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Policies to reduce transport emissions often overlook the international flow
of used vehicles. We quantify the rate at which used vehicles generated CO,

and pollution for all used vehicles exported from Great Britain—a globally
leading used vehicle exporter—across 2005-2021. Destined for low-middle-
income countries, exported vehicles fail roadworthiness standards and,
even under extremely optimistic ‘functioning-as-new’ assumptions,
generate at least 13-53% more emissions than scrapped or on-road vehicles.

Transportisthe largest emitting sector of greenhouse gases, account-
ingforaquartertoathird of allemissionsin developed countries'? with
serious consequences for both climate and health®?. Air pollutants such
asnitrogenoxides (NO,), which are effectively reduced when standards
are enforced, cause millions of deaths each year*’. These impacts fall
unequally on lower-middle-income countries (LMICs)®, which suffer
more overall and per capita pulmonary deaths from air pollution*’
and stand to suffer the greatest impacts from climate change®.

The source of vehicles in LMICs is dominated by unregulated
trade'**'°, As 0f 2020, 100 countries receiving used vehicles had no
vehicle emissions standards’ and only 11 had ‘very good”” emissions
regulations. However, the United States, European Union, Japan and
United Kingdom collectively supply 90% of used vehicles exported
to (non-EU) LMICs’. The potential for rapid regulation is therefore
incumbent onjust fourjurisdictions, all of which already maintain high
vehicle emissions standards.

Using comprehensive government databases”, we quantify
per kilometre rates at which vehicles generate carbon and pollution
for every vehicle (N = 6,921,292) legally exported from Great Britain
between]January 2005 and December 2021. We compare these vehicle
emissions to every private vehicle driven in Great Britain during the
same period and those that would have been driven if they had not
beenscrapped.

These data reveal substantially higher rates of CO, and pollu-
tion generation in exported vehicles, even under optimistic
‘functioning-as-new’ emissions intensity estimates that assume no
vehicle modifications or vehicle degradation with age (Fig. 1 and
Extended Data Fig.1). Exported cars generate at least 23 g (13%) more
CO, per kilometre than cars scrapped in the same period (Fig. 1a and
Supplementary Code) and at least 29 g (17%) more CO, per kilometre

than the contemporary on-road used car fleet (Fig. 1a; mean 197.0,
174.4 and 168.6 g km™ CO, for exported, scrapped and on-road fleets,
respectively; interquartile ranges (IQRs) 170.1-225.3, 147.5-189.1 and
134.2-188.9 gkm™).

Emissions figures were even more striking for other pollutants.
Exported cars emit similar amounts of hydrocarbon particulates
(Fig. 1b) but 48 mg km™ more NO, (53% higher; Fig. 1c) than scrapped
cars. Likewise, observed engine capacities were larger (Fig. 1d) and
fuel efficiency at least 9% worse, by 3.3 miles per gallon (MPG, mean
38.5, 41.8 and 44.4 mpg for exported, scrapped and on-road used
fleets respectively; IQR 33-45 mpg exported, 37-47 mpg scrapped
and 37-49 mpg on-road fleets).

A substantial fraction (42%) of exported diesel vehicles were
predicted to fail the current EURO-4 emissions standards' that
form the legal roadworthy minimum for all vehicles registered after
2000. Asurprising 83% were predicted to fail the EURO-6 diesel CO,
emissions standards, and 98% failed the EURO-6 carbon monoxide
and NO, standards. These differences are not the result of overdisper-
sion, where a few high-emitting exports' dragged up the average;
similar or even larger gaps in pollution rates were observed for the
median pollution rates of exported, scrapped and contemporary
on-road used vehicles (Fig. 1).

Daily-resolution data for six million exported cars reveals that
the gap between exported, on-road and scrapped fleets is consistent
over time (Fig. 2a), apart from a narrowing and then rapid expan-
sion of this gap over 2020-2021 alongside distortions of trade pat-
terns, used car prices and vehicle testing regulations during the
COVID-19 pandemic (Fig. 2b). That is, Great Britain persistently
scraps lower-emissions vehicles while exporting higher-emission
vehicles (Fig. 2b). Whereas geographical disparities due to uneven
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Fig.1|Pollution generated per kilometre by used vehicle fleets. a-c, Exported
cars (orange) generate at least 13-24% more CO, per kilometre (a), similar
average but (through overdispersion) higher median fine particulate matter
pollution (b) and at least 53% more nitrogen oxides per kilometre than scrapped
(green) or on-road (blue) vehicle fleets (c). d-f, Both exported car and light goods

Type of vehicle

Type of vehicle

vehicle (LGV) fleets also have larger observed engine capacities (d) and worse
fuel efficiency (e) despite being similar ages to on-road fleets and much younger
than contemporary scrapped vehicles (f). Boxes show IQRs, whiskers are
1.5xIQR, sample size (millions) shown on upper x axes, summary data supplied
inaFigsharerepository>.

concentrations of upmarket export vehicles or differing ‘on-road’
usage were anticipated, this export gap was remarkably uniform.
Almost every British postcode region (95%), representing a full cross
section of society, export higher-polluting vehicles than those they
drive or scrap (Fig. 2c).

Exported vehicles will probably generate more pollution per kilo-
metreindependent of their destinations and patterns of use for simple
physical reasons: compared to their more-efficient scrapped alterna-
tives, export vehicles have larger observed engine capacities (Fig. 1d)
and lower operating efficiencies (Fig. 1e), despite a younger average
age (Fig. 1f). These fixed factors also mean that degradation rates
are probably rank conserved, especially for CO,, and high-polluting
vehicles will remain the most polluting as vehicle fleets age.

Air quality outcomes are more nuanced than individual emis-
sions categories, including how vehicles are driven, road conditions,
engine age, climate, payload and maintenance schedules™. Vehicles
also generate pollution, such as ozone or non-tailpipe emissions, for
which testing datawere notavailable. Observational dataare urgently
needed to fill this gap.

Adding to the challenges of measuring emissions, emissions
testing data have long been manipulated—for example, during
‘Dieselgate’, where nine major manufacturers used ‘defeat devices’ to
alter performance and intentionally deceive environmental agencies

and regulators. In the Dieselgate aftermath, vehicle manufacturers
are, incredibly, allowed to legally manipulate vehicles during new car
emissions testing'*"* by, for example, removing wing mirrors and seats,
taping up high-drag surfaces or hard-baking and over-inflating tyres.
Manufacturers are also now allowed to ‘adjust’ emissions estimates" by
4.5% and programme vehicles to turn off emissions-reduction devices™
when the weather becomes ‘too hot’ or ‘cold”®. Manufacturers define
‘hot’and ‘cold’. For example, Renault told the French government their
emissions control devices should shut offabove 35 °Cand below 17 °C
(Parisis colder 83% of the time®) to ‘protect the engine™, at the cost of
protecting the climate and human health. As aresult, real-world emis-
sionsincreasingly overshoot (currently by ~50%) emissions measured
during testing'*'"*®, Some 13% of diesel cars in the European Union now
emitNO, atover ten times the legal standard'®, outnumbering the 10%
thatactually meet those standards.

The lack of emissions standards in most destination countries
alsoresultsinthe routine stripping of emissions-reduction devices for
resale” or melting down before export™”. One study tested 160 vehicles
destined for Africa from the European Union". Of the vehicles that
couldstart, 85-93% failed to meet the (roadworthy minimum) EURO-4
emissions standards®, 20% of petrol (gasoline) vehicles did not comply
with any emissions standard at all'’ and 10% had their catalytic convert-
ers cut out”, increasing NO, and carbon monoxide pollution tenfold.
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Fig.2| Export of consistently higher-emitting vehicles from Great Britain.

a, Exported vehicles (orange) are consistently more polluting than contemporary
scrapped (green) and used on-road (blue) vehicles. b, Cleaner choices and
improving standards have lowered exported emissions after considerable

delay but the gap between exported and scrapped fleets persists and is growing

£

Net export gap
(gkm™CO,)

I -

+20
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post-pandemic. ¢, Scrapped vehicles are cleaner than exports across 5,874 (95%)
of our 6,145 observed postcode regions (2005-2021 inclusive), covering every
community in Britain. Grey regions have insufficient data or no inspection sites.
Orange line in b shows locally weighted smoothed spline; note non-zero y axis in
atoemphasize variation.

Used vehicles were exported at an average 8.5 years of age
(IQR5.0-10.6 years), and both emissions® and fuel efficiency degrade
with age. Our models, therefore, probably underestimate vehicle pol-
lution rates substantially by relying on new car testing data that do
not account for increasing emissions generation from vehicle ageing
or modifications. The non-stationarity and complexity of emissions
degradation curves™ and vehicle modifications mean that direct
measurements—such as those increasingly captured by annual vehicle
emissionstestsrequiredinthe United Kingdom—are needed toimprove
estimates of exported emissions. Actual emissions are probably far
higher>'*8, perhaps 150% higher for CO, under ideal ‘European-style’
driving conditions'®, but enormous and unnecessary gaps in our
knowledge remain.

As with carbon leakage from heavy industry and manufacturing®,
rich countries appear to be offshoring the cost of replacing high-
polluting vehicles. There are, however, some positive trends. Whereas
many improved emissions are artefacts of manipulated testing'®"*,
better fuel efficiency and air quality standards in the United States,
United Kingdom, European Union and Japan are slowly reducing the
estimated pollution of exported vehicles over time (Fig. 2a,b for Great
Britain). These four jurisdictions are the collective source of over 95%
of light used vehicle exports worldwide and despite creating 40% of
global transport emissions?, implement world-leading vehicle emis-
sions standards inside their own borders.

Imparting the same standards on exported vehicles, preventing
the removal of emissions-reduction devices and redirecting clean

vehicles from the scrapyard to the export fleet would all positively
impact global emissions. Export licences can be indexed to increase
dutiesondirty vehicles or subsidize clean vehicle exports. Export coun-
tries have very few major vehicle ports' and thousands of mechanics
qualified to evaluate legal roadworthy standards. Tasking mechanics to
randomly spot check vehiclesin port andissue penalties when vehicles
fail emissions tests would be an extremely low-costintervention to stem
the dirty used vehicle trade.

Such measures would not necessitate increased vehicle prices,
which can reduce access to the economic benefits of vehicle owner-
ship. Supply shocks can be mitigated or avoided by using policy and
incentives and by redirecting clean vehicles from scrapyards to export.
Cleaner vehicles also have smaller and more fuel-efficient engines on
average and lower ongoing costs” over the life of the vehicle, reducing
net economic burdens.

Potential short-term price increases imposed on individuals are
also offset by long-term reduction in the societal and economic costs
from pollution*** and climate change**. Most LMICs are placing this
consideration above others, with widespread moves toban theimport
of dirty used vehicles, regardless of price shocks”*. These policies
reflect a growing desire for clean air over cheap cars. However, such
moves are struggling for traction due toalack of policing and resources
and the unstemmed flow of unregulated imports*.

Developed economies can aid these goals and reduce the damage
from vehicular emissions by raising export standards to match their
owninternal legalminimum standards'>*°. Such low-cost interventions
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are an immense opportunity for rich high-emitting countries to
reduce global emissions and cut pollution in the developing world.
Toinstead overlook this problem and allow the continued flow of high-
emissions vehicles would be a devastating missed opportunity and
anethical failure.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41558-024-01943-1.
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Methods

Datawere obtained from the Department for Transportation—a depart-
ment of the government of the United Kingdom—for all 65 million pri-
vately registered used vehicles undergoing mandatory annual vehicle
inspections. Traditionally termed ‘MOT’ tests, they were undertaken
across the United Kingdom between 1January 2005 and 31 December
2021. Used vehicles were defined as all vehicles that had undergone
at least one prior inspection. These annual vehicle inspections are
required by lawin the United Kingdom to assess roadworthiness. They
begin oneyear after the vehicleis first registered for motorcycles and
scooters and three years after first registration for all other vehicles
(in Northern Ireland, the equivalent requirement applies after four
years). Alongside these data, we obtained linked vehicle-specific data
on all used vehicles that had been scrapped or issued a certificate of
destruction (N =9,077,804) and all vehicles that had been flagged as
exported (N=6,922,292). Both export and scrappage certifications
are supplied with exact dates.

Used vehicle summary statistics for predicted emissions, age,
observed engine capacity and all other vehicle properties were cal-
culated atadaily resolution from1January 2005 to 31 December 2021
inclusive, for a comprehensive sample of every on-road vehicle test
(267.5 million tests; one random test per annum was selected for each
vehicle) and forevery scrapped (issued a vehicle scrappage certificate
or certificate of destruction) or exported vehicle (Supplementary
Code). We restricted our ‘on-road’ data to one randomly sampled
roadworthy test per vehicle per year to avoid the oversampling of
mechanically unreliable vehicles, which are re-tested each time they
fail aroadworthy certificate (Supplementary Code). This resulted in
predictions of emissionsintensity across 261.1 million vehicle days, or
42,000 vehicles per day, for cars (or class 4 vehicles) known to be on
road at the time of their roadworthy inspection.

Allanalyses were performed using R version 4.0.5 (Supplementary
Code). Some 993 vehicles (0.015%) that were erroneously flagged as
both exported and scrapped or destroyed were removed from analysis.
As the date of first use and the date of each vehicle inspection, scrap-
page, destruction or export were reported, we calculated vehicle ages
ateachofthese events. Some 60,642 (0.4%) of the reported dates were
impossible and were excluded, as they were in potentially reverse order
or contained typographic errors. Another 7,380 vehicles over the age
of 110 years (0.05%) were excluded from analysis as they largely—but
not entirely—constituted age-related coding errors.

The vehicle inspection and scrappage data were matched to a
public dataset” of fuel efficiency and emissions data from the Vehicle
Certification Agency, for 70,000 measurements tabulated by vehicle
make, model, fuel type and year, measured across vehicles sold in
the United Kingdom from 2000 onwards. Emissions data for carbon
dioxide, carbon monoxide, nitrogen oxides, total hydrocarbon par-
ticulates and fuel efficiency of UK vehicles were also obtained from the
Vehicle Certification Agency".Given the near-complete lack of emis-
sionstesting data for motorcycles and other vehicle classes, emissions
testing data were only captured for cars and vans and were curated,
quality-controlled and matched to the Department for Transport data
(Supplementary Code).

Matching these emissions testing data resulted in 1.3 million
exactly matched CO, measurements for cars in the exported or
scrapped fleet (8.4% of all exported cars and 8.1% of all scrapped cars)
but only 3,222 exact-matched CO, measurements for LGVs (0.3% of
all LGVs), a number largely restricted by the abundance of rarer or
untested models and the difficulty in exact matching heterogeneous
make and model descriptions provided by the Vehicle Certification
Agency. Exported vehicles with exact matches for measured emissions
were lower (just 678 or 0.16% of all exported LGVs), excluding the reli-
ableimputation of emissions from LGVs.

These data highlighted the extensive need for better, more com-
prehensive emissions testing for both new, on-road and exported

vehicles. The regulatory environment needs to be restructured to fill
these gaps. However, while testing regimes and datawere insufficient to
impute on-road emissionsinmotorcycle or LGV fleets, accurateimputa-
tion of car emissions and pollution was possible under the assumption
that new car testing data would remain rank conserved over time. This
assumption generates a lowest-possible estimate of emissions rates,
under the assumption that used vehicles are ‘functioning-as-new’
at the point of scrappage, export or testing. This overly optimistic
assumption is a key limitation of the study, one that highlights the
need for far better measurement and testing of real-world emissions
across all vehicle fleets.

Imputation models were constructed to capture the emissions
of all exported (N=6,072,730), scrapped (N =9,077,804) or on-road
(N=261.1million tests) class 4 vehicles (cars and vans below 3 T) that
passed quality controls. We used the reported model year, fuel type
(for example, ‘Petrol/Gasoline’, ‘Diesel-Electric’) and engine capacity
(in cubic centimetres) from the annual vehicle inspection datato con-
structamodelfor each pollution type and vehicle property. Pollution
types and vehicle properties that were imputed include CO, (g km™),
total nitrous oxides (NO,; mg km™), total particulate hydrocarbons
(mg km™), carbon monoxide (mg km™) and fuel efficiency in ‘miles
per gallon’ (MPG). Imputation models were kept deliberately simple,
as we predict values across the broadest possible range of vehicles
using variables that werereported at almost every vehicleinspection.
This avoided overfitting and, as rare vehicles share engines and emis-
sions technology with common makes and models, achieved accurate
(Supplementary Materials and Extended Data Fig. 1) imputation for a
very large (>99%) fraction of cases.

We developed imputation models using recursively partitioned
regression trees’®”, afoundational and interpretable machine learning
heuristic suited to discrete effects and small variable sets (Extended
DataFig.1). Thiswasimplemented using the ‘rpart’ package?. Models
were trained on three input variables—engine size in cubic centime-
tres, the year of vehicle manufacture and fuel type—using tenfold
random-sample cross validation, with the ‘cp’model complexity param-
eter set to 0.001and a minimum of 100 vehicle make models used for
a parent node (that is, the ‘minbucket’ parameter) and a minimum of
25 vehicle make models used for a child or leaf nodes (the ‘minsplit’
parameter; Supplementary Code).

These models achieved high accuracy, approaching the test-
retest accuracy of the Vehicle Certification Agency testing regime
(Extended Data Fig. 1). For example, consecutive tests of the same
vehicle for CO, were correlated by r= 0.9, whereas our recursively
partitioned regression model attained an accuracy of r=0.94 when
imputing CO, for arandom holdout sample (random 20% holdout
sample; N= 6,708 unique vehicle makes and models; Extended Data
Fig.1a,b). We found that grid searching to further optimize model fit
was therefore unnecessary, as our initial model parameters generated
models that approached the highest achievable accuracy”.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data on the exported, scrapped and used vehicle fleets supporting
this study are available from the driver and vehicle standards agency
(DVSA) and Department for Transport and from the authors upon
explicit approval from the DVSA. Restrictions apply to these data as
they contain potentially re-identifiable data on every current and
former driver in Great Britain. Data on emissions testing are freely
available from the Vehicle Certification Agency” on request from the
corresponding author and in the Figshare repository®. Imputation
models are available from the Figshare repository® and on request
fromthe corresponding author.
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Code availability

Imputation models and code are freely available under a Creative
Commons CC-BY-NC 4.0 licence from Figshare” or on request from
the corresponding author. Specifically, all resulting recursively par-
titioned regression models, code, and imputation and summary data
are provided in the Supplementary Information and in open, stable
repositories®.

References

26. Therneau, T., Atkinson, B. & Ripley, B. rpart: Recursive partitioning.
R version 4.1.19 http://cran.r-project.org/package=rpart (2013).

27. Zeileis, A., Hothorn, T. & Hornik, K. Model-based recursive
partitioning. J. Comput. Graph. Stat. https://doi.org/10.1198/
106186008X319331(2008).

Acknowledgements

We would like to thank S. Sharples for her support as chief scientific
officer at the Department for Transport, climate change engineer

R. Jibrin for his wonderful feedback, G. Thunder for his excellent
help and advice and the Driver and Vehicle Standards Agency and
the Department for Transport for their substantial help and support,
without which this project would not be possible. Financial Support
was also gratefully received from the Leverhulme Trust for the
Leverhulme Centre for Demographic Science (grant RC-2018-003;
all authors), Nuffield College (C.R., M.M.M., D.R.L.), the John Fell Fund
(S.J.N.; project CYD00210) and University College Oxford (S.J.N.).

Author contributions

S.J.N. designed and performed the analysis, co-designed the study,
wrote the code and co-wrote the paper. K.S. performed preliminary
data cleaning, developed the narrative structure and co-wrote the
paper. M.M.M. contributed to the project concept, the development
of the narrative structure and the drafting and revision of the paper.

C.R. undertook code reviews, contributed to the drafting of the initial
paper and contributed substantially to its revisions. D.R.L. contributed
to the project concept, design of the study and writing the paper.

Inclusion and Ethics statement

This project was approved by the University of Oxford's Departmental
Research Ethics Committee (Sociology) under ethics approval SOC_
R2_001_C1A_21_66. Research data included all vehicles registered in
the United Kingdom since 2005 with no information about the vehicle
owners. A Research Participant Information Sheet is available from
authors upon request to provide vehicle owners whose data may have
been included with information about how these data were used and
how to opt out of future research.

Competinginterests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41558-024-01943-1.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41558-024-01943-1.

Correspondence and requests for materials should be addressed to
Saul Justin Newman.

Peer review information Nature Climate Change thanks Pervin Kaplan,
Huan Liu and Paul Wolfram for their contribution to the peer review of
this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Climate Change


http://www.nature.com/natureclimatechange
http://cran.r-project.org/package=rpart
https://doi.org/10.1198/106186008X319331
https://doi.org/10.1198/106186008X319331
https://doi.org/10.1038/s41558-024-01943-1
https://doi.org/10.1038/s41558-024-01943-1
http://www.nature.com/reprints

Brief Communication

https://doi.org/10.1038/s41558-024-01943-1

a

0.75

Accuracy
o
a
o

Pollutant
co2
0.25
MPG
NOx
THC
0.00
0 10 20 30 40 50
Depth
100
[ ]
___600 . 3
: :
_E 75
8 o
o) o
£ 400 E
x -
3 N = 37322 OE) 50
pd o
3 6000 &
> (@)
g 200 4000
g 25
2000
0 0
0 200 400 600 0 25

Predicted NOx (mg per km)

Extended Data Fig. 1| Imputation accuracy for randomly sampled emissions
data. Emissions of non-electric vehicles were accurately imputed from
recursively partitioned regression models (Supplementary Code). Predictions
made on amasked random 20% sample of vehicle emissions tests (N = 6,708
holdout make - model - year - engine combinations) showed a high degree of
accuracy under ten-fold cross-validation (a; R? on y-axis). Accuracy increased
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with tree depth to achieve moderate to high accuracy across CO2 (b), nitrogen
oxides (NOx; ¢), and miles per gallon (MPG; d) prediction models, with the lowest
cross-validation accuracy for total hydrocarbon emissions (THC; e). Model and
manufacturer effects accounted for minimal variance, independent of these
effects, and were not fit to allow imputation of rare makes and models. Filled
circlesin (a) arered for CO2, green for MPG, blue for NOx, and mauve for THC.
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