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ARTICLE INFO ABSTRACT

Handling Editor: Xavier Querol The promotion and growth in the use of diesel fuel in passenger cars in the UK and Europe over the past two
decades led to considerable adverse air quality impacts in urban areas and more widely. In this work, we
construct a multi-decade analysis of passenger car emissions in the UK based on real driving emissions data. An
important part of the study is the use of extensive vehicle emission remote sensing data covering multiple
measurement locations, time periods, environmental conditions and consisting of over 600,000 measurements.
These data are used to consider two scenarios: first, that diesel fuel use was not promoted in the early 2000s for
climate mitigation reasons, and second, that there was not a dramatic decline in diesel fuel use following the
Dieselgate scandal. The strong growth of diesel fuel use coincided with a time when diesel NOx emissions were
high and, conversely, the strong decrease of diesel fuel use coincided with a time when diesel vehicle after-
treatment systems for NOy control were effective. We estimate that the growth in diesel car use in the UK re-
sults in excess NOyx emissions of 721 kt over a three decade period; equivalent to over 7 times total annual
passenger car NOy emissions and greater than total UK NOy emissions of 681.8 kt in 2021 and with an associated
damage cost of £5.875 billion. However, the sharp move away from diesel fuel post-Dieselgate only reduced NOy
emissions by 41 kt owing to the effectiveness of modern diesel aftertreatment systems.
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1. Introduction active promotion of diesel fuel in many countries (Dornoff and Rodri-

guez, 2019). Furthermore, diesel vehicles are significant contributors to

1.1. Policy context

Exhaust emissions from road vehicles are a dominant source of
ambient air pollution, particularly in densely populated urban envi-
ronments. The proximity of road vehicles to the general population,
particularly in urban areas, is a continued cause for concern given the
myriad of health and wider environmental impacts associated with
traffic-related air pollution (Hoek et al., 2013; Bell et al., 2011; Anen-
berg et al., 2019). Over the past two decades the contribution of die-
sel-fuelled vehicles to adverse air pollution has been of particular
concern. For light duty vehicles in the early 2000’s, diesel fuel offered
fuel-efficiency and carbon (25 — 29% lower CO, emissions) advantages
over gasoline (Sullivan et al., 2004). Whilst technology advancements
and trends in passenger car characteristics (engine size, vehicle mass
etc.) have since reduced this advantage, it’s presence still resulted in the

the emission of important air pollutants such as fine particulate matter
(PM; 5) and nitrogen oxides (NOy).

With respect to emissions of NOy, the principal concern from a
human health perspective is related to concentrations of nitrogen di-
oxide (NO), which resulted in the development of ambient limits in
Europe and elsewhere (European Council, 2008). The current limit for
annual mean NO,, concentrations in Europe is 40 pg m~>, which has been
widely exceeded across many European countries for the past two de-
cades. However, the evidence surrounding the adverse health effects
associated with NOy exposure has grown stronger over recent years,
prompting the World Health Organisation (WHO) to recommend an
annual mean guideline of 10 pg m3 (WHO, 2021). Elevated concen-
trations of NO; are of particular concern to local air quality and espe-
cially in urban environments where there is close proximity of vehicular
emissions to large populations. For this reason, cities across the UK and
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Europe have adopted mitigation measures such as low emission zones
that seek to reduce emissions and concentrations of NO, and other
traffic-related air pollutants, e.g., the Ultra Low Emission Zones in
London, Paris, and Milan (Transport for London, 2023; République
Francais, 2022; Comune di Milano, 2023).

Emissions of NOy also contribute to significant wider environmental
damage. For example, NOy is a key precursor in the formation of sec-
ondary particulate matter (PM) and tropospheric ozone, both of which
are associated with a range of adverse health and environmental impacts
(Ngatia et al., 2019; Selman and Greenhalgh, 2010; Kroll et al., 2005;
Ebi and McGregor, 2008). It is for these reasons that the past few de-
cades has seen an increase in policy designed to mitigate the multiple
impacts of NOy and other pollutants. At a national level in Europe, total
emission limits have been set as part of The National Emissions Ceiling
Directive (NECD), which sets annual pollutant emission ceilings for
member states for a range of pollutants such as PM; 5, Volatile Organic
Compounds (VOCs) and NOy (European Environment Agency, 2015;
European Environment Agency, 2022).

The promotion of diesel passenger cars in the UK corresponds to the
time period between 2001 to 2015 during which company car tax (CCT),
a benefit in kind tax applied to vehicle sold commercially, and vehicle
excise duty (VED), a tax levied on vehicles for use on public roads, were
restructured based on a vehicle’s reported carbon dioxide (CO2) emis-
sions (UK Government, 2023; HM Treasury, 2000). These policies,
which were initially introduced for CO, reduction and climate change
mitigation reasons, provided a financial incentive to purchase a diesel
car over one powered by gasoline. A combination of the restructured
CCT and VED policies resulted in new diesel passenger car registrations
increasing by 38% in one year from 2001 to 2002, and the total number
of diesel passenger cars licensed in the UK increasing by a factor of 3
from 2001 to 2015 (UK Goverment Asset Publishing Service, 2018).
Whilst the air quality drawbacks associated with diesel fuel emissions
were generally well understood at the inception of the restructured CCT
and VED policies, CO; reduction and climate mitigation reasoning took
precedence, and full consideration was not given to the air quality im-
plications of the adoption of diesel technology on a mass scale (HM
Treasury, 1998). The significant increase in diesel car use was more
generally observed across Europe (Cames and Eckard, 2013).

Following the 2015 ‘Dieselgate’ scandal, diesel passenger car sales in
the UK plummeted (the ‘demise’ of diesel fuel). The scandal was directly
associated with emissions of NOy and the discovery of deliberate
tampering that led to excess emissions. In 2017 VED was further
restructured such that only the first year of the tax was calculated based
on reported CO, emissions, before a fixed annual rate is applied for all
internal combustion engines (ICE) powered passenger cars. This change
removed much of the financial incentive to own a diesel vehicle, and
when combined with the growing negative reputation of the fuel,
resulted in the share of new diesel passenger car registrations falling
from 48.3% in 2015 to 7.7% in 2022 (Department for Transport, 2022c).

1.2. Passenger car vehicle emissions

Passenger car tailpipe emissions have been regulated in the UK ac-
cording to the European Type Approval emission standards (Euro stan-
dards) since 1992 (European Union Law, 1991; European Commission,
2022). Vehicle Type Approval is a Conformity of Production (CoP)
process that all passenger cars must undergo before being eligible for
sale in the UK (Vehicle Certification Agency, 2022). Early Euro stan-
dards were enforced during Type Approval through predefined testing
methods (drive cycles) under standardised laboratory conditions, with
emissions limits set for each pollutant. Over the following three decades
Euro standard emission limits and testing methods have become
increasingly stringent, and now extend from ‘Euro 1’ (1992) to ‘Euro 6d’
(2021) for passenger cars. The current Euro 6d standard regulates the
exhaust emission of carbon monoxide (CO), hydrocarbons (HC), NOy,
and PM, measured as the amount of pollutant emitted per unit distance
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travelled (gkm™1); a CO, emission factor is also reported in gkm™! and
used to determine the VED rate (European Union Law, 2016). Different
pollutant limits are set for diesel and gasoline fuels, Table 2 in the
supporting information shows the pollutant emissions limits for each
fuel type and Euro standard. In order to address the progressively
demanding emissions limits, vehicle manufacturers have developed a
variety of exhaust aftertreatment system strategies.

Gasoline passenger cars have used the three-way catalyst for emis-
sions control in Europe since the early 1990s due to the introduction of
the Euro 1 standard (Westerholm et al., 1996; European Commission,
2022). The three-way catalyst has remained the aftertreatment system
used by gasoline vehicles since this time but has been refined alongside
developing Euro standards. By contrast, the technology used in diesel
passenger cars has greatly evolved since the early 1990s as shown in
Fig. 1. The principal technologies used to control diesel passenger NOy
emissions include exhaust gas recirculation (EGR), diesel oxidation
catalysts (DOCs), and diesel particle filters (DPFs). EGR routes exhaust
gases back into the combustion chamber, lowering combustion tem-
peratures and reducing emissions of NOy (Zheng et al., 2004). DOCs
facilitate the high temperature conversion of CO and HC into CO, and
water, as well as oxidising NO to NO., the latter of which is necessary for
the use in other forms of aftertreatment (Twigg, 2005). DPFs physically
capture exhaust particulate matter during engine operation before oxi-
dising stored material into CO,. A major milestone in the reduction of
NOy emissions from diesel passenger cars was the introduction of se-
lective catalytic reduction (SCR) and lean NOy traps (LNTs) that were
designed specifically to control NOy emissions. These technologies were
introduced on a mass scale following the increasingly stringent NOy
emissions limits that accompanied the Euro 6 standards (2014) for diesel
passenger cars.

As aresult of technology improvements, diesel passenger car exhaust
systems have become increasingly complicated, often comprising a
combination of different aftertreatment components. Successful vehicle
emission control therefore presents a significant engineering challenge
for vehicle manufacturers. To ensure that passenger cars continue to
meet emissions limits across a range of operating parameters the Euro 6
standards introduced real driving emissions (RDE) testing, during which
vehicle emissions are measured using portable emissions measurement
systems (PEMS) under real driving conditions. The introduction of RDE
testing greatly expedited the integration of SCR and LNT systems, which
were required to meet the lowered NOy emission limits outside of
traditional laboratory testing. Whilst RDE legislation was under devel-
opment prior to Dieselgate, the occurrence of the scandal increased
awareness of passenger car NOy emission issues and likely accelerated
implementation of the policy (ICCT, 2017; Commission, 2016).

Vehicle emission remote sensing is an unobtrusive way of measuring
emissions from vehicles under real driving conditions, which has been
extensively described elsewhere (Bishop and Stedman, 1996; Burgard
et al., 2006; Carslaw and Rhys-Tyler, 2013). The instrumentation is
deployed on the roadside. Individual measurements are less than 1 s in
duration and the measured emissions represent a single driving condi-
tion. However, a very large number of vehicles can be measured in a
short period of time, allowing for measurements to be aggregated (e.g.,
by fuel type, vehicle category, Euro class) and used to provide detailed
emissions behaviour insight over a range of driving and ambient
conditions.

1.3. Objectives

The aim of this paper is to quantify the impact of the promotion of
diesel fuel usage in passenger cars on emissions of important air pol-
lutants at a UK level, with a specific focus on the emission of NOy. We
also aim to quantify the impact of the rapid move away from diesel fuel
on passenger car emissions in the wake of the Dieselgate scandal. An
important aspect of our analysis is the use of real driving emissions of
NOy and other pollutants based on comprehensive vehicle emission
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Fig. 1. Timeline of diesel passenger car Euro standards, laboratory and road testing methods, and aftertreatment technology adoption. ATS Technology = After-
treatment Technology System technology. NEDC = New European Drive Cycle; WLTP = Worldwide Harmonised Light Vehicle Test Procedure; RDE = Real

Driving Emissions.

remote sensing measurements. The vehicle emission remote sensing
data are used to construct a timeline of passenger car emissions over
three decades, which is then used to evaluate the air quality impacts
associated with the promotion and demise of diesel fuel. The results are
compared with the UK National Atmospheric Emissions Inventory
(NAEI) emissions to put their impacts into context and the wider im-
plications for urban and regional air quality discussed.

2. Data and methods
2.1. Instrumentation

The measurements in this work were made with two remote sensing
systems: the Fuel Efficiency Automobile Test (FEAT) research instru-
ment supplied by the University of Denver and the commercially
available Opus AccuScan RSD 4600/5000 (University of Denver, 202.3;
Opus Inspection, 2023). Vehicle emission remote sensing instrumenta-
tion consists of three fundamental components: a spectroscopic unit for
the measurement of exhaust gases, apparatus for measuring vehicle
speed and acceleration, and a camera for photographing vehicle regis-
tration plates.

Both systems operate perpendicular to the flow direction of a single
lane of traffic and utilise collinear open-path infrared (IR) and ultravi-
olet (UV) spectroscopy. A remote sensing observation, which includes
the emission measurement, speed and acceleration measurement, and
registration plate photograph, is made whenever the collinear light
beam is obstructed by a passing vehicle. 100 spectroscopic measure-
ments are taken of each exhaust plume in half a second and emission
values are reported as molar volume ratios to CO», eliminating the
variation associated with vehicle position and exhaust plume dispersion.
All observations are preserved regardless of measurement validity,
which is important for deriving information about the vehicle fleet
composition.

The FEAT instrument measures carbon monoxide (CO), carbon di-
oxide (COy), hydrocarbon (HC), and a background reference using four
non-dispersive IR detectors, whereas ammonia (NH3), nitrogen oxide
(NO) and nitrogen dioxide (NO3) measurements are obtained using two

separate dispersive UV spectrometers. An extensive description of the
development and operation of the FEAT instrument, as well as a detailed
comparison of the two remote sensing systems is available in the liter-
ature (Burgard et al., 2006; Bishop and Stedman, 1996; Rushton et al.,
2018).

2.2. Data description

The remote sensing data set used in this work combines information
from measurement campaigns conducted at 77 sites across the UK be-
tween 2012 and 2022. To ensure safe instrument operation and maxi-
mise measurement validity, data was collected during only dry, daylight
hours (0800 to 1800 h). The ambient temperature throughout the
measurement campaigns ranged from —1 to 29 °C with a mean tem-
perature of 14 °C.

The specific vehicle information for each remote sensing observation
was obtained by cross-referencing the registration plate photographs
with vehicle technical databases. These data were supplied by CDL
Vehicle Information Services Limited, who retrieved information from
the Driver and Vehicle Licensing Agency and the Society of Motor
Manufacturers and Traders Motor Vehicle Registration Information
System. All measurements were assigned technical information relating
to the fuel type, emission standard and registration date of the vehicle.
Additional vehicle information was matched to approximately 70% of
vehicles and included details on the manufacturer, vehicle dimensions
and vehicle mass.

A total of 604,435 measurements of Euro 2 to 6 passenger cars are
contained within the data in five different fuel classes: diesel vehicles,
gasoline vehicles, gasoline full-hybrid electric vehicles (FHEV), gasoline
plug-in-hybrid electric vehicles (PHEV), and electric vehicles — other
fuel types were not measured in sufficient numbers to include in this
analysis. For the evaluation of passenger car fleet composition trends all
measurements were used, regardless of the validity of the emissions or
speed/acceleration data, or the presence of additional technical infor-
mation; this was essential for ensuring that the composition information
derived from the remote sensing data was an accurate representation of
the on road vehicle fleet. The calculation of distance based emission
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factors requires valid emissions and speed/acceleration data, as well as
additional technical information Davison et al., 2020). Therefore only
observations with a complete measurement profile were used. 56 % of
measurements were used to derive emission factors for CO and HC, 49 %
of measurements were used to derive emission factors for NOy, and 34 %
of measurements were used to derive emission factors for NHs. The
lower proportion of valid NH3 emissions measurements resulted from
issues with instrument calibration. A statistical summary of the data set
and the subsets used for emission factor calculation is provided in
Table 1.

2.3. Emission factor calculation

The conversion of remote sensing pollutant molar volume ratios to
CO4, into fuel-specific emission factors (mass of pollutant emitted per
mass of fuel consumed in gkg™!) is straightforward, and relies on stoi-
chiometric assumptions about the composition and combustion of hy-
drocarbon fuels. This methodology has been described in detail
elsewhere (Bishop and Stedman, 1996; Burgard et al., 2006). Whilst
fuel-specific emission factors are often reported directly, their distance-
based equivalents (mass of pollutant emitted per unit distance travelled
in gkm™!) are more versatile, and can be compared to the emission
factors generated during vehicle type approval, as well as those used for
emission inventory development. Distance-based emission factors were
calculated from the remote sensing data using a method developed by
Davison et al. (2020), a brief overview of which is provided here.

For each remote sensing observation, a physics-based approach was
applied to calculate vehicle specific power (VSP) in kW t™! from a
combination of the speed and acceleration measurements as well as the
vehicle technical information. Road load and aerodynamic drag co-
efficients provided by Davison et al. (2020) were also used in this
calculation. Next, fuel consumption in kgs~! was determined based on
the linear relationship with VSP derived from the passenger car and
heavy-duty emissions model (Hausberger, 2003). The parameters used
in this model were based on Euro 5 and 6 vehicles, therefore the fuel
consumption for Euro 2 to 4 vehicles was increased by 5 % to approxi-
mate poorer fuel efficiency. Fuel consumption values for gasoline hybrid
vehicles, which comprised 2 % of the remote sensing measurements,
were reduced by 30% to approximate improved fuel efficiency resulting
from electric power train utilisation (Farren et al., 2021).

The fuel-specific emission factors from remote sensing measure-
ments were then combined with the corresponding modelled fuel con-
sumption values to generate time-specific emission factors (mass of
pollutant emitted per unit time in gs~1). Next, the time-specific emission
factors were aggregated and mapped to 1 Hz drive cycle data obtained
from portable emission measurement system (PEMS) measurements,
undertaken by the UK Department for Transport. The PEMS data

Table 1
Statistical summary of the remote sensing data set and subsets.
Characteristic All  CO & HC NH3 NOy
# measurements 602280 321073 194544 281188
Diesel (%) 45 45 48 46
Gasoline (%) 51 52 50 52
FHEV (%) 3 2 2 2
PHEV (%) 0.5 0.3 0.2 0.3
EV (%) 0.5 0 0 0
Euro 2 (%) 2 1 1 1
Euro 3 (%) 13 11 12 9
Euro 4 (%) 24 23 25 22
Euro 5 (%) 30 33 35 33
Euro 6 (%) 31 32 27 35
Mean speed (kmh’l) 36.1 36.04 36.13 36.26
Mean acceleration (kmh 's™1) 1.22 1.33 1.44 1.36
Mean vehicle specific power (kW 8.73 8.49 8.49 8.49
t™h
Mean temperature (°C) 14.54 14.37 14.61 14.14
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contained 4243 km of ‘real-world’ urban, rural, and motorway driving,
with individual test lengths ranging from 70.4 to 78.1 km. Further
description of these drive cycles, as well the full details of this approach
are described extensively in Davison et al. (2020).

Distance-based emission factors were calculated as the sum of the
modeled 1 Hz time-specific emission factors divided by the total distance
over 58 drive cycles. The output of this method was a distance-based
emission factor for each vehicle model year and fuel type derived
directly from on-road remote sensing measurements, reflecting a wide
range of real driving conditions. The method has been evaluated and
compared with the UK national inventory, which demonstrated carbon/
energy balance within 1.5% when calculating total UK passenger car
emissions (Davison et al., 2021).

2.4. Timeline construction

To evaluate UK passenger car emissions trends, a distance-based
emission factor timeline was constructed as a function of vehicle
model year for each measured pollutant. Model year was defined as the
year in which a passenger car was first registered in the UK, obtained
from the vehicle technical information. Remote sensing measurements
were grouped by model year before the ratio of different fuel types was
calculated for each group (excluding electric vehicles which do not
produce exhaust emissions). This information was combined with the
corresponding individual fuel type distance-based emission factor data
to generate an average gkm ! value for each vehicle model year.

A major advantage of this approach is that it enables retrospective
analysis of multi-decade emission trends predating the remote sensing
measurement period (2012 to 2022). In this work, the data contained
sufficient vehicle measurements to construct emissions timelines for
diesel and gasoline vehicles with model years between 1998 to 2022,
gasoline FHEV vehicles with model years between 2006 to 2022, and
gasoline PHEV vehicles with model years between 2015 to 2022. The
exact number of measurements available for each model year and fuel
type can be found in the supporting information. For the model years
2020, 2021, and 2022, no valid NH3 measurements were reported as a
result of an instrument calibration fault. To complete the emission factor
data, the mean of the NH3 distance-based emission factor for the model
years 2017, 2018, and 2019 (Euro 6 vehicles) was calculated and
applied to the missing period.

2.5. Scenario development

The NOy emission impact of the promotion and decline of diesel
passenger cars in the UK was assessed through the development of three
scenarios, for each of which a NOy emission factor timeline was con-
structed. ‘Business as Usual’ (BAU) was defined as the baseline scenario,
and average NOy emission factors were derived from unmodified remote
sensing emissions and fuel type composition data. A ‘No Diesel Promo-
tion’ (NDP) scenario was constructed in which the fuel type composition
data was adjusted such that the ratio of diesel and gasoline passenger
cars remained unchanged from the mean value of the years 1998 to
2000. In this case unmodified individual fuel type emission factor data
were used, such that any differences in the scenario NOx emission
timelines were a direct result of the fuel type composition changes.
Similarly, a ‘No Diesel Demise’ (NDD) scenario was constructed in which
only the post 2015 model year fuel type composition data was adjusted
such that the ratio of diesel and gasoline vehicles remained unchanged
from the mean value of the years 2013 to 2015. A visualisation of the
adjustments made to fuel type composition as a function of model year
for each scenario is presented in Fig. S1. Only the ratio of diesel and
gasoline vehicles was adjusted in the NDP and NDD scenarios, the pro-
portion of the total of these fuel types combined (diesel + gasoline) to
the total proportion of hybrid vehicles (gasoline FHEV + gasoline
PHEV) was unchanged, as were the individual proportions of each
hybrid vehicle type.
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2.6. Lifetime emission calculation

To further understand and contextualise the average NOy emission
factor values developed for each scenario, the data were combined with
new passenger car registration and average annual mileage information.
Total lifetime NOy emissions from all passenger cars registered between
1998 to 2023 were calculated for each scenario, such that they could be
dis-aggregated into annual values and compared.

First, the average operational life span of a passenger car in the UK
was assumed to be 14 years (SMMT, 2022). Because the data for each
scenario contained information for vehicles registered between 1998 to
2022, the time period over which lifetime NOy emissions were calcu-
lated was 1999 (the year all 1998 model vehicles had been registered),
to 2036 (the year all 2022 model vehicles had reached the end of their
assumed lifespan). For each vehicle model year between 1998 and 2022
in each scenario a total fleet NOy emission factor (kt km’l) was calcu-
lated to be the product of the corresponding average passenger car NOy
emission factor (gkm™') and the number of new annual passenger car
registrations. From here, these values were multiplied by annual average
total passenger car mileage data (km) for the years 1999 to 2036
yielding total NOy emissions for each year (kt). Finally, the total NOy
emission values for each year between 1999 to 2036 were combined to
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3. Results and discussion
3.1. Vehicle emission trends

Passenger car distance-based (gkm™') emission factors for CO, HC,
NHjs, and NOy are shown by fuel type and model year in Fig. 2. The range
of calculated emission factors are consistent with those reported in the
literature (Davison et al., 2020). For the pollutants that are regulated
during passenger car Type Approval, the calculated emission factors
align closely with the corresponding range of Euro standard emissions
limits displayed in Table 2. It should be noted that the trend in NOy
emissions from diesel cars includes the effect of hardware and software
fixes on UK vehicles in the wake of the Dieselgate scandal. The effect of
these fixes, which are implicit in the remote sensing measurements,
were calculated to be a 30-36% reduction in NOy affecting 1.6 and 2.0
litre Volkswagen Group diesel passenger cars (Grange et al., 2020).

Overall, a steady decrease in emission factors with increasing model

Table 2
European passenger car (Euro) standard emissions limits from Euro 1 (‘E1’) to
Euro 6 (‘E6).

produce an overall NOy emission value (kt) for each year between 1999 Distance-specific emission (gkm ') #km™)
to 2036 for each scenario. Summing all annual overall NOy amounts Date co HC HC + NO, NO, PM PN
within the three scenarios yielded a total lifetime NOy emission value for Gasoline
each. El 1992 272 — 097 — — -
Annual new passenger car registration data were obtained from the E2 1996 2.2 — 0.50 — — —
DT (Department for Transport, 2022b) and Northern Ireland Statistics E3 2000 230 02  — 015 — —
and Research Agency (Northern Ireland Statistics and Research Agency, Eg 2882 1'88 8'1 - g'gz ;005 -
2022), and annual average total passenger car mileage information was E6 2014 1.00 01 B 0.06 0.005 6_>< 101
acquired from the National Travel Survey (Department for Transport,
2022a). For the years 2023 — 2036 the annual average total passenger Diesel
car mileage was assumed to be the mean of the years 2017, 2018, and El 1992 272  _ 0.97 _ 0.140  —
2019, which preceded the COVID-19 pandemic, during which travel E2 1996 1.00 — 0.90 — 0.100 —
restrictions reduced annual passenger car mileage. E3 2000 064  — 0.56 050  0.050 —
E4 2005 050 @ — 0.30 0.25 0.025  —
E5 2009 050  — 0.23 0.18  0.005 6 x 10"
E6 2014 050 @ — 0.17 0.08  0.005  6x 10"
2.5
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Fig. 2. Passenger car distance-based emission factor values (gkm™!) for diesel, gasoline, gasoline FHEV, and gasoline PHEV vehicles as a function of model year

(1998 to 2022), for CO, HC, NH;, and NO.
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year is observed for all pollutants and fuel types. This trend is primarily
attributed to continually improving internal combustion engine and
exhaust aftertreatment technology, driven by increasingly stringent
emission standards and testing methods. It is, however, important to
consider that earlier-model passenger cars are older at the time of
measurement, and the deterioration of these vehicles is likely to
partially influence this observed trend. Vehicle model years before 2012
(the beginning of the remote sensing measurement period) were
measured at an age that is equal to the difference between the mea-
surement date and that of the vehicle’s registration. Whilst age is not a
direct measure of accumulated vehicle usage and deterioration, these
variables can be assumed to be correlated. The effect of passenger car
deterioration on pollutant (CO, NH3, NOy) emission factors has been
previously derived from remote sensing data and reported in the liter-
ature (Davison et al., 2022). It is likely that the impact of the reported
deterioration rates on the results of this work would be small. However,
it is important to acknowledge the contribution of this factor towards the
trends seen in Fig. 2, and recognize the limitations of the data. For
passenger cars registered after 2012, the remote sensing measurement
period spans their entire operational lifetime (up to and including
2022), and thus the data set contains measurements of these vehicles
across a range of ages and conditions, reducing the influence of deteri-
oration on the results.

The diesel emission factor values differ considerably from those of
gasoline across all pollutants in Fig. 2, with the disparity being partic-
ularly prominent for NHs and NOy. Gasoline NH3 emissions were 0.025
t0 0.078 gkm~! higher than those of diesel fuel, which can be attributed
to NH;3 formation in the three-way catalytic converter systems fitted
exclusively to gasoline fuelled passenger cars (Tagliaferri et al., 1998;
Heeb et al., 2006). The increase in the NH3 emission factors for the 2019
model year is likely a statistical result arising from the low number of
measurements for 2019 vehicles, owing to the missing ammonia remote
sensing data from 2020 on-wards (Section 2.4). Conversely, NOy emis-
sion factor values for diesel were 0.057 to 0.926 gkm™! higher than
those of gasoline. The rapid decline in the diesel NOx emission factor
from 0.635 gkm ™! in 2015 to 0.182 gkm™! in 2022 (71.4%) corresponds
to the introduction of NOy specific exhaust after-treatment systems (SCR
and LNT), adopted for diesel passenger cars to meet Euro 6 NOy limits
and on-road vehicle emission testing methods; see Fig. 1.

From the remote sensing data it is also possible to summarise in-
formation about changes in the fuel composition of a given property of
the passenger car fleet as a function of model year. Fig. 3 presents the
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change in vehicle fuel type share from 1998 to 2022. In both the left
combined plot panel and the right diesel plot panel the rise and subse-
quent decline of diesel fuel with increasing passenger car model year is
apparent. From the model year 2001 to 2015 the share of new diesel
registrations increased from 24.3% to 54.2%, before decreasing to
16.1% for the model year 2022.

The fuel-share statistics are generally consistent with statistics from
the UK Department of Transport, which report the share of new diesel
passenger car registrations to be 17.8%, 48.2%, and 11.5% for the model
years 2001, 2015, and 2021 (the most recent year for which data are
available) respectively (Department for Transport, 2022c). A distinct
benefit of the remote sensing data is the direct measurements of vehicles
in-use. Only passenger cars that are being actively driven will be
measured by remote sensing, and so the resulting data set reflects the on-
road vehicle fleet, as opposed to the total registered vehicle fleet rep-
resented in the DfT statistics. Diesel cars have higher annual mileage
compared with gasoline cars, so their relative share is inflated in the on-
road vehicle fleet compared to DfT statistics (Department for Transport,
2022a). However, remote sensing measurements are typically collected
in urban areas, where there are fewer diesel vehicles compared to rural
and motorway, which would result in a conservative estimate of diesel
car numbers.

Gasoline passenger car fleet composition trends generally oppose
those described for diesel fuel. However, for later model years the
introduction of alternative fuel sources (FHEV, PHEV, and electric) re-
sults in a rate of gasoline share increase that is less than the rate of diesel
share decrease. Whilst electric and hybrid passenger cars operating in
full electric mode do not produce exhaust emissions they are still
captured by the remote sensing camera equipment, and all vehicles
observations are preserved in the composition data set regardless of
emissions measurement validity. This approach is essential for ensuring
that the reported trends are representative of the on-road vehicle fleet,
and enables robust non-emissions related information such as that pre-
sented in Fig. 3 to be derived from over 600,000 on-road vehicle
observations.

For each vehicle model year and pollutant, the average of the
distance-based emission factors for each fuel type was calculated,
weighted by the fuel type composition data. The solid black lines in
Fig. 4 show these values as a function of model year for each pollutant,
and present a combination of the previously discussed emission factor
and fleet fuel type composition results. The shaded areas beneath the
black lines display the contribution towards the average value from each
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Fig. 3. Passenger car fuel type composition (%) as a function of vehicle model year (1998-2022). The combined total fuel type composition is displayed on the left

and separate contributions from each fuel type are shown on the right.
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Fig. 4. Average passenger car distance-based emission factor values (gkm™1) as a function of model year for CO, HC, NH3, and NOy. The solid black line represents
the average distance-based emission factor values and the shaded areas represent each fuel type’s contribution towards the average.

fuel type, and assist in elucidating the driving factors behind the
observed trends.

Similar results are shown for both the CO and HC timelines in Fig. 4;
a general decrease in the average emission factor values of these pol-
lutants is seen with increasing vehicle model year, resulting primarily
from the decrease in the emissions of all fuel types seen in Fig. 2.
Additionally, the relative contribution towards the average from gaso-
line fuel increases from the model year 2015 onwards, corresponding to
the period of the demise of diesel fuel in which the relative share of
gasoline passenger cars in the fleet increased. For NHg, the average
emission factor value is dominated by the contribution from gasoline
vehicles for all model years, and the increase seen from the model year
2017 onwards can be attributed to the increase in the relative share of
gasoline passenger cars in the fleet.

Diesel fuel contributions generally dominate the NOy emissions
following a period of growth between the model years 2001 to 2008.
During this time the rate of decrease of diesel and gasoline NOx emission
factors was similar (66.1% and 59.3% respectively, Fig. 2), and thus this
growth can be explained by the increase in the relative share of diesel
passenger cars resulting from the promotion of diesel fuel. Another
consequence arising from the increase in diesel vehicle share is the
stagnation in the rate of the average NOy emission factor decrease with
increasing model year, seen between 2005 to 2014 in Fig. 4. During this
period, despite both diesel and gasoline NOy emission factors decreasing
by 27.8% and 53.2% respectively, the average NOy emission factor only
decreased by 17.0%, because of the relative shift towards an increased
proportion of newly registered diesel passenger cars. The implications of
these results, which have been derived from on-road vehicle measure-
ments, are very important: the rate of decrease of the average passenger
car NOx emission was diminished over a decade of vehicle model years,
as a direct consequence of the promotion of diesel fuel in the UK.

Following this period of NOx emission factor stagnation, the rapid
decrease (from 0.149 gkm™ to 0.067 gkm™!, 83.0%) between model
years 2015 to 2022 seen in Fig. 4 is a result of the combination of two
factors: a decrease in diesel vehicle NOy emission factors resulting from
the introduction of new exhaust after-treatment technology, and a
decrease in relative diesel passenger car share due to reduced diesel fuel
use. During this time, in addition to the decreasing average NOyx

emission factor, the diesel contribution fell from 88.0% in 2015 to
49.9% in 2022. From the information reported, it is difficult to apportion
the relative impact of reduced NOy emissions and reduced use of diesel
fuel.

3.2. Scenario comparison

To disentangle the influences of improving vehicle technology and
changes in the proportion of vehicle fuel types, Section 3.2 explores
three modelled scenarios and further evaluates the NOx consequences of
the promotion and demise of diesel fuel in the UK.

A NOy emission factor timeline was produced for each scenario,
shown in Fig. S2. Differences in the timeline average NOy emission
factor values between scenarios can be attributed entirely to the changes
in fuel type composition, considering that the individual fuel type
emissions data used was identical. This approach effectively enables the
evaluation of NOy in modelled situations where the development of
vehicle technology is consistent with BAU, but either the promotion
(NDP) or the demise (NDD) of diesel fuel in the UK did not occur. Fig. 5
shows the NOy timelines for each scenario through two comparisons:
BAU and NDP (left plot panel), and BAU and NDD (right plot panel).

The difference between the BAU and NDP scenarios (purple shaded
region) represents the reduction in NOx emission factors that could have
been achieved had diesel fuel not been promoted in the UK, whereas the
difference between the BAU and NDD scenarios (orange shaded region)
represents the increase in NOy emission factors that may have been re-
ported had the demise of diesel fuel not transpired. Whilst the differ-
ences between scenarios within each comparison are a direct result of
the modifications made to the fleet fuel type compositions to reflect
different events, the disparity in the magnitude of these differences (and
the sizes of the shaded regions) can be explained by the individual fuel
NOy distance-based emission factors shown in Fig. 2. For the BAU/NDP
comparison, the difference in fuel type composition reflect the promo-
tion of diesel and occur between model years 2001 to 2015, when diesel
fuel NOy emission factors are high. Conversely, for the BAU/NDD
comparison, which reflects the demise of diesel, the difference in fuel
type composition occurs between the model years 2015 to 2022, when
diesel fuel NOy emission factors are considerably lower due to effective
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aftertreatment systems. Therefore, the fuel type composition differences
between BAU and NDP have a larger influence than those between BAU
and NDD, and the variation in the resulting average NOx emission fac-
tors seen in Fig. 5 is greater.

It is important to acknowledge that the development of vehicle
technology is not entirely independent of events which influence vehicle
fleet composition. The occurrence of Dieselgate is likely to have expe-
dited the uptake of NOy specific after treatment systems, resulting in
post 2015 NOy emission factors for a NDD scenario being higher than
calculated in Fig. 5. However, the exact impact of Dieselgate on the
development of vehicle technology has not been quantified, and was not
considered in this analysis.

To further quantify and compare the relative NOy impacts of the
promotion and demise of diesel fuel, the estimated total lifetime NOy
emissions from all UK passenger cars with model years 1998 to 2022 was
calculated for each scenario. These values were found to be 5480 kt,
4759 kt, and 5521 kt for BAU, No Diesel Promotion, and No Diesel
Demise respectively. Fig. 6 presents this information as the difference
between the two modelled scenarios and BAU, disaggregated into an
annual time-series (lower panel) and cumulative total (upper panel).
The difference between the BAU and NDP scenarios (purple shading)
represents the additional NOy emission as a result of the promotion of
diesel, whereas the difference between the BAU and No Diesel Demise
scenarios (orange shading) represents the reduction in NOy emissions as
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Fig. 6. Cumulative total and annual lifetime NOy emission difference from passenger cars registered between 1998-2022 for the ‘Business as Usual’ and ‘No Diesel
Promotion’ (BAU-NDP) scenarios (purple), and the ‘Business as Usual’ and ‘No Diesel Demise’ (BAU-NDD) scenarios (orange).
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aresult of the demise of diesel. The decrease in annual NOy emissions for
the years 2020 and 2021 is due to lower annual mileage values, arising
from the travel restrictions imposed during the COVID-19 pandemic.

The cumulative effect over three decades of promoting diesel fuel on
total emissions of NOy is calculated to be 721 kt. To put this total into
perspective, it is equivalent to 7.38 times the total NOy emitted by all
passenger cars in the UK in 2021 (NAEL 2023). Indeed, it is greater than
the total UK emissions of all NO, sources in 2021 of 681.8 kt.

The change in the total emission of NOy is the principal impact that
the growth in diesel use in passenger cars has had on air pollutant
emissions. However, diesel vehicles are known to be important con-
tributors to directly emitted (primary) NO,. The use of diesel oxidation
catalysts and particle filters (see Fig. 1) led to large increases in directly
emitted NO, emissions, making an important contribution to ambient
NO, concentrations (Carslaw et al., 2019). While the direct NOy emis-
sions have not been estimated, the growth of diesel fuel use through the
early 2000s would have led to considerably higher direct NO, emissions.
The principal impact of directly emitted NO is the contribution to local
scale ambient NO, concentrations, which has been a major issue over
the past two decades in Europe. Therefore, without diesel fuel promo-
tion and growth, there would have been an additional benefit beyond
the reduction in total NOy emissions.

While the move away from diesel fuel in the wake of Dieselgate
resulted in a small benefit in terms of NOy emissions of 41 kt, there have
been other consequences that could be important. As shown in Fig. 3, a
consequence of a move away from diesel was increases in the use of
gasoline, gasoline hybrids and BEV. The relative increase in gasoline and
gasoline hybrids vehicles led to a reduction in NOy emissions but an
increase in NHg, as shown in Fig. 4. Increased emissions of NH3 would be
expected to lead to increased concentrations of PMj 5 through the for-
mation of ammonium nitrate. The net impact of a reduction of NOy
emissions and an increase in emissions of NH3 on concentrations of
PM, 5 is not known and would require a chemical transport model to
establish effects on ambient PMs 5 at a European scale. Nevertheless, the
demise of diesel leading to increased vehicular NH3 emissions is an
unexpected outcome that requires further investigation.

4. Conclusions

The strong growth in diesel car use in the UK and Europe over the
past two decades has been one of the most significant and profound
factors influencing air quality from street level to a European scale.
While there were likely benefits from policies encouraging diesel fuel
from the perspective of carbon emissions, this benefit came at a signif-
icant cost to air quality, and in particular, urban air quality. It is clear
that climate and air quality impacts of different policies should be
considered together. Vehicle technologies that aim to reduce important
air pollutants such as NOy have changed considerably over the past three
decades. The emissions from gasoline passenger cars have been effec-
tively controlled (and further-refined) since the introduction of the
three-way catalyst in 1992 in the UK. The situation for the control of air
pollutants from diesel cars has evolved from very little control in the
1990s to the more recent use of complex, but effective aftertreatment
systems such as selective catalytic reduction.

This work provides the first detailed evaluation and quantification of
the impact that diesel car growth has had on the emission of important
air pollutants. A novel and important component of the work is the use
of extensive in-use vehicle emission measurements from comprehensive
remote sensing measurements. These measurements underpin the
quantification of ‘real-world’ emissions of pollutants including NOy and
NH;3. We identify two principal changes to diesel car use over the past
two decades: the steady growth of diesel fuel use from the early 2000s
for climate mitigation reasons and, the rapid decrease in diesel fuel use
following the Dieselgate scandal in 2015. These two periods coincided
with very different levels of NOy emissions control from diesel passenger
cars.
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The finding that the promotion of diesel fuel use in passenger cars
resulted in an excess emission of NOy of 721 kt puts the impacts of these
policies into context. This level of emission is over 7 times the total
passenger car emissions of NOy in the UK in 2021 and even exceeds UK
total emissions of NOy for the same year. Emissions of this magnitude
were the result of the growth of diesel fuel use coinciding with a time
when the control of diesel NOy emissions was poor. Conversely, the
rapid decrease in diesel fuel use has had a much lower impact than might
have been expected (41 kt reduction in NOy) because it occurred at a
time when aftertreatment systems used to control diesel NOy were
effective.

The full implications of such a large excess NOyx penalty are not
known but are wide in nature. The most direct effect would have been
related to urban concentrations of NO,, which have proved to be highly
challenging to control across Europe since the early 2000s. Exceedances
of air quality limits of NO2 have been most strongly associated with
diesel NOy emissions and also the direct emission of NO5, which is much
higher from diesel-fueled vehicles compared with gasoline. Considering
2018 for example (the year with maximum NOy contribution shown in
Fig. 6), our results show that if diesel cars had not been promoted there
would have been close to 20% reduction in road transport NOy emis-
sions. A decrease in emissions of NOy (and directly emitted NO3) would
likely have meant that many locations in Europe would not have
exceeded legal air quality limits for NOs.

However, because emissions of NOy are directly linked to a wide
range of other air quality problems such as the formation of PMj 5 and
O3, the impacts of diesel car growth would have extended well beyond
urban air quality problems. An indication of the impacts of excess NOx
emissions can be gained from damage cost estimates that aim to quantify
the human health and environmental impacts in terms of a financial
amount; so-called externalities. The damage costs for NOy include, for
example, the impacts on human health associated with NOy forming fine
particulate matter (PMy5s), which is estimated through the use of
dispersion modelling and dose-response functions. In the UK for
example, the damage cost estimates for NOy are estimated to be £8,148
per tonne of NOy (Defra, 2023; Brichby, 2023). Given the total excess
NOy emission estimate of 721 kt, the total damage cost is estimated to be
£5.875 billion.

Finally, an unintended consequence of the rapid move away from
diesel car use post-Dieselgate is the growth in the use of gasoline and
gasoline hybrid vehicles. The remote sensing data used in the current
study suggests that the net effect is an increase in emissions of NHg
associated with three-way catalysts. As gasoline vehicles age, emissions
of NHj increase, Farren et al. (2021) which suggests that NH3 emissions
in future will be higher than expected. Because NHj results in the for-
mation of PMy 5 and is strongly linked with problems associated with
nitrogen deposition, this issue is of concern and deserves more attention.
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