UNIVERSITY OF LEEDS

This is a repository copy of The air quality impact of cordon and distance based road user
charging: an empirical study of Leeds, U.K.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/2030/

Article:

Mitchell, G., Namdeo, A.K. and Milne, D.S. (2005) The air quality impact of cordon and
distance based road user charging: an empirical study of Leeds, U.K. Atmospheric
Environment, 39 (33). pp. 6231-6242. ISSN 1352-2310

https://doi.org/10.1016/j.atmosenv.2005.07.005

Reuse
See Attached

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

White Rose

university consortium
A ‘ Universities of Leeds, Sheffield & York

White Rose Research Online
http://eprints.whiterose.ac.uk/

IS

Institute of Transport Studies
University of Leeds

This is an author produced version of a paper published in Atmospheric
Environment. This paper has been peer-reviewed but does not include final
publisher proof-corrections or journal pagination.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/2030/

Published paper

Mitchell, G.; Namdeo, A.K.; Milne, D.S. (2005) The Air Quality Impact of Cordon
and Distance Based Road User Charging: An Empirical Study of Leeds, U.K.
Atmospheric Environment, 39(33), pp.6231-6242.

White Rose Consortium ePrints Repository
eprints@whiterose.ac.uk


http://www.its.leeds.ac.uk/
http://eprints.whiterose.ac.uk/
http://www.its.leeds.ac.uk/

THE AIR QUALITY IMPACT OF CORDON AND DISTANCE BASED ROAD

USER CHARGING: AN EMPIRI@AL STUDY OF LEEDS, UK

Gordon Mitchell™ 2, Anil Namded® and David Miln€?

1. School of Geography and 2. Institute for Transport Studies,

The University of Leeds, Leeds, LS2 9JT, UK

g.mitchell@leeds.ac.uk



mailto:g.mitchell@leeds.ac.uk

THE AIR QUALITY IMPACT OF CORDON AND DISTANCE BASED ROAD

USER CHARGING: AN EMPIRI@L STUDY OF LEEDS, UK

Abstract

Traffic assignment, pollutant ession and dispersion models were applied to a major UK city
SO as to assess the air quality impacts of foad pricing schemes. Schemes were evaluated
with reference to: exceedenad air quality standards fosix pollutants; greenhouse gas
emission; redistribution of pollution, an enviwoental justice concern; and road network
performance as traffic speed and trip distarResults were compared to alternatives of do
nothing, network development and clean fuel psbam. The air quality benefits of a modest
distance based charge are highlighted. HowenRilst road pricing show potential as an air
quality management tool, its valand suitability are strongly rsgtive to prior air quality and

emission source apportionmentthe application city.

Keywords: Air quality management, urban, road prg, traffic emission, dispersion modelling
1 Introduction

Exceedence of air quality stdards is common for Europeaities (EEA, 1998). This is a
significant threat to public dalth, with an estimated 24000 premature deaths per annum
attributed to poor air quality in the UKale (DoH, 1998). The EC air quality framework
directive (96/62/EC) requires meebstates to eliminate standard exceedences for a range of
pollutants by defined target datelo achieve these objectivéise UK has developed a national

air quality strategy (NAQS) thatlefines policy, tasks and smonsibilities for air quality
management (DETR, 2000a). Under the NAQS Ilgmlernment is responsible for assessing
future air quality and for establishing air ¢jtyamanagement areas and action plans where

objectives are not expected to be achieved.

Road transport, now the main source of atrhesip emissions in Western Europe (EEA, 1998),



is a key focus of the NAQS. In addition teducing congestion, tachly pollution is also a
major objective of European transport pmgipolicy (CEC, 1995) and the UK government’s
national transport strategy (DETR998a). This strategy includes a five yearly local transport
planning process, the 2000 teeay transport plan, and a range of new powers for local
authorities, including, controversially, the power to levy gearfor road use (DETR, 1998b).
London was amongst the first authies in the UK to exercisthese powers, introducing a £5
cordon charge to enteentral London from February 2003itlal appraisal shows reductions in
traffic, congestion and emissions but to datdjable evidence on changes in air quality

(pollutant concentratiws) has not been forthcoming due to atypical meteorology (TfL, 2005).

Other cities have not lowed London’s lead, asughorities are sensitive to the possible adverse
public reaction (indeedtzens of Edinburgh rejeetl road pricing in 2005 referendum), hence
the London experience is being watched closelgetber assess possible benefits. Evidence for
congestion reduction comes mostly from desk studiesse indicate that gater benefits accrue
from road pricing implemented as part of iategrated approach, witbharging reinforcing
other strategic measures such as owed public transport provision (May 1992, Melyal.,
2000). These studies also suggkst charges levied continudyshroughout the road network
lead to greater travel benefits than thopeliad to cross cordons and screenlines (May and

Milne, 2000; Fridstronet al., 2000).

Whilst there is growing evidence for traffic andngestion reduction, thar quality impact of
road pricing has not been adequately quantifieor example, the UK government's advisory
body on transport recommended distance basedjiogafor the UK road network, but did not
assess the environmental benefits of forecasttimhs in traffic and congestion. They assumed
such benefits to be positive, and called fosesech to quantify them (CfIT, 2002). This
knowledge gap is significant as local authositeeek to reduce congies and achieve binding
NAQS objectives. Indeed, in addition to priceyenue use and effectiveness, environmental

enhancement is a key factor in the publiceptability of roagricing (Jaensirisakt al., 2002).



Environmental impacts are considered in rgating studies, but not air quality explicitly.
Instead emissions act as a proxy whenssisg environmental impact (e.g. Ubbetisl., 2002;
Beamon and Griffin, 1999) or deriving optimalacges (e.g. Johannson 1996; Mayeres, 2000).
Air quality observations were made in Singapore following the introduction of a road user
charge in 1975 (Chin, 1996), bgeneral conclusions cannot kiawn as: an air quality
evaluation of the scheme was not attemptedonitoring did not occur over a long enough
period to assess the effect okthcheme within the charge zone; and the influence of other
factors including better vehicle emission technology, changes in point source emission, and
pollutant import from Malaysia, have not been adequately controlled for in the limited long term
data that is available. Furthermore, roadipgan Singapore relates to a single scheme design

and hence excludes evaluation of alterraighemes, including distance based charging.

2 Objectives of the Leeds trasport - air quality study

To investigate the role of aol pricing on urban air qualit a modelling study of Leeds, a
medium size (740 000 residents) English aitgs conducted. Leeds has experienced strong
economic growth since 1981, second only to Longord forecasts indicatinis growth will
continue. Car ownership has risen by 11% inldéisé decade, and net in-commuting is predicted
to grow 50% in the next decade (LDA, 2000), #teming attainment of air quality objectives,
and making Leeds a particularly suitable citystody the air quality impletions of alternative

road transport management options.

The study assessed the impact anqaiality of five urban trasport planning options: (a) do
nothing; (b) cordon based road ustarging; (c) distance baseolad user charging; (d) road
network development; and (e) greater use of clealed vehicles (CFV). Combined tests were
also conducted (Table 1). Eaoption was assessed with respect(i) air qualit, as pollutant
concentration and exceedence of air quality standards feor pd@ticulates (PMy), CO, SQ,
benzene and 1-3,butadiene; (ii) greenhouse gas (0Q%) emission; (iii) spatial redistribution

of NO,and PMg; and (iv) road network performance,rmsan road speed and trip length.



3 Modelling

The study applied TEMMS, software that integeaimodels of traffic assignment, pollutant
emission and dispersionithin NAQS modelling standasd(DETR, 2000b). TEMMS, and its
validation for Leeds, is discussed by Namaeal., (2002), whilst its application in the road

pricing study is described below.

3.1 Traffic modelling

Within TEMMS, the SATURN traffic assignmentiite (Van Vliet, 1982) was used to estimate
traffic flows and travel conditiong.g. travel times, delays, average speeds) for the Leeds road
network. SATURN includes: aassignment model, in which drivers choose routes through a
network according to Wardrop User Equilibrium principles, based on generalised costs implied
by link and turn-specific cost-flow relationshjpsnd a simulation model, in which cost-flow
relationships for the assignment are modifiedsed on a sophisticated representation of the
interaction of traffic flows at junctions. Theseodels were applied iteratively until critical
outputs satisfied a series of stability criteria. Principle inputs to SATURN are travel demand (a
trip origin-destination matrix); and network supply, including network topology, link cost-flow

relationships, junction layowand traffic signal settings.

SATURN can be used to tesafiic management options by mddng the road network or trip
matrix. Road pricing was addressed in the assegrt model by additions to generalised travel
costs, calculated using appropriate valuesmé, within the SATTAX module (Milne and Van
Vliet, 1993). In its conventional form, the assigmihmodel assumes that input travel demand is
fixed, but variable demand can be represnising the SATEASY wdule that employs an
elastic user equilibriumassignment algorithm that modifigke trip matrix in response to
changes in travel costs throutfte network, based onsimple own-price elasticity relationship
(Hall et al., 1992). The Leeds application represented nvugrpeak hour travel throughout the

city, out to and beyond the main strategic otbitates. The network comprises 10250 links and



1314 intersections, while the trip matrix cover85000 journeys between 370 spatial zones.
3.2 Transport Emission modelling

Link based emissions of six palints were then calculated within TEMMS. This used link flow
and speed data from SATURN, and fleet contmrsdata and speed dependent emission factors
from MEET (EC, 1999). Fleet composition addrasgehicle type, gross weight, engine capacity
and type, and fuel and emigsi control technology used, gng 72 vehicle classes with
characteristic emission rates. Fleet data is dasevehicle sales, witfuture year projections
based on historical trends in fleet ageingd acheduled emission coaok legislation. Speed
dependent emission factors for eadhicle class were derivedbfn chassis dynamometer tests
simulating observed drive cycles of diffetemean link speeds. Thus emissions from
acceleration and queuing at jtions are included, although these are allocated along the length
of the link, and not specificallio junctions. CORINAIR methods aused to estimate cold start

emissions (Egglestoat al., 1991).

A composite emission factor was then determiferdeach link (from fleet data, vehicle class
emission factors, link speed) and total link emissiestimated as the produaf this factor and

link flow. SATURN speed and flow data were for the weekday AM peak hour only. Flow and
speed for the remaining hours, and for hours on weekend days were estimated by applying time
sensitive correction factors ddeped from observations of vete flow and speed collected
hourly throughout the week for ange of road types. These cected profiles were used to

estimate emissions for every hour in the year.
3.3 Air quality modelling

Air quality was then estimatl using the ADMS-Urban dispersion model (CERC, 1999). A
stationary sources emission imgery details pollutant annual s&emission, stack location and
height, gas exit velocity and temperature, f& 416 regulated point source emissions in Leeds.

Area and point sources emissions (< 0.1 tonf® gre quantified with reference to observed



concentrations from an upwind background rumahitoring site and via calibration of modelled

and observed data. For all sceasynon-transport emissions reeassumed to be constant.

ADMS-Urban was applied using default surface roughness values to represent topography, and
the Generic Reaction Set model to calculate; M@nhcentration from NQemission. We used
sequential (hourly) meteorologicdiata for 1999. This closelgpproximates to the long run
(1990-99) averages, has the same hourly timeagepsed in the emission modelling, and gives
better estimates of peak concentrations thatisital meteorologicatlata (CERC, 2001). In

hourly steps, gear of pollutant concentrations idelled; from which compliance with UK air
quality annual mean and pertignstandards is assessed. Enoissiwere modelled for a 30 x 25

km box, and concentrations for an inner 1212 km box covering the entire built area.
Concentrations were modelled for 3600 receptor painithin this box on a regular grid pattern,

giving air quality values at 200 m intervals.

TEMMS permits rapid preparation of inputs taliapersion model, but as dispersion modelling
is computationally intensive, the study was lexitto 14 dispersion model runs, plus a further
five sensitivity runs to better investigate possible pollutant ‘hot spots’ not seen using the 200m
grid cell receptor pattern. These tests used ADMS-Urbans street canyon model and 'intelligent

gridding’ function that allows 5000 extra receptor points to be added around roads (Table 1).

4  Transport scenarios

4.1 Do nothing ‘Business as usual’

The effect of a do-nothing 'Business as ussteditegy was assessed bgdalling air quality for
1993 (validated base year), 2005 and 2015. Tdhisesses the impact of changing trip demand
and fleet characteristics, boetwork developments between 1993 and the 2005 do-minimum
networks are also represented (including the AlLliMk to the south east of Leeds, that joins
two existing regional motorways). Traffimlumes in passenger car units (PCU link) are

derived from SATURN, and show that frob®93-2005, trips grow by 21%&and total vehicle-



kms travelled by 34%. SATURN modelling was not conducted for 2015 due to limited
resources, so link flows wereaded from the 2005 dws, hence for 2015, pattially significant
assignment effects are poorly represented. Sdading factor was derived from TEMPRO 3.1,
the nationaltrip-end forecastmodel (HMSO, 1997), which predicted growthin Leeds road
traffic of 17.3 %from 2005-15. Subsequent pegtions using TEMPR®@ (which accommodates
mode switching) are marginally abl®the growth rate used this studyFleet characteristics for

future years are based on MEEIB99) forecasts (see section 3.2).

4.2 Road user charging

We assessed the impact on air quality of charging road users to cross cordons and on the basis of
distance travelled within a ahge zone. Cordon pricing tewlogy is prova hence local
authorities are most interestadcordon charging. However, terms of network performance
(generalised cost, travel timaddistance, delay), modelling suggests that cordon pricing is the
least beneficial of the charging approaches abiaiaalbeit sensitive tdetailed design issues

related to location and charge level. In costtrdistance pricing proges network performance
benefits that are comparable to more soptastd charging approaches based on travel time and
congestion, but without many ofelpotential pitfalls of completsi and adverse driver responses

(May and Milne 2000; Fridstrorm al., 2000). Thus, we also considdrdistance based pricing.

Both charging approaches were represemeSATURN using the SATTAX and SATEASY
modules in combination to appthe charges and to allow ro&acvel demand to respond to
changes in generalised cost. Cordon pricing was modelled by adding an appropriate time penalty
(a proxy for a charge) to each affected linkd atistance pricing by adding appropriate time
penalties, as a function of lengths all links in a charge zon€harges were calculated using a
value of time of 7.63 pence per minute consistgith recommended values for PCU based
assignment models (May and Milne, 2000). Dectheesponse was applied using an exponential

function, calibrated by data fromstated preference survey, whighve elasticity values (for



the network, not individual links) in the range @fto -1.0 for most conceivable changes in
generalised cost on the network (Metyal., 1998). A sensitivity analysis of elasticity values
was not conducted as Milne (1998)owed that link flow and speeldta, the critial inputs to
the emissions model, are among the most siaibtee SATURN modeoutputs when demand
elasticities are varied. Thus $ARN addresses both driver-meuting and change in trip
demand. However, it should be noted that e¢hestic assignment algorithm in SATEASY is
unable to indicate whether chasge road travel demand arié®m modifications to mode

choice (e.g. public transport, car sharirtghe of travel, or trip frequency.

Five charge scenarios were addressed (Tablevifl) their cordon lodgons and charge zones
illustrated in Figure 1. Firstly, an inner (cityentre) cordon charge of £3, the maximum
politically acceptable byhe city council, was investigatethe second cordon test also charged
£3 to enter the city centre, but split this feerade inner cordon (£2) and an outer cordon just
inside the outer orbital road. This doubledmn gives a revenue of £97 000 for the 470 000
PCU kms travelled in the charge zone (AM pedkom which a 20 p/km distance toll was
derived, consistent with chges considered elsewhere (Mayd Milne, 2000; CfIT 2002), and
apparently reasonable given aanetrip distance of 10 km. Maever, 20 p/km gives a trip
suppression that is probably above the econonticmom, even if externality effects are valued
highly. Therefore, distance chasgef 10 p/km and 2 p/km wegdso tested, the latter giving a
trip suppression similar to tH inner cordon charge. All chagevere levied per PCU for the

morning peak, with no attempt tlifferentiate by vehicle type.

4.3 Network development

The impact of road building on air quality wamssestigated through two networks. The first
represents the network for 2005 under a 'doimiim’' assumption (see 4.1). The second (2005
‘do-all') additionally includes tav main highways and ancillary ads: 3 km of inner-city dual

carriageway completing the innerbital road; and the East Leedink, a 4 km dual carriageway



intended to relieve congestion and promote egobooegeneration in east Leeds (Figure 1).

4.4 Clean fuel vehicle technology

The air quality impact of clean fuel vehicleR\Z) use was investigated, addressing liquefied
petroleum gas (LPG), electria@ hybrid vehicles. These vehiclase technologically viable,
have proven emission benefisnd qualify for grant aided gmotion under the government's
'Powershift’ programme. Air quality was forecast for 2015 only, as little CFV growth was
expected by 2005. For electric vehicles, fleehposition was adjusted using MEET CFV high
growth forecasts for the European fleet of 2%ceic vehicles, 3% hybrid and 1% fuel cell.
These are based on evolutionary, not revolutippmaarket changes, and are very speculative.
MEET has no forecast for the proportion of the UK vehicle fleet using LPG in 2015, so we used
a value of 5%, consistent with MEET high grovitinecasts for the Netherlands and Italy. Thus

overall, 11% of conventionally fuelled sawere replaced with CFV’s for 2015.

CFV emission factors were alstvawn from MEET, although ¢éhdata are limited and meant
only as a guide. For electric Meles (hybrid; methanol fuel cell), factors are not speed
dependent, and only address three vehicle dagsmessenger cars, light duty vans and buses.
Emissions from battery operated vehicles asumed to be zero at point of use. For LPG
vehicles, emission factors relate only to vedsck2.5 tonnes, and aéds uncontrolled and Euro

| standards only. Euro | LPG factors were #iere applied to Euro 1I-IV LPG vehicles.

5 Results

Aggregate network performance statistics conmggthe principal tests are shown in Figure 2.
Table 2 summarises the air quality results. Redolt benzene or 1-3, butadiene are not shown
as concentrations weseibstantially below permédt levels at all sites under all tests. For the
other pollutants, concentrations are shownaasity wide mean of the 3600 sites (receptor
locations) and as the number of sites wheeedin quality standard is exceeded. Modelled, NO

concentrations at the government’s city cemt@nitoring station are s shown. Street canyon

10



and intelligent gridding results are not showrvesy few additional standard exceedences were

detected, demonstrating adequatdiapeesolution of the receptor pdnin the standard tests.

5.1 Business as usual

Under do nothing, travel demand iaases 1.7 % per annum, resultimglower, lon@r trips, an
increase in total PCU-kms of 2.5 % per annungyfe 2), and potentiallglevated emissions.
However, from 1993-2005, this effect is countered by the increasing efficacy and prevalence of
emission control technology (catatytonverters, cleaner fuel). iBhclean technology varies in
effect by pollutant. For example, fine particelatwere identified as a problem later thanxNO

and CO, hence particulate emission contrehit®logy, and its representation in the vehicle
fleet, is less advanced. This is evident in Figure 3, which shows that the fleet weighted emission
factor (emission per 'average' veh) falls significantly for NQ, CO and VOC over the
'‘Business as usual' period, reducing total emmssiIn contrast, the fall in fleet weighted
emission factor for particulates and S@ insufficient to counteract the rise in PCU-kms
travelled, hence total emissions of thes#upants increase. In summary, emissions of &l

fine particulates increase, whilst NOCO and total VOC emissiongdine. The net effect is a
major improvement in air quality with referee to air quality standards. City average
concentrations of NOand CO decline by 2005 to theipowhere standard exceedences are
eliminated (Table 2). Exceedences for BMnd SQ are attributed tonidustrial point sources,

not traffic. Small increases in the concetitna of benzene and 1,3-butadiene occur to 2015, but

levels remain well below permitted standards.

These air quality gains are attributeddlean technology which, in the case of NGO and

VOC's, counteracts the 35% growth in totap distance from 1993-2015. However, clean
technology does not counteract tHéeet of growing vehicle use Wi respect to particulates.

This is not a major issue for Leeds, as increases in particulate emission do not cause additional
exceedences of the RMstandard (point sources contrieud8% of particulate emissions in

Leeds). However, were such an increase repeatadcity where traffic dominates particulate
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emissions, as is more usual (see e.g. Buckingdtaah., 1998), and where compliance with
standards is already marginal, then many site exceedences of theskbard may be
expected. Furthermore, tightening of the jgbjective (to 2Qug m? as an annual mean from
2010; DEFRA, 2001), means that particulate emissiare a potential major problem in Leeds,
with most of the city centre non-compliamising travel demand also significantly increases

greenhouse gas emissiondiie 4), particularly Cg) forecast to rise by 76 % from 1993-2015.
5.2 Cordon based road user charging

Road pricing using a £3 inner cordon chasgppresses trip demand, improving travel speeds
and reducing total vehicle kilometres travelledtbe network (Figure 2). Note that mean trip
length increases (by 5.5%) suggesting that drivenoute to avoid the toll, and possibly that
shorter trips are suppressed. This effectss imarked with the double cordon (same £3 charge
to enter city centre) ake larger charge zone interceptsrentrips, and gives fewer opportunities
to avoid the toll cost effectively. The smaller increase in mean trip length under the double
cordon is interpreted as a product of théabee between less reuting around the inner
cordon, which has a lower charge to cross ¢brdon line than under the single cordon, and
additional re-routing generated by the exterrmidon. All the cordon schemes suppress total
vehicle kilometres, reduce emisss of all pollutants and impve mean city-wide air quality
significantly (P<0.0001) (Tablg). City-wide annual mean Ndor example, falls 0.13 pg ™

(0.7%) under the single cordon and by 0.8 |it(486) under the double cordon.

Network flows from SATURN show that despiteducing the total volume of trips, cordon
charging increases flows on some roads outside the charge zone, as drivers re-route. A cordon
charge thus risks generating new exceedencesr @fuality standards on the periphery of the
charge zone. With the single cordon, for examgheissions in the CBD fallp to 50% in places

(km grid squares), but increase B25% in areas outside the don. The redistribution is less
marked with the double cordon, due to greater dveip suppression and the sharing of re-

routing impacts between the inmend outer cordons. A significenumber of the 3600 receptor

12



sites experience reduced quality under the singleordon charge (Table J)ut the net effect is
an overall improvement in air glityg due to suppressn of trips. Redistbution under cordon

charging was not sufficient to induadditional standard exceedences.

5.3 Distance based road user charging

The 10 p/km and 20 p/km charges improve medndpeeds to above the level experienced in
1993, but the trip suppression rates (Figurer@) high, and are unlikelto be economically
optimal, even were externalitiagghly valued. However, the 2p/kainarge is notable as the only
road pricing test in which trips become shortérip suppression for the 2 p/km charge is
comparable to that of the siegkordon tests where, in cordtatrips become longer. This
reduction in mean trip length is most likely disegreater suppression of long trips (May and
Milne, 2000). Drivers may also take more diremiites in a less conged network, or distance
charging may simply encourages shorter rqutegardless of the level of congestion. Higher
mean trip length under the higher distance chargatiributed to greatee-routing to avoid the

charge zone or minimise the distatiayelled through it (My and Milne 2000).

Note that emission gains from reduction in megndistance or total distance travelled could, in
principle, be offset by greater trip speedowever, the speed-emission relationship is U-
shaped, with high emission at low and high speed, and a minimum at c. 65 km hr (in 2005). In
urban networks, mean link speeds are generally ¢o 25 km hr for the Leeds network, hence
even under a high tripuppression, speed increases will re@d to elevated emissions. Indeed,

in congested networks, relatively small in@es in vehicle speed @lid have a significant

beneficial impact by reducing emissions.

Depending upon the pollutant, distance chargimyces total road tra€ emissions by ¢.12%
under 2 p/km, 47-52% under 10 p/km, and 56-63 % under 20 p/km, illustrating a diminishing
marginal return in emission abatement with angstharge. A charge of 2 p/km is sufficient to

improve air quality significantly (P<0.0001) for all pollutants studied (Table 2). Pollutant

13



redistribution does occur under ttistance charging regimes (Taldg but is only apparent in
the air quality data under th2 p/km charge, as trip suppson under the higher charges
substantially reduces total emissions, magkithe redistributive effect. The diminishing
marginal return apparent in the emissions @atass pronounced forraguality as point source

emissions are a significant deteramirh on pollutant concentrations.

5.4 Network development

Network development results in a small but siguaifit decline in air quality, particularly in the
vicinity of new roads, but delivers no imprament in network performance (mean speeds).
Increasing road capacity lowettse generalised tripost, and induces aadditional 2.4% trips.
Mean speed for the network is unchanged, beamtrip length falls 1.3 %, as the new roads
provide more direct routes for some trips. @alance, the additioharips generated by the
added capacity result in a 1% increase in ®@U kms travelled. Consequently, city-wide, road
emissions increase 0.7 -1.4 % (de@ing upon the pollutant), and guality declines slightly
(Table 2). Increased emission occimrshe vicinity of new roads (e.g. NGncreases by >25%),
but these increases are too small to causeaddifional exceedences of current standards. The
change in pollutant distribution farther afieldess clear, with localised increases and decreases
due to re-routing. Overall the neffect is an increase in emissi with more $es experiencing

a decline in air qualitthan an improvement (Table 3). Thusllutant redistribution, undesirable

from a social equity perspective, is more gigant than with any other transport scenario.

5.5 Clean fuel vehicles

The clean technology scenariosames strong growth in ®&Fuse to 2015. However, it is
necessarily speculative with respax CFV market penetration rates, whilst emission factors are
poorly specified compared to those for conventidoals. However, thdest is sufficient to
provide a simple comparison of the impactl#an technology on urbanr @juality, relative to

the road user charge options. ExceptingNgdnissions fall for all pollutants (4% for GQand

significant improvements in air quality occur (P<0.0001).,Nan exception as Euro Il-IV

14



LPG emission factors were unavailable, and theoEUPG factors used in their place give a

higher fleet weighted NQemission at low speeds thamnwentional Euro II-1V vehicles.

6 Discussion

In the absence of new transparterventions, urban air qualitig likely to improve further,
despite the fact that rising trip demand result®inger, slower journeys and an increase in total
PCU kms travelled on the network. These improveiiarise as continual fleet turnover results
in a vehicle fleet with more and better enmasscontrol technology. Howevwetrip growth from
2005-15 will counteract much ofeéhemission benefits of cleaechnology, and the rate of air
quality improvement over the next decade Wwi#l much less than that experienced during the
1990's. An exception is fine particulatesere increased travel demand will cause;PM
emission to increase substantially. This is like be a significant problem for cities where
particulate emissions are domiedtby road traffic, especially given that a much tightenM

standard will be enforced from 2010.

With respect to road user charging, we must sotee caveats to our analysis. First, we have no
assessment of what happensupmessed trips. Thoseatsed as car shaug, walk, cycle or ‘no
travel’ will not alter our emission estimates.cieasing bus provision is also unlikely to
significantly raise emissions as new buses &aylito be CFVs. Second, if charging is only
applied for part of the day, then trip suppressimay be less (no suppression of trips outside
charge period; changes in time of travelhd hence emissions could be higher than our
estimates. Conversely, if differential chargesre levied according to vehicle size (larger
vehicles paying more), then emissions coulde®w our estimates. €se factors were beyond

the scope of the current studyt merit further analysis.

This study shows that road pricing can deliveproved air quality by constraining trip demand
and reducing emissions. Whilst emissions are sdepdndent, the key fawtbehind air quality
improvement is a reduction in the total PCU tmawvelled on the road network (Figure 5) (this

reduction is primarily driven by suppression apsrby private vehicleas most road pricing

15



regimes do not lead to shortegips). A 1% suppressn in total PCU-km reduces aggregate
concentrations of CO and VOC species by 1.88bother pollutants aless responsive (0.25 %

for NO,, 0.025 % for PMp and SQ). Note however, that the effects are spatially highly
variable. For example, a 10 p/km charge reduces annual meartdw@entration by 11.2%
across the whole city, but by 22%?2in the city centre (figurebased on Table 2 data). NO
concentrations here are withpermitted standards, but such a reduction in other cities may be

highly significant with respedb standards compliance.

Road pricing could be an effective air quality management tool. However, its potential is context
specific, dependent upon soure@portionment and prevailing raguality (current spatial
distribution, and level of standards comptieh Figure 5 shows that for Leeds, where
particulate emission is dominated by point sest road pricing will have little effect on
concentrations of particulates. In contrast,,N&strongly affectedby traffic restraint (although

by 2005, standard exceedences in Leeds hasadltbeen eliminated by better emission control
technology). However, note that traffic regitacan very substantially reduce greenhouse gas
emission (Figure 4) anchn reverse projected G@mission increases that would occur under a

do-nothing strategy.

The effect of CFV use on urban gwality is broadly comparable tbat of sevedaof the road
pricing tests. For example, total PCU-kms needsll by c. 10% to achieve an improvement in
city mean annual PM concentration comparable to that achieved in the CFV scenario. Thus
CFV's would be more effective at addresspayticulate pollution than a £3 single cordon
charge, but less effective than the double comtatistance charging regimes. In practice, CFV
benefits may be greater than this study suggest some CFV emission factors were poorly
specified. However, CFV promotion and road uslearging are not mutually exclusive policy
options, and if implemented togeth would clearly deliver moraubstantive air quality benefits.

Lower charges for CFVs may thus be an gf'ecmechanism to improve the uptake of CFVs.
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Road pricing results in some re-routing teoi@ the charge zone, aeffect observed in
Singapore (Chin, 1996). In the Leeds study, road user chargirsritaaties emissions spatially,
with air quality declining in plags, particularly along routes used to avoid the charge zone. In
air quality terms, this effect igreatest under the single cordegime, but is insignificant under
the double cordon and distance charging regimesléT3b The reasons for this difference are
that, firstly, the inner cordon encompasses shwllest charge zone, and induces a highly
focused re-routing, leading televated emissions around therdmn exterior. Secondly, trip
suppression under the inneordon is much less than thaft the double cordon and distance
charge tests, where total reductions in erarssiare much greater, and lead to a blanket
improvement in air quality city widéNlote however, that even under the cordon charge, fewer
sites experience a decline im guality than would occur undére network development option.
Furthermore, whilst there are clear social inditjga in the distributon of pollution (Mitchell

in press), with poor communities with low rates of aawnership located in the areas of greatest
atmospheric pollution, measures that improves aititgueity wide lead toa reduction in this
inequity. Thus, whilst there may be social equityicerns over the appliwan of road pricing,

we find that environmental inequities can, pedhapntrary to expectatis, be reduced by road

pricing using realistic charges.

7 Conclusion

This study shows that road pricing can sigufitly reduce emissions and improve air quality,
and that pollution redistributioryndesirable from a social juséi perspective, is not a major
concern. However, the success of road pricingraair quality management tool depends upon
prevailing air quality and the emission charastess of the applicadbn city. If stationary
sources dominate total emissions, and/or comgdiamith air quality stadards is high, then the

air quality benefits of road pricing will be modest. In the absence of a charge, air quality will
continue to improve due to the increasedhe efficacy and prevalence of emission control

technology in the vehicle fleet, but @@missions will continue to rise.
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Of the road pricing regimes investigated, a nebd#istance charge is considered appropriate
based on the Leeds study. Thp/Bm charge delivers environmehgains (modest aggregate air
quality improvements with no standard exceegsngreenhouse gas enuss decline c. 12 %),

with minimal socially undesirable spatial rsdibution of pollution, and was the only test
investigated (road pricing or otherwise) with faster, shorips.tiThis conclusion supports the
government transport advisory lypdwvho following a series of stlies (with litte attention
given to environmental impact), recommendecrging for road use via distance travelled
(CfIT, 2002). Further evaluation is, however, riegd to identify an optimum distance charge, in
which a wider range of costs such as noise, community severance, journey reliability and
infrastructure costs are included. Whilst resedrat investigated optimal distance charges that
include environmental considerations (Fridstretnal., 2000), none has been conducted in
which pollution effects are explity evaluated. Thus there remains a need to assess whether
distance charges which are optimal when consideair quality impacts explicitly, vary from
those in which environmental considerationstezated more generally. If explicit consideration

of air quality proves important, ¢n it is evident that the relative contribution of transport
emissions to total emissions, together wiltle prevailing air quality, will be important in

determining an optimum distance charge.
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Figure 1. Road user charging cordons and areas, and network developments, Leeds
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Figure 2. Network performance statistics
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Figure 3. Impact of emission control technology on emissions under ‘Business as usual’

% change, 1993-2005.

60

40

20

NOx

PMo

(0]

vOC

O Fleet weighted
emission factor

M Total emission

€0 S@



Figure 4. Change in greenhouse gas emission from road transport in Leeds
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Figure 5. Total vehicle kilometres and urban air quality in Leeds
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Table 1. Summary of the Leedsransport-air quality simulations

Test Year Road Road user charge or Additional test (b) with
Network clean fuel vehicle (CFV) test ADMS sensitivity test
1 1993 Observed

2a, 2b 2005 Do-min Intelligent gridding
3a, 3b 2005 Do-min Street canyons
4a, 4b 2005 Do-all Intelligent gridding
Ba, 5b 2005 Do-min £3 inner cordon Intelligent gridding
6 2005 Do-min

7 2005 Do-min £1+£2doublecordon

8 2005 Do-all £1+£2doublecordon

9 2005 Do-min 2 p/km inside outer cordon

10 2005 Do-min 10 p/km inside outer cordon

11 2005 Do-min 20 p/km inside outer cordon

12a,12b 2015 Do-all Intelligent gridding
13 2015 Do-all 11% of fleet as CFV's

14 2015 Do-min

Note: Air quality simulations for the road user charge tests are based on the preferred link
‘demand’ flow parameter, whilst all other testere based on ‘actual’ link flows due to data
availability. Tests confirmed that the differendvil variables had a negligible impact on air
quality, thus permitting a confident comfgan of charge and non-charge tests.



Table 2. Air quality in Leeds under alternative road transport strategies'

Scenario / policy NO, at city centre City-wide (12x12km) [Number of site exceedences in brackets]

AUN € site
Annual 1 hrmean NO, Annual PM;o Annual 24 hr mean 1 hr mean CO 1 hr mean S®
Mean 99. 8centile Mean Mean PM;090.41 100 centile 99.72centile
(ugm® (ugm®)?  (ugni) (ug n®) centile (ug ) (mg ni®) (ug ni®)
Air quality standard 40 200 40 40 50 11.6 350
Business as usual
1993 network 39.36 146.72 29.24 [260] 28.65 [24] 42.88 [92] 3.37[19] 288.20 [13]
2005 24.04 110.43 19.68 [0] 28.71 [24] 42.94 [91] 1.17 [0] 288.24 [13]
2015 21.99 107.99 17.09 [O] 28.38 [24] 42.59 [80] 0.48 [0] 287.95[12]
Cordon based road user charging
Zero toll 25.75 112.83 20.05 [0] 28.78 [25] 43.02 [95] 1.34 0] 288.27 [13]
Single cordon £3 24.38 111.67 19.92 [O] 28.76 [25] 42.99 [93] 1.28 [0] 288.26 [13]
Double cordon £2+£1 24.02 111.45 19.25 [0] 28.66 [24] 42.89 [91] 1.08 [0] 288.22 [13]
Distance based road user charging
Zero toll 25.75 112.83 20.05 [0] 28.78 [25] 43.02 [95] 1.34 [0] 288.27 [13]
2 p/km distance toll 24.63 110.99 19.44 [0O] 28.68 [25] 42.92 [94] 1.08 [0] 288.23 [13]
10 p/km distance toll 20.05 107.39 17.69 [0] 28.41 [24] 42.66 [81] 0.48 [0] 288.12 [13]
20 p/km distance toll 17.58 107.25 17.12 [0] 28.33 [24] 42.58 [81] 0.34 [0] 288.09 [12]
Road network development
2005 24.04 110.43 19.68 [0] 28.71 [24] 42.94 [91] 1.17 [O] 288.24 [13]
2005 Do-All 23.82 110.43 19.74 [0] 28.72 [24] 42.99 [92] 1.18 0] 288.25 [13]
Clean fuel vehicle (CFV) promotion
2015 Do-All 19.59 106.87 18.49 [0] 28.77 [24] 42.99 [92] 0.76 [0] 288.28 [13]
2015 Do-All CFV 21.83 107.91 18.48 [0] 28.70 [24] 42.93 [91] 0.71 [0] 288.25 [13]

a. Non-transport emissions are held constant hence differences in air quality between scenarios are attributed s@abptartise¢narios
b. All scenarios are based on the 2005 Do-min network unless otherwise indicated. c. The national air quality monitakng netwo
d. i.e. the N@1-hour mean must not exceed 2@fm° more than 18 times a year - the 99.8th percentile of one year of hourly values



Table 3. Pollutant redistribution in Leedsin response to road transport strategies

NO, annual mean PM annual mean
Scenario / Policy  No. sites  No. sites No. sites No. sites
degraded improved® degraded improved®

‘Business as usual’

1993-05 10 3584 122 10
2005-15 0 3600 1 1678
Network Development

Do-Min v. Do-All 399 104 12 2
Cordon based road user charging

Single cordon 231 824 9 64
Double cordon 7 3535 0 235
Distance based road user charging

2 p/km 10 3222 0 130
10 p/km 0 3599 0 1734
20 p/km 0 3600 0 1953

& Number of sites (receptor locations) where concentrations have changed (degraded or
improved) by at least 1%. 3600 sites were modelled on a regular grid with 200m intervals.
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