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Abstract
On-road operations of Volkswagen light-duty diesel vehicles equipped with defeat devices cause
emissions of NOx up to 40 times above emission standards. Higher on-road NOx emissions are a
widespread problem not limited to Volkswagen vehicles, but the Volkswagen violations brought this
issue under the spotlight. While several studies investigated the health impacts of high NOx
emissions, the climatic impacts have not been quantified. Here we show that such diesel cars generate
a larger warming on the time scale of several years but a smaller warming on the decadal time scale
during actual on-road operations than in vehicle certification tests. The difference in longer-term
warming levels, however, depends on underlying driving conditions. Furthermore, in the presence of
defeat devices, the climatic advantage of ‘clean diesel’ cars over gasoline cars, in terms of global-mean
temperature change, is in our view not necessarily the case.

Introduction

While light duty diesel-powered vehicles (diesel vehi-
cles, thereafter) certified to most recent emission
standards have been found to effectively reduce emis-
sions of particulate matter (PM), several studies over
the past years have pointed to failures to meet the
NOx emission standards under real-world driving
conditions [1–13]. A particularly serious case is the
recent revelation of defeat devices installed in diesel
vehicles of companies including Volkswagen (VW),
Audi, and Porsche (collectively VW thereafter), so-
called Dieselgate [14]. They deliberately tuned vehicle
emissions to pass the certification tests while violat-
ing the respective emission standards during actual
road operations to improve driving performances and
fuel consumptions [15–17]. There were several prece-
dents for defeat devices in the diesel industry [18],
but the scale of VW violations was unprecedented. As
many as 11 million VW vehicles worldwide have been
approved in laboratory tests by relying on such cheat-
ing software [19]. Such fraudulent vehicles amount
to 40% of the total number of VW passenger cars
sold in the European Union during the period 2009–
2015 [20]. In the US, diesel NOx emissions measured

on the road are up to 40 times higher than the cor-
responding standards [21] (T2014, thereafter). The
apparent inconsistency between the vehicle emissions
during the laboratory tests and those in the actual driv-
ing, let alone the scale of systematic violations, eroded
the public trust in the car industry and led to a range
of concerns in environmental, health, regulatory, legal,
financial, and ethical dimensions. This is a first study
that attempts to clarify what the non-compliant diesel
vehicles mean for climate change.

Currently, CO2 emissions from road transport take
up approximately 17% of the global fossil fuel CO2
emissions [22], which primarily cause man-made cli-
mate change [23]. NOx emissions from diesel vehicles
pose a threat to urban air quality [24–28]. For the par-
ticular VW case, human health studies estimated that
the diesel vehicles with sophisticated software deployed
have caused or will have caused a small, but positive
number of deaths in the US: early deaths of approx-
imately 59 persons with a 95% range of 4.6 to 130
during the violation period of 2008–2015 [29], 46
persons with a one sigma range of 40 to 52 for the
same period [30], 5 to 50 persons per year [31], 59.2
persons during the violation period [20], and 12 per-
sons for the same period (only in California) [32]
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(note that the limited treatments of uncertainties have
been in dispute [33, 34]). There are also a few stud-
ies investigating the health impacts in Europe [20,
35, 36]. From the climate perspective, this issue has
been raised prior to the Paris Agreement [37] with-
out however being substantiated by any quantitative
analysis. Diesel vehicle exhaust affects the climate in
a complex manner involving competing effects over
different time scales [38]: NOx emissions lead to an
increase in the tropospheric ozone (O3) concentra-
tion for a short period of time (i.e. a warming effect)
but reduce the methane (CH4) concentration (i.e. a
cooling effect) which operates on a decadal timescale
[39], which is further superimposed by a more per-
sisting and in part even century-scale warming caused
by CO2 [40, 41]. Furthermore, there are aerosols such
as black carbon (BC) and organic carbon (OC) that
influence the short-term climate response but in oppo-
site directions [42]. This raises the question as to what
the net climate effect of non-compliant diesel engine
exhaust over different time horizons is.

It is a widespread belief that vehicles equipped
with improved diesel engine technologies, or so called
‘clean diesel’ [43], are more climate friendly than
conventional gasoline vehicles because of the gener-
ally better fuel economy of diesel vehicles due to a
higher volumetric energy content in diesel fuels. This
argument encouraged a shift from gasoline to diesel
vehicles and contributed to the much increased share
of diesel cars in Europe for the past two decades [28,
44, 45]. Such an argument was also used by VW,
which claimed that diesel cars are needed in order
to reduce CO2 emissions [46]. The diesel concept
is further supported by the fuel economy agreement
established between the European automobile manu-
factures and the European Commission to address the
Kyoto Protocol in 1997 [47].

However, actual climate benefits of switching from
gasoline to diesel vehicles have been deeply questioned
due to a number of confounding factors [47–51].
Our previous study [52] (T2012, thereafter) showed
that, under idealized settings, switching from gasoline
to diesel vehicles with comparable engine perfor-
mances contributes to a lower warming in the long
run. This is because diesel vehicles generally emit
less CO2 than gasoline vehicles per unit driving dis-
tance under equal driving conditions [50], assuming
that the emissions of other pollutants are held at the
Euro standard levels. From a short-term perspective,
on the other hand, diesel vehicles contribute more
to the global warming because of the net warm-
ing effects caused by the emissions of NOx and PM
(note that the PM effect is small for diesel vehicles in
accordance to latest emission standards). The recent
revelation that defeat device-equipped diesel vehicles
emit far larger amounts of NOx thanpermitted made us
revisit this issue.

In light of the background above, our study
addresses the following two questions:

1. What are the climate impacts caused by a VW diesel
vehicle in the non-compliance mode (as revealed on
the road) compared to those in the compliance mode
(as measured in the laboratory)?

2. Does the climatic advantage of clean ‘diesel’ hold
for a non-compliant diesel vehicle? In other words,
does a diesel vehicle in the non-compliance mode
impact the climate less in magnitude relative to a
gasoline vehicle of comparable characteristics?

Our study aims to clarify in what way much higher
on-road NOx emissions from diesel vehicles might
influence the climate. More specifically, a few stud-
ies [30, 53] characterize the present human health
impacts due to the additional NOx emissions from
diesel cars as a tradeoff with the avoided future climate
impacts as a result of saved CO2 emissions through
better mileage, without addressing climate effects asso-
ciated with non-CO2 components. This study intends
to inform such debate of a more comprehensive
climatic view.

Methods

Model
We follow the approach used in T2012. Changes in the
global-mean temperature over time to the emissions of
CO2, CH4, NOx, CO, non-methane volatile organic
compounds (NMVOCs), BC, and OC (fractions of
PM) from diesel and gasoline vehicles are quantified
using an analytical climate model [38]. The model
sufficiently represents relevant atmospheric chemistry
processes operating on different time scales and their
interplays. This feature is important because the out-
come depends critically on how the short-term O3,
medium-term CH4, and long-term CO2 play out over
time.

The model is based on a simple upwelling-diffusion
scheme that consists of two boxes: the upper box rep-
resenting the atmosphere and the mixed layer of the
ocean and the lower box for the deep ocean. Hence, the
model accounts for the thermal inertia of the climate
system through heat exchange with the deep ocean.
The equilibrium climate sensitivity for doubling CO2
is assumed to be 3.37 ◦C, which is the average of CMIP5
models [54] and falls within the likely range of 1.5 ◦C–
4.5 ◦C [23]. We consider the impacts of CO2, BC
(including the effect of BC deposition on snow), OC,
nitrate aerosols, O3 and CH4 perturbations induced by
emissions of NOx, CO and NMVOCs, and the effect
of direct CH4 emissions. The temporal evolution of
the atmospheric CO2 concentration in response to its
release is computed using the impulse response func-
tion [41]. The radiative efficiency of CO2 is based on
[23]. The perturbation caused by a pulse emission of
CH4 as well as aerosols is assumed to follow a sim-
ple exponential decay with one time scale determined
by the atmospheric residence time of the respective
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Table 1. Emission factors for CO2, CH4, NOx, CO, NMVOCs, and PM from the operation of diesel vehicle DA (VW Jetta 2012 Diesel),
diesel vehicle DB (VW Passat 2013 Diesel), and gasoline vehicle GA (VW Jetta 2012 Gasoline) used in this study. For details in driving
conditions SG and HI, see Methods. ‘Compliance’ and ‘non-compliance’ driving mode indicate that emissions are measured in the laboratory
and on the road, respectively. Emission factors for gasoline vehicle GA were measured in the laboratory. Uncertainties in emission factors are
shown in table S1 of supplementary information available at stacks.iop.org/ERL/13/044020/mmedia.

Vehicle type Driving condition Driving mode CO2 CH4 NOx CO NMVOCs PM
g/km mg/km mg/km mg/km mg/km mg/km

Diesel vehicle DA (Jetta 2012 D) SG Compliance 168 18.5 4.93 74.8 3.28 0.709
HI Compliance 174 0.12 48.5 6.2 0.62 0.621
SG Non-compliance 212 36.6 1235 89 1.9 0.076
HI Non-compliance 156 29.0 1060 59 1.5 1.45

Diesel vehicle DB (Passat 2013 D) SG Compliance 166 10.4 13.8 110 18.8 0.304
HI Compliance 171 0.52 2.38 6.0 1.99 0.226
SG Non-compliance 238 5.7 742 107 0.3 0.309
HI Non-compliance 152 4.3 508 44 0.2 0.129

Gasoline vehicle GA (Jetta 2012 G) SG — 201 2.1 8.20 280 19.5 1.24
HI — 184 5.03 4.16 1392 13.4 0

component. The CH4 perturbation lifetime is 12 years
and the radiative efficiency of directly emitted CH4
also follows [23]. The effect of changes in O3, CH4
and long-term CH4-induced O3 caused by emissions
of NOx, CO and NMVOCs are estimated using the
parameterizations shown in table 4.11 [55] (see also
[56]). This parameterization is used in simple climate
models applied to transport studies [38, 52]. For input
to the simple climate model, PM emissions in the
emission factors are split into BC and OC emissions
using fractions reported by [57]. Radiative efficien-
cies of BC and OC are taken from the results of the
AeroCom project [58] and we assume lifetimes of 7.1
and 7.6 days, respectively. The effect of BC deposi-
tion on snow is taken into account (see T2012). The
radiative efficiency of nitrate aerosols is derived from
a global perturbation in present-day NOx emissions
simulated by the global chemistry-transport model
OsloCTM3 [59] and we adopt a lifetime of 5 days.
Emissions of NOx are assumed to be NO2 for the
sake of simplicity [2]. Our analysis does not address
the climate effects of secondary aerosols from vehi-
cle emissions in spite of their potential importance
[60]. Quantification of associated climate forcing still
requires related processes to be fully included in state-
of-the-art climate models [61].

Emission data
To the simple climate model we prescribe emissions of
various components contained in vehicular exhausts.
As in T2012, the current analysis considers the oper-
ation of single vehicles, not the fleet. We compile a
set of emission data for two types of diesel vehicles
(DA and DB) under two different driving conditions
(stop-and-go (SG) and highways and hills (HI)) in
the compliance or non-compliance mode (table 1).
For the non-compliance mode, we directly apply the
on-road emission factors (g km−1) reported in T2014,
which were measured under diverse driving condi-
tions (i.e. without limiting NOx emissions presumably
to enhance driving performance and fuel economy).
For the compliance mode, we use emission factors
obtained from test cycles (i.e. laboratory measurements
performed by US Environmental Protection Agency

(EPA) to certify vehicles prior to market release [8]).
To single out the effect of defeat devices as cleanly
as possible, we looked to test cycle data for vehicles
of equal characteristics (e.g. engine sizes and vehicle
weights) under comparable driving conditions (e.g.
vehicle speed, acceleration, and engine temperature)
[62]. While most previous analyses make assumptions
for NOx emissions to discern the impacts on air quality
from defeat devices [29–31, 35], we use directly mea-
sured emission data to study climate impacts, which are
influenced by many relevant gases and aerosols. There
are other emission data for diesel vehicles obtained
from on-road measurements [8]. However, we use
only the specific sets of emission data without mix-
ing them altogether to keep the underlying driving
conditions comparable. Furthermore, we obtained a
set of corresponding emission data for gasoline vehicle
GA, a counterpart of diesel vehicle DA. Emission data
from the gasoline counterpart for vehicle DB were not
found. Further issues associated with the comparability
between the on-road and laboratory emission data are
discussed below.

The non-compliant diesel emission factors used in
our study are based on emission measurements on
the road, under which defeat devices are presumably
used with an apparent intention to enhance the fuel
economy (i.e. less CO2 emissions per unit distance) in
exchange for larger NOx emissions [17]. Such emis-
sion factors are obtained from two types of vehicles
DA and DB studied in T2014, whose makes and names
are anonymized in the original study but now widely
known as a VW Jetta 2012 and a VW Passat 2013 [29].
They serve as contrasting examples. While these vehi-
cles have an equal engine displacement of about 2 L
and equivalent maximum engine power and torque,
they are equipped with different NOx after-treatment
technologies [7, 9, 11]: a lean-NOx trap (LNT) system
for Jetta and a urea-based selective catalytic reduction
(SCR) for Passat. LNT is typically installed to small
low-cost vehicles in Europe and known to fail to cap-
ture NOx in uphill and highway driving conditions.
SCR is used more often in larger vehicles and domi-
nant in the US market, where the regulations for NOx
are more stringent than in Europe.
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On the contrary, the compliant diesel emission
factors are taken from test cycles in the laboratory,
duringwhich thevehicles appear tocomplywithrespec-
tive emission standards by suppressing NOx emissions
while accepting poorer fuel economy (i.e. more CO2
emissions). Such emission factors come from par-
ticular test groups of vehicles (i.e. CVWXV02.0U5N
and DVWXV02.0U4S) [63], which contain the above-
mentioned two types of vehicles. Furthermore, the
gasoline emission factors are obtained from the test
group designated as CVWXV02.0U36, which includes
a gasoline counterpart of vehicle DA with a compara-
ble engine displacement to come up with a so-called
‘matched pair’ [50]. Emission factors of the above-
mentioned three test groups were taken from the
associated Applications for Emissions Certification
submitted by VW to EPA (https://iaspub.epa.gov/
otaqpub/). No uncertainty ranges are reported for these
emission factors.

To extract the effects of defeat devices by differen-
tiating the results from on-road (i.e. non-compliant)
and laboratory (i.e. compliant) emissions, we keep the
underlying driving conditions for the emission datasets
closely comparable. As for the laboratory emission fac-
tors, there are currently five types of test cycles that
are mandated in the US. Closely relevant to our anal-
ysis are the following two test cycles: (i) EPA Federal
Test Procedure (FTP) (commonly known as FTP-75)
and (ii) US06, a Supplemental FTP [64]. On the other
hand, the on-road emission factors were obtained from
the following five different routes: (i) highway, (ii)
urban (Los Angeles), iii) rural-up/downhill, iv) urban
(San Diego), and v) urban (San Francisco). As T2014
argues, the driving condition for FTP-75 is similar to
those in the second and fourth routes with respect to
the average and maximum vehicle speeds (tables 3.3
and 3.4 of T2014), representing urban driving char-
acterized as low speeds and frequent stop-and-goes
(i.e. driving condition SG). Likewise, that for US06 is
in an equivalent category with those in the first and
third driving routes, which is characterized as high
speeds including uphill and downhill driving (i.e. driv-
ing condition HI). Thus, such grouped emission data
serve as a basis for comparison to distil the climate
effects of defeat devices.

While the test-cycle emission factors discussed
above are, to our knowledge, the closest to what would
be expected from the originally tested vehicles with
defeat devices activated, there are irreconcilable gaps.
FTP-75 consists of three phases—it starts with a cold
start phase (generally called Bag 1), which is followed
by a cold stabilization phase (Bag 2) and a hot start
phase (Bag 3). It is known that a cold engine gener-
ates larger NOx emissions than a warm engine (e.g.
figure 3.32 of T2014) [65] and that the thermal effi-
ciency is generally lower at a cold start [66]. In the
on-road experiments of T2014 the engines were, on the
contrary, prepared warm prior to the emission mea-
surement. This indicates that our emission data based

on FTP-75 (especially that for NOx) can be overesti-
mated because of the cold start phase included. This
issue needs to be kept in mind when one interprets our
results. This bias cannot be corrected because emis-
sion factors from each bag are not available in the EPA
database (US EPA, 12 May 2016, personal communi-
cation; Freedom of Information Act (FOIA) online, 13
June 2016, EPA-HQ-2016–007076).

Experimental design
With these emission data, we simulate the tempera-
ture responses in two idealized cases: (i) one year of
vehicle emissions and (ii) sustained emissions over the
vehicle lifetime (i.e. 15 years assumed). The first exper-
iment provides insight to the fundamental structure of
the problem by comparing the various climate impact
mechanisms acting on different time scales. The sec-
ond experiment offers an outcome that are arguably
designed for more realistic interpretations. The period
of 15 years is also used by T2012 and consistent with
estimates of the average vehicle lifetime in the US [67].
Although emissions are known to deteriorate over the
useable life of cars [68, 69], we assume constant emis-
sion levels over the 15 year period in the analysis.

All the reference simulations are based on the best
estimates of input data and parameters. These input
data and parameters, however, have associated uncer-
tainties. As we focus on the interplay among different
climate forcers, we probe the uncertainties in emission
factors and radiative forcing (tables S1 and S2). For the
emission factors of non-compliant diesel vehicles, we
use the standard deviations based on T2014. Due to
lack of data, we apply the same standard deviations to
the compliant diesel vehicles and the gasoline vehicle.
Uncertainties in the radiative forcing of BC and OC
are derived from the multi-model results in the Aero-
Com Phase II experiment [58], while those of CO2,
CH4, O3 precursors (NOx, CO, and NMVOC), and
nitrate are based on [70]. To establish ranges in the
global-mean temperature response, we perform Monte
Carlo runs. The uncertainty analyses were conducted
separately for emission factors and radiative forcing.
In each of the two sets of runs, individual sources
of uncertainties are treated as being independent and
are assumed to follow normal distributions. Although
there are sources of uncertainties that are theoreti-
cally correlated (e.g. emission factors of BC and OC;
see a related discussion in [71]), we do not account
for correlations for the sake of transparency.

Results

Global-mean warmings caused by one-year on-road
operations of diesel vehicles DA and DB (i.e. in
the non-compliant mode) exhibit more complex
changes than those implied from laboratory emissions
(figures 1 (a) and (b)). This is due to the excess NOx
emissions during on-road operations, which manifest
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themselves as competing climate effects over a range
of time scales. The common features in the warming
from on-road emissions of vehicles DA and DB are
characterized first by strong short-term warming. This
is mostly caused by the tropospheric O3 response to
the excess NOx emissions (figure S1)—contributions
from BC are rather small. In the mid-term, the warm-
ing drops drastically as a result of the reduction in
the CH4 concentration [39] and along with the rapid
decay in the short-term O3 response. This is, how-
ever, followed by long-term warming due to the CO2
emissions, as the CH4 cooling disappears. Note that
the short-term warming and the mid-term cooling
are more enhanced in the results for vehicle DA than
those for vehicle DB. This is owing to the NOx after-
treatment technology typically used in small cars like
vehicle DA, which is known to release a substantial
amount of NOx under certain conditions.

Temperature uncertainties from the on-road emis-
sion factors of diesel vehicles DA and DB are relatively
small at 5 years after emissions and become larger at
20 years and smaller at 50 and 100 years (figure 1).
More distinct characteristics can be seen in temper-
ature uncertainties from radiative forcing, which are
remarkably large at 20 years (figure S2) among other
points in time, reflecting the large uncertainty from the
NOx radiative forcing (table S2). The uncertainties are
substantially reduced at 50 years as associated forcing
terms disappear over time. The remaining long-term
uncertainties stem from CO2 forcing.

On the contrary, warmings caused by laboratory
emissions from diesel vehicles DA and DB (i.e. in the
compliance mode) and gasoline vehicle GA show a very
different temporal pattern, peaking around a decade
after the emissions and persisting for a long term (fig-
ure1),which ismostly drivenbyCO2 emissions (Figure
S1). Temperature uncertainties from radiative forcing
are mainly determined by the uncertainty in CO2 forc-
ing and are thus small in the short- and mid-terms
because of generally small amounts of pollutant emis-
sions (figure S2).

The abovementioned fundamental features of the
results based on one-year emissions are kept in the
results from the analysis using 15 year sustained emis-
sions (figure 2). Although the absolute magnitudes of
long-term temperature changes are obviously different,
the relative levels (e.g. the difference between on-road
and laboratory results) are not qualitatively different in
the mid- to long terms. The warming behaviors during
the first 15 years are worth noting. The temperature
rises rapidly in all cases of sustained emissions, but in
the on-road cases of vehicle DA, the rate of temperature
increase starts to decline several years after the emis-
sions start. This is caused by the cooling effect induced
by decreasing CH4 concentrations, which partially off-
sets the warming built up from the sustained emissions.
When the sustained emissions stop, the warming in all
the diesel cases shows a sharp decline, reflecting the
cessation of short-term O3 response.
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Figure 1. Global-mean temperature change caused by one-
year operations of diesel vehicles DA and DB and gasoline
vehicle GA under driving conditions SG (orange) and HI
(blue). Solid and dashed lines in panels (a) and (b) indicate the
non-compliance (i.e. road) and compliance (i.e. laboratory)
modes, respectively. Dashed lines in panel (c) refer to gasoline
vehicle GA as behaved in the laboratory. Error bars show ±1𝜎
ranges due to the uncertainties in emission factors at 5, 20, 50,
and100years after emissions (slightly horizontally displaced to
avoid overlap). The same relative ranges are assumed for both
on-road and laboratory modes. For uncertainties in emission
factors, see table S1 of the supplementary information.

Now, to answer the first research question, we
found that the additional climate impacts of the non-
compliant vehicles, taken as the difference in the
impactsbetweentheon-roadand laboratorycasesusing
the 15 year sustained emissions, are highly contingent
on the time scale of concern as well as the underlying
driving patterns (figure 3). The non-compliant diesel
vehicles clearly produce larger climate impacts in the
short term than the compliant diesel vehicles of equal
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Figure 2. Global-mean temperature change caused by 15 year
sustained operations of diesel vehicles DA and DB and gaso-
line vehicle GA under driving conditions SG (orange) and HI
(blue). See the caption for figure 1.

characteristics do, but they create smaller impacts in
the mid-term. On the other hand, differences in the
long-term temperature changes, which are solely deter-
minedby thedifferences inCO2 andunaffectedbyNOx
(figure S1), are inconclusive in terms of the direction
of change. For both vehicles DA and DB, the on-road
emissions lead to a larger long-term warming under
driving condition SG (24% and 42% more enhanced
warmings after 100 years, respectively) but a smaller
long-term warming under driving condition HI (12%
less enhanced warmings after 100 years for both vehi-
cles), as far as the best estimates for emission factors
and radiative forcing are concerned.

It is noteworthy that the finding under driving con-
dition SG above is not compatible with the trade-off

Figure 3. Warming ratios between the road and laboratory
modes. Panel (a) shows the ratio of the warming from a 15
year operation of diesel vehicle DA in compliance mode to
that in non-compliance mode under driving conditions SG
(orange) and HI (blue). Panel (b) is the corresponding figure
for diesel vehicle DB. The results are based on best estimates
of emission factors and radiative forcing.

that defeat devices intend to manipulate: (i) improve
the fuel economy (i.e. decrease CO2 emissions) dur-
ing on-road operations by allowing excessive NOx
emissions and (ii) compromise the fuel economy (i.e.
increase CO2 emissions) during laboratory operations
by suppressing NOx emissions to pass the certification
test [17].Theexact reasons for the largerCO2 emissions
on the road under driving condition SG are unclear,
but it could be an indication that differences in the
underlying driving conditions between the laboratory
and on-road cases (see Methods) might have affected
the results. Furthermore, one may speculate the influ-
ence from additional fuel usage accompanied by diesel
particulate filter (DPF) regeneration events [72], which
results in additional CO2 emissions—however, they do
not clearly explain the discrepancy because there is no
difference in the number of DPF regeneration events
between driving conditions SG and HI (table 4.2 of
T2014).

Regarding the second question, the case for the
climatic advantage of ‘clean diesel’ vehicles in the pres-
ence of defeat devices, likewise, depends on the time
scale and the driving condition (figure 4). The theoret-
ical emissions in the compliance mode indeed indicate
slightly smaller climate impacts by 6%–20% than those
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Figure 4. Warming ratios between the diesel and gasoline
vehicles. The figure shows the ratio of the warming from a 15
year operation of diesel vehicle DA to that of gasoline vehicle
GA when diesel vehicle DA is in compliance mode (dashed
lines) and non-compliance mode (solid lines). Orange and
blue lines indicate driving conditions SG and HI, respectively.
The results are based on best estimates of emission factors and
radiative forcing.

from the gasoline vehicle of comparable characteris-
tics over a wide range of time scale, assuming the
best estimates of emission factors and radiative forcing.
However, in the non-compliance mode, differences in
the temperature changes are either positive or negative:
a slightly larger long-term warming under driving con-
ditionSG (3%moreenhancedwarming after 100 years)
as opposed to a smaller long-term warming under driv-
ing condition HI (17% less enhanced warming after
100 years). It should however be noted that the fuel
advantage of diesel vehicles becomes marginal recently
due to the continuing improvement of gasoline engine
technology, diminishing the long-term climate benefits
of diesel vehicles.

We have thus far looked into temperature changes
at end-points in time. There are types of impact that,
however, concern more the cumulative warming over
time. To emphasize the plurality of ways in which
results are evaluated or impacts are perceived, we put
together the results in figures 5 and 6 from two dif-
ferent temporal perspectives: (i) end-point perspective,
in which the impacts are evaluated at the end-point
of the specified time horizon as discussed previously,
and (ii) integrated perspective, in which the impacts
are quantified by integration over the course of the
time horizon. Note that the integrated perspective can
also be framed as averaged perspective when impacts
are normalized with respect to time. Instrumental to
this temporal perspective issue are debates surround-
ing emission metrics that are used to define the relative
impacts of non-CO2 emissions on the basis of CO2
emissions [23, 73–82]. Emission metrics depend like-
wise on the temporal perspective as well as the time
horizon. A relevant outcome of the metric debates is
that the end-point perspective is aligned more with
the cost-effectiveness framework such as the temper-
ature stabilization in the Paris Agreement, while the

integrated perspective fits better with the cost-benefit
framework addressing climate impacts more explicitly
[83].

Figures 5 and 6 show that temperature impacts seen
from the integrated perspective put more emphasis on
impacts carried from previous periods than those from
the end-point perspective. For instance, the warming
ratio between the road and laboratory modes for vehi-
cle DA range from −12% to 24% and from −33% to
1.8% under the end-point and integrated 100 year time
horizons, respectively. The ranges stem from different
driving conditions, with the best estimates of emission
factors and radiative forcing assumed. The correspond-
ing quantity for vehicle DB is from −12% to 42% and
from −22% to 26%, respectively.

The choice of the temporal perspective (i.e. end-
point vs. integrated) however does not influence our
broad conclusions. Regardless of the choice of tempo-
ral perspective, the answer to the first question depends
on the time scale and the underlying driving condi-
tions. The additional long-term temperature change
from the non-compliance mode is still either posi-
tive or negative, although the long-term warming level
looks lower with the integrated perspective because of
the offsetting effects discussed above. Regarding the
answer to the second question, the warming differ-
ences in question depend again on the time scale and
the driving conditions. Nevertheless, our results sug-
gest that the legitimacy of climate friendly ‘clean diesel’
indeed appears to be the case if the vehicles are truly in
compliance; however, this is not necessarily the case in
the presence of defeat devices.

Discussion

We have taken a first step toward quantifying the
climate impacts caused by the emissions from non-
compliant diesel vehicles during on-road operations
by taking the VW emission cheating as an illustrative
example. Our study employs a transparent approach,
dealing with single specific vehicles, not the fleet, under
well-documented driving conditions to understand
the fundamental structures of the problems at hand.
In doing so, we emphasize the need to include the
effects from non-CO2 components (not just CO2) in
the analysis, which are often ignored in the previous
debates on the climate benefit of diesel vehicles. We
are explicit about the plurality of ways to evaluates cli-
mate impacts with respect to the time horizon (e.g. 20
years vs 100 years) and the temporal perspective (e.g.
end-point or integrated), the awareness of which is
important in dealing with multiple components with
different atmospheric characteristics.

We conclude the following two points: (1) the
use of defeat device-installed diesel vehicles can create
additional temperature impacts in a complex manner
over time, depending on the driving conditions, and
(2) the climatic advantage of ‘clean diesel’ does not
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necessarily hold in the presence of defeat devices. To
scale up our results to elucidate the climate impacts
from the whole affected fleet (i.e. the entire Diesel-
gate), our analysis suggests that it would be crucial
to consider the underlying driving conditions realis-
tically. Quantifying actual climate impacts can also be
challenged by a number of confounding factors includ-
ing the so-called rebound effect [47–51]. Furthermore,
even in our idealized and well-controlled setting, the
climate impacts from diesel vehicles are complex,
whose interpretation requires various perspectives.

As a final remark, we generally support the direc-
tion of new emission regulations requiring more data
from on-road operations, beyond laboratories that
have so far been considered. On the other hand,
enforcing stricter and more comprehensive emission
standards do not necessarily lead to an improve-
ment and may possibly create another loophole [84].
Designingnext-generationpolicies tackling diesel vehi-
cle exhaust requires input from multiple perspectives
as well as interdisciplinary discourse. Climate impacts
should therefore be addressed as one of the central
issues together with human health [13, 20, 29–32, 35,
36], climate policies [44, 45, 47], engine technologies
[85], economics [84], legitimacy [86], and ethics [14,
53] tobetter informpolicymakingassociatedwithdiesel
vehicle exhaust.

Acknowledgments

This research was supported by the Low-Carbon
Research Program of National Institute for Environ-
mental Studies, Japan. We thank Jan Fuglestvedt, Ray
Minjares, Tatsuya Nagashima, Saroj Kumar Sahu, and
Eric Zusman for relevant discussions during the course
of this study. We are grateful to the two anonymous
reviewers for their thoughtful and constructive com-
ments on earlier manuscripts.

ORCID iDs

Katsumasa Tanaka https://orcid.org/0000-0001-
9601-6442
Marianne T Lund https://orcid.org/0000-0001-
9911-4160
Borgar Aamaas https://orcid.org/0000-0002-5668-
614X

References

[1] Pelkmans L and Debal P 2006 Comparison of on-road
emissions with emissions measured on chassis dynamometer
test cycles Trans. Res. Part D Trans. Environ. 11 233–41

[2] Carslaw D C, Beevers S D, Tate J E, Westmoreland E J and
Williams M L 2011 Recent evidence concerning higher NOx
emissions from passenger cars and light duty vehicles Atmos.
Environ. 45 7053–63

[3] Rhys-Tyler G A, Legassick W and Bell M C 2011 The
significance of vehicle emissions standards for levels of exhaust

pollution from light vehicles in an urban area Atmos. Environ.
45 3286–93

[4] Weiss M, Bonnel P, Hummel R, Provenza A and Manfredi U
2011 On-Road Emissions of Light-Duty Vehicles in Europe
Environ. Sci. Technol. 45 8575–81

[5] Hu J, Wu Y, Wang Z, Li Z, Zhou Y, Wang H, Bao X and Hao J
2012 Real-world fuel efficiency and exhaust emissions of
light-duty diesel vehicles and their correlation with road
conditions J. Environ. Sci. 24 865–74

[6] Weiss M et al 2012 Will Euro 6 reduce the NOx emissions of
new diesel cars?—Insights from on-road tests with portable
emissions measurement systems (PEMS) Atmos. Environ. 62
657–65

[7] Boulter P G, Borken-Kleefeld J and Ntziachristos L 2013
Urban Air Quality in Europe ed M Viana (Heidelberg:
Springer) pp 31–53

[8] Franco V, Posada Sánchez F, German J and Mock P 2014
Real-world exhaust emissions from modern diesel cars Int.
Council Clean Transport. (https://www.theicct.org/
publications/real-world-exhaust-emissions-modern-
diesel-cars)

[9] Yang L, Franco V, Campestrini A, German J and Mock P 2015
NOx control technologies for Euro 6 diesel passenger cars Int.
Council Clean Transport. (https://www.theicct.org/
publications/nox-control-technologies-euro-6-diesel-
passenger-cars)

[10] Bundesministerium für Verkehr und digitale Infrastruktur
2016 Bericht der Untersuchungskommission Volkswagen
p 128

[11] Muncrief R 2016 p 14 NOx emissions from heavy-duty and
light-duty diesel vehicles in the EU: comparison of real-world
performance and current type-approval requirements

[12] Ntziachristos L, Papadimitriou G, Ligterink N and Hausberger
S 2016 Implications of diesel emissions control failures to
emission factors and road transport NOx evolution Atmos.
Environ. 141 542–51

[13] Anenberg S C et al 2017 Impacts and mitigation of excess
diesel-related NOx emissions in 11 major vehicle markets
Nature 545 467–71

[14] Trope R L and Ressler E K 2016 Mettle fatigue: VW’s
single-point-of-failure ethics IEEE Secur. Privacy 14
12–30

[15] Gate G, Ewing J, Russel K and Watkins D 2015 Explaining
Volkswagen’s emissions scandal New York Times
(https://www.nytimes.com/interactive/2015/business/
international/vw-diesel-emissions-scandal-explained.html)

[16] Schiermeier Q 2015 The science behind the Volkswagen
emissions scandal Nat. News (https://doi.org/10.1038/
nature.2015.18426)

[17] Foster D 2016 Volkswagen’s defeat device and the probable
ramifications of potential fixes. In: Note prepared for Hausfeld
Rechtsanwälte LLP

[18] Reitze A W 2016 The volkswagen air pollution emissions
litigation Environ. Law Rep. 46 10564

[19] Ewing J 2017 Faster, Higher, Farther: The Volkswagen Scandal
(New York: W. W. Norton)

[20] Oldenkamp R, van Zelm R and Huijbregts M A J 2016
Valuing the human health damage caused by the fraud of
Volkswagen Environ. Pollut. 212 121–7

[21] Thompson G J, Carder D K, Besch M C, Thiruvengadam A
and Kappanna H K 2014 In-Use Emissions Testing of
Light-duty Diesel Vehicles in the US (West Virginia
University)

[22] International Energy Agency 2016 CO2emissions from fuel
combustion: 2016 edition

[23] IPCC 2013 Climate change 2013: the physical science basis
Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change ed T
F Stocker et al (Cambridge: Cambridge University Press)
p 1535

[24] Jerrett M, Burnett R T, Pope C A I, Ito K, Thurston G, Krewski
D, Shi Y, Calle E and Thun M 2009 Long-term ozone
exposure and mortality New Engl. J. Med. 360 1085–95

9

https://orcid.org/0000-0001-9601-6442
https://orcid.org/0000-0001-9601-6442
https://orcid.org/0000-0001-9601-6442
https://orcid.org/0000-0001-9911-4160
https://orcid.org/0000-0001-9911-4160
https://orcid.org/0000-0001-9911-4160
https://orcid.org/0000-0002-5668-614X
https://orcid.org/0000-0002-5668-614X
https://orcid.org/0000-0002-5668-614X
https://doi.org/10.1016/j.trd.2006.04.001
https://doi.org/10.1016/j.trd.2006.04.001
https://doi.org/10.1016/j.trd.2006.04.001
https://doi.org/10.1016/j.atmosenv.2011.09.063
https://doi.org/10.1016/j.atmosenv.2011.09.063
https://doi.org/10.1016/j.atmosenv.2011.09.063
https://doi.org/10.1016/j.atmosenv.2011.03.035
https://doi.org/10.1016/j.atmosenv.2011.03.035
https://doi.org/10.1016/j.atmosenv.2011.03.035
https://doi.org/10.1021/es2008424
https://doi.org/10.1021/es2008424
https://doi.org/10.1021/es2008424
https://doi.org/10.1016/s1001-0742(11)60878-4
https://doi.org/10.1016/s1001-0742(11)60878-4
https://doi.org/10.1016/s1001-0742(11)60878-4
https://doi.org/10.1016/j.atmosenv.2012.08.056
https://doi.org/10.1016/j.atmosenv.2012.08.056
https://doi.org/10.1016/j.atmosenv.2012.08.056
https://www.theicct.org/publications/real-world-exhaust-emissions-modern-diesel-cars
https://www.theicct.org/publications/real-world-exhaust-emissions-modern-diesel-cars
https://www.theicct.org/publications/real-world-exhaust-emissions-modern-diesel-cars
https://www.theicct.org/publications/nox-control-technologies-euro-6-diesel-passenger-cars
https://www.theicct.org/publications/nox-control-technologies-euro-6-diesel-passenger-cars
https://www.theicct.org/publications/nox-control-technologies-euro-6-diesel-passenger-cars
https://doi.org/10.1016/j.atmosenv.2016.07.036
https://doi.org/10.1016/j.atmosenv.2016.07.036
https://doi.org/10.1016/j.atmosenv.2016.07.036
https://doi.org/10.1038/nature22086
https://doi.org/10.1038/nature22086
https://doi.org/10.1038/nature22086
https://doi.org/10.1109/msp.2016.6
https://doi.org/10.1109/msp.2016.6
https://doi.org/10.1109/msp.2016.6
https://www.nytimes.com/interactive/2015/business/international/vw-diesel-emissions-scandal-explained.html
https://www.nytimes.com/interactive/2015/business/international/vw-diesel-emissions-scandal-explained.html
https://doi.org/10.1038/nature.2015.18426
https://doi.org/10.1038/nature.2015.18426
https://doi.org/10.1016/j.envpol.2016.01.053
https://doi.org/10.1016/j.envpol.2016.01.053
https://doi.org/10.1016/j.envpol.2016.01.053
https://doi.org/10.1056/nejmoa0803894
https://doi.org/10.1056/nejmoa0803894
https://doi.org/10.1056/nejmoa0803894


Environ. Res. Lett. 13 (2018) 044020

[25] Benbrahim-Tallaa L, Baan R A, Grosse Y, Lauby-Secretan B, El
Ghissassi F, Bouvard F, Guha V, Loomis N and Straif K 2012
Carcinogenicity of diesel-engine and gasoline-engine exhausts
and some nitroarenes Lancet Oncol. 13 663–4

[26] Hoek G, Krishnan R M, Beelen R, Peters A, Ostro B,
Brunekreef B and Kaufman J D 2013 Long-term air pollution
exposure and cardio- respiratory mortality: a review Environ.
Health 12 43

[27] European Environment Agency 2015 Air quality in
Europe—2015 report p 57

[28] Schmidt C W 2016 Beyond a one-time scandal: Europe’s
ongoing diesel pollution problem Environ. Health Perspect.
124 A19–22

[29] Barrett S R H, Speth R L, Eastham S D, Dedoussi I C, Ashok A,
Malina R and Keith D W 2015 Impact of the Volkswagen
emissions control defeat device on US public health Environ.
Res. Lett. 10 114005

[30] Holland S P, Mansur E T, Muller N Z and Yates A J 2016
Damages and expected deaths due to excess NOx emissions
from 2009–2015 Volkswagen diesel vehicles Environ. Sci.
Technol. 50 1111–7

[31] Hou L, Zhang K, Luthin M and Baccarelli A 2016 Public
health impact and economic costs of Volkswagen’s lack of
compliance with the United States’ emission standards Int. J.
Env. Res. Public Health 13 891

[32] Wang T, Jerrett M, Sinsheimer P and Zhu Y 2016 Estimating
PM2.5-associated mortality increase in California due to the
Volkswagen emission control defeat device Atmos. Environ.
144 168–74

[33] Hoekman S K 2016 Comment on ‘damages and expected
deaths due to excess NOx emissions from 2009–2015
Volkswagen diesel vehicles’ Environ. Sci. Technol. 50 4135–6

[34] Holland S P, Mansur E T, Muller N Z and Yates A J 2016
Response to comment on ‘damages and expected deaths due
to excess NOx emissions from 2009–2015 Volkswagen diesel
vehicles’ Environ. Sci. Technol. 50 4137–8

[35] Chossière G P, Malina R, Ashok A, Dedoussi I C, Eastham S D,
Speth R L and Barrett S R H 2017 Public health impacts of
excess NOx emissions from Volkswagen diesel passenger
vehicles in Germany Environ. Res. Lett. 12 034014

[36] Jonson J E, Borken-Kleefeld J, Simpson D, Nyı́ri A, Posch M
and Heyes C 2017 Impact of excess NOx emissions from diesel
cars on air quality, public health and eutrophication in Europe
Environ. Res. Lett. 12 094017

[37] Whiteman G and Hoster H 2015 Vehicle emissions:
Volkswagen and the road to Paris Nature 527 38

[38] Berntsen T and Fuglestvedt J 2008 Global temperature
responses to current emissions from the transport sectors Proc.
Natl Acad. Sci. 105 19154–9

[39] Prather M J 2007 Lifetimes and time scales in atmospheric
chemistry Phil. Trans. R Soc. A Math. Phys. Eng. Sci. 365
1705–26

[40] Solomon S, Plattner G-K, Knutti R and Friedlingstein P 2009
Irreversible climate change due to carbon dioxide emissions
Proc. Natl Acad. Sci. 106 1704–9

[41] Joos F et al 2013 Carbon dioxide and climate impulse response
functions for the computation of greenhouse gas metrics: a
multi-model analysis Atmos. Chem. Phys. 13 2793–825

[42] Minjares R, Blumberg K and Posada Sanchez F 2013
Alignment of policies to maximize the climate benefits of
diesel vehicles through control of particulate matter and black
carbon emissions Energy Policy 54 54–61

[43] Berman B 2015 What the VW scandal means for clean diesel
(https://www.technologyreview.com/s/541661/what-the-vw-
scandal-means-for-clean-diesel/)

[44] Helmers E 2006 Die Kosten des Dieselbooms Umweltwiss.
Schadstoff-Forsch 18 30–6

[45] Helmers E 2009 Bitte Wenden Sie Jetzt (Weinheim: Wiley)
[46] Vaughan A 2016 Cutting diesel pollution puts climate change

target at risk, says VW UK chief The Guardian (https://www.
theguardian.com/environment/2016/jan/13/cutting-diesel-
pollution-puts-climate-change-target-at-risk-says-vw-uk-
chief)

[47] Cames M and Helmers E 2013 Critical evaluation of the
European diesel car boom—global comparison,
environmental effects and various national strategies Environ.
Sci. Europe 25 1–22

[48] Matiaske W, Menges R and Spiess M 2012 Modifying the
rebound: It depends! Explaining mobility behavior on the
basis of the German socio-economic panel Energy Policy 41
29–35

[49] Hivert L 2013 Short-term break in the French love for diesel?
Energy Policy 54 11–22

[50] Schipper L and Fulton L 2013 Dazzled by diesel? The impact
on carbon dioxide emissions of the shift to diesels in Europe
through 2009 Energy Policy 54 3–10

[51] Zachariadis T 2013 Gasoline, diesel and climate policy
implications—Insights from the recent evolution of new car
sales in Germany Energy Policy 54 23–32

[52] Tanaka K, Berntsen T, Fuglestvedt J S and Rypdal K 2012
Climate effects of emission standards: the case for gasoline and
diesel cars Environ. Sci. Technol. 46 5205–13

[53] Bovens L 2016 The ethics of Dieselgate Midwest Stud. Phil. 40
262–83

[54] Andrews T, Gregory J M, Webb M J and Taylor K E 2012
Forcing, feedbacks and climate sensitivity in CMIP5 coupled
atmosphere-ocean climate models Geophys. Res. Lett. 39
L09712

[55] IPCC 2001 Climate change 2001: the scientific basis
Contribution of Working Group I to the Third Assessment
Report of the Intergovernmental Panel on Climate Change
ed J T Houghton et al (Cambridge: Cambridge University
Press) p 881

[56] Tanaka K, Kriegler E, Bruckner T, Hooss G, Knorr W and
Raddatz T 2007 Aggregated carbon cycle, atmospheric
chemistry, and climate model (ACC2)—description of the
forward and inverse modes Reports on Earth System Science
(Hamburg: Max Planck Institute for Meteorology) p 188
(http://hdl.handle.net/11858/00-001M-0000-0011-
FB8C-3)

[57] Bond T C, Streets D G, Yarber K F, Nelson S M, Woo J-H and
Klimont Z 2004 A technology-based global inventory of black
and organic carbon emissions from combustion J. Geophys.
Res. 109 D14203

[58] Myhre G et al 2013 Radiative forcing of the direct aerosol
effect from AeroCom phase II simulations Atmos. Chem. Phys.
13 1853–77

[59] Søvde O A, Prather M J, Isaksen I S A, Berntsen T K, Stordal F,
Zhu X, Holmes C D and Hsu J 2012 The chemical transport
model Oslo CTM3 Geosci. Model Dev. 5 1441–69

[60] Gentner D R et al 2017 Review of urban secondary organic
aerosol formation from gasoline and diesel motor vehicle
emissions Environ. Sci. Technol. 51 1074–93

[61] Shrivastava M et al 2017 Recent advances in understanding
secondary organic aerosol: Implications for global climate
forcing Rev. Geophys. 55 509–59

[62] Fontaras G, Zacharof N-G and Ciuffo B 2017 Fuel
consumption and CO2 emissions from passenger cars in
Europe—Laboratory versus real-world emissions Prog. Energy
Combust. Sci. 60 97–131

[63] US EPA 2016 Documents Related to Volkswagen Violations
for Model Years 2009–16

[64] US EPA 2016 Light-Duty Vehicles and Trucks Emission
Standards

[65] Reiter M S and Kockelman K M 2016 The problem of cold
starts: A closer look at mobile source emissions levels Trans.
Res. Part D Trans. Environ. 43 123–32

[66] Roberts A, Brooks R and Shipway P 2014 Internal combustion
engine cold-start efficiency: A review of the problem, causes
and potential solutions Energy Conver. Manage. 82 327–50

[67] Bento A, Roth K and Zuo Y 2018 Vehicle lifetime trends and
scrappage behavior in the US used car market Energy J. 39
159–83

[68] Borken-Kleefeld J and Chen Y 2015 New emission
deterioration rates for gasoline cars—results from long-term
measurements Atmos. Environ. 101 58–64

10

https://doi.org/10.1016/s1470-2045(12)70280-2
https://doi.org/10.1016/s1470-2045(12)70280-2
https://doi.org/10.1016/s1470-2045(12)70280-2
https://doi.org/10.1186/1476-069x-12-43
https://doi.org/10.1186/1476-069x-12-43
https://doi.org/10.1289/ehp.124-A19
https://doi.org/10.1289/ehp.124-A19
https://doi.org/10.1289/ehp.124-A19
https://doi.org/10.1088/1748-9326/10/11/114005
https://doi.org/10.1088/1748-9326/10/11/114005
https://doi.org/10.1021/acs.est.5b05190
https://doi.org/10.1021/acs.est.5b05190
https://doi.org/10.1021/acs.est.5b05190
https://doi.org/10.3390/ijerph13090891
https://doi.org/10.3390/ijerph13090891
https://doi.org/10.1016/j.atmosenv.2016.08.074
https://doi.org/10.1016/j.atmosenv.2016.08.074
https://doi.org/10.1016/j.atmosenv.2016.08.074
https://doi.org/10.1021/acs.est.6b00856
https://doi.org/10.1021/acs.est.6b00856
https://doi.org/10.1021/acs.est.6b00856
https://doi.org/10.1021/acs.est.6b01157
https://doi.org/10.1021/acs.est.6b01157
https://doi.org/10.1021/acs.est.6b01157
https://doi.org/10.1088/1748-9326/aa5987
https://doi.org/10.1088/1748-9326/aa5987
https://doi.org/10.1088/1748-9326/aa8850
https://doi.org/10.1088/1748-9326/aa8850
https://doi.org/10.1038/527038a
https://doi.org/10.1038/527038a
https://doi.org/10.1073/pnas.0804844105
https://doi.org/10.1073/pnas.0804844105
https://doi.org/10.1073/pnas.0804844105
https://doi.org/10.1098/rsta.2007.2040
https://doi.org/10.1098/rsta.2007.2040
https://doi.org/10.1098/rsta.2007.2040
https://doi.org/10.1073/pnas.0812721106
https://doi.org/10.1073/pnas.0812721106
https://doi.org/10.1073/pnas.0812721106
https://doi.org/10.5194/acp-13-2793-2013
https://doi.org/10.5194/acp-13-2793-2013
https://doi.org/10.5194/acp-13-2793-2013
https://doi.org/10.1016/j.enpol.2012.09.053
https://doi.org/10.1016/j.enpol.2012.09.053
https://doi.org/10.1016/j.enpol.2012.09.053
https://www.technologyreview.com/s/541661/what-the-vw-scandal-means-for-clean-diesel/
https://www.technologyreview.com/s/541661/what-the-vw-scandal-means-for-clean-diesel/
https://doi.org/10.1065/uwsf2006.01.115
https://doi.org/10.1065/uwsf2006.01.115
https://doi.org/10.1065/uwsf2006.01.115
https://www.theguardian.com/environment/2016/jan/13/cutting-diesel-pollution-puts-climate-change-target-at-risk-says-vw-uk-chief
https://www.theguardian.com/environment/2016/jan/13/cutting-diesel-pollution-puts-climate-change-target-at-risk-says-vw-uk-chief
https://www.theguardian.com/environment/2016/jan/13/cutting-diesel-pollution-puts-climate-change-target-at-risk-says-vw-uk-chief
https://www.theguardian.com/environment/2016/jan/13/cutting-diesel-pollution-puts-climate-change-target-at-risk-says-vw-uk-chief
https://doi.org/10.1186/2190-4715-25-15
https://doi.org/10.1186/2190-4715-25-15
https://doi.org/10.1186/2190-4715-25-15
https://doi.org/10.1016/j.enpol.2010.11.044
https://doi.org/10.1016/j.enpol.2010.11.044
https://doi.org/10.1016/j.enpol.2010.11.044
https://doi.org/10.1016/j.enpol.2011.11.014
https://doi.org/10.1016/j.enpol.2011.11.014
https://doi.org/10.1016/j.enpol.2011.11.014
https://doi.org/10.1016/j.enpol.2012.11.013
https://doi.org/10.1016/j.enpol.2012.11.013
https://doi.org/10.1016/j.enpol.2012.11.013
https://doi.org/10.1016/j.enpol.2011.11.075
https://doi.org/10.1016/j.enpol.2011.11.075
https://doi.org/10.1016/j.enpol.2011.11.075
https://doi.org/10.1021/es204190w
https://doi.org/10.1021/es204190w
https://doi.org/10.1021/es204190w
https://doi.org/10.1111/misp.12060
https://doi.org/10.1111/misp.12060
https://doi.org/10.1111/misp.12060
https://doi.org/10.1029/2012GL051607
https://doi.org/10.1029/2012GL051607
http://hdl.handle.net/11858/00-001M-0000-0011-FB8C-3
http://hdl.handle.net/11858/00-001M-0000-0011-FB8C-3
https://doi.org/10.1029/2003jd003697
https://doi.org/10.1029/2003jd003697
https://doi.org/10.5194/acp-13-1853-2013
https://doi.org/10.5194/acp-13-1853-2013
https://doi.org/10.5194/acp-13-1853-2013
https://doi.org/10.5194/gmd-5-1441-2012
https://doi.org/10.5194/gmd-5-1441-2012
https://doi.org/10.5194/gmd-5-1441-2012
https://doi.org/10.1021/acs.est.6b04509
https://doi.org/10.1021/acs.est.6b04509
https://doi.org/10.1021/acs.est.6b04509
https://doi.org/10.1002/2016rg000540
https://doi.org/10.1002/2016rg000540
https://doi.org/10.1002/2016rg000540
https://doi.org/10.1016/j.pecs.2016.12.004
https://doi.org/10.1016/j.pecs.2016.12.004
https://doi.org/10.1016/j.pecs.2016.12.004
https://doi.org/10.1016/j.trd.2015.12.012
https://doi.org/10.1016/j.trd.2015.12.012
https://doi.org/10.1016/j.trd.2015.12.012
https://doi.org/10.1016/j.enconman.2014.03.002
https://doi.org/10.1016/j.enconman.2014.03.002
https://doi.org/10.1016/j.enconman.2014.03.002
https://doi.org/10.5547/01956574.39.1.aben
https://doi.org/10.5547/01956574.39.1.aben
https://doi.org/10.5547/01956574.39.1.aben
https://doi.org/10.1016/j.atmosenv.2014.11.013
https://doi.org/10.1016/j.atmosenv.2014.11.013
https://doi.org/10.1016/j.atmosenv.2014.11.013


Environ. Res. Lett. 13 (2018) 044020

[69] Chen Y and Borken-Kleefeld J 2016 NOx emissions from
diesel passenger cars worsen with age Environ. Sci. Technol. 50
3327–32

[70] Myhre G et al et al 2013 Climate change 2013: the physical
science basis Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental Panel on Climate
Change ed T F Stocker et al (Cambridge: Cambridge
University Press) pp 659–740

[71] Dahlmann K, Grewe V, Frömming C and Burkhardt U 2016
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