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[bookmark: 40010][bookmark: 40100]Abstract 
[bookmark: _GoBack]Real world emissions of oxides of nitrogen (NOx) often greatly exceed those achieved in the laboratory based type approval process. In this paper the real world emissions from a substantial sample of the latest Euro 6 diesel passenger cars are presented with a focus on NOx and primary NO2. Portable Emissions Measurement System (PEMS) data is analysed from 39 Euro 6 diesel passenger cars over a test route comprised of urban and motorway sections. The sample includes vehicles installed with exhaust gas recirculation (EGR), lean NOx traps (LNT), or selective catalytic reduction (SCR). The results show wide variability in NOx emissions from 1 – 22 times the type approval limit. The average NOx emission, 0.36 (sd. 0.36) g km-1, is 4.5 times the Euro 6 limit. The average fraction primary NO2 (fNO2) is 44 (sd. 20) %. Higher emissions during the urban section of the route are attributed to an increased number of acceleration events. Comparisons between PEMS measurements and COPERT speed dependent emissions factors show PEMS measurements to be on average 1.6 times higher than COPERT estimates for NOx and 2.5 times for NO2. However, by removing the 5 most polluting vehicles average emissions were reduced considerably.
[bookmark: 42000]Highlights 
· Largest Euro 6 PEMS study to date with 39 vehicles
· Detailed analysis of fraction primary NO2 and absolute NO2 emissions
· Analysis of EGR, LNT and SCR NOx control technologies
· Comparison between real world emissions and COPERT emissions factors
· Comparison of urban and motorway driving and effect of acceleration on NOx emission
Keywords 
Euro 6 emission standards; NOx; Primary NO2; Diesel exhaust aftertreatment; COPERT
Introduction
In the past decade the European Union (EU) has seen a reduction in emissions of air pollutants. Of these pollutants nitrogen dioxide (NO2) is prominent due to its direct negative effects on human health, including low lung function and increased risk of cancer (Adam et al., 2015; Hamra et al., 2015; WHO, 2013). Recent evidence has linked NO2 to hundreds of thousands of premature deaths across Europe each year (COMEAP, 2010; EEA, 2015a; RCP, 2016). The EU First Daughter Directive (99/30/EC) sets an annual mean limit for NO2 concentrations of 40 µgm-3 and an hourly mean limit of 200 μgm-3 (with an allowance of 18 exceedances per year). These limits have been legally binding for member states since January 2010. Consecutive regulations have so far failed to fully reduce concentrations of NO2 to acceptable levels. One tenth of Europe’s urban population still live in areas where NO2 concentrations exceed limits set for the protection of human health (EEA, 2015b). 
The EU has introduced successive emission standards (the Euro standards) limiting grams per kilometre (g km-1) emissions of oxides of nitrogen (NOx = NO + NO2). The most recent Euro 6 standard sets the limit of 0.08 g NOx km-1 (EC, 2008). Current type approval consists of the New European Driving Cycle (NEDC) performed on a chassis dynamometer in laboratory conditions. There is currently no dedicated NO2 emissions standard and its necessity is yet undecided (Degraeuwe et al., 2015). This paper argues that this is an important omission.
Real world emissions data (from Portable Emissions Measurement Systems, PEMS) for Euro 6 diesel cars is not abundant in literature with most sample sizes being limited (Franco et al., 2014; Weiss et al., 2012). In this study we present PEMS measurements from 39 Euro 6 diesel passenger cars. The findings of this paper should be considered in an air quality context. We compare PEMS data to the Euro 6 emission standard and the real driving emission (RDE) not-to-exceed limit for NOx. We also focus on absolute NO2 emissions in g km-1. This paper gives insight into real world Euro 6 g km-1 NOx and NO2 emissions and compares these to projections by the air quality emissions model COPERT (Computer Program to Calculate Emissions from Road Transport). We consider the nature of NOx emissions and which policy measures may be most effective in tackling air quality limit value exceedances in urban areas. We also investigate the fraction of NOx emitted as primary NO2, effect of exhaust aftertreatments, engine size and differences between urban and motorway driving. 
Background
	Tier
	Introduced
	NOx limit g km-1

	Euro 4
	Sep-05
	0.25

	Euro 5
	Sep-09
	0.18

	Euro 6a
	Sep-14
	0.08

	Euro 6c (RDE)
	Sep-17
	0.168


[bookmark: _Ref443415475]Table 1. Euro standards and emissions limits (EC, 2007; Europarl, 2016)
From 1999 to 2010 atmospheric NOx concentrations have fallen in line with Euro standards (Table 1), though they have fallen by a lesser amount than anticipated when legislation was introduced. However, NO2 concentrations have remained constant and in some cases increased. Transport emissions from diesel vehicles have been held widely responsible (Anttila et al., 2011; Beevers et al., 2012; Carslaw et al., 2011a, 2011b; Henschel et al., 2015; Hu et al., 2012). This is a consequence of the tendency of on road diesel NOx emissions to exceed regulatory limits, which are only achieved during the lab based type approval process (Franco et al., 2014; Weiss et al., 2012, 2011b) in combination with the deeper market penetration of diesel in Europe. This was driven by the promise of lower carbon dioxide (CO2) emissions and associated tax incentives. 
When NOx is released into the atmosphere as a mixture of NO and NO2 chemical reactions take place with ozone (O3). O3 reacts with the NO component of NOx to produce NO2. This is balanced by the photo-dissociation of NO2 to NO and characterised by the equilibrium photo-stationary state equations-
Equation 1	
Given well mixed air and sufficient time this results in an equilibrium ratio of NO2 to NOx (Clapp and Jenkin, 2001). However, at road-side locations there is insufficient time for such reactions and often ozone is already depleted, limiting reactions with NO. In these circumstances the proportion of NOx emitted directly as primary NO2 becomes the dominant factor (Carslaw et al., 2016; Degraeuwe et al., 2015). Because of this high levels of primary NO2 are particularly associated with causing high road-side concentrations of NO2. Introduction of successive Euro standards have marked an increase in the fraction of NOx emitted as primary NO2 (fNO2). This is mainly due to the addition of oxidative after-treatment systems known as diesel oxidation catalysts (DOCs) (Alvarez et al., 2008; Carslaw et al., 2011b, 2016; Grice et al., 2009). After passing through the DOC emissions flow through a reducing environment. The majority of Euro 6 vehicles are installed with either lean NOx traps (LNT) or selective catalytic reduction (SCR) in combination with exhaust gas recirculation (EGR) (ICCT, 2015).
The recent Volkswagen “defeat device” emissions scandal has expedited and intensified reform of the EU type approval process. To address discrepancies between type approval and real world emissions as of September 2017 new models registered for sale in the EU will be subject to RDE test procedures (EC, 2015a). However, all new vehicles sold will not be subject to RDE until 2019. It has been decided by the European Parliament that the on road emission limit will be higher than the Euro 6 standard. The RDE emission limit will take the form of a not-to-exceed (NTE) value dependant on a conformity factor (CF)
Equation 2		 NTEpollutant = CFpollutant x Euro 6 emission standard
The agreed conformity factor for NOx of 2.1 (NTE limit of 0.168 g km-1) will be legally binding as of September 2017, to be reduced to 1.5 in September 2020 (Europarl, 2016). The EU is also planning to move away from a solely pre-market compliance procedure and introduce market surveillance for vehicles in circulation (EC, 2015b). 
The RDE element of the new light duty type approval procedure will utilise PEMS. PEMS were developed in the late 1990’s and approved for EU engine certification of heavy duty engines in 2009, becoming mandatory for heavy duty type approval in 2011 (EC, 2011, 2009). PEMS, along with remote sensing, exposed the discrepancies between certification and on road emissions, (Carslaw, 2005; Rubino et al., 2007; Weiss et al., 2011b). Their introduction to light duty test procedure is expected to reduce the problem of NO2 exceedances in urban areas (Degraeuwe et al., 2015; Weiss et al., 2012). Vehicle emissions are dependent on a wide variety of operating and environmental conditions including acceleration, traffic congestion, driving style, wind and temperature (Kousoulidou et al., 2013). As a result, even with repeated testing, PEMS data has attached a greater level of variability than laboratory measurements where these external factors can be controlled and regulated (Weiss et al., 2011b). However, it is precisely this that makes PEMS more representative of real world situations.
PEMS already play a substantial role in emissions inventories, development of emissions models and emissions factors for projections (Collins et al., 2007; Frey et al., 2003). This includes COPERT, which is used by the UK for NOx emissions projections, road transport emissions modelling and the Emissions Factor Toolkit  (DEFRA, 2014; Kousoulidou et al., 2013). COPERT is used by 22 of the 28 EU member states for road transport inventories and emissions projections (Kioutsioukis et al., 2010). 
Methodology
A Portable Emissions Measurement System was used to measure real driving emissions of 39 Euro 6 diesel passenger cars. The cars were category M1[footnoteRef:1], made by 13 different manufacturers, ranged in engine size and used standard diesel fuel. Emissions were analysed for entire trips as well as separately for urban and motorway sections. Emissions measurements were then compared to the equivalent emissions projections from COPERT 4v11 speed dependent emission factors.  [1:  “Vehicles used for the carriage of passengers and comprising not more than eight seats in addition to the driver's seat” (UN Economic and Social Council (ECOSOC), 2011))] 

Test vehicles
Vehicles have been assigned a Vehicle ID which reflects the NOx aftertreatment installed and engine size. The mix of NOx aftertreatments, 7 EGR, 19 LNT and 13 SCR, reflects the 2014 sales mix of diesel cars in the EU (ICCT, 2015) (all vehicles are fitted with EGR though most are fitted with EGR in combination with a second technology, vehicles labelled EGR operate EGR only). Engine sizes range from 1.4ℓ- 3ℓ and are an accurate reflection of the size distribution of the diesel fleet in Europe (Eurostat, 2013). The 13 manufacturers sampled made up 70% of new vehicle registrations in the UK in 2015, were among the 20 most popular and accounted for the majority of 2014 EU sales (ICCT, 2015; SMMT, 2016). All vehicles started with a low mileage. Table 2 describes the vehicles used in this study.
[bookmark: _Ref460935003]Table 2. Specification of test vehicles
	Vehicle ID
	Year of manufacture
	Engine displacement [ℓ]
	Mileage at start [km]
	NOx after-treatment

	E1.5
	2015
	1.5
	1675
	EGR

	E1.6
	2014
	1.6
	2363
	EGR

	E2.2a
	2012
	2.2
	6013
	EGR

	E2.2b
	2012
	2.2
	225
	EGR

	E2.2c
	2013
	2.2
	1164
	EGR

	E2.2d
	2015
	2.2
	590
	EGR

	E2.2e
	2015
	2.2
	531
	EGR

	L1.4a
	2014
	1.4
	2245
	LNT

	L1.4b
	2014
	1.4
	1463
	LNT

	L1.5
	2015
	1.5
	1263
	LNT

	L2.0a
	2015
	2.0
	1059
	LNT

	L2.0b
	2014
	2.0
	2568
	LNT

	L2.0c
	2014
	2.0
	745
	LNT

	L2.0d
	2015
	2.0
	451
	LNT

	L2.0e
	2015
	2.0
	1312
	LNT

	L2.0f
	2013
	2.0
	2019
	LNT

	L2.0g
	2014
	2.0
	640
	LNT

	L2.0h
	2014
	2.0
	2563
	LNT

	L2.0i
	2015
	2.0
	2910
	LNT

	L2.0j
	2014
	2.0
	1000
	LNT

	L2.0k
	2014
	2.0
	1492
	LNT

	L2.0l
	-
	2.0
	742
	LNT

	L2.0m
	2014
	2.0
	4356
	LNT

	L2.0n
	2015
	2.0
	4276
	LNT

	L2.0o
	2014
	2.0
	1696
	LNT

	L2.0p
	2014
	2.0
	4192
	LNT

	S1.6a
	2014
	1.6
	2406
	SCR

	S1.6b
	2014
	1.6
	544
	SCR

	S1.6c
	2013
	1.6
	2178
	SCR

	S1.6d
	2014
	1.6
	2028
	SCR

	S2.0a
	2015
	2.0
	2502
	SCR

	S2.0b
	2015
	2.0
	2093
	SCR

	S2.0c
	2014
	2.0
	2567
	SCR

	S2.0d
	2014
	2.0
	5270
	SCR

	S2.0e
	2013
	2.0
	4061
	SCR

	S2.0f
	2014
	2.0
	3842
	SCR

	S2.0g
	2015
	2.0
	1184
	SCR

	S3.0h
	-
	3.0
	1861
	SCR

	S3.0i
	-
	3.0
	1393
	SCR


· data not available

Test route
Vehicles were tested on open roads in the Greater London area. Each vehicle was measured for one trip over the same route though slight variations occurred for some cars (this was unavoidable due to the real world nature of the tests i.e. road works and diversions). The route was comprised of an urban and motorway section. In order to analyse real world urban and motorway emissions trips were broken down by purpose built software into motorway and urban sections. Sections were identified using GPS co-ordinates and will henceforth be referred to as urban or motorway sections. A, B or C roads (UK) in built up urban/ residential areas with a speed limit of 30 mph were identified as urban. M roads (UK) were identified as motorway. The new RDE type approval regulation (Regulations 2016/427) categorise urban, rural and motorway using speed bins. This study does not aim to replicate the RDE type approval process but to inform air quality policy makers of the real world emissions in urban locations. For this reason the speed bin approach has not been adopted.
Table 3 gives the average driving characteristics across all trips and all GPS selected urban and motorway sections. The vehicles were tested at different times of the year, resulting in an ambient temperature range of 3 - 29˚C. At lower temperatures NOx emission controls are less effective (DfT, 2016). This paper presents emission measurements of vehicles in real world driving situations. As temperatures in Northern Europe vary widely by season and the ambient temperatures measured fall within this range we present measurements taken at different ambient temperatures without adjustment. Temperature effects were found to be modest as compared with the overall variability (see supporting information).
As the area in which the tests were performed was relatively flat (< 60m elevation gain over 85km) the effect of road gradient is not considered in this study.
[bookmark: _Ref442723240][bookmark: _Ref442723115]Table 3. Driving characteristics
	 
	Trip
	Urban
	Motorway
	NEDC

	Route distance [km]
	84.3 (sd. 16.6)
	34.8 (sd. 6.0)
	37.7 (sd. 5.3)
	11.02

	Avg. vehicle speed [km h-1]
	45.6 (sd. 4.9)
	26.5 (sd. 2.9)
	103.8 (sd. 5.6)
	34 (sd. 31)

	Avg. RPA* [m s-2]
	0.25 (sd. 0.12)
	0.26 (sd. 0.12)
	0.15 (sd. 0.16)
	0.15 (sd. 0.03)

	Max elevation [m asl**]
	54.7 (sd. 22.2)
	28.6 (sd. 7.6)
	51.9 (sd. 22.4)
	-

	Min elevation [m asl**]
	-4.7 (sd. 6.6)
	-4.5 (sd. 6.6)
	4.7 (sd. 4.0)
	-

	Share[%] (time)
	
	
	
	

	Idle( v ≤ 2km h-1)
	10.2 (sd. 4.8)
	13.7 (sd. 6.7)
	1.5 (sd. 0.8)
	22.9

	Low ( 2 < v ≤ 50km h-1)
	62.5 (sd. 7.4)
	84.0 (sd. 6.7)
	5.1 (sd. 5.1)
	55.3

	Medium ( 50 < v ≤ 90km h-1)
	8.7 (sd. 3.0)
	2.4 (sd. 2.5)
	13.7 (sd. 4.8)
	14.6

	High ( v > 90km h-1)
	18.6 (sd. 4.5)
	0 (sd. 0)
	83.7 (sd. 7.6)
	7.2


*Relative Positive Acceleration **above sea level
On road emissions tests capture a large range of driving characteristics not replicated by the lab based NEDC. The speed distribution of each trip was comparable to the NEDC (Figure 1a). However, when considering relative positive acceleration (RPA)[footnoteRef:2] PEMS tests display a variety of driving characteristics not captured by the NEDC (Figure 1c) (Tutuianu et al., 2015). The majority of driving conditions within the study are characterised as low RPA (range of 0.1 - 0.4 m s-2, velocity under 50 km h-1).  Extreme events are classified as RPA above 1 m s-2 at low velocity or a low RPA at a high velocity (above 120 km h-1)(Weiss et al., 2011a). Figure 1c shows that the driving style during PEMS testing was representative of normal European driving as defined by the World Harmonized Light-duty Test Cycle (average 0.1 m s-2 and 0.2 m s-2 for motorway and urban respectively (Tutuianu et al., 2015)). For speed profiles of NEDC and WLTC see supplementary information. [2:  RPA is the integral of the product of instantaneous speed and positive acceleration, divided by a chosen “sub-trip” distance. It is calculated by breaking a journey into “sub-trips” defined as any section of driving 5 seconds or more in duration for which the vehicle has a velocity more than 2km h-1. RPA is then calculated for each sub-trip and compared to the average emission over the trip. Motorway sub-trips are therefore longer than urban, consequently there is less of them. For detailed derivation of relative positive acceleration see Weiss et al., 2011a.] 

[image: ]
[bookmark: _Ref442296448]Figure 1. Speed distributions for entire route (a), urban and motorway speed distributions separated (b) and relative positive acceleration (c) Test cycle data from (Tutuianu et al., 2013).
Figure 1a shows the speed distributions of the PEMS tests were consistent and comparable to the NEDC and WLTC. Figure 1b identifies one motorway section containing lower speeds. Further investigation found this section to have a mean speed of 80 (sd. 36) km h-1, below the motorway section average. During this test there had been congestion on the motorway. As the aim of this study is to represent emissions during real world driving (including congestion) and no measurements from this vehicle were anomalous the vehicle is included in all analysis.
PEMS
All tailpipe emissions measurements were conducted by Emissions Analytics using a SEMTECH-DS, developed by Sensors Inc (Sensors Inc, 2010). The SEMTECH unit includes multiple gas analysers, a GPS receiver (recording vehicle speed, latitude, longitude and altitude), exhaust flow meter and an interface for connection to the vehicles on- board engine diagnostics (OBD) port. Non-Dispersive Ultraviolet (NDUV) is used to measure nitric oxide (NO, reported as NO2) and NO2 simultaneously and separately with NOx calculated as the sum of both (Sensors Inc, 2014). 
Power is provided by external batteries meaning engine operation is not affected, apart from additional load due to the weight of the PEMS. The PEMS add a weight of approximately 95kg, brought up to 220 kg when including drivers (supplemented by additional weights if necessary to ensure consistency). This may bias results, affecting the power to mass vehicle ratio (Weiss et al., 2012) and potentially increasing CO2 emission by up to 3%; it is reasonable to assume a similar margin for NOx (Fontaras and Samaras, 2010; Weiss et al., 2012). Driver behaviour was normal (non-aggressive driving) and consistent between tests. PEMS were installed and operated following manufacturers recommendations. A leak test and a zero and span (known gas concentration) calibration were performed before and after each test run, if the zero or span test showed an error of >3% the PEMS test was deemed invalid and repeated. (For gas concentrations used see supplementary material). Measurements were made at a frequency of 1 Hz (giving a one second time resolution). SEMTECH-DS PEMS measurements fulfil official emissions testing requirements of the EU and US and are accurate within the range of lab based testing methods (EC, 2011; EPA, 2008a, 2008b; Weiss et al., 2012).
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[bookmark: _Ref442793002]Figure 2. Extract of vehicle L2.0p real time PEMS data showing NOx, NO2, and speed 
Figure 2 is a 1000 second extract of the 1 Hz raw PEMS data with speed in kilometres per hour and emissions of NOx and NO2 in grams per second. The high resolution of PEMS sampling allows insights that other snapshot measurement techniques may overlook. Figure 2 shows NOx emissions are delivered in peaks that coincide with acceleration. 
COPERT 4v11
COPERT is a software tool developed by the European Environment Agency. It is the recommended tool for calculation of vehicle emissions by the European Monitoring and Evaluation Program (EMEP) (EEA, 2013). It is widely used in modelling studies in European countries. This study uses the latest COPERT emissions factors, 4v11, introduced in September 2014. COPERT’s Euro 6 emission factors are derived from emissions data compiled in the Handbook on Emission Factors of Road Transport (HBEFA). HBEFA emissions factors are developed from measurements of the ERMES driving cycle on a chassis dynamometer and expanded to all driving conditions by the simulation tool PHEM (Passenger car and Heavy duty vehicle Emission Model). Measurements for Euro 6 came from 20 vehicles (Pastramas et al., 2014; Rexeis et al., 2013). 
To compare PEMS data and COPERT emissions factors the approach of the INCERT  (Interface for the Comparison of Emissions from Road Transport) model was replicated with software purpose built by the authors (Kousoulidou et al., 2013). PEMS data was split into links of equal length and the average speed of each link was calculated. This generated the speed profile required by COPERT. In this study COPERT emissions estimates were calculated using the iMove model (Valiantis et al., 2007). iMove has been embedded in the BRUTAL model (Oxley et al., 2012), the road transport sub-model of the UK Integrated Assessment Model (Oxley et al., 2013) and derives emissions using the 4v11 speed dependent emission factors and a speed profile. COPERT’s reliability increases as road link length increases above 400m (Samaras et al., 2014), in this analysis road links were taken as a uniform 1km in length (illustration in supplementary material).
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[bookmark: _Ref442722058][bookmark: _Ref442722048]Figure 3. COPERT 4v11 speed dependent emissions factors for NOx
COPERT 4v11 Euro 6 diesel car emission factors lie in the range of between 2 and 4 times the emissions limit of 0.08 g km-1 (Figure 3) and have a flat rate 30% primary NO2 emission (Pang, 2015). Though COPERT emission factors are speed dependant they are not highly sensitive to speed, the curve is relatively flat.  The Euro 6 emissions factors are less sensitive to speed than the Euro 5 factors. COPERT is not adept at modelling very low speeds (less than 10km h-1), as this study uses a mean speed over a 1 km link modelling within this range was avoided.
[bookmark: _Ref442721967]Data analysis
NOx measurements were not corrected for ambient air humidity in order to present emissions as they occurred in real-world driving (Franco et al., 2014; Weiss et al., 2012). Cold start emissions (defined as the first 300 seconds of each PEMS test (Weiss et al., 2011a)) were removed to ensure continuity as not all engines were soaked overnight (left outside overnight before trip to ensure aftertreatment system, engine coolant and engine were completely cold).
The RDE Regulations 2016/427 lay out specific boundary conditions, constraints, data analysis and treatment to be performed on PEMS data during the RDE type approval process. Our tests do not attempt to replicate the RDE type approval process and do not follow the data smoothing, CO2 window averaging or any data omissions that form this process. For an outline of the key areas in which our tests differ from the RDE regulation see supporting information. Comparison between type approval limits and PEMS results are for comparison only, vehicles are not legally required to achieve limits under the conditions of our PEMS testing.  
Trip average emissions were calculated by dividing the accumulated emissions over a trip by the distance travelled. Results are stated in grams per kilometre for comparison with regulation and the dimensionless deviation ratio (DR) (Joint Research Council, 2011; Thompson et al., 2014) which measures by how much on road emissions deviate from the applicable emissions standard.
Equation 3		 	
where: DRi = deviation ratio for trip of pollutant i,  mi = mass of pollutant i emitted over trip in g, si = distance of trip , ES = emission standard in g km-1
Emissions are compared to the Euro 6 emission standard (henceforth referred to as the euro standard, 0.08 g NOx km-1) and the not-to-exceed limit (hence force referred to as the NTE, 0.168 g NOx km-1). Results are presented as the mean and standard deviation (sd.).
Results
Trip averages
[image: ]
[bookmark: _Ref450150505]Figure 4. Trip average NOx and deviation ratio 
We found significant variability in emissions of NOx and NO2 within different aftertreatment technologies and engine sizes. The study trip average NOx emission of 0.36 sd. 0.36 g NOx km-1 was 4.6 times the euro standard. Two vehicles, one using LNT the other using SCR (L2.0b, S2.0e) had emissions lower than the type approval limit during real world driving. A further two (L2.0a, S2.0e) were within the 3% margin (potentially added by weight of PEMS). 11 vehicles performed within the NTE limit, though one vehicle (S2.0c) met the NTE whilst exceeding 0.08 g NO2 km-1. The worst vehicle (S3.0h) produced NOx emissions 22 times higher than the emission standard. Of the 39 vehicles, 22 exceeded the Euro 6 NOx standard with NO2 emissions alone (i.e. trip average over 0.08 g NO2 km-1). 
Our results show high values of primary NO2 emissions with a study average of 0.17 sd. 0.19 g NO2 km-1. Vehicle L2.0j produced the highest primary NO2 emission of 0.801 g NO2 km-1, ten times the Euro 6 limit for total NOx (Figure 4). There was large variability in fNO2 and only moderate correlation between fNO2 and g NO2 km-1. Large absolute NO2 emissions are found to occur with average fNO2, demonstrating the importance of discussing NO2 as an absolute emission rather than solely as a fraction of NOx (Figure 5).
The study mean fNO2 was 44 (sd. 20) % with the highest trip average ratio of 88% from vehicle L2.0j and lowest of 10% from L2.0a, both LNT. This shows how different manufacturers use the same technology to varied effect. Trip average NOx and NO2 emissions were not found to vary between aftertreatment technologies. However, SCR had a higher average fNO2 of 55 (sd. 12) % compared to EGR and LNT (which were not significantly different to one another) of 38 (sd. 21) %. Although the average SCR NO2 emission of 0.20 (sd. 0.19) g km-1 was higher than LNT (0.17 (sd. 0.23) g km-1) and almost double EGR (0.12 (sd. 0.08) g km-1) the large variability resulted in no statistically significant difference between NOx control technologies.

[image: ]
[bookmark: _Ref450138286]Figure 5. Trip average NO2 against ratio fNO2
Vehicles fitted with both SCR and LNT were able to meet the Euro 6 standard in real driving. However, SCR and LNT vehicles also made up the 5 highest emitters of NO2 and four of the five highest for NOx. In this study no vehicle fitted with EGR achieved the euro standard but neither did EGR equipped vehicles emit the highest levels of NO2. 
Engine size was found to have significant effect, 2ℓ engines performed better than all other sizes, though not all 2ℓ engines performed well. The lowest 15 NOx emitters were 2ℓ engines and 12 of the lowest 15 NO2 emitters. The mean emissions (0.26 (sd. 0.22) g NOx km-1 and 0.14 (sd. 0.20) g NO2 km-1) from 2ℓ engines were 2 and 1.5 times lower than the non 2ℓ average. There was still wide variability within the 2ℓ engines and it should be noted that not all engine sizes were evenly represented in this study.
Observation of raw PEMS data (Figure 2) showed that NOx emissions are delivered in peaks that coincide with acceleration. In agreement with this Figure 6a shows a clear trend of increasing average NOx in sub-trips with higher RPA values (i.e. sub-trips containing more acceleration). For NO2 emissions the relationship with acceleration is less pronounced. 

[bookmark: _Ref442867619][bookmark: _Ref443383609][image: ]
Figure 6. Boxplot of NOx (a) and NO2 (b) average of sub-trips by relative positive acceleration (Whiskers extend 1.5* interquartile range from the 1st and 3rd quartile, blue points are outliers, red points are speed bin means (some outliers have been cropped out of this graph)
Figure 7 shows the magnitude of sub-trip NOx (a) and NO2 (b) emission by speed and RPA. The size and colour each of points corresponds to average sub-trip emission in g km-1, the larger and redder the point the higher the emission from that sub-trip (point size scale and colour scale are in units of g km-1). The majority of the worst NOx sub-trips (large red and orange points) occurred at low average speeds (< 20km h-1) with a higher RPA. High RPA in a sub-trip with a low average speed indicates high numbers of acceleration events occur in the sub-trip. For NO2 (Figure 7b) the worst emitting sub-trips (large red points) had a low RPA and low average speed, though sub-trips with higher RPA at low speed were worse than the average.
[image: ]
[bookmark: _Ref443386488]Figure 7. Sub-trip NOx (a) and NO2 (b) by relative positive acceleration and speed
Analysis of instantaneous acceleration showed instantaneous NOx and NO2 were much higher during acceleration than deceleration and the magnitude of the acceleration did not have a large effect on emission size for accelerations above around 4 m s-2. This agrees with findings from analysis of RPA sub trips that more frequent acceleration events lead to higher emissions (see supporting material).
PEMS trip average comparison with COPERT
In comparison with COPERT (which represents an average emission for the fleet) PEMS measurements have wider variation between vehicles.
Figure 8 shows COPERT estimates (green) of trip average NOx and NO2 alongside PEMS averages (red).  The PEMS measurements were higher in some instances and lower in others but overall were higher. The COPERT average (green line) was lower than that found in this study (red line) for both NOx and NO2.
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Figure 8. Comparison of COPERT 4v11 projections to PEMS measurements for NOx (a) and NO2 (b). Green line is COPERT average, red line is PEMS average
COPERT estimated an average of 0.23 (sd. 0.01) g NOx km-1 and 0.07 (sd. 0.003) g NO2 km-1 across the study. On average PEMS trip average NOx emissions were 1.6 times the corresponding COPERT estimate and PEMS NO2 emissions were 2.5 times COPERT estimates. 24 vehicles trip average PEMS emissions were higher than the COPERT average, by as much as 12.2 times for NO2 and 11.7 times for NOx. PEMS average fNO2 (44 %) was 1.5 times higher than COPERT’s fixed 30%.
[image: ] 
[bookmark: _Ref442786617][bookmark: _Ref442786603]Figure 9. Boxplot of NOx (a) and NO2 (b) PEMS data by speed and comparison to COPERT 4v11 emission factors (some outliers have been cropped)
Figure 9a shows the trend in PEMS mean speed bin NOx emission (red points) follows the curve of COPERT’s speed dependent emissions factors (green line). Mean speed binned PEMS NO2 emissions (red points Figure 9b) also follow a similar curve to COPERT. However, at some points the PEMS median (black central line in box) for NO2 is closer to COPERT’s estimate than the mean. As previously stated, the PEMS average NOx and NO2 was found to be 1.6 and 2.5 times COPERT’s. This indicates that large variability at the more polluting end of our study resulted in higher real world average emissions, and that higher emissions assumed to be outliers (blue dots) have a significant effect on trip average emissions. As discussed, PEMS data often shows high peaks in emissions associated with acceleration which are not represented in the speed dependent COPERT estimates, which present an average.
GPS selected urban and motorway sections
[image: ]
 Figure 10. Comparison of urban and motorway trip average NOx emissions (caution y axis varies)
The sections of the trip identified by GPS as urban and motorway driving are now analysed. When compared to their motorway counterparts urban NOx emissions were 1.7 (sd. 1.0) times higher, though there was large variability. Similarly for NO2 urban emissions were 1.7 (sd. 0.9) times higher. 9 vehicles from a mix of all control technologies had higher motorway than urban emissions for NOx and NO2, though in these cases the magnitude of the difference was small. The average RPA of the urban sections was nearly double that of the motorway.
Urban sections average NOx emissions were 0.43 (sd. 0.42) g km-1, 5.4 times the type approval limit.  The average urban NO2 emission of 0.21 (sd. 0.24) g km-1 exceeded the Euro 5 standard limit of 0.18 g NOx km-1 with NO2 alone. The highest urban NO2 emission (0.96 g km-1, L1.4b) was nearly 4 times the Euro 4 emission limit for total NOx. The highest emissions over an urban section were 27.3 times the euro standard by vehicle S3.0h. fNO2 was unchanged from the trip average (43 sd. 22%). 2 vehicles (L2.0a, L2.0b) achieved the euro standard and 11 the NTE over the urban section. 
Motorway section emissions were lower than urban; 0.31 (sd. 0.37) g NOx km-1 (3.9 times the type approval limit) and 0.15 (sd. 0.19) g NO2 km-1. Again there was large variability, the highest motorway emission was 21.6 times the type approval limit. fNO2 was not significantly different (45 sd. 21%) to the trip and urban averages. 15 vehicles achieved the NTE and 5 performed within the euro standard for motorway sections.
GPS urban and motorway sections comparison with COPERT
Again there was much more variation in PEMS emissions than COPERT’s estimates, and again the PEMS emissions were higher in some instances and lower in others. Though the mean speeds of the urban sections were much lower than the motorway, COPERT’s average estimate was similar for both (0.24 (sd. 0.01) g NOx km-1, 0.07 (sd. 0.003) g NO2 km-1 and 0.22 (sd. 0.01) g NOx km-1, 0.07 (sd. 0.002) g NO2 km-1 for urban and motorway respectively). This is because (as seen in Figure 3) COPERT’s Euro 6 emission factors are not highly sensitive to speed. 
The PEMS average urban NO2 emission was 2.8 times the COPERT estimate. On average urban PEMS measurements of NOx were 1.8 times the COPERT estimate and motorway 1.4 times. The average ratio fNO2 from motorway and urban sections was higher than COPERT’s assumed 30%.
Discussion
This paper analyses the on road NOx emissions of 39 Euro 6 diesel cars. Of the vehicles tested 2 achieved a trip average within the Euro 6 type approval limit (0.08 g NOx km-1) and 11 within the impending Euro 6 not-to-exceed limit for real driving emissions (0.168 g NOx km-1). Huge variation between vehicles with emissions as much as 22 times the limit indicate caution should be used when discussing Euro 6 compliant vehicles as a uniform body. 
The composition of engine sizes, NOx aftertreatment technologies and variety of manufactures ensures the findings of this study are likely to be representative of the Euro 6 fleet (Eurostat, 2013; Franco et al., 2014). Average vehicle speeds (45.6 (sd. 4.9) km h-1) and idling percentages (10.2 (sd. 4.8) %) were within the range of new the World-harmonized Light duty Test Cycle (51km-1, and 13%, respectively (Tutuianu et al., 2015; Weiss et al., 2012)), assuring PEMS tests were representative of normal European driving.
Our results show large variability in the urban performance of Euro 6 vehicles with emissions between 0.7 and 27 times the type approval limit, with an average of 5.4. This is lower than earlier findings (Franco et al., 2014; May et al., 2014), which may be expected as Euro 6 technology has progressed in the interim. This variability has implications for air quality policies aiming to reduce emissions in urban areas. The vehicle models tested in this study will be available to buy new until 2019. Action against the worst emitters may help to improve the effectiveness of all air quality policies relying on Euro 6 technology.
We found both LNT and SCR were able to meet the type approval limit for NOx. There was huge variability in primary NO2 emissions within each aftertreatment group (for example the highest SCR NO2 emission was 20 times the lowest). This makes it difficult to make recommendations or draw conclusions about the relationship between NOx control and primary NO2. The mean SCR NO2 emission was higher than that of LNT and EGR, though not statistically significant. The only statistically significant difference between control technologies is found in the percentage primary NO2. SCR vehicles averaged (55 (sd. 12) % compared to EGR and LNT’s 38 (sd. 21) %.   
The average COPERT 4v11 emission factor for Euro 5 diesel is 0.63 NOx g km-1 (Figure 3), this is in a similar range as the value found in PEMS studies (Weiss et al., 2012). Our study identified 5 vehicles (over 10% of those sampled) with real world NOx emissions ≈ 10 times the type approval limit. We analysed the effect of removing all vehicles with emissions higher than 0.63 g km-1 (i.e. the potential effect of permitting only vehicles with on road emissions certified lower than on road Euro 5). Figure 11 shows the trip average NOx emissions of the remaining vehicles once the 5 emitting over 0.63 g km-1 have been removed.
[image: ]
[bookmark: _Ref443330177]Figure 11. Trip average NOx (a) and NO2 (b) and comparison to COPERT with 5 worst performing vehicles removed
When the worst emitters were removed the study average NOx became 0.25 (sd. 0.13) g NOx km-1, 3.1 times the type approval limit and far closer to the COPERT estimate. Likewise NO2 emissions fell to 0.11 (sd. 0.10) g NO2 km-1. This also brought down the urban mean emission to 3.8 times the type approval limit. We also removed the 5 worst emitters for NO2 (as they were not the same as for NOx) but found this produced the same reduction in mean for NO2 whilst delivering less of a reduction in NOx. 
Our results indicate policies to improve smooth vehicle flow through towns and cities will improve urban NO2 concentrations, as sub-trips with higher relative positive acceleration (RPA) at lower speeds generated the highest emissions. This indicates regulation of traffic flows in urban areas and avoidance of congestion is essential in tackling urban NOx emissions. Complementary to this eco-driving, which has been found to successfully reduce fuel consumption and CO2 emissions in transport fleets, if promoted and adopted in urban centres may help reduce urban NOx concentrations (Liimatainen, 2011) though further work is required to confirm the relationship between eco-driving and NOx reduction.
NO2 emissions varied hugely and were best described by the absolute emission in g km-1, as high fNO2 did not always correlate to high g NO2 km-1. Figure 12 shows the trip average NOx and NO2 of the 11 vehicles that performed within the real world NTE limit of 0.168 g NOx km-1. One vehicle was able to not exceed the NTE limit for NOx whilst exceeding 0.08 g NO2 km-1. This indicates that the NTE for NOx may not be as effective as hoped in reducing NO2 concentrations in urban areas and an additional dedicated NO2 limit should be considered. This will be of particular importance in reducing roadside concentrations and exceedances.
[image: ]
[bookmark: _Ref443394531]Figure 12. Trip average NOx (a) and ratio fNO2 against average NO2 (b) for the 11 vehicles that met the real world not-to-exceed limit
With additional data regarding drag coefficients, frontal area and rolling resistance, a power based metric could be used in future studies.
Conclusions
The main conclusions of our study are:
· Primary NO2 emissions from Euro 6 diesel passenger cars varied widely, the average NO2 emission of 0.17 (sd. 0.19) g km-1 was over double the Euro 6 limit for total NOx. The average fNO2 was 44 (sd. 20) %. The average urban section NO2 emission of 0.21 (sd. 0.24) g km-1 was higher than the Euro 5 emission limit for total NOx. High g NO2 km-1 did not always correlate with high fNO2 or high g NOx km-1, therefore measures aiming to reduce NO2 concentrations should consider a dedicated g NO2 km-1 limit
· There was huge variability in the on road NOx emissions of Euro 6 diesel passenger cars. All but 2 exhibited higher NOx than the type approval limit and many substantially exceeded it. The average NOx emission of 0.36 (sd. 0.36) g km-1 equates to 4.5 times the type approval limit which rose to 5.4 for urban driving. To effectively reduce NO2 concentrations in areas with danger of limit value exceedance policy makers should consider discriminating on the basis of actual on road emissions as opposed to Euro standards of vehicles
· Trip average emissions were higher than COPERT’s in the majority of cases. COPERT emission factors matched well the mean NO2 emissions by speed but variability at the more polluting end of the study led to real world emissions being on average 2.5 times COPERT estimates, growing to 2.8 for urban driving. The study average fNO2 was higher than the COPERT assumption of 30% 
· There was no clear best between the after-treatment technologies though both SCR and LNT were able to meet the Euro 6 standard and NTE limit whilst EGR alone was not. SCR systems had a higher ratio fNO2 (55 sd. 12%) but this did not translate to a significantly higher NO2 g km-1
· Urban section NOx emissions were 1.7 (sd. 1.0) times those of motorway sections. This was found in part to be due to more frequent acceleration events. Urban driving emissions could be reduced by more effective management of traffic flows, easing of congestion and promotion of eco-driving, though further work is required to confirm this
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