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A B S T R A C T   

Emissions of NOx and primary NO2 from road transport sources are highly influential in NO2 
exposure at both local and regional scales; quantifying these accurately is therefore an important 
but challenging component of emissions inventory and air pollution model development. Results 
are presented from an urban air pollution model, after creation of new speed-emissions curves for 
NOx through the combination of available vehicle drive cycles and nearly 500,000 UK-based 
remote sensing measurements of exhaust emissions. Vehicle power-based relationships are 
applied to 1 Hz drive cycle datasets, with random sampling of the outputs allowing generation of 
the new curves. These demonstrate significantly higher emissions than those predicted by existing 
curves for most Euro VI HGVs, and among successive petrol and diesel passenger cars; this may be 
partly explained by relatively low UK ambient temperatures, as well as an underestimation of the 
level of tampering with HGV SCR systems. Implementation of the curves in a detailed emissions 
inventory for London, UK in 2019 leads to substantially improved air pollution model perfor
mance for NOx/NO2; normalised mean bias reduces in magnitude, changing from − 0.18 to +0.01 
for NOx and  − 0.12 to +0.01 for NO2. The curves developed are widely applicable, and the novel 
approach outlined has the potential to improve source apportionment and future model pre
dictions under differing policy scenarios, produce better exposure estimates for health-related 
studies and revise NOx emissions budgets for compliance with the NEC Directive, all of which 
are important for the development of mitigation policies.   
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1. Introduction 

Emissions inventories are a critical tool for policymakers and modellers in determining the effectiveness of intervention measures 
on reducing air pollution, as well as the relative contributions of different sources to air pollutant concentrations at specific locations. 

Despite the introduction of control technologies and implementation of successive emissions standards, road transport remains a 
major contributor to emissions of nitrogen oxides (NOx) across Europe, with 37% of NOx emissions coming from this sector across the 
EU-27 in 2020 (European Environment Agency, 2022). In heavily populated urban environments, the figure can be higher, with 44% of 
NOx emissions in London in 2019 coming from the road transport sector, according to calculations made using existing emissions 
factors (Greater London Authority, 2021). At roadside locations in many cities across Europe, EU legal limits on annual mean nitrogen 
dioxide (NO2) concentrations continue to be exceeded, and in the year 2022, 90% of the EU urban population was exposed to annual 
average NO2 concentrations above the World Health Organization (WHO) guideline of 10 μg m− 3 (European Environment Agency, 
2023). Local emissions of NOx from road traffic, both as NO and NO2, are and have historically been the main drivers of such 
exceedances (European Environment Agency, 2022; Casquero-Vera et al., 2019). These emissions have a further role in that NOx is an 
important precursor for fine particulate matter at a regional level (Clappier et al., 2021; Beekmann et al., 2015). Road transport NOx 
emissions rates, including the proportion of NOx emitted directly as NO2 (f-NO2), are therefore important to quantify accurately. 

In fine-scale urban air quality models, it is necessary to quantify emissions rates from specific road sources. Speed-emissions curves 
are used routinely in emissions inventories to estimate exhaust emissions of air pollutants (Garland et al., 2022); despite the relatively 
poor association between average speed and the emissions rate of a vehicle, other metrics which are better predictors, such as vehicle- 
specific power (Carslaw et al., 2013), are not typically available across a road network. It therefore remains necessary to create and 
apply speed-emissions curves to produce as accurate as possible a road transport emissions inventory. 

In recent years, European emissions factors have often underestimated the contribution of road transport sources to NO2 con
centrations in urban areas (Lewis et al., 2015). When base year emissions inventories require scaling factors for road transport 
emissions to correct for bias at roadside monitoring sites, projecting future concentrations using the same scaling factors potentially 
creates a large systematic error, as older vehicles which contribute to the scaling factors required are phased out of the fleet. 

The European Monitoring and Evaluation Program (EMEP)/European Environment Agency (EEA) Emission Inventory Guidebook 
recommends the use of COPERT (COmputer Program to calculate Emissions from Road Transport) emissions curves, which many 
European emissions inventories rely on, including the UK National Atmospheric Emissions Inventory (NAEI) (National Atmospheric 
Emissions Inventory, 2022; Emisia, 2023; Ntziachristos and Samaras, 2023). The emissions factors used for heavy-duty vehicles (HGVs, 
buses and coaches) are taken from the Handbook Emission Factors for Road Transport (HBEFA) (Notter et al., 2022). Speed-emissions 
curves are generated from a European database of emissions tests, which now includes portable emissions measurement systems 
(PEMS) data gathered from on-road measurement campaigns as well as chassis dynamometer laboratory studies over real-world drive 
cycles (Emisia, 2023; Ntziachristos and Samaras, 2023; Murrells and Rose, 2019). PEMS instruments provide detailed data across an 
entire drive cycle for the vehicle in question, and a number of studies have demonstrated their capability (O’Driscoll et al., 2016; 
O’Driscoll et al., 2018; Bishop et al., 2019; Zheng et al., 2021; Söderena et al., 2020). However, the practicalities of this approach, in 
terms of cost and time, mean that the sample size of vehicles monitored is relatively small. 

A number of studies have demonstrated the use of remote sensing devices (RSD) in measuring pollutants from vehicle exhausts 
(Carslaw et al., 2011; Carslaw and Rhys-Tyler, 2013; Chen and Borken-Kleefeld, 2016). An advantage of RSD over PEMS is the ability 
to measure emissions from vast quantities of vehicles, therefore giving a more reliable sample of the fleet, and the implicit inclusion of 
any effects of vehicle deterioration on emissions, an influence that is typically treated separately in commonly used emissions factors 
such as COPERT. 

We make use of recent real-world measurements made by remote sensing devices, and relationships derived from these data, to 
relate vehicle power to emissions rates. The new relationships are applied to drive cycle data from a suite of light-duty and heavy-duty 
vehicles in an urban environment, allowing the generation of new speed-emissions curves for NOx, and processing of the data through a 
well-established, long-used and accepted emissions inventory tool and urban air quality model, the London Toolkit, referred to 
elsewhere as KCLurban (Beevers et al., 2013). The model, which has historically followed EMEP/EEA guidebook recommendations, as 
is standard throughout Europe, is evaluated against measured data in 2019, both with and without the incorporation of the new 
emissions factors for NOx/NO2, and the performance compared between the two runs. The aim is to demonstrate the applicability of 
the new methods for air pollution modelling. The new speed-emissions curves are hereafter referred to as DUKEMS curves, relating to 
the UK research project which this work was a part of. The project aim was to improve emissions databases in the UK more generally, 
across a wide range of sources and pollutants, thereby enabling improved air pollution modelling. 

2. Methods 

2.1. Vehicle emission remote sensing data 

The analysis makes use of extensive vehicle emission remote sensing data that has been collected over the period 2017 to 2022 
throughout the UK, augmenting the measurements of Davison et al. (2021) with more recent data, measurements from heavy-duty 
vehicles and from newer vehicle technologies (Davison et al., 2021). Measurements were undertaken using the Fuel Efficiency 
Automobile Test (FEAT) instrument developed by the University of Denver and the commercially available Opus AccuScan RSD 4600/ 
5000. This uses open path spectroscopy to measure the exhaust gases from each passing vehicle, using UV and IR sources and multiple 
detectors to achieve this. The instrument also includes a laser-based method to measure speed and acceleration, and a camera to 
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capture vehicle number plates. The technique is described in further detail elsewhere (Bishop and Stedman, 1996; Burgard et al., 
2006). 

In this study, 498,891 valid NOx measurements of individual vehicles have been used as the basis for emission factor calculation. 
The measurements span a wide range of locations (49 unique locations in 15 cities throughout the UK) and ambient conditions. The 
ambient temperature conditions spanned − 1 ◦C to 29 ◦C with a mean of 13.8 ◦C, typical of meteorological conditions experienced in 
the UK. The specific sizes and Euro standards of vehicles covered by remote sensing data, including passenger cars, light goods vehicles 
(LGVs), buses, heavy goods vehicles (HGVs) and London taxis, are detailed in the supplementary material. 

Fundamentally, remote sensing instruments measure ratios of pollutant gases as a ratio to CO2, from which it is possible with some 
basic fuel composition and combustion assumptions to derive fuel-based emission factors, e.g. grams of NOx per kg of fuel. However, to 
calculate emissions as expressed in speed-emission curves it is necessary to derive emission factors expressed in g/s or g/km. The 
essential step required for this calculation is the estimate of fuel consumption at the time a measurement is made. The physics-based 
approach used to derive relationships between vehicle specific power (VSP) and emissions rates is described in detail elsewhere, but is 
summarised here (Davison et al., 2020). 

To calculate NOx emissions rate for each vehicle measurement, an estimate must be derived of instantaneous fuel consumption, 
using VSP. Instantaneous vehicle power is calculated initially as the total power required to overcome air and rolling resistance, road 
gradient, a vehicle’s acceleration and the power required for auxiliary devices and losses in transmission, which are also accounted for. 
Assumptions are made on the vehicle mass and aerodynamic drag coefficients, using generic values (Davison et al., 2020). VSP is then 
derived by dividing the instantaneous power by vehicle mass, having accounted for weight of passengers and cargo. Fuel consumption 
is calculated using VSP through the Passenger Car and Heavy Duty Emission Model (PHEM) (Hausberger, 2003). These calculations 
provide an estimate of fuel consumption in g/s. Relationships can therefore be derived between emissions rates in g/s for each 
pollutant measured and VSP, across each desired subset of vehicles. The final step is to apply the predictions of g/s emissions to modal 
(1 Hz) drive cycles, such as those from PEMS measurements, to generate a time series of emissions expressed in g/s, which can also be 
used to calculate emission factors in g/km over a wide range of conditions. 

2.2. Drive cycle data 

Appropriate 1 Hz drive cycle datasets were required in order to represent speed and acceleration/deceleration under real driving 
conditions for different types of vehicle across varying road types and road gradients. For passenger cars and vans, 55 drive cycles were 
used based on extensive vehicle PEMS measurements conducted by the UK Department for Transport. The drive cycles covered urban, 
rural and motorway driving; an example is shown in the supplementary material. In total, these drive cycles covered over 4200 km of 
real driving (Davison et al., 2021). 

Specific London bus and taxi drive cycles developed between TfL and Millbrook were used for these vehicles. Test cycles for heavy 
goods vehicles (HGVs) and coaches were provided by the Energy Saving Trust, Zemo and TfL, and were based on those developed 
between TfL and Millbrook, with additional sections added for higher speeds for coaches and HGVs. The test cycles therefore covered 
driving conditions on city-centre, urban and extra-urban roads. 

The speed trace over the London bus cycle is shown in Fig. 1, with further information on each drive cycle available in the sup
plementary material. 

Fig. 1. Drive cycle data used for London buses. The trace shows the speed of the bus over the duration of the cycle.  
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2.3. Creation of new speed-emissions curves 

The data were further processed as follows. Within the existing London emissions tool, for the region of London (Urban/Suburban/ 
Motorway) appropriate to the drive cycle section, an average transit time, in seconds, across an Ordnance Survey (OS) Topographic 
Identifier (TOID) link was calculated (Ordnance Survey, 2023). The OS TOID link is the level at which speeds and traffic flows can be 
specified in the London emissions tool, and on which the tool generates bottom-up emissions calculations using local vehicle fleet 
compositions. These transit times were used to sample randomly 500 times for each vehicle type’s corresponding drive cycle. In each of 
the random samples, an average speed (kph) and emission rate (g/s) was generated. Units of g/s, rather than g/km, were used since at 
very low speeds, the g/km curves tend to infinity, making model fitting more difficult (Davison et al., 2021). 

The resulting datasets were used to fit a generalised additive model (GAM) for each vehicle and pollutant, aggregated over all road 
types, relating average speed to emission rate. The mgcv R package was used with the restricted maximum likelihood (REML) method 
(Wood, 2017). The maximum allowed value of k, which places an upper limit on the effective degrees of freedom in the smooth 
function, was set to 6, given prior knowledge about the form of the curves expected from COPERT data, and to avoid overfitting. One 
exception was for the Euro VI hybrid double decker London bus, where use of k = 6 caused the curve to be overfitted; the value was 
therefore set at 4. 

Primary NO2 emissions were calculated by applying up-to-date f-NO2 values to both sets of NOx curves. These were provided 
through analysis of the same set of remote sensing data and are presented in the supplementary material. 

2.3.1. Additional assumptions 
The remote sensing measurements explicitly do not include hybrid light-duty gasoline vehicles under battery operation; therefore, 

scaling factors were applied to the new curves for the equivalent internal combustion engine (ICE) vehicles; standard hybrid emissions 
were revised downward by 23% and plug-in hybrids by 41%, in line with the respective utility factors calculated over all driving 
conditions by Farren et al. (Farren et al., 2020). 

Speed-dependent utility factors were applied to hybrid Euro VI double-decker London buses using data from Phantawesak et al. 
(Phantawesak et al., 2022), which allowed calculation of the proportion of engine-off time spent by both parallel and series hybrid 
Euro V buses. Further detail on this method is provided in the supplementary material. 

Where data existed on a given Euro standard, size and technology for both London-specific and non-London urban buses, the curves 
generated for the London buses were used in preference. The curves produced from both sets of data are, however, presented in the 
results. 

Vehicles retrofitted with control technologies, and the relative proportions of Euro V vehicles with an EGR or SCR system, were 
assumed to have been accounted for in the initial measurement campaign; as such, the same curves were applied to all vehicles within a 
given class, Euro standard, size range and engine technology. 

There was only a sufficient sample size from the medium size class (1.4–2.0 l) of Euro 6-d diesel cars. The curves fitted for this 
vehicle were therefore also used for the small (< 1.4 l) and large (> 2.0 l) size classes. However, post-Euro 6c vehicles represented <1% 
of cars and LGVs in the London fleet in 2019, so this had minimal impact on the model as a whole. 

2.4. London Atmospheric Emissions Inventory 2019 

The London Atmospheric Emissions Inventory (LAEI) 2019 (Greater London Authority, 2021) formed the basis for the imple
mentation of new emissions curves. The most recent version was carried out for the year 2019, during which an Ultra Low Emission 
Zone (ULEZ) was implemented in Central London on 8th April, covering the same area as the Congestion Charging Zone, but prior to 
further expansions of the ULEZ to all of Inner London and subsequently Outer London, which took place in October 2021 and August 
2023 respectively. 

The LAEI2019 provided average speed data, as well as detailed traffic flows for specific groups of vehicles, on nearly 80,000 major 
road segments by annual average hour of the day. The road geographies were derived from Ordnance Survey’s (OS) Integrated 
Transport Network (ITN), with the segments each having an OS TOID (Ordnance Survey, 2023). Combined with zonal fleet compo
sitions and COPERT speed-emissions factors, this allowed emissions to be estimated on individual major roads throughout London. 
Fleet compositions did not include estimations of the proportions of Euro 6d-temp diesel light-duty vehicles in 2019. The emissions 
factors used in the LAEI2019 were from COPERT v5.0; these were upgraded to v5.7 (Emisia, 2023; Ntziachristos and Samaras, 2023), 
the latest provided at the time of writing, for the comparisons in this study. Further detail on a minor update of LAEI speed data is 
included in the supplementary material. 

Minor road vehicle emissions were calculated using LAEI vehicle km estimates by km2 grid cell and distributed on minor roads from 
the ITN accordingly (Greater London Authority, 2021). Additional NOx emissions from cold starts in light-duty vehicles are also 
accounted for according to EMEP guidebook recommendations (European Environment Agency, 2019), based on estimations of light- 
duty vehicle starts in the LAEI. These emissions were distributed as area sources on a km2 basis (Greater London Authority, 2021). 

Non-road sources’ emissions used in all model runs were entirely consistent with the LAEI2019; these included industrial point 
sources, aviation, shipping, domestic and commercial combustion from gas and other fuels, rail, commercial cooking, domestic wood 
burning and construction sources (Greater London Authority, 2021). More detail on the setup of these sources in the model is given in 
section 2.6. 
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2.5. COPERT emissions factors 

COPERT v5.7 included estimates of cold emissions rates from heavy vehicles, which were implemented for the first time in v5.6 
(Emisia, 2023; Ntziachristos and Samaras, 2023). Given the proportion of heavy-duty vehicle mileage on major roads, and the 8.5 km 
at the start of each trip estimated by COPERT to be under cold engine conditions, cold emissions rates for HDVs were added to the hot 
emissions rates across all roads. Owing to the difficulty in estimating average trip lengths for HDVs in London, and the congested 
conditions, it was assumed that heavy vehicles moved under cold operating conditions 100% of the time. This therefore maximised the 
emissions that could be calculated from these functions. Extra emissions were not added above 45 kph, this being the limit of the cold 
emission functions provided through COPERT. 

The COPERT curves used in this analysis also include up-to-date fuel and degradation scaling factors up to the year 2019, the latter 
calculated using average mileage statistics from the UK Department for Transport by vehicle Euro standard and size (National At
mospheric Emissions Inventory, 2022; Department for Transport, 2009). HGV and bus speed-emissions functions were those with the 
road slope set to 0% and the vehicle load percentage to 50%. 

2.6. London Toolkit 

The London Toolkit is the model of choice in assessing the impacts of London policies on air pollution, having been used in the LAEI 
for over two decades, as well as in development of policies such as the Congestion Charging Zone and Ultra Low Emission Zone. It uses 
a kernel modelling approach to describe the dispersion from the sources incorporated into the emissions inventory, with an empirical 
approach, based on prior measurements of NOx and NO2 at background and roadside sites, used to calculate annual mean NO2 
concentrations. This follows the established methodology of Carslaw et al., applied to observations from 2019, and accounts for the 
dispersion of primary NO2 emissions (Carslaw et al., 2001). The model is detailed briefly here, but is described in further detail by 
Beevers et al. and Kelly et al., referred to as KCLurban (Beevers et al., 2013; Kelly et al., 2011). 

The regional contribution to NOx concentrations, of 10.3 μg m− 3 in 2019, was calculated using the US EPA CMAQ chemical 
transport model (United States Environmental Protection Agency, 2022; Byun and Schere, 2006). This was run in the same way as 
outlined by Dajnak et al., for the year 2019 in this instance (Dajnak et al., 2023). The value used for the regional contribution cor
responded to the lowest concentration predicted in any 2 km × 2 km grid in a 20 km zone around the M25 orbital motorway. 
Dispersion kernels for the toolkit model were created with ADMS 5 or ADMS-Roads (Cambridge Environmental Research Consultants, 
2016; Cambridge Environmental Research Consultants, 2020) for each source type, using hourly meteorological data for 2019 from 
London Heathrow airport and a unit source strength of 1 g/s (point and jet sources), 1 g m− 3 s− 1 (volume sources) or 1 g km− 1 s− 1 (road 
sources) (Carslaw, 2023). The hourly meteorological data, which were recorded at a height of 10 m, included measurements of wind 
speed, wind direction, temperature, relative humidity, precipitation and cloud cover. Surface roughness at the meteorological station 
was assumed to be 0.2 m, with a value of 1.5 m assumed at dispersion sites, as recommended for large urban areas. The minimum 
Monin-Obukhov length required by ADMS was set at 100 m, again as recommended for large urban conurbations. These input pa
rameters allow estimation of boundary layer height, which in turn contributes to the parameterisation of the boundary layer structure 
in the creation of each kernel (Cambridge Environmental Research Consultants, 2016; Cambridge Environmental Research Consul
tants, 2020). 

Contributions from each source were summed onto a 20 m × 20 m horizontal grid, having adjusted for the relevant source strength. 
At distances of over 500 m from a receptor, sources were represented as shallow volumes of 1 km × 1 km horizontally, 2 m deep for 
sources below that height and 50 m deep for others. 

Within 500 m of receptors, road, rail, airport, gas combustion and shipping sources were treated in a more detailed way as 
explained below. Emissions on roads were represented as a series of 10 m-long road links, totalling approximately 2.4 million road 
sources up to and including the M25 ring road. Major road source kernels in London were classified into 217 types of road, according to 
street orientation, building height, street and road width within the ADMS-Roads Advanced Street Canyon Module (Cambridge 
Environmental Research Consultants, 2020). 

Gas combustion, also a substantial source of NOx in London, was represented spatially using points located at 50 m intervals 
throughout the minor road network and set back 20 m from the road. Separate dispersion kernels were created to release emissions at 
heights of 1 m (domestic), 30 m (small commercial premises) and 75 m (large commercial premises) with various release conditions, 
and diurnal and monthly emissions profiles derived from UK gas use statistics. (UK Department for Energy Security and Net Zero and 
UK Department for Business Energy and Industrial Strategy, 2024) 

Railway sources were treated similarly to roads but with a release height of 5 m, with the network split into 10 m sections. Aircraft 
sources were accounted for in detail at Heathrow Airport during approach, landing, taxiing, take off, initial climb and climb out. This 
was also done using individual sources 10 m apart. Accelerating aircraft were modelled as stationary jet sources, from the location of 
the start of ground-roll to the point at which the aircraft left the ground. The emissions were assumed to have a decreasing effect on 
ground-level concentrations with increasing height. Auxiliary power unit (APU) and engine testing emissions were represented as 
stationary point sources. 

Shipping emission dispersion was represented using four aggregated categories of vessel, with release heights of 5 m, 17.5 m, 30 m 
and 50 m. The emissions were released along the Thames river at a series of points separated by 20 m, having originally incorporated 
activity data provided by the Port of London Authority (PLA) in 2016, and scaled this to 2019 (Aether Ltd, 2017; Port of London 
Authority, 2022). 

Dispersion from large industrial sources was modelled using specific release conditions, including height, temperature and volume 
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Fig. 2. Newly created NOx speed-emissions curves for light-duty ICE vehicles, alongside those from COPERT. The plot is faceted by vehicle group, 
fuel type, Euro standard and size classification. 
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flow rate. Further information on the treatment of other source types is described in detail by Beevers et al. (Beevers et al., 2012). 
The model produces ground-level annual average concentrations of NOx and NO2 at 20 m horizontal resolution, allowing evalu

ation against 121 fixed-site monitors across the London Air Quality Network (LAQN), Heathrow Airwatch and Air Quality England air 
quality networks (Imperial College London, 2023; Ricardo Energy and Environment, 2023; Heathrow Airport Ltd, 2023). Monitoring 
stations in 2019 included 63 roadside, 12 kerbside, 39 background and 7 industrial sites. Concentrations at roadside and kerbside sites 
specifically were modelled at 5 m resolution to better represent the concentration gradient resulting from dispersion of road transport 
emissions. 

Fig. 3. Newly created NOx speed-emissions curves for heavy goods vehicles, alongside those from COPERT. The plot is faceted by vehicle group, 
Euro standard and size classification. Euro V curves (an aggregate of all Euro V vehicles measured) are compared to those of both EGR and SCR 
vehicles from COPERT. 
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2.7. Road emissions coverage 

The vehicles covered by new emissions factors accounted for 75.5% and 79.3% of NOx and primary NO2 emissions respectively in 
the LAEI2019, calculated using the updated COPERT factors. Sufficient measurements were not available for motorcycles, coaches or 
petrol LGVs, and new curves for these were therefore not created. Along with the other remaining vehicles, their emissions continued 
to be estimated with COPERT curves in the updated model run. 

3. Results 

The hot emissions curves generated are compared in this section to the corresponding COPERT v5.7 functions made available in the 
EMEP Guidebook at the time of writing. Before generating the figures presented, petrol cars with failed catalytic converters were 
accounted for according to the proportion of these in each successive Euro standard in London in the LAEI2019; revised curves were 
produced accordingly (Greater London Authority, 2021). Euro 6 diesel cars with a failed SCR system were accounted for analogously. 

Fig. 4. Newly created NOx speed-emissions curves for urban buses and London-specific buses, alongside those from COPERT. The plot is faceted by 
vehicle group, Euro standard and size classification. Euro V curves (an aggregate of all Euro V vehicles measured) are compared to those of both EGR 
and SCR vehicles from COPERT. 
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COPERT figures used for heavy vehicles in the comparison included the additional emissions predicted under cold operating condi
tions. The new curves produced are shown alongside those from COPERT through Fig. 2 to Fig. 4, across all speeds used in the model; 
the shading around each DUKEMS curve represents the 95% confidence interval. Although pre-Euro 4/IV vehicles’ emissions were 
updated in the model, for clarity they are omitted from the figures presented. Because of discontinuities in assumptions regarding cold 
emissions and capping of g/km rates above and below certain speeds, the COPERT functions are presented as line plots through each 
integer speed value rather than smooth curves. 

Differences between the new emissions curves and the corresponding COPERT curves, with units converted to g/km, are shown in 
Fig. 5, at three different speeds typical of urban, suburban and motorway driving respectively, with the upper and lower bounds of the 
95% confidence interval in each GAM fit also converted to g/km and shown by the vertical lines. The data presented in Fig. 6 show the 
impact of the new curves on the emissions, in tonnes across the modelled area in 2019; these impacts are broken down by vehicle 
subgroup and Euro standard. The larger contribution of Euro 5/6 vehicles to these discrepancies is in part owing to the relatively 
higher proportions of these in the fleet in 2019, compared to earlier Euro standards. 

3.1. Light-duty vehicle emissions 

New curves for Euro 6 a/b/c diesel cars show comparable NOx emissions rates to COPERT across the majority of the speed range. In 
the Euro 6-d phase, the new curves exceed those from COPERT across the whole speed range. Although the number of these vehicles 
present in 2019 was small (< 1% of cars and LGVs) and the impacts on emissions are therefore negligible, as shown in Fig. 6, the 
discrepancies will become more apparent when future year model runs are undertaken. Despite these discrepancies, the curves pro
duced for Euro 6-d diesel cars confirm the improvement relative to previous Euro standards, including the initial phases of Euro 6, and 
indeed to equivalent petrol cars at the typical urban speed; this is shown in the supplementary material. Petrol cars’ NOx emissions 
from Euro 4 onwards are shown to exceed those predicted by COPERT across all speeds, although these are still substantially lower 
than all but the most recent phase of Euro 6 diesel. 

There is a more complex picture for diesel LGVs, where the new curves predict substantially lower NOx emissions from Euro 6 a/b/c 
Class II/III vehicles than COPERT. This is also the case at the typical rural and motorway speeds for the Euro 5 and Euro 6-d Class II/III 
diesel LGVs. The new curves for smaller diesel LGVs (Class I), which make up a significantly smaller proportion of the fleet, are 
comparable to COPERT for Euro 6 a/b/c, but exceed COPERT for Euro 5 and Euro 6-d. 

While the discrepancies, both in terms of absolute g/km difference and ratio to COPERT, are smaller than many of those observed in 
certain categories of HGV and bus, the substantially larger contribution of light-duty vehicles to overall vehicle mileage in an urban 
area means the changes to their emissions curves have more of an impact on the model, as shown in Fig. 6. 

3.2. Heavy-duty vehicle emissions 

Some wide discrepancies between the new speed-emissions curves and those from COPERT are notable from Figs. 3 to 5. The largest 
absolute discrepancies across all example speeds are seen for Euro V articulated HGVs. However, given the high proportion of Euro VI 
HGVs already in the fleet in 2019, the discrepancies for Euro VI articulated HGVs have a larger impact on the emissions calculated in 
2019, as shown in Fig. 6. 

At the typical urban speed of 35 kph, the Euro VI 40–50 t articulated HGV exceeds the COPERT emissions rate by a factor of 3.2; the 

Fig. 5. Differences between new emissions curves and COPERT functions at typical speeds representing Urban, Rural and Motorway driving. The 
data are transformed to units of g/km for this comparison and are colored by Euro emissions standard. The 95% confidence interval in the GAM fit 
for each vehicle, also converted from g/s to g/km, is represented by the vertical lines – in some cases, these are too small to be clearly visible. 
Positive values indicate higher values for the new curves. 
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rigid HGV Euro VI vehicles exceed the COPERT emissions rate in three size classes (7.5–12, 20–26 & 28–32 t), by up to a factor of 1.8, 
but lower emissions rates are predicted in another two size classes (3.5–7.5 & 14–20 t). The rigid HGV plots within Fig. 3 show that 
some of the size classes demonstrate reasonably close agreement at lower urban speeds, when cold emissions rates are applied to any 
movement of the vehicles under 45 kph. Mixed results are also observed for London buses: at the typical urban speed the new curves 
give lower (ratio = 0.7) NOx emissions than COPERT for the single-decker Euro VI bus, but higher emissions for the hybrid double- 
decker bus (ratio = 1.3) which, given its prevalence in the fleet, has a larger impact on emissions in London. 

At the typical rural and motorway speeds of 80 and 110 kph respectively, large absolute discrepancies in g/km are observed among 
HGVs. The ratios to COPERT are particularly high among Euro VI vehicles, reaching as high as 18.6 at 80 kph and 24.6 at 110 kph. The 
comparison is not made for London buses other than at the urban speeds, since these vehicles do not typically travel at the higher 
average speeds used to compare on rural roads and motorways. A greater degree of uncertainty exists in the data provided by the 
remote sensing measurements, and therefore in the curves generated, at speeds above 80 kph, given the lack of remote sensing 
measurements made at these speeds; this uncertainty is explored further below. 

3.3. Emissions impact and sensitivity 

Table 1 shows the change in emissions by geographical zone in London upon adoption of the DUKEMS speed-emissions curves. The 
zones are mutually exclusive and represent the same zones used to represent vehicle fleet compositions in the LAEI; the areas they 
cover are illustrated in the supplementary material. 

There is an increase of 9.4 kt (36%) of NOx emissions throughout the modelled area, and a 1.2 kt (31%) increase in emissions of 
primary NO2, with the largest relative changes seen in more central areas; this is predominantly because of large relative discrepancies 
between the two sets of functions at the very low average speeds often observed in more congested areas. 

There is a greater degree of uncertainty in the data provided by the remote sensing measurements of HGVs, and therefore in the 
curves generated, at speeds above 80 kph. To evaluate the impact of this uncertainty, a separate emissions model was run using 
COPERT functions for these vehicles on road links with annual average speeds exceeding 80 kph. The results of this sensitivity test, 
relative to the run with DUKEMS curves used everywhere, are also presented in Table 1. 

The results show a minimal impact on most zones within London and a 4% decrease in NOx emissions overall relative to using the 
new curves everywhere. The largest impacts are on motorways, as shown by the effects on emissions on the M25. However, given the 
lack of monitoring sites located next to motorways and the slower average speeds observed throughout most of a densely populated 
urban area such as London, the impacts on the air pollution model evaluation are likely to be very small. 

Fig. 6. Difference in overall vehicle NOx emissions in 2019 (tonnes per annum) upon adoption of the new speed-emissions curves. Data are split by 
vehicle type and Euro standard, and represent the area up to and including the M25 orbital motorway. Positive values indicate higher emissions 
from the new curves. 
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Fig. 7. Scatter plots illustrating the relationship between measured and modelled annual average concentrations of NOx and NO2 in London in 
2019; the left panels show results with (uncorrected) COPERT emissions factors, while the right panels show the relationship when using DUKEMS 
emissions factors. The solid line shows a 1:1 relationship, while the dotted lines represent ratios of 0.5 and 2 between modelled and measured data. 
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3.4. Air pollution model results 

Fig. 7 and Table 2 show the air quality model performance using both updated DUKEMS emissions factors and those from COPERT 
for NOx and NO2. Annual average modelled concentrations are compared with those measured at 121 sites across the London area in 
2019, and model performance statistics generated using the openair R package (Carslaw and Ropkins, 2012). Equivalent scatter plots 
and model statistics, broken down by geographical zone, are presented in the supplementary material. 

The mean bias when using COPERT emissions factors in an uncorrected model is − 4.5 μg m− 3 for NO2 and − 14.5 μg m− 3 for NOx. 
With the incorporation of the new curves in the road transport component of the emissions inventory, these figures change to +0.5 μg 
m− 3 and + 0.9 μg m− 3 respectively. These changes equate to a reduction in the model’s normalised mean bias, from − 0.12 to +0.01 for 
NO2 and from − 0.18 to +0.01 for NOx. 

The mean gross error is reduced, partly owing to this bias correction. However, the degree of scatter does not improve in the same 
way, decreasing slightly for NOx. The percentage of sites with a modelled concentration within a factor of 0.5 and 2 of the measurement 
site (FAC2) remains at 100% for NO2, while for NOx this value increases from 96% to 99%, with some underpredicted roadside sites 
brought within the FAC2 range. The coefficient of efficiency (COE) rises from 0.39 to 0.41 and from 0.42 to 0.49 for NOx and NO2 
respectively, illustrating improved model performance; this is also shown by corresponding increases in values of the closely related 
index of agreement (IOA). 

4. Discussion 

While discrepancies observed for individual vehicle types are more notable among HGVs and buses, those observed among both 
petrol and diesel light-duty vehicles contribute more substantially to the air pollution model overall. The effect of light-duty vehicle 
emissions changes on the model evaluation is more pronounced than is shown in Fig. 6, given that HGVs spend proportionally more of 
their time on larger roads beyond central and inner areas, in which there is a larger density of monitoring sites. Despite much recent 
focus on diesel vehicles, updates to petrol cars’ emissions curves have a large impact on the model; this will become more important 
given ongoing trends away from diesel cars. 

The discrepancies among diesel vehicles, including light and heavy-duty, ought to be considered in the context of colder ambient 
temperatures in the UK relative to the majority of European countries. The remote sensing data were collected at a mean temperature 
of 13.8 ◦C and at a minimum of − 1 ◦C, and ambient temperatures below 20 ◦C have been shown to increase NOx emissions from diesel 
cars because of reduction in the capability or deactivation of the vehicle’s EGR system. Hausberger and Matzer reported that higher 
levels of condensation at lower ambient temperatures can severely compromise the system through processes including interlocking of 
the cooler or intake system, with the EGR rate reduced or deactivated in order to prevent damage (Hausberger and Matzer, 2017). A 
number of studies, using chassis dynamometer methods (Suarez-Bertoa and Astorga, 2018; Ko et al., 2017) and real-world mea
surements (Grange et al., 2019; Wærsted et al., 2022), have demonstrated such effects of ambient temperature. Using a Euro 6 light- 
duty diesel vehicle, Ko et al. reported NOx emissions at a 14 ◦C ambient temperature to be 2.5 and 2.8 times higher than those at 23 ◦C 
over the WLTC and NEDC respectively. These effects were even more substantial at the other test temperature of − 5 ◦C. The effects 

Table 1 
Road emissions of NOx and primary NO2 by geographical zone in London, using different sets of emissions factors.  

Location COPERT DUKEMS Sensitivity DUKEMS impact Sensitivity impact 

NOx (kt) NO2 (kt) NOx (kt) NO2 (kt) NOx (kt) NO2 (kt) NOx (%) NO2 (%) NOx (%) NO2 (%) 

Central 0.60 0.09 0.92 0.14 0.92 0.14 53% 65% 0% 0% 
Inner 6.15 0.91 8.48 1.25 8.47 1.25 38% 37% 0% 0% 
Outer 10.95 1.62 15.05 2.17 14.95 2.16 38% 34% -1% -1% 

External 3.33 0.48 4.41 0.62 4.30 0.61 32% 28% − 2% − 2% 
M25 5.00 0.86 6.52 1.02 5.33 0.87 30% 18% − 18% − 14% 
Total 26.02 3.96 35.38 5.20 33.96 5.03 36% 31% − 4% − 3% 

The sensitivity test was conducted using COPERT emissions factors for heavy vehicles on road links with average speeds of above 80kph, and DUKEMS 
emissions factors elsewhere. The final two columns show the change in emissions in the sensitivity test relative to the run using DUKEMS emissions 
factors. Areas represented by each zone are illustrated in the supplementary material. 

Table 2 
Model performance statistics for NOx and NO2 in London in 2019, with two different sets of road transport emissions factors.  

Pollutant Emissions Factors n FAC2 MB MGE NMB NMGE RMSE r COE IOA 

NOx 

COPERT 121 0.96 − 14.5 19.7 − 0.18 0.24 28.1 0.81 0.39 0.69 
DUKEMS 121 0.99 0.9 19.1 0.01 0.24 28.3 0.80 0.41 0.70 

NO2 

COPERT 121 1.00 − 4.5 5.9 − 0.12 0.15 8.1 0.86 0.42 0.71 
DUKEMS 121 1.00 0.5 5.1 0.01 0.13 7.0 0.86 0.49 0.75 

n = number of monitoring sites; FAC2 = fraction of predictions within a factor of 2; MB = Mean bias; MGE = Mean gross error; NMB = Normalised 
mean bias; NMGE = Normalised mean gross error; RMSE = Root mean squared error; r = Pearson correlation coefficient; COE = Coefficient of 
Efficiency; IOA = Index of Agreement. 
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were attributed to a decrease in the EGR valve open rate as temperature decreased, resulting from poor mixing of fuel and air, and 
reduced combustion efficiency and stability (Ko et al., 2017). Using the WLTC, Suarez-Bertoa and Astorga reported results consistent 
with those of Ko et al., through a comparison of ambient temperatures of − 7 and 23 ◦C across a group of five diesel vehicles (Suarez- 
Bertoa and Astorga, 2018). 

Impacts of ambient temperature on the vehicle fleet as a whole were identified by Wærsted et al., who used measurement data from 
2016 to 2019 at 46 roadside sites in Norway to generate an empirical NOx correction factor of 2.7 across their inventory for ambient 
temperatures of − 7 ◦C, relative to temperatures above 14 ◦C (Wærsted et al., 2022). 

In this study, the closer agreement with COPERT functions for Euro 6 diesel passenger cars, and the significantly higher emissions 
rates observed for Euro 3–5, may be explained by the results of Grange et al., who performed their analysis on some of the remote 
sensing dataset used in this study (Grange et al., 2019). They reported a weaker dependence on ambient temperature in Euro 6 relative 
to that in Euro 3–5. However, they also reported a very weak dependence of petrol vehicle emissions on ambient temperature, 
indicating that the discrepancies reported here among petrol cars are likely to be caused principally by other factors, such as 
underestimated degradation effects or a higher rate of failed catalytic converters than is being reported. 

The effects of ambient temperature on emissions rates, distinct from the cold start emissions also discussed, ought to be considered 
in future emissions inventories. These could be utilized even more effectively with finer temporal resolution in the inventory, with 
ambient temperature used as an extra variable when producing emissions curves from remote sensing data such as that used in this 
study. This would remove the need to smooth out such effects when producing a single set of curves for an annual emissions estimate, 
which currently leads to some uncertainty. 

The results indicate a large disparity between real-world emissions from Euro VI heavy vehicles and the curves currently rec
ommended by EMEP. While the absolute discrepancies are greater for some Euro V HGVs, the overall impact of Euro VI discrepancies is 
greater in the 2019 emissions inventory in London; this impact will become relatively larger in emissions inventories for subsequent 
years. 

The majority of the heavy vehicles whose measurements informed the production of the new speed-emissions curves were pre-Euro 
VI-D. The poor performance relative to that predicted by existing speed-emissions curves, and relative to the Euro VI standard, agrees 
with findings of Rodriguez, who summarised PEMS measurements of Euro VI HGVs (Rodriguez, 2020; Posada et al., 2020; Grigoratos 
et al., 2019). Notwithstanding the uncertainties at higher speeds, the results further highlight the poor performance of Euro VI HDVs 
under urban driving conditions. This is likely to be partly due to the well-documented decreased effectiveness of emission control 
systems under cold-start and low load operation (Rodriguez, 2020; Lyu et al., 2023). 

The results could indicate failure or malfunctioning of, or tampering with, SCR systems on many of the vehicles sampled, and 
therefore within the vehicle fleet as a whole, given the scale of the discrepancy with existing speed-emissions curves under urban 
driving conditions. Testing of one HDV by Transport and Environment and the University of Graz found NOx emissions 11 times higher 
than the Euro VI standard when the SCR system failed (Transport and Environment, 2021). The level of illegal tampering with HGVs, 
whereby the SCR system is turned off, is also something which has not been accurately quantified in the UK and will have a substantial 
impact on emissions from affected vehicles. Pöhler et al. conducted a plume-chasing campaign in Germany, Austria and Switzerland 
and reported that up to 25% of Euro VI HGVs may have been tampered with (Pöhler et al., 2019). Future emissions inventories would 
benefit from having an estimate of the scale of this problem. 

The effectiveness of further iterations of the Euro VI standard cannot yet be evaluated using remote sensing data owing to limited 
data gathered since their implementation, but the recent inclusion of cold start testing in Euro VI-E is likely to have improved the new 
vehicles’ performance (Rodriguez, 2020). A limited number of measurements from Euro VI heavy vehicles registered after 2018 have 
shown significantly lower emissions than prior iterations (approximately 60% lower). While this will have had minimal impact in 
2019, such differences will be critical when using the data for future projections, and detailed policy scenario modelling for future 
years ought to include the latest data available. 

The removal of the capping of the speed-emissions curves, at speeds below the typical thresholds of 5 kph and 10 kph as used in 
COPERT, resulted in some large increases in emissions on some links with very low average speeds in London. These low average 
speeds are rare, but do exist in very congested urban centres, particularly during the morning and evening peaks. Of the nearly 80,000 
road links used in the model, 1.2% had at least one annual average hourly speed lower than the 5 kph threshold; however, none of these 
links were adjacent to a roadside or kerbside monitoring site location, so the performance of the model regarding this specific change 
could not be fully evaluated. 

The results confirm that, despite discrepancies with COPERT, the newest (Euro 6-d) diesel cars and LGVs are performing sub
stantially better than their predecessors with regard to NOx, with lower emissions than the equivalent petrol vehicles at typical urban 
driving speeds. However, the fact that their primary NO2 emissions remain substantially higher in comparison to the petrol vehicles 
means that they will still contribute disproportionately to roadside NO2 concentrations. 

The model performance upon adoption of the new speed-emissions curves, as shown in Fig. 7 and Table 2, is greatly improved when 
compared with that when using the COPERT curves currently recommended by EMEP. While the model’s bias is greatly reduced, there 
is not a significant reduction in scatter; it is important to stress that the degree of scatter will always be difficult to control given other 
assumptions in the model, in addition to the uncertainties in the emissions factors discussed. The model necessarily simplifies the 
dispersion in what are in reality very complex environments; each road link also in reality has unique characteristics including vehicle 
fleet composition and traffic flow behaviour, which the zonal fleet compositions, annually averaged traffic and speed data available 
ultimately cannot fully capture. 
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4.1. Uncertainties 

Average speed is a relatively poor predictor of emission rate, with the absolute range of uncertainty in predicted emission rates 
growing at higher average speeds. Future emissions inventories would benefit from the presence of other metrics measured at road link 
level which better quantify driving behaviour and typical vehicle-specific power. There is an opportunity for emerging datasets 
involving GPS tracking of vehicles to improve emissions inventories by removing the dependence on average speed as a predictor, if 
there was sufficient coverage across roads within an urban area. Road links represented in urban emissions inventories are typically bi- 
directional, with one average speed assumed for both sides of the road. Given the disparities in emissions observed under acceleration 
and deceleration at a given average speed, further work could improve emissions estimates by better characterizing levels of accel
eration and deceleration on such road links, while making use of the same dataset used in this study. 

Further work could benefit from more specific measurements from different bus technologies; there is uncertainty around the 
assumptions on hybrid buses, and within the subset of hybrid buses, emissions rates are complex (Phantawesak et al., 2022). 

The lack of sufficient measured data from coaches, petrol LGVs, and for several weight classes of articulated HGV, meant new 
curves were not fitted for these; further iterations would benefit from more measurements from these vehicles. 

Cold start emissions from light-duty vehicles were accounted for in addition to the curves used, since the remote sensing mea
surements were assumed to represent hot emissions only. Any measurements of light-duty vehicles which represented emissions under 
cold start conditions will have contributed to an overestimation in emissions by the new methods. With regard to the cold emissions 
rates from heavy vehicles estimated using the COPERT functions, the proportion of time spent under these operating conditions, 
having been set at 100% on road links below the speed threshold, could be overestimated; if so, the discrepancies with the new speed- 
emissions curves would increase further at these speeds. 

The application of the remote sensing data to future projections has more uncertainty associated with it, given that the mea
surements were made from 2017 to 2022 and therefore accounted for the degradation observed in the respective euro standards over 
that period. Older vehicles persisting in the fleet would be expected to degrade further in future years and consequently have higher 
emissions; this further emphasises the need for ongoing measurement campaigns to monitor the effects of degradation on more 
recently registered vehicles. 

5. Conclusions 

This study has demonstrated a methodology for development of speed-emissions curves using remote sensing data and available 
vehicle drive cycles, incorporating new data including that from heavy vehicles. Crucially, it has also now been demonstrated that 
these can be applied in a detailed emissions inventory and led to substantially improved air pollution model performance. NOx 
emissions from road transport increased by 36% across the whole model area, leading to the normalised mean bias in the model 
reducing from − 0.18 to +0.01 for NOx and  − 0.12 to +0.01 for NO2. The correction of the bias in the air pollution model furthers the 
case for the adoption of such curves in national and city-level emissions inventories. This would lead to revision of NOx emissions 
budgets when evaluating compliance with the NEC Directive, and could greatly improve future model predictions as well as providing 
more accurate data for health-related exposure studies. The discrepancies between the new curves and the existing ones highlight a 
challenge for manufacturers and policymakers in continuing to reduce NO2 concentrations at urban roadside locations with existing 
vehicle technologies, particularly in colder climates. Adoption of the new curves would better enable the development of new and 
specific policies to focus on mitigating the impact of particularly polluting vehicles. 

Further revisions to these curves are recommended, to account fully for further iterations to Euro standards and test procedures, as 
well as vehicle degradation and the effects of ambient temperature, which will have varying impacts in different countries. National- 
level inventories, which will be influenced more by motorway driving, would benefit from further remote sensing data measured at 
high speed from heavy-duty diesel vehicles. These steps will all be important in evaluating the effectiveness of net-zero emissions 
targets, as well as Clean Air Zones such as those recently implemented in the UK, on reducing air pollution in years to come. 
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