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ABSTRACT

Recognising the challenges and limitations of current methodologies to predict highway runoff concentrations, this
paper presents a novel approach based on the derivation of pollutant emission factors for twelve different types of ve-
hicle. Published emission factor data and properties of differing vehicles types are combined with annual average daily
traffic volume (AADT), highway characteristics and rainfall data to determine the pollutant distributions associated
with differing highway and traffic types. In this paper, the method is applied to 126 sections of highway in the Greater
London Borough of Enfield (United Kingdom; UK) and results are comparable with values reported in the literature.
The approach is used to identify the level of AADT predicted to result in an exceedance of environmental quality stan-
dards (EQS), with results suggesting that runoff from highways experiencing AADT values as low as 5000 may require
treatment prior to discharge to receiving waters. Future scenario analyses indicate that the impact of progressively re-
placing petrol and diesel vehicles with electric vehicles will have negligible impact on concentrations of zinc (Zn), cop-
per (Cu), cadmium (Cd) and total suspended solids discharging from highway environments. The approach enables
identification and ranking of urban highways in terms of their pollution runoff potential and provides an important
support to users in prioritising locations for the installation of sustainable drainage options in order to protect receiving
water environments.

* Corresponding author.
E-mail address: 1.lundy@mdx.ac.uk (L. Lundy).

http://dx.doi.org/10.1016/j.scitotenv.2022.153815

1. Introduction

Predicting pollutant loads from highway runoff has traditionally in-
volved pollutant probability distribution analysis of monitored storm sam-
pling data, as typified in the US national stormwater database (Kerri et al.,
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1985; Kim et al., 2005; Helmreich et al., 2010). Similar approaches have
been applied by many other national organisations and agencies e.g. the
UK (Moy et al., 2003) and France (Legret, 2001). Statistical analyses have
been used to determine concentrations and loads in terms of assumed inde-
pendent variables such as traffic volume, rainfall depth and intensity, ante-
cedent dry days, catchment area, runoff coefficients etc. However, this
approach is very dependent on the pollutant distributional assumptions
(Hall et al., 1990) and is made more uncertain by the limited monitoring
data on input contributions resulting from differing highway sub-sources
and traffic types (Gardiner and Armstrong, 2007). It is also the case that
monitoring programmes are essentially catchment based whilst urban high-
way discharges lack a representative and viable data collection network
(Mayor of London, 2019).

The Environment Agency for England (2018) have stated there is only
limited long term data on the type and nature of pollutants associated
with highway runoff and their potential impacts on receiving water ecolo-
gies. However, at the same time, the report suggests that the transport sec-
tor may account for up to 13% of all urban land activities preventing
waterbodies from achieving “good” ecological status. This would indicate
that highway runoff is capable of generating contaminated runoff that
can severely prejudice receiving water quality. This conclusion has been
confirmed by many European studies conducted on highway runoff quality
e.g. Barbosa and Fernandes, 2021.

Other modelling approaches such as those incorporating the effects of
particle size and surface wash off/scour have also been widely developed
to determine highway discharge pollutant concentrations and loads (Ellis
and Revitt, 1982; Egodawatta and Goonetilleke, 2008; Zhao et al., 2014).
Such approaches may be relatively simple and practical, but they also pres-
ent considerable methodological uncertainties associated with estimation
and validation of interfering variables such as hydraulic/surface roughness,
particle densities, solubility transforms, rainfall depths etc. In addition,
none of these modelling approaches examines the specific sub-source ef-
fects resulting from vehicle type and highway dimensions/characteristics.
However, whilst there is only a limited database related to the monitoring
of highway runoff pollutant discharges, there is a long-standing and well-
structured database related to vehicle types and numbers for the majority
of UK urban areas. The official UK Department of Transport (DfT, 2021)
traffic count website provides this data based on monitored highway
lengths within each local authority area. In addition, accurate measurement
of road/paving dimensions as well as records of highway barriers and
parking areas can be obtained from sources such as Google Earth or Google
Vision. Detailed rainfall time series data are also fully available over long
time periods for such highly urbanised sites. It is the availability of such de-
tailed site data for the Greater London area that provides the basis for the
development of a viable and user-friendly approach to the analysis and
quantification of highway traffic pollutant sub-sources.

It has long been recognised that traffic can be a primary source of pollut-
ants within urban areas (Huber and Helmreich, 2016; Markiewicz et al.,
2017), but this source typing embraces multiple vehicle associated sub-
sources including tyres, brakes and body parts, emissions, oil/fuel leakages
and contributions from the highway surface, signage and highway furni-
ture. The analysis of Barbosa and Fernandes (2021) concludes that neither
national nor regional typification of highway runoff quality is feasible
based only on catchment and rainfall characteristics. This European review
reinforces the contention stated by other reviews such as Miiller et al.
(2020) that traffic related parameters remain critical to the behaviour and
determination of highway surface runoff pollutant discharges. More re-
cently such sub-source types have been quantified through substance flow
analysis (SFA) in an attempt to determine specific sources of the complex
pollutant mixtures presented by highway runoff (Petrucci et al., 2014).
Such SFA is essentially based on the derivation of emission factors (EF)
for each sub-source and individual pollutants. SFA can thus provide an un-
derstanding of the relative pollutant magnitude exerted by each sub-source
on the total highway outflow load.

This paper develops a generic substance flow methodology based on the
derivation of pollutant EFs for twelve different traffic types to predict
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highway runoff concentrations within an area of Greater London (UK).
The EF is estimated from published data of emission rates and source sub-
stance properties associated with differing vehicle types and expressed as
substance mass per travelled vehicle-kilometre (e.g. pg/vkm). Total sub-
stance flow is then determined by combining the monitored highway
area and average daily traffic volume (AADT) with local rainfall data.

The primary objective of the paper is to demonstrate the basis and ap-
proach adopted for the development and application of the SFA methodol-
ogy. The modelling approach enables EFs to be worked up from monitored
observations and associated datasets for the complex suite of vehicular sub-
sources utilising a simple Excel recoding template. The screening tool has
been developed with the specific intention of identifying and ranking
urban highways in terms of their pollution runoff potential and to deter-
mine the pollutant distributions associated with differing highway and traf-
fic types. The methodological predictions also enable the identification of
pollutant “hotspot” distributions that can help support better targeted
decision-making management for highway runoff treatment and control,
particularly in terms of identifying critical surface water outflow discharges
which are likely to prejudice receiving water and ecological standards. The
paper objectives therefore support longer-term sustainability for highway
runoff management.

2. Methodology

The three stages of the developed methodology for the estimation of
highway pollutant loads and runoff concentrations are illustrated in
Fig. 1. Stage 1 derives the daily number of vehicle kilometres travelled
(vkm) using the road characteristics (length, vehicle types and annual aver-
age daily traffic flows; AADT) and combines this with pollutant source
strengths (defined by different traffic source based emission factors for spe-
cific pollutants; Stage 2) to obtain a highway surface pollutant loading. This
enables the derivation of pollutant emission loads for 12 different vehicle
types, which after adjustment for deposition capability are converted into
discharged runoff concentrations using the predicted drainage volumes de-
rived from local rainfall data and the impervious area of the road section
under consideration (Stage 3). The different vehicle types which have
been included in this analysis are petrol, diesel and electric passenger
cars, petrol, diesel and electric light duty vehicles, diesel rigid axle and ar-
ticulated heavy goods vehicles, motorcycles, taxis, buses and coaches.

In addition to discharged runoff, deposited vehicle derived pollutants
can be removed from road surfaces by splash/spray and dispersion
(Folkeson et al., 2009). Studies of the distribution of pollutants associated
with the different removal pathways have determined values for transport
in road runoff of 36% (Steiner et al., 2006), 35% (POLMIT, 2002) and
8-54% (Best et al., 2002). Based on these reported values a default figure
of 35% has been selected to describe the proportion of pollutants removed
from the road surface in runoff during rainfall events.

The monthly average road runoff pollutant concentrations are com-
puted using an Excel spreadsheet designed to facilitate the input of data re-
lating to the highway characteristics, vehicle types and volumes, pollutant
emission factors and monthly rainfall. The pollutant generating compo-
nents considered are exhaust emissions, brake wear, tyre wear, road surface
wear and oil leakage and for each one established emission factors have
been converted to pollutant emission factors. In addition to particulate
emissions, the pollutants described in this paper are three metals (Cd, Cu
and Zn) and two polyaromatic hydrocarbons (PAHs; pyrene and benzo(a)
pyrene). The determinations of these emission factors for the 12 different
vehicle categories are fully described in Section 2.1 (for exhaust emissions),
Section 2.2 (for brake wear emissions), Section 2.3 (for tyre wear emis-
sions), Section 2.4 (for road surface wear) and Section 2.5 (for oil leakage
emissions).

The selection of one month as the time period for pollutant deposition
on the road surface and the calculation of pollutant runoff concentration
is based on an established pattern of pollutant accumulation on road sur-
faces. Typically, mathematical models for predicting the temporal pollutant
build-up processes on urban surfaces identify an initial high accumulation
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Fig. 1. Outline of the methodology for the estimation of highway runoff pollutant concentrations.

rate which then decreases gradually and eventually reaches an almost con-
stant value after a time in excess of 14 days (e.g. Deletic et al., 1997;
Egodawatta et al., 2013). In the UK, a prolonged dry period is unlikely to
exceed one month and therefore this has been chosen as the time period
during which the maximum accumulation of pollutants on a road surface
occurs giving rise to typical maximum monthly average runoff concentra-
tion. This concentration will also be dependent on the applied runoff coef-
ficient, which for asphalt surfaced roads is 0.75-0.95 with values towards
the higher end of the range for good quality surfaces (e.g. Thomas, 2017).
A value of 0.90 has been selected to represent the ‘worst case scenario’ in
terms of the volume of runoff produced.

2.1. Exhaust emissions

The majority of vehicles currently in the UK national vehicle fleet burn
hydrocarbon based fuels (e.g. petrol, diesel, compressed natural gas and lig-
uid petroleum gas) resulting in polluted exhaust emissions. These are sub-
ject to air quality emission standards particularly targeting gaseous
emissions (carbon monoxide, nitrogen oxides, hydrocarbons, sulphur ox-
ides) and particulate matter (PM; ). There is less information available of
direct relevance to stormwater quality issues, through the emissions of
metals and complex organic compounds (such as PAHs) (Kennedy et al.,
2002).

2.1.1. Total particulate emission factors

Emissions from highway vehicles depend on a number of influencing
factors including the age and composition of the fleet, the size and weight
of the vehicle, the fitted abatement technologies to reduce emissions and
the type and quality of fuel used. The available data on the emissions of par-
ticulates from exhaust systems addresses the different sizes of particulate
matter from <10 pm (PM; ) down to <2.5 pm (PM, 5) (e.g. Thorpe et al.,
2007). The larger PM;, fraction has been selected for use in this study
and the emission factors representative of the UK fleet in 2017 under
urban driving conditions (NAEL, 2019) are reported in Table 1. They refer
to tailpipe emissions from engines at their normal operating temperatures
for the identified vehicles over a range of different driving cycles. Particles
in the PM; o range are only expected to remain airborne for short periods of

time and to be predominantly deposited some distance downwind of the ve-
hicle emission source. Given the predicted preference for vehicle emitted
particles to remain airborne, a conservative value of 10% has been selected
for the amount deposited in the immediate road surface environment. This
is consistent with the results from an investigation during the widespread
use of leaded petrol which found that 90% of the exhaust Pb emissions
from fast moving vehicles were deposited away from the immediate vicin-
ity of a highway (Harrison et al., 1985).

2.1.2. Metal emission factors

Pulles et al. (2012) have published recommended metal emission fac-
tors associated with the combustion of transport fuels within Europe
based on both their own tailpipe measurements as well as a comprehensive
review of previously reported values. The reported results, expressed as pg
per kg of petrol burnt, are 0.29 for Cd, 4.0 for Cu and 36.0 for Zn. The cor-
responding values for diesel fuel are <0.05 for Cd, 7.3 for Cu and 19.0 for
Zn. These values can be converted into emissions per vehicle-kilometre
(vkm) using the density of the fuel (petrol, 0.74 kg/L; diesel, 0.83 kg/L)
and the fuel consumption for each category of vehicle according to the
mode of driving. Average fuel consumption data for different types of vehi-
cles under urban driving conditions are presented in Table 1 together with
the calculated emission factors for Zn, Cu and Cd.

2.1.3. PAH emission factors

The emission factors for both total and individual PAHs have been
widely reported (e.g. Ravindra et al., 2008; Shen et al., 2011; EMEP/EEA,
2020) for petrol (cars and light duty vehicles) and diesel engine vehicles
(cars, light duty vehicles and heavy goods vehicles). The PAH exhaust emis-
sion factors in the European Environment Agency 2019 emission inventory
guidebook (EMEP/EEA, 2020) are most relevant as the methodology uses
vehicle flow data relating to 2019. For petrol engines the guidebook reports
PAH emission factors for the use of both conventional and closed - loop cat-
alysts. However, the vehicle flow data does not provide this distinction and
therefore average values have been applied for pyrene and benzo(a)pyrene
are shown in Table 1. For diesel engine light duty vehicles, the 2019 EMEP/
EEA emission inventory provides values for direct and indirect injection but
it has been necessary to determine mid-point values which are presented in
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Table 1
Fuel consumption and exhaust emission factors for different types of vehicles.
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Vehicle type Average fuel Emission factors
consumption (L/km) PM;o Zn Cu cd Pyrene Benzo(a)pyrene
(mg/vkm) (ng/vkm) (ng/vkm) (ng/vkm)

Petrol passenger cars 0.074 1.000 1.971 0.219 15.88 3.79 0.40
Diesel passenger cars 0.057 10.00 0.899 0.345 2.37 25.63 1.74
Petrol light duty vehicles 0.128 1.000 3.410 0.379 27.47 3.79 0.40
Diesel light duty vehicles 0.102 13.00 1.609 0.618 4.233 25.63 1.74
Heavy goods vehicles (rigid axle) 0.309 25.00 4.873 1.872 12.82 31.59 0.90
Heavy goods vehicles (articulated) 0.317 20.00 4.999 1.921 13.16 31.59 0.90
Motorcycles 0.0355 8.000 0.946 0.105 7.62 3.79 0.40
Taxis 0.0633 10.00 0.998 0.384 2.63 25.63 1.74
Buses 0.475 43.00 7.491 2.878 19.72 31.59 0.90
Coaches 0.260 43.00 4.100 1.575 10.79 31.59 0.90

Table 1 for pyrene and benzo(a)pyrene. Heavy goods vehicles (rigid axle
and articulated) are grouped with buses and coaches in terms of their diesel
engine emission factors (Table 1).

2.2. Brake wear emissions

The different types of brake lining materials include non-asbestos or-
ganic, low-metallic, semi-metallic and metallic with the first three types
having the most common applications (Kennedy et al., 2002). Braking is
considered to be a major source of non-exhaust traffic-related emissions
particularly in intra-urban locations where forced deceleration regularly oc-
curs. Because of their size distributions, brake wear particles are either re-
leased to the atmosphere or deposited on the road surface with only small
amounts being retained on the vehicle. It is estimated that approximately
50% of the generated brake wear particles become airborne (Garg et al.,
2000; Kukutschova et al., 2011) with the majority of the remainder being
deposited on the road surface.

2.2.1. Total particulate emission factors

The majority of published research work has considered the impact of
brake wear on atmospheric pollution and therefore has concentrated on
PM;, emissions and associated emission factors (e.g. Garg et al., 2000;
Abu-Allaban et al., 2003; Grigoratos and Martini, 2015). However, when
assessing the amount of brake wear material which can potentially be de-
posited on the road surface it is necessary to consider the full particle size
range. During the lifetime usage of a braking system, typically around
80% of the friction material can be expected to have worn away, enabling
total wear amounts to be estimated. The total particulate brake wear emis-
sion factors used in this study (Table 2) are derived from those reported by
EMEP/EEA (2020) for a range of different vehicle types and values reported
by Klein et al. (2017) for urban roads in the Netherlands. Where there is
variability in the data, mid-point values have been selected.

Table 2
Brake wear emission factors for different types of vehicles.

Vehicle type Emission factors
Total Cu Zn Cd Pyrene Benzo(a)
particulates pyrene
(mg/vkm)  (pg/vkm) (ng/vkm)
Passenger cars (petrol, 14 140 105 36.4 154 10.4
diesel, electric); taxis
Light duty vehicles (petrol, 26 260 195 67.6 28.6 19.2
diesel, electric)
Heavy goods vehicles 55 550 413 143 60.5 40.7
(rigid axle, articulated)
Coaches 52 520 390 135 57.2 38.5
Buses 75 750 563 195 82.5 55.5
Motorcycles 8 80 60 208 88 5.9

2.2.2. Metal emission factors

The emission factors for metals have been calculated from the total par-
ticulate emission factors and the metal concentrations in brake linings and
brake dusts. However, the metallic compositions of brake linings can vary
markedly (depending on manufacturer and lining type) with ranges often
covering several orders of magnitude (Thorpe and Harrison, 2008;
Boulter, 2006). Similar variations have been reported for metals in brake
dust samples (Gadd and Kennedy, 2000; Garg et al., 2000). From these
values, Cd, Cu and Zn concentrations in brake wear emissions of 2.6
mg/kg, 10,000 mg/kg and 7500 mg/kg, respectively, have been deduced
for all vehicles and used to derive the metal emission factors shown in
Table 2.

2.2.3. PAH emission factors

There is limited information available on the composition of brake lin-
ings with respect to particular organic compounds (Kennedy et al., 2002)
but it is believed that the organic composition of brake wear debris differs
significantly from that of the original lining material (Kukutschové et al.,
2011). The build-up of heat during brake application is considered to be re-
sponsible for the generation of trace amounts of PAHs. Rogge et al. (1993)
have detected n-alkanes and a number of PAHs and substituted PAHs in
brake lining dusts with a total PAH concentration of 16.16 mg/kg.
Although there are no differentiating data for the brake wear produced
by different vehicle types, the range of values reported for pyrene and
benzo(a)pyrene are 1.1 to 3.5 and 0.74 to 3.7 mg/kg (Rogge et al., 1993;
Chlopek et al., 2016). The concentration values at the lower end of these
ranges are considered appropriate for the calculation of the emission factors
shown in Table 2 as these are consistent with those reported by
Siopi (2015) for pyrene (9.7-92.4 ng/vkm) and benzo(a)pyrene
(6.5-62.2 ng/vkm).

2.3. Tyre wear emissions

The amount of tyre wear is dependent on tyre characteristics, vehicle
characteristics, road surface characteristics and vehicle operation. The con-
sequences are that heavy goods vehicles have been reported to emit up to
ten times higher amounts of tyre wear particles compared to light duty ve-
hicles and passenger cars and that concrete surfaces produce lower wear
emissions compared to other surface types (Amato et al., 2011; Denier
van der Gon et al., 2012). Smolders and Degryse (2002) have determined
the mean diameter of roadside tyre debris to be 65 pm for cars and 80 pm
for heavy goods vehicles indicating the preference for this material to be de-
posited on the road surface rather than remaining airborne. Hence most of
the material emitted during the tyre wear process can be expected to be de-
posited fairly rapidly with the amounts varying between 80% and 95% (e.g.
Panko et al., 2013; Klein et al., 2017; EMEP/EEA, 2020). In this study, a de-
fault value of 85% has been used for the amount of tyre wear deposited on
the road surface.
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Table 3
Tyre wear emission factors for different types of vehicles.

Vehicle type Emission factors
Total Zn Cu Ccd Pyrene Benzo(a)
particulates pyrene
(mg/vkm)  (ug/vkm) (ng/vkm)
Passenger cars (petrol, 100 550 280 130 1390 235
diesel, electric); taxis
Light duty vehicles (petrol, 159 382 318 954 2210 374
diesel, electric)
Heavy goods vehicles 850 9350 1530 357 4165 1233
(rigid axle, articulated)
Coaches 250 1375 500 150 1225 363
Buses 415 4565 747 174 2034 602
Motorcycles 60 330 168 78 834 141

2.3.1. Total particulate emission factors

A new tyre fitted to an average European car typically loses between 1.0
and 1.5 kg of its original weight to the roadside environment during its ser-
vice lifetime of around 3 years and 50,000-60,000 km (Environment
Agency, 1998). Therefore, a typical ‘average’ tyre wear factor would be of
the order of 100 mg/vkm for a four wheel passenger car (Boulter, 2006).
This value has been selected for use in this study for all types of passenger
cars and taxis because of its comparability to other reported passenger car
tyre wear values of 74 mg/vkm (Luhana et al., 2004), 132 mg/vkm
(Klein et al., 2017) and a range of 4 to 500 mg/vkm (EMEP/EEA, 2020).

The higher expected wear values for heavy goods vehicle tyres are typ-
ified by reported values in the range of 136-1403 mg/vkm (EMEP/EEA,
2020) and a value of 850 mg/vkm (Klein et al., 2017). Careful consider-
ation of the distribution in this reported range, which exemplifies the de-
pendence of tyre wear on the vehicle configuration, such as the number
of axles and the load, has led to the choice of 850 mg/vkm for both rigid
axle and articulated heavy goods vehicles (Table 3). Klein et al. (2017)
also report tyre wear emission factors for buses (415 mg/vkm), light duty
vehicles (159 mg/vkm) and motorcycles (60 mg/vkm). These values have
been selected for use in this study and are shown in Table 3. Coaches are
considered to be interim in size between light duty vehicle and buses and
therefore a value of 250 mg/vkm has been assigned for tyre wear.

2.3.2. Metal emission factors

The composition of tyres is dominated by organic compounds and al-
though formulations vary according to required performance standards
(e.g. Environment Agency, 1998; Gadd and Kennedy, 2000). The use of
zinc oxide as an accelerator in the vulcanisation process leads to significant
quantities of Zn in tyre tread and tyre wear debris. The ranges and averages
for the Zn content of tyres have been reported for passenger cars
(430-15,500; 7400 mg/kg), light duty vehicles (1190-3640; 2400
mg/kg) and heavy goods vehicles (13,800-18,300; 16,050 mg/kg)
(Boulter, 2006; Thorpe and Harrison, 2008). However, Panko et al.
(2013) have noted that the heat and friction generated during the interac-
tion of tyres with the road surface alters the chemical composition and
therefore, when considering road surface deposits, it is important to con-
sider the zinc levels in tyre debris. Kreider et al. (2010) report Zn levels
for both road collected and laboratory generated tyre wear particles of be-
tween 3000 and 4000 mg/kg suggesting that there is a reduction in Zn con-
centrations in tyre wear debris compared to tyres themselves. This has been
taken into account in assessing the Zn concentration (5500 mg/kg) used in
this study for car tyre wear debris. This value has also been used for taxis,
coaches and motorcycles. Similarly, the Zn concentrations in tyre wear de-
bris from heavy goods vehicles (and also buses) have been reduced to
11,000 mg/kg whereas the lower value for light duty vehicles (and
coaches) (2400 mg/kg) has been left unchanged.

The concentrations of Cu and Cd deriving from tyre wear are generally
several orders of magnitude lower than those for Zn. However the reported
concentration ranges are rather wide, reflecting the different manufacturing
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techniques. The reported values for different vehicle types are limited but in-
clude passenger cars (Cd: ~0.05-2.6 mg/kg, average 1.3 mg/kg; Cu: 0.4to 5.5
mg/kg, average 2.8 mg/kg), light duty vehicles (Cd: =0.05-0.1 mg/kg, aver-
age 0.6 mg/kg; Cu: 1 to 3 mg/kg, average 2.0 mg/kg) and heavy goods vehi-
cles (Cd: 0.28-0.56 mg/kg, average 0.42 mg/kg; Cu: 1-2.5 mg/kg, average
1.8 mg/kg) (Boulter, 2006; Thorpe and Harrison, 2008). The average values
quoted here have been used to determine the emission factors for different ve-
hicle types as identified in Table 3.

2.3.3. PAH emission factors

PAHs in tyres are found in the highly aromatic oils (extender oils) that
are used during the manufacturing phase to make the rubber easier to
work, to soften the tread and to improve tyre grip on wet roads. The concen-
trations of PAHs in tyre wear particles, derived from passenger cars and
heavy goods vehicles, have been identified in several reviews (e.g. ten
Broeke et al., 2008; Boulter, 2006; Kennedy et al., 2002). The data for
benzo(a)pyrene and pyrene has been extracted from these reviews with
the emphasis being placed on the most recent data available and neglecting
elevated values. This is necessary because since 2010 the use of extender
oils has been banned in all new tyres produced in Europe as well as those
imported (EU, 2005). The selected values for the concentrations of benzo
(a)pyrene and pyrene in tyre wear for cars (2.35 mg/kg and 13.9 mg/kg, re-
spectively) and heavy goods vehicles (1.45 mg/kg and 4.9 mg/kg, respec-
tively) have been used to determine the emission factors shown in
Table 3. All types of passenger cars and light duty vehicles are grouped to-
gether and heavy goods vehicles also incorporate buses and coaches. Com-
parisons of the calculated emission factors with the ranges reported by
Siopi (2015) for benzo(a)pyrene (38-12,000 ng/vkm) and pyrene
(317-132,000 ng/vkm) show that they are consistently at the lower end
of these ranges indicating consistency with the recently introduced legisla-
tion regarding the banning of highly aromatic extender oils.

2.4. Road surface wear emissions

The majority of road surfaces in the UK are asphalt based and constitute
mixtures of mineral aggregates (stone material), filler and bitumen binder
(5% composition). Very little of the road surface wear particles can be ex-
pected to become airborne and EMEP/EEA (2020) and Klein et al. (2017)
report that 90% and 95%, respectively of emitted material is available for
immediate deposition. The lower value of 90% has been applied in this
study.

2.4.1. Total particulate emission factors

Although there are only a limited number of reported studies, a wide
range of road surface wear factors have been reported varying from 3.8
mg/vkm (Muschack, 1990) to 440 mg/vkm (Kennedy et al., 2002). Only
two reports (EMEP/EEA, 2020; Klein et al., 2017) discriminate between
the impact of the different types of vehicles giving values of 150 mg/vkm
and 180 mg/vkm for passenger cars, taxis and light duty vehicles, 760
mg/vkm and 922 mg/vkm for heavy goods vehicles and 840 mg/vkm for

Table 4
Road surface wear emission factors for different vehicle types.

Vehicle type Emission factors
Total Zn Cu cd Pyrene Benzo(a)
particulates pyrene
(mg/vkm)  (pg/vkm) (ng/vkm)
Passenger cars (petrol, 165 1465 7.36 21.45 2995 14.93
diesel, electric); taxis
Light duty vehicles (petrol, 165 1465 7.36 21.45 29.95 14.93
diesel, electric)
Heavy goods vehicles 840 74.59 37.46 109.2 152.46 76.02
(rigid axle, articulated)
Coaches 550 48.84 24.53 715 99.83 49.78
Buses 840 74.59 37.46 109.2 152.46 76.02
Motorcycles 74 6.57 3.30 9.62 1343 6.70
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buses. The averages of these values, where relevant, have been used to-
gether with specifically assigned values for coaches (550 mg/vkm) and mo-
torcycles (74 mg/vkm) (see Table 4).

2.4.2. Metal emission factors

Lindgren (1996) has reported the metal concentrations in the stone ag-
gregate (gabbro and porphyry) and bitumen constituents of asphalt. Aver-
age stone aggregate concentrations have been calculated for Cd (0.132
mg/kg), Cu (46.2 mg/kg) and Zn (92.7 mg/kg) and combined with the
low metal levels associated with the 5% bitumen in stone aggregates to pro-
duce overall values for Cd, Cu and Zn of 0.13 mg/kg, 44.6 mg/kg and 88.8
mg/kg. These values have been combined with the total particulate emis-
sion factors to produce the metal emission factors shown in Table 4.

2.4.3. PAH emission factors

The vacuum distillation processing of crude oil to produce bitumen re-
sults in considerable reductions in PAH composition. Reported total PAH
concentrations in bitumen are typically within the range of 10 to 100
mg/kg (Gadd and Kennedy, 2000; Ifenna and Osuji, 2013). Within this
total PAH composition, the reported pyrene and benzo(a)pyrene concentra-
tions have been shown to be highly variable with ranges of 0.73-6.68
mg/kg (average 3.63 mg/kg) and 0.15-6.63 mg/kg (average 1.81
mg/kg), respectively (Gadd and Kennedy, 2000; Pinheiro et al., 2009;
Ifenna and Osuji, 2013). Since bitumen only represents 5% of the composi-
tion of asphalt aggregates, the average pyrene and benzo(a)pyrene concen-
trations in road surface wear particles are predicted to be 1.815 x 10~ *
pg/mg and 0.905 x 10~ * pg/mg. These values have been used to calculate
the road surface wear emission factors shown in Table 4 for different vehi-
cle classes. Previously published emission factor ranges arising from asphalt
surface wear are 8.7-57.6 ng/vkm for pyrene and 15.0-64.0 ng/vkm for
benzo(a)pyrene (Siopi, 2015). These are in good agreement with the values
reported in Table 4.

2.5. Oil leakage emissions

The principle contaminants in used motor lubricating oil are monocy-
clic aromatics, PAHs and chlorinated organics with metallic salts added to
prevent the build-up of engine deposits, to maintain engine cleanliness
and to act as anti-wear agents (Zieba-Palus and Kocielniak, 2000). The ma-
jority of oil leaking from the engine sump is expected to be deposited di-
rectly on to the road surface. A small amount may be retained on the
lower parts of the engine with some being transferred to the chassis through
turbulence effects beneath vehicles. In addition, there may be some
volatilisation of the lost oil due to the high operating temperatures in the
engine compartment. However, only in the region of 10% of leaked oil is ex-
pected to be vaporised or retained on the vehicle with 90% being deposited
on the road surface.

2.5.1. Total particulate emission factors

Oil loss rates due to leakage of 2.8 mL/1000 km for cars and light duty
vehicles and 2.1 mL/1000 km for heavy goods vehicles and buses have
been reported (Kennedy et al., 2002). Given an average value for the spe-
cific gravity of motor oil of 0.89 kg/L, these correspond to oil leakage values
of 2.49 mg/vkm for cars and light duty vehicles and 1.87 mg/vkm for heavy
goods vehicles, buses and coaches. The allocated value for motorcycles is
half that of cars at 1.25 mg/vkm. The total particulate oil leakage emission
factors for different vehicle types (except electric vehicles) are summarised
in Table 5.

2.5.2. Metal emission factors

Zieba-Palus (1998) has reported the concentrations of Zn, Cu and Cd in
new and used lubricating oils (5000-6000 km). Although there are differ-
ences between different oil grades produced by different manufacturers,
the objective here is to derive an average metal concentration which is rep-
resentative of the total vehicle fleet. There is evidence that the concentra-
tions of Cu and Cd increase with usage (most probably due to wear
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Table 5
Oil leakage emission factors for different vehicle types a) for particulates, Zn, Cu and
Cd and b) for pyrene and benzo(a)pyrene.

a)
Vehicle type Emission factors
Total Zn Cu Cd
particulates
(mg/vkm)  (pg/vkm) (ng/vkm)
Passenger cars (petrol, diesel); taxis; light duty ~ 2.49 4.03 3.61 1.79
vehicles (petrol, diesel)
Heavy goods vehicles (rigid axle, articulated);  1.87 3.03 271 1.35
coaches; buses
Motorcycles 1.25 2.02 1.81 0.90
b)
Vehicle type Emission factors
Pyrene Benzo(a)pyrene
(ng/vkm) (ng/vkm)
Petrol passenger cars and light duty vehicles 138.2 13.7
Diesel passenger cars and light duty vehicles 129.5 10.0
Heavy goods vehicles, coaches and buses (diesel) 97.2 7.5
Motorcycles (petrol) 69.4 6.3

processes) whereas the higher initial Zn concentrations decrease only mar-
ginally possibly due to the breakdown of the originally introduced zinc ad-
ditives. As oil leakage will occur regardless of the age of the oil, the average
of the reported values for new and used oils has been derived in order to be
representative of the different ages of oil in use at any particular time. The
selected values for Zn, Cu and Cd which have been used to determine their
emission factors (Table 5a) are 1618 mg/kg, 1.45 mg/kg and 0.72 mg/kg,
respectively (Zieba-Palus, 1998; Roslan et al., 2016). The derived emission
factors reported in Table 5a are comparable with the ranges reported for
different types of vehicles by Kennedy et al. (2002) for Zn (2.1-2.9 pg/
vkm), Cu (1.9-2.5 ng/vkm) and Cd (2.4-3.2 ng/vkm).

2.5.3. PAH emission factors

Kingett Mitchell (1994) has reported the concentrations of pyrene and
benzo(a)pyrene in used engine oil. Pyrene concentrations were 55.5
mg/kg (for petrol engines) and 52 mg/kg (for diesel engines) with compa-
rable values for benzo(a)pyrene of 5.5 mg/kg and 4 mg/kg. These concen-
trations have been used to differentiate between the emission factors for
diesel and petrol vehicles for pyrene and benzo(a)pyrene as shown in
Table 5b. Despite used engine oils being expected to have higher PAH con-
centrations than newer oils, the derived values are highly comparable with
the emission factor ranges for diesel and petrol vehicles reported by
Kennedy et al. (2002) for pyrene (97-140 ng/vkm) and benzo(a)pyrene
(7.0-14.0 ng/vkm).

3. Application of methodology
3.1. Site testing of predictive methodology

The developed methodology has been applied to 126 sections of high-
ways of varying types (including motorways, major highways, link high-
ways and local trafficked highways) in the London Borough of Enfield
(northern edge of the greater London Metropolitan area, UK). Details of ve-
hicle flows (AADT) by direction for each section of highway are available in
the 2019 traffic statistics published annually by the UK Department for
Transport (DfT, 2019). Data are provided for motorcycles, passenger cars
and taxis, light duty vehicles, buses and coaches, and heavy goods vehicles
constituting a total of 1.27 billion vehicle miles travelled on highways in
Enfield in 2019. These have been disaggregated using national statistics
(e.g. UK Government, 2021a; UK Government, 2021b) and local knowledge
into the 12 different vehicle categories included in the methodology
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Table 6
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Comparison of means and ranges of predicted and measured total concentrations of selected pollutants in highway runoff.

Predicted values

Measured values Water quality standard/

guideline value

Mean + SD Range (minimum-maximum Mean Range (25th percentile — 75th percentile
Total suspended solids (mg/L) 98 =79 2-422 148.7 67.7-327.0 252
Zn (pg/L) 284 + 279 4-1629 314.9 90.4-1096 96°
Cu (ug/L) 31 + 23 1-115 66.1 22.7-195.7 283
Cd (pg/L) 0.05 * 0.04 0.001-0.183 1.61 0.88-2.92 0.25*
Benzo(a)pyrene (ng/L) 0.12 = 0.1 0.002-0.463 0.031 2.5 x 107°-0.69 1 x 107™*°
Pyrene (pg/L) 0.93 + 0.69 0.02-3.26 1.03 <0.01-12.5

Key: ! Mitchell (2001); ? European Union (EU) Freshwater Fisheries Directive (repealed; surrogate guideline value as the EU Water Framework Directive (2000) does not
include an EQS for TSS; ° total concentration derived from bioavailable national EQS; * total concentration derived from dissolved EQS AA (class 5); > EQS AA.

description (see Section 2.1). AADT ranges from 69,311-76,355 for sec-
tions of motorway, to 191-7014 for local highways.

The 2019 traffic statistics (DfT, 2019) divide the highways into identi-
fied sections with reported lengths of between 0.2 km and 8.5 km depend-
ing on highway type and traffic usage patterns. The widths of impermeable
highway surfaces (including, where appropriate, pavements, hatched cen-
tral reservations, lay-bys, parking bays, cycle lanes and hard shoulders)
have been determined using Google maps supported by ground truthing
where considered necessary. The calculated total impermeable drainage
areas vary from 1150 to 142,750 m?, which has been used to determine
the average monthly rainfall volume discharged from each highway surface
area. The annual rainfall depth for 2019 monitored in the grounds of En-
field Civic Centre was 687.0 mm (personal communication) giving a
monthly average of 57.25 mm. The variations in the calculated runoff pol-
lutant concentrations are discussed in the following sections together with
their significance for the highway environments in the London Borough of
Enfield.

Table 6 gives an overview of the mean and range of total concentrations
predicted per pollutant for the 126 highways. The magnitude of the stan-
dard deviation and range indicate considerable variation between data
sets as could be anticipated from the range in highway types and drainage
areas involved in the study. In all cases the minimum concentrations corre-
spond to the predictions for minor roads (AADT < 2000) and these also con-
tribute to a slight lowering of the predicted mean value. The predicted
means and ranges for runoff are compared in Table 6 with the results ob-
tained from twelve major monitoring studies of UK main roads (Mitchell,
2001). There is good agreement between predicted and measured data
for total suspended solids (TSS), Zn, Cu and pyrene. Although the predicted
runoff concentrations for benzo(a)pyrene are within the reported measured
range they tend to overestimate the mean value. However, the predicted
benzo(a)pyrene concentration is consistent with a mean value of 0.15
pg/Lreported by Crabtree et al. (2006) for the runoff from six UK highways
(AADT > 15,000). Comparison of the predicted and measured data in
Table 6 indicates an under-prediction in the case of Cd although runoff con-
centrations as low as 0.05 pg/L have been reported in a comprehensive re-
view of the runoff from urban highway sites across six continents (Huber
et al., 2016).

3.2. Receiving water quality standards

Receiving water environmental quality standards (EQS) are available
for total Cd and benzo(a)pyrene only under the EU Priority Substances Di-
rective (EU PSD, 2013). EQS are available for Zn and Cu at a national level
in certain countries (e.g. the UK and Sweden) which relate to the bioavail-
able fraction (EQSp;oavailable)- TO enable comparison with total concentra-
tions (the fraction predicted in this study), EQSpicavailable have been
converted to an equivalent total concentration by referring to the literature
to predict the fraction of the total concentration likely to be present in the
dissolved form. The predicted dissolved concentration (together with
catchment-specific data on pH, dissolved organic carbon and calcium
levels) were then entered into the bioavailable prediction model BIOmet
to back-calculate the total concentration that equated to the EQSpipavailable
for the Thames river basin catchment (in which Enfield is located)

assuming the receiving water provided at least an eight-fold dilution. Cur-
rently there is no EQS for suspended solids and therefore the guideline
value from the EU Freshwater Fisheries Directive (2006; repealed) is used
as surrogate. The results are shown in Table 6 except for pyrene for which
an EQS is not available.

Comparison with EQS/guideline values (established for or converted to
total concentrations) indicate that mean predicted TSS concentrations
would require a further four-fold dilution (increasing to a 17 fold dilution
at its maximum predicted concentration) to avoid exceedance of the identi-
fied guideline value in receiving waters. Predicted total mean concentra-
tions of Zn and Cu exceed the identified guideline values, with maximum
predicted concentrations requiring 17- and 4-fold dilutions, respectively.
With regard to benzo(a)pyrene, runoff from even the least trafficked high-
ways would require at least a 10-fold dilution on discharge to avoid exceed-
ance of the EQS. In contrast, even maximum predicted Cd concentrations in
runoff (i.e. without receiving water dilution) would not prejudice receiving
water guidelines. The high dilutions which have been shown to be neces-
sary for TSS, Zn, Cu and benzo(a)pyrene to conform to receiving water
quality standards clearly identify those locations where effective treatment
of the highway runoff is recommended prior to discharge.

3.3. Regression analysis

Regression analysis of the relationship between transformed log pollut-
ant and log AADT (see Fig. 2a and b for TSS and Zn, respectively, as exam-
ples) indicates r-squared values ranging from a minimum of 89.8% for Zn to
a maximum of 90.7% for both Cu and TSS. This bivariate linear model
based on AADT derives a very high level of statistical confidence in the traf-
fic factor being the fundamental driver in pollutant generation. However,
residual probability analysis demonstrates systematic under and over esti-
mation of the data values with the residual versus fits regression data show-
ing the existence of a degree of scatter. The indicated inherent bias in the
dataset reflects that in addition to vehicle numbers the identified correla-
tion is also influenced by factors such as traffic type and driving mode as
well as aerial deposition.

The regression equations enable identification of the predicted back-
ground concentrations (i.e. the concentrations predicted to discharge from
highways in the absence of traffic) as well as the AADT above which EQS
values, identified in Table 6, would be exceeded. The derived ranges and
mean values for TSS (0.14-0.41 mg/L; 0.24 mg/L), Zn (0.21-0.73 pg/L;
0.39 pg/L), Cu (0.05-0.15 pg/L; 0.09 pg/L), Cd (0.09-0.27 ng/L; 0.16
ng/L), pyrene (1.6-4.7 ng/L; 2.8 ng/L) and benzo(a)pyrene (0.21-0.60
ng/L; 0.35 ng/L) indicate that, even in the absence of traffic, runoff derived
from highway surfaces will contain each of the assessed pollutants, although
at comparatively much lower concentrations than those predicted for traf-
ficked highways (Table 6). Of particular note is that the concentration of B
(a)P predicted in runoff from highways without traffic would still exceed
the EQS. Pollutant sources, which all contribute to the minimum background
concentration level of these substances in a ‘no-traffic’ highway environment
include highway materials (e.g. bitumen), highway marking paints, street fur-
niture (e.g. crash barriers) and aerial deposition.

In terms of the AADT numbers predicted to result in an EQS exceedance,
the ranges for TSS (1025-7239), Zn (1591-12,126), Cu (4926-35,460) and
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Fitted Line Plot
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Fig. 2. Fitted line plots for log TSS (a) and log Zn (b) versus log AADT.

Cd (32,131-347,421) are broadly within the ranges of those cited in the lit-
erature identifying when runoff from a highway should be treated prior to
discharge to a receiving waterbody. For example, National Road Authori-
ties in Austria and Italy recommend treatment of runoff from highways
with an AADT > 15,000, with this being a mandatory requirement in
Germany (Meland, 2016). However, the mean AADT values predicted to
lead to an exceedance of the respective guideline values/EQS for TSS
(2582) and Zn (4291) suggest that lower AADT values may be relevant
for triggering the need for treatment. Clearly, the mitigation of TSS and
Zn should be a priority with runoff from highways experiencing AADT
values as low as 5000 requiring treatment prior to discharge to receiving
waters if EQS are not to be consistently exceeded.

3.4. Future scenarios

The current composition of the vehicle fleet in the UK is heavily influ-
enced by petrol and diesel engined vehicles with only of the order of 2%
being powered by electricity. However, as part of measures to improve
air quality in urban areas, the UK Government has committed to phase-
out the sale of petrol and diesel cars and vans by 2030, with tail pipe emis-
sions to be ‘fully zero’ from 2035 (DfT, 2020). The impact that such a
change would have on runoff pollutant concentrations has been assessed
by considering the scenario in which all cars and light duty vehicles are re-
placed by electric vehicles (i.e. tail pipe emissions set to zero and no oil
leakages). In addition, a second scenario has been considered in which a
50% reduction in the total number of heavy goods vehicles is achieved.
Both scenarios have been evaluated for a section of four-lane carriage
way (AADT 69,311; heavy goods vehicles compose 15.7%) and a section
of single carriage way (AADT 15,286; heavy goods vehicles contribute
2.4%) within the London Borough of Enfield.

The results for the complete introduction of electric cars and light duty ve-
hicles indicate only marginal percentage reductions in pollutant runoff con-
centrations would be achieved for the evaluated metals and TSS for both
highway types (i.e. from 0.06-1.12%). This is consistent with exhaust emis-
sions representing a minor source of these pollutants compared to brake
and tyre wear. This is not the case for pyrene and benzo(a)pyrene for which
much higher percentage reductions are predicted (from 19.9-47.8%). A dif-
ferent pollutant reduction pattern is observed for the scenario involving a
50% lowering of the number of heavy goods vehicles. This equates to reduc-
tions of 18.8-37.3% for metals and TSS, 15.5% for pyrene and 19.2% for
benzo(a)pyrene on the four-lane carriage way and reductions of 2.1-13.1%
(metals and TSS), 3.4% (pyrene and benzo(a)pyrene) from the single lane car-
riage way and is indicative of the major contributions made by non-exhaust
emissions for heavy goods vehicles, particularly on highly trafficked roads.

Although this scenario analysis is a theoretical exercise, the results
clearly indicate that, whilst the planned move to electric vehicles is pre-
dicted to achieve substantial decreases in runoff concentrations of pyrene
and benzo(a)pyrene, minimal reductions in metals and TSS would
occur. Hence, even after the implementation of phase two of the UK
Government plan (i.e. tail pipe emissions set to zero) the discharge of
highway runoff to receiving waters are likely to continue to prejudice
its ecological status. Further, this analysis also demonstrates the dispro-
portionate contribution of heavy goods vehicles to runoff pollutant con-
centrations, whereby reductions of 50% in total heavy goods vehicles
(which contribute 15.7% on the most trafficked highways) correspond
to predicted reductions ranging from 18.8% (for Cd) to 37.3% (Zn) for
the four-lane carriage way.

4. Conclusions

This study describes a novel approach to predicting highway runoff con-
centrations on a site-by-site basis involving the combination of data on ve-
hicle characteristics, emission factors and local rainfall. The approach has
been applied to 126 sections of highways in a region of North London
(UK) with differing AADTs and contributing drainage areas. Predicted con-
centrations fall within the range of empirically determined concentrations
reported in the literature, with total AADT and the number of heavy
goods vehicles emerging as principal drivers of runoff quality. The impact
of the recently agreed UK Government commitment to phase-out the sale
of petrol and diesel cars and vans by 2030 on runoff pollutant concentra-
tions was evaluated on two sections of highway with differing levels of
AADT numbers and compositions, together with a second hypothetical sce-
nario in which the number of heavy goods vehicles were reduced by 50%.
Results indicate that whilst concentrations of pyrene and benzo(a)pyrene in
highway runoff fall under both scenarios, replacement of petrol/diesel cars
by electric vehicles will have only a marginal impact on highway runoff
concentrations of metals and TSS. These results have clear implications
for future receiving water protection policies. For example, the continued
need for strong highway discharge controls (particularly maintenance of
minimum dilution levels in receiving waters) is identified even after the
adoption of ‘cleaner emission technologies’, as well as the need for contin-
ued research into product and/or substance replacement within all ele-
ments of highway environments. In terms of implications for practice, the
methodology and obtained results can be used to inform a site assessment
of the suitability for direct discharge to a receiving water based on its dilu-
tion capacity, with the approach offering value to practitioners in terms of
supporting decisions on prioritising when and where highway runoff
should be treated.
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