrust also leads to a reduced NOX emission source spatial extent. 24 

1. Introduction 25 

1.1 Research context 26 

Global aviation has grown at an average annual rate of 5% in recent years and this growth is 27 

forecast to continue (Airbus, 2015; Boeing, 2014), with the total passenger numbers expected to 28 

reach 12.2 billion in 2031 (ACI, 2013). As aviation contributes significantly to both worldwide 29 

connectivity and the global economy (Wolfe et al., 2016), many aviation stakeholders have 30 

sought to enable this growth. However, this is expected to lead to a considerable additional 31 

strain on the air transport network, as many of its components currently operate at, or near, 32 

maximum capacity. The airport has been identified as a potential bottleneck to any increases 33 

in air transport capacity (Gelhausen et al., 2013). However, plans for airport expansion are 34 

increasingly scrutinised with respect to their potential environmental impacts (both noise and 35 

air quality) (Mahashabde et al., 2011), as these can be harmful to human health (Yim et al., 36 

2013). The aircraft landing and takeoff (LTO) operations contribute significantly to local 37 

pollutant concentrations at airports (Carslaw et al., 2012). It is expected that any airport 38 

expansion will increase pollutant emissions through an increase in the number of LTO 39 

operations (Levy et al., 2012; Masiol and Harrison, 2014), which may inhibit capacity growth. 40 

Consequently, in recent years airport stakeholders have shifted from simply demonstrating 41 

compliance with ambient air quality directives that outline pollutant concentration limits 42 

(European Commission, 2008), towards facilitating pollutant emission reduction through 43 

airport operation management (Fleuti and Maraini, 2012). 44 

This approach is critical for airports such as London Heathrow airport (UK Government, 2010), 45 

which is the busiest two-runway airport in the world and is seeking to expand, given that it 46 

operates at near maximum capacity (DfT, 2013). Several areas surrounding Heathrow have 47 

been designated as Air Quality Management Areas (AQMA) (Suau-Sanchez et al., 2014) due to 48 

the exceedance of EU Air Quality Standards. Thus, reducing pollutant emissions is a key 49 

priority for the airport (Heathrow Airport Ltd., 2010). The main pollutants of concern in the 50 

AQMAs around Heathrow airport are the nitrogen oxides (NOX), which are harmful to human 51 

health (Masiol and Harrison, 2015). In 2015, aircraft operating at the airport were subject to a 52 
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charge of £8.57 per kilogram of NOX emitted (increasing to £16.51 per kilogram of NOX emitted 53 

in 2017), as a financial incentive to promote emission-reducing operating strategies for airlines 54 

(Heathrow Airport Ltd, 2015). 55 

Within the LTO cycle, aircraft are reported to operate at the highest thrust setting during the 56 

takeoff phase, which corresponds to peak fuel flow, CO2 and NOX emission rates (Fleuti and 57 

Polymeris, 2004). Despite a relatively short time-in-mode (TIM) compared to other LTO cycle 58 

phases, the takeoff roll contributes 60% of the total ground level NOX and 22% of CO2 emissions 59 

at Heathrow (Stettler et al., 2011). The use of reduced thrust takeoff allows aircraft operators to 60 

takeoff with less than the maximum (100%) thrust (Sherry, 2014), which is expected to result in 61 

several benefits, including increased engine life due to less mechanical wear, decreased fuel 62 

consumption and reduced CO2 and NOX emissions (Hall et al., 2003). Many airports have 63 

adopted such operating strategies to reduce pollutant emissions (Guo et al., 2014), however, 64 

the associated impacts remain uncertain due to the limitations of the emission modelling 65 

methods used (Unal et al., 2005). 66 

Emission modelling has commonly been conducted using aggregated data, with a significant 67 

amount of activity simplification, primarily to demonstrate compliance with ambient air 68 

quality regulatory limits. Modelling approaches such as the International Civil Aviation 69 

Organisation (ICAO) Simple Approach, are associated with high uncertainty regarding 70 

estimated emissions, due to the reliance on assumptions resulting in the specification of 71 

constant thrust setting and TIM values for each LTO reference cycle phases (landing, taxi, 72 

takeoff and initial climb). These values are conservative estimates and may not reflect actual 73 

operations (Kurniawan and Khardi, 2011). While the use of airport and aircraft specific constant 74 

values can improve the ICAO Simple Approach estimate by up to 40% (Fleuti and Maraini, 75 

2012; Romano et al., 1999), this approach still fails to incorporate the variability that is expected 76 

during actual activity (ICAO, 2011). For example Winther et al. (2015) used the ICAO Simple 77 

Approach to model aircraft emissions at Copenhagen Airport, though a shortcoming of their 78 

study is the failure to capture the variability within each LTO cycle phase due to the use of 79 

aggregated, phase-specific fuel flow rates and emission indices. In order to overcome the 80 

limitations for complex operations such as reduced thrust takeoff, the use of high-resolution 81 

data and emissions modelling techniques, such as the ICAO Sophisticated Approach is 82 

recommended (Khadilkar and Balakrishnan, 2012). 83 

Whilst the ICAO Sophisticated Approach is more data intensive than the ICAO Simple 84 

Approach, it is able to yield more accurate pollutant emission estimates given its ability to 85 
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capture variability in aircraft trajectory and thrust setting. Using high-resolution data for 86 

analyses leads to a more granular representation of the spatial and temporal trends, and 87 

thereby enables a more precise estimation of the magnitude, duration, frequency and location 88 

of emission sources. This in turn leads to an improved understanding of the emission patterns 89 

from observed aircraft activity, which can be valuable when determining the precise location 90 

of NOX released by high emitting mobile sources (i.e. an aircraft) to identify and quantify areas 91 

of operational inefficiency with regards to air quality management. This may be used to reduce 92 

airport emissions through informed management; i.e. the selection of less polluting operations 93 

over other options or a reduction in the emissions produced by a certain operation (Nikoleris 94 

et al., 2011; Ravizza et al., 2013). Furthermore, the spatial distribution of the emission source is 95 

important given implications for the personal exposure of airport staff and residents, as well 96 

as the impact of pollutant dispersion and therefore the local air quality. However, such analyses 97 

are rarely conducted due to high level of data requirements and the difficulty in obtaining data 98 

for sensitivity reasons. 99 

1.2 Outline of paper 100 

This paper seeks to analyse the effects of reduced thrust on Airbus A319 takeoff NOX emissions. 101 

This will be achieved through four objectives: (i) the variables used to calculate takeoff roll NOX 102 

emissions (time-in-mode (TIM), fuel flow rate and thrust setting) will be compared to LTO 103 

reference cycle assumptions; (ii) the relationship between thrust setting and TIM will be 104 

investigated to identify corresponding impacts on NOX emissions; (iii) the characteristics of the 105 

top and bottom 10th percentile of thrust settings will be analysed to quantify the effect on takeoff 106 

roll NOX emissions; (iv) the impact of thrust setting on the spatial distribution of NOX emissions 107 

will be examined through a comparison of the distributions for the top and bottom 10th 108 

percentile of thrust setting activities. 109 

This paper will be formed of three further sections. Section 2 presents the data availability and 110 

adopted NOX modelling method. Section 3 presents and discusses the analysis used to meet 111 

the research objectives, demonstrates the benefits of using high-resolution analysis and 112 

outlines avenues for future research. Finally, the conclusions in Section 4 highlight the 113 

contributions of this paper to the research field. 114 

2. Methodology 115 

2.1 Data and emission modelling 116 

Analyses focus on a case study of aircraft takeoff roll activities at Heathrow airport and are 117 

supported by the availability of 497 takeoffs on runway 27R corresponding to Airbus A319 118 
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aircraft fitted with V2522-A5 engines. The methodology presented is designed to be 119 

transferable to other airports if the data requirements are met. 120 

The primary data source for this research is high-resolution (1 Hz) Flight Data Records (FDR) 121 

recorded during a continuous two-week period in November 2012. Each raw FDR file contains 122 

spatial, temporal and engine data as shown in Table 1. 123 

Table 1. Parameters available for each FDR record. 124 

Group Parameter Units 

Temporal Date  dd/mm/yy 

Temporal Time  hh/mm/ss 

Temporal Time from engine start  s 

Temporal Ground speed  kts 

Spatial Latitude °, ‘, “ 

Spatial Longitude °, ‘, “ 

Spatial Radio altitude  ft 

Ambient Outside air temperature  °C 

Engine information Fuel flow (per engine)  kg/s 

Engine information Engine pressure ratio (per engine) n/a 

Aircraft information Flight phase n/a 

Modelled Thrust (per engine) % of max. 

Modelled NOX emission rate (per engine) g/s 

Modelled CO2 emission rate (per engine) g/s 

The thrust setting (relative to maximum rated thrust) and NOX emissions are calculated 125 

following the Boeing Fuel Flow Method II (BFFM2) (ICAO, 2011; Kim and Rachami, 2008). This 126 

has been widely used (e.g. (Simone et al., 2013; Stettler et al., 2011; Wasiuk et al., 2015)) and 127 

results in a high-resolution thrust and emission rate time series, calculated using recorded fuel 128 

flow rates and engine-specific input data from the ICAO Exhaust Emission Databank (EEDB). 129 

The thrust is given by: 130 

𝐹 𝐹00⁄ = 𝐴 ∙ �̇�f
2 + 𝐵 ∙ �̇�f + 𝐶, (1) 

where 𝐹 𝐹00⁄  is the thrust setting as a ratio relative to rated thrust, �̇�f is the recorded fuel flow 131 

rate, and 𝐴, 𝐵, 𝐶 are engine specific constants derived by fitting a quadratic to data in the ICAO 132 

EEDB. The NOX emission rate is given by: 133 

𝐸𝑖 = �̇�f ∙ 𝐸𝐼 ∙ 𝑡, (2) 
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where 𝐸𝑖𝑡 is the emission rate, �̇�f is the fuel flow rate; and 𝐸𝐼𝑡 is the engine-specific emission 134 

index at a known thrust setting. EI(NOX) is derived by fitting a log-log curve to the EI(NOX) 135 

data at 𝐹 𝐹00⁄  values of 7, 30, 85 and 100%, contained in the ICAO EEDB. Under complete 136 

combustion, EI(CO2) is dependent on the hydrogen to carbon ratio of aviation fuel and is 137 

approximately 3160 g/kg (Stettler et al., 2011). 138 

2.2 Data handling 139 

To ensure the analysis of activities associated with the takeoff roll phase, an understanding of 140 

the theoretical aircraft performance (Midkiff et al., 2004) and a manual analysis of data trends 141 

were both used to inform the phase selection. The on-ground segment of this phase is known 142 

as the takeoff roll and is the period between engine power-up and wheels-off (International 143 

Aviation Standards, 2013). This takeoff roll phase is assumed to occur when the aircraft altitude 144 

is less than 35 feet, the ground speed is greater than 1 knot and the engine thrust setting is 145 

greater than 21%. The data was obtained from a relatively short time period (2 weeks) to limit 146 

the likelihood of severe meteorological changes (e.g. ambient temperature and air density), 147 

which can cause changes to both aircraft performance and their operations. 148 

2.3 Spatial allocation of takeoff roll emissions 149 

The high-resolution positional data corresponding to the aircraft takeoff roll emissions 150 

facilitates a visualisation of the NOX emission source spatial distribution. The NOX emissions 151 

are assigned to a grid, with a cell size of approximately 15m by 15m, relating to the sampling 152 

resolution of the recorded positional data. The plot is divided into three segments, covering 153 

approximately the start of roll (I), acceleration (II) and wheels off (III), to aid discussion.  154 

The colour coding of each cell corresponds to the total NOX emissions produced by all takeoff 155 

roll activities occurring within that cell. Grid squares with no NOX emissions are omitted. 156 

Absolute values are masked from the results due to sensitivity agreements. The colour coding 157 

is at 10% intervals and is normalised as a percentage relative to the maximum NOX emissions 158 

across all cases.  159 
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3. Results and discussion 160 

3.1 Variability in recorded data 161 

The first analysis conducted in this paper investigates the assumption that the ICAO Simple 162 

Approach typically misrepresents aircraft takeoff roll activity. When modelling NOX emissions, 163 

as introduced in Section 2, two independent variables are identified: fuel flow rate and TIM. 164 

Figure 1 shows that the LTO reference cycle (represented by the dashed line) overestimates the 165 

observed fuel flow rate for all activities, and underestimates the TIM for 67.2% of activities. 166 

Furthermore, the use of aggregated data does not capture the variability in observed aircraft 167 

activities, as the factors are constant. 168 

Total NOX emissions for aircraft takeoff can be estimated from the variables that describe thrust. 169 

The LTO reference cycle is found to overestimate the average thrust setting used during the 170 

takeoff roll, relative to observed activities. The mean average thrust setting is 78.9% of 171 

maximum rated thrust, which is considerably lower than the 100% thrust setting often 172 

assumed. Furthermore, the recorded data supports the assumption that a set of thrust settings, 173 

ranging from 67.3% to 97.1%, are used to achieve aircraft takeoff at Heathrow.  174 

Figure 1 also shows that the adoption of aggregated thrust setting and trajectory data, which is 175 

widely used in industry for the quantification and analysis of airport emissions, can lead to the 176 

inaccurate estimation of aircraft NOX emissions. This research finds that aggregated values are 177 

conservative and therefore NOX emissions are overestimated, relative to estimates made using 178 

the recorded data. 179 
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 180 

Fig. 1. The distribution of takeoff roll activity values for (clockwise from top left) TIM, fuel flow rate, 181 

NOX emissions and thrust setting. With the ICAO Simple Approach estimate (dashed line). 182 

3.2 Trends between NOX emissions, average thrust setting and time-in-mode 183 

In Figure 2, the total NOX emissions for each observed Airbus A319 takeoff roll are plotted 184 

against the corresponding average thrust setting used to identify the general trend. To further 185 

analyse the impact of the underlying variables on total NOX emissions, the TIM is also 186 

considered. The points plotted are shaded to reflect the TIM of the takeoff roll, where darker 187 

shading represents shorter takeoff roll durations. 188 

As expected, a positive correlation is observed between activities with increasing takeoff roll 189 

thrust settings and increasing total NOX emissions. Generally, reducing takeoff roll thrust 190 

setting results in reduced total NOX emissions, due to reduced fuel flow rate and reduced 191 

emission index. This suggests that a reduced thrust setting during takeoff can lead to a 192 
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reduction in the total NOX emissions produced. However, there is variation in the NOX emitted 193 

for constant thrust settings, indicating the existence of additional underlying variables. It is 194 

observed that for the same thrust setting, higher total NOX emissions are produced by takeoff 195 

rolls with a longer TIM. Therefore, reduced thrust setting may not cause a lower total of NOX 196 

emitted during the takeoff roll and, instead lead to increased emissions through increased TIM. 197 

As such, it may be possible to achieve a reduction in NOX emissions either by reducing the 198 

average thrust setting or the TIM. However, from this analysis it is not possible to assess which 199 

of the two variables has the most significant impact on NOX emissions. 200 

 201 

Fig. 2. Impact of takeoff roll thrust setting and TIM on NOX emissions. Solid lines represent the top and 202 

bottom 10% of average thrust settings.  203 

3.3 NOX emissions for regular and reduced thrust takeoff operations 204 

To analyse the impact of reduced thrust takeoff on NOX emissions, the data is categorised on 205 

the basis of the average thrust setting adopted during each takeoff roll. To facilitate this, the 206 

distribution of average takeoff rolls used in the data sample was plotted using the density 207 

function as shown in Figure 3. The curve is approximately Gaussian in distribution, which 208 

indicates a single mode of operations (i.e. no evidence of separate reduced and regular thrust 209 

setting modes). It is acknowledged that there is no quantified definition for reduced thrust 210 

takeoff in literature, therefore, the bottom and top 10th percent of average thrust settings have 211 

been chosen as analogues for reduced and non-reduced (regular) thrust settings to illustrate 212 

the effects of reduced thrust takeoff. 213 
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 214 

Fig. 3. Density function indicating the bottom and top 10th percentiles of average thrust setting during 215 

takeoff roll, represented by grey shaded sections. The mean value of average thrust settings is plotted 216 

for reference and represented by the dashed line. 217 

The distribution of the total NOX emitted by the top and bottom 10th percentiles of average 218 

thrust settings used during the takeoff roll is analysed and the categories are compared using 219 

the density plots shown in Figure 4. The mean values of the average thrust setting, the average 220 

TIM and the average total NOX emitted for each category is shown in Table 2. 221 

Table 2. Percentage contribution of LTO phase to airport aircraft related NOX emission at Heathrow. 222 

Percentile 
Average thrust setting 

(% of max.) 

Average TIM (s) Average total NOX 

emitted (g) 

Bottom 10% 72.0 41.0 1106 

Mean 78.9 43.7 1366 

Top 10% 86.1 44.4 1620 

The results show that the adoption of reduced thrust takeoff activity usually leads to a 223 

reduction in the total NOX emitted by an aircraft during the takeoff roll. At Heathrow, a 14-224 

percentage point reduction in the average takeoff roll thrust setting is identified between 225 

aircraft operating in the bottom and top 10th percentiles. Aircraft operating in the top 10% of 226 

average thrust settings emit 1620 grams of NOX during the takeoff roll on average compared to 227 

1106 grams of NOX emitted for aircraft operating in the bottom 10%. This corresponds to a 228 

reduction of 514 grams per takeoff roll (31.7%). However, there is an overlap in the total NOX 229 
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emitted by the two categories, most likely caused by variations in the TIM; a takeoff roll with 230 

an average thrust setting in the bottom 10% and a relatively high takeoff roll duration has the 231 

potential to emit a similar volume of NOX to a takeoff roll in the top 10% of average thrust 232 

settings with a short takeoff roll duration. 233 

 234 

Fig. 4. Difference in distribution of total NOX emitted by the top and bottom 10th percentiles. 235 

Reduced thrust takeoff aims to utilise the benefits of adopting less than maximum thrust to 236 

reduce emissions during aircraft takeoff (Duchene, 2006). During this operating strategy, a pilot 237 

will use the minimum allowable thrust setting during the takeoff roll while maintaining the 238 

safety criteria, i.e. reaching the correct takeoff speed within the maximum length of runway. 239 

This is regularly carried out at major airports such as Heathrow (King and Waitz, 2005), 240 

however the allowable thrust setting for takeoff depends on several factors, which may limit 241 

the consistency to which reduced thrust takeoff can be adopted. These factors include: aircraft 242 

takeoff weight (TOW); headwind speed; ambient temperature; air density; runway conditions 243 

(e.g. surface type, slope); airframe contamination and aircraft flap setting. The impacts of these 244 

factors should be investigated in future work and may lead to the introduction of policy 245 

recommendations to maximise the implementation of reduced thrust takeoffs, for example by 246 

rewarding airlines by calculating NOX emissions charges based on flight records rather than on 247 

the ICAO reference LTO cycle. 248 

These factors may explain the variation identified in takeoff roll operations. For example, if the 249 

minimum thrust allowable is limited by TOW, and assuming that aircraft use the lowest 250 
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possible thrust setting to achieve safe takeoff, the length of the takeoff roll and subsequently 251 

the length of emission source are likely to be similar across all thrust settings. A reduced thrust 252 

setting will correspond to a lower fuel flow rate and a corresponding reduction in the rate of 253 

NOX emission, however it may also lead to reduced acceleration and a consequent increase in 254 

the TIM. As the total NOX emitted is a function of both the fuel flow rate and the TIM, the thrust 255 

setting reduction may increase NOX emissions due to increased aircraft takeoff roll TIM. 256 

Models that rely on simplified input data will not capture these trends, and this supports the 257 

requirement for high-resolution analysis. The effects of reduced thrust takeoff must be 258 

understood to enable a balanced consideration of activity and therefore the planning of efficient 259 

operations. 260 

3.4 NOX emission source spatial distribution for regular and reduced thrust takeoff 261 

This subsection seeks to identify the impact of reduced thrust takeoff on the spatial distribution 262 

of the NOX emission source relative to regular takeoff operations, using the spatial allocation 263 

of NOX emissions described in Section 2.3. The results of this spatial allocation are shown in 264 

Fig. 5. 265 

 266 

Fig. 5. Spatial distribution of modelled total NOX emissions for the top and bottom 10th percentiles of 267 

average takeoff roll thrust settings (activity occurs from right to left). 268 

The first difference identified between reduced and regular thrust takeoff, is an area of peak 269 

NOX emissions around the start of the takeoff roll seen in segment ‘I’. This is expected to be due 270 

to the high thrust setting and the extended period of time aircraft spend in this position on the 271 

runway with low ground speed while the aircraft accelerates from standing. As expected, the 272 

peak value of total NOX emitted decreases when changing from regular thrust to reduced thrust 273 

operations, however the location of the emission peak remains approximately constant. In 274 

segment ‘II’, no significant variation between the spatial distributions of NOX emissions has 275 

been identified for the different thrust setting categories, as the emission source area (length 276 

and width) is approximately the same. In segment ‘III’, the emission source extends further to 277 

the left for maximum thrust setting activity, which demonstrates that the takeoff roll is longer 278 
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for higher thrust setting activities. This may be due to the interdependency between aircraft 279 

TOW and average thrust setting. An aircraft with a lower TOW will require less thrust during 280 

the takeoff roll to achieve the speed required for wheels-off than a heavier aircraft, furthermore 281 

the required wheels-off speed is lower for lighter aircraft. Takeoff roll activity with an increased 282 

average thrust setting, but also increased TOW, will accelerate at a similar rate and therefore 283 

reach takeoff speed after an approximately equal length of takeoff roll. 284 

The NOX spatial distribution identified with high-resolution analysis can be used to inform 285 

mitigation methods. For example, if NOX emissions peak corresponding to the start of the 286 

takeoff roll, this may be reduced if operations are modified to the stagger the takeoff roll 287 

starting points. This would distribute the emissions over a larger area and consequently reduce 288 

the peak. In situations where reduced thrust or staggered takeoff rolls cannot be employed, the 289 

analysis presented can inform the introduction of mitigation strategies, such as managing 290 

human activities to ensure minimal time spent in the vicinity of NOX emissions peaks or 291 

introducing physical barriers to minimise emission dispersion over high-density populations. 292 

Future work should include dispersion modelling to estimate the impact of reduced thrust 293 

takeoffs on local pollutant concentrations. 294 

To better examine the magnitude of these patterns, total NOX emissions are plotted against the 295 

longitude (x-direction). This facilitates the visualisation of the distribution of emissions over 296 

the length of emission source, as shown in Figure 6. Regular and reduced thrust activities are 297 

represented by the red and blue curves respectively. 298 

The use of reduced thrust takeoff leads to a reduction in peak NOX emissions (identified in 299 

segment ‘I’) of up to 25% and generally in reduced emissions across the length of the takeoff 300 

roll. In segment ‘II’, there is minimal difference identifiable in the spatial distribution of 301 

emissions between the two thrust setting categories. However, in segment ‘III’, NOX emissions 302 

are considerably lower for the reduced thrust setting activity than for the regular thrust setting 303 

activity. It is noted that there is considerable variation in Figure 6, due to the FDR sampling 304 

resolution, which results in some grid squares capturing more takeoff roll activities than others. 305 

However, comparisons of the overall trend in the profile of NOX emissions can still be made. 306 
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 307 

Fig. 6. Distribution of total NOX emissions for the length of the takeoff rolls for the top (red) and bottom 308 

(blue) 10th percentiles of average takeoff roll thrust settings (activity occurs right to left). 309 

The results presented in this section provide information regarding the changing rates of 310 

emissions across the length of the takeoff roll and therefore facilitates the identification of areas 311 

with high NOX emissions, which may cause increased harm to human health, relative to the 312 

equivalent emissions averaged over a larger area, if personal exposure is high. Previous 313 

analysis has been unable to identify these patterns, given the assumptions of constant thrust 314 

setting, emission rate, TIM and length of takeoff roll. The extent to which high-resolution data 315 

and analysis improves the ability to assess aircraft emissions serves as a new contribution to 316 

the research field. 317 

4. Conclusions 318 

This paper quantifies the impacts of using reduced thrust during takeoff activities at London 319 

Heathrow airport. It is shown that the adoption of reduced thrust provides reductions in the 320 

total mass of NOX emissions of 32% per takeoff roll on average, however this is dependent on 321 

the takeoff roll TIM. Additional benefits have been identified regarding the spatial distribution 322 

of NOX emissions, which includes a reduction in the size of the takeoff roll emission source. 323 

Furthermore, peak NOX emissions, around the start of the takeoff roll, may be reduced by up 324 

to 25%. However, the ability to use reduced thrust takeoff may be dependent on other factors 325 

such as wind speed, wind direction and TOW, which impact TIM. 326 

The results of this paper were enabled by the use of high-resolution data and analysis, which 327 

leads to improved accuracy in NOX emissions quantification. This is the first case study using 328 

such analysis to quantify the impacts of aircraft-related NOX emission reduction strategies, 329 
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which is critical when assessing airport operations to minimise pollutant emissions. High-330 

resolution analysis also facilitates the assessment of NOX emission spatial distributions. 331 

Applications of the current research may be to inform mitigation strategies, the evaluation of 332 

the impact of airport operations on local air quality, and the identification of optimal airport 333 

operations through comparisons of the emissions corresponding to contrasting operating 334 

techniques. 335 

For airports where local air quality is of concern, such as Heathrow, the identification of aircraft 336 

operations that minimise aircraft NOX emissions is of importance for stakeholders as they could 337 

contribute to significant reductions in airport emissions. This may facilitate compliance with 338 

legally binding air quality standards at locations in the airport vicinity, which in turn, offers 339 

the potential to enable airport expansion to meet the forecasted future demand. As mentioned 340 

previously, aviation is regularly associated with considerable economic and social benefits, 341 

consequently these effects may be maximised if airport expansion is enabled through reduced 342 

pollutant emissions. However, the potential costs of airport expansion must also be considered, 343 

including additional noise and associated traffic. 344 

Underlying factors, including aircraft TOW, may have an impact on the ability to utilise 345 

reduced thrust takeoff and may explain the variability between average thrust setting and TIM. 346 

Future research will seek to incorporate TOW variability into analyses in order to explore this 347 

dependency. Findings are specific to Airbus A319 (V2522-A5) operations on runway 27R this 348 

operating scenario. While these findings are valuable contributions to the field independently, 349 

the general technique presented may be adopted for similar analysis of other operational 350 

techniques and/or at other airports. Furthermore, it will be valuable to consider various 351 

additional airframe and engine type combinations in future. A final extension of the research 352 

presented in this paper is to consider the dispersion of aircraft related NOX emissions for 353 

reduced and regular thrust takeoff and their resultant impacts on local air quality. 354 
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