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1. INTRODUCTION

Low Emission Zones (LEZs) are asewhereaccess to certain vehicles is restricted due to
their emissions.The restriction may be a complete ban or there may be a charge to enter the
LEZ if the entry criteria are not mefAs new road vehiclem the European Union (EUnust

meet emissiofimits that have become increasing stringent over the past few debhadesst
majority of LEZs usethese standards categorise vehiclesometimes in combination with a
vehicle age restriction

European emission standards apply&ssenger cars, vantwo/three wheeled vehicles and
the enginesused inheavy duty vehicle (HDVs, defined as vehicles with grossweight
greater than 3.5 tonnes) Each type of vehicle has different emissiimits and test
procedures For passenger cars and snvalhs here are separate requirements for gasoline
and diesel vehicles. Since the early 1990s these emission limits have bmae kaown as
the Euro Standards. For thght duty vehicleemission standardsis the convention to use
Arabic numbers (Euro 1, o 2, Euro 3, etc.)while the heavy duty engine emission
standards use Roman numbégEsro |, Euro Il, Euro lll, etc.) to describe the standards, and
this convention has been used in this report.

The standards are complex. For example, there areaseparplementation dates for new
types of vehicle/engine and all newehicles. The latter is typically one year later. For
passenger cars the Euro 1 standard came into force fromBE®@22 from 1996, Euro 3 from
2000, Euro 4 from 2005, Euro 5 from Z0@nd Euro 6 from 201fbr new types The heavy
duty emissions standareégere introduced over a similar, but not exactly the same, timescale.
However, manufacturers have often introduceghiclegengines meeting new standards
before they are mandated,ripeularly in markets where the government has provided fiscal
incentives to encourage the early purchase of lowetiergwehicles.

The principle aim of LEZs is to increase the number of lower emission vehicles in the vehicle
fleet, to improve air qudy faster than would otherwise happen.

The European LEZs are mainly aimed at reducing emissions of particulate matter (PM),
although some also aim to reduce nitrogen oxides (NOx), as the EU ambient air quality limit
values for PM with an aerodynamic diater less than 10 microns (R and nitrogen
dioxide (NQ) have proved to be difficult to achieve in many cities. Emissiori@\yf and
nitrogen oxides (NOXx) argreater from diesel vehicles than gasoline vehicles (with a three
way catalytic converter)with heavy duty diesel vehiclegenerally having the greatest
emissions per vehicle kilometre. Therefore LEZs in most countries have restricted these
vehicles. The ultimate aim is to improve public health, although more of the focus has been
on achievig the EU limit values.

The first LEZs in Europe werestablished in996 in the Swedish Cities of Stockholm,
Goteborg and Malmayhere they ar&nown as Environmental Zonedli{jozon). HDVs8to
15 yearsold were banned from the zones, unless they wétedfiwith acertified emission
control devie ora new engine Goteborg Stad, 2006)All HDVs more than 15 years old
were bannealtogether. Frondanuary 2002 the LE&ntry criteriawere modified to include
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restrictions on NOxemissions, andasne citiesalso introduced requirements for neroad
mobile machinery operating within tineEnvironmental Zone. In 2006 the Swedish
Government established a natioh&Z schemeusingthe EUemission standards as the entry
criteria’. The new regulation harmonisedetrequirements of different municipalities, with the
aim of making it easier for transport companies working on a national scale to cé#iphs

could be used in LEZfor at least 6 years after first registratioguro Il and 1ll HDVscould

be driven ina LEZ for eigh years from first registratioguro IV HDVs can be driven in a
LEZ until 2016 and Euro V can be driven until 2020 regardless of year of first registration
(GoteborgStad et al 2009)

The first LEZ autside Swedenvas inthe Mont Blanc Tunel between France and ltaly. It
became a LE4n 2002 andHDVs arebanned from entering the tunnel unless they meet at
least the Euro Il standard.

Since these early LEZs were established cities ineseountries, particularly Italy and
Germany have widgl adopted LEZs According to the LEZ website
(http://lurbanaccessregulations.epreviously www.lowemissionzones.¢u funded by the
European Commissiotthere wereapproximately 216 EZs" operational irEuropeat the end

of 2015with a further 5 planneSee Table 1). The requirements of these LEZs are very
diverse, some restrictirjgst one type of vehicle and others virtually all types. The emission
criteria used also varies widely wittome using Euro 1 for passenger cars, which was
implementedwith afew exceptions) for new cars frothe end ofLl992 There are likely to

be few pre Euro 1 vehicles in regular use today.

Other countries have been less enthusiastic. France, for exampbe, dvas LEZ, in Parjsas
well as theMont Blanc TunnelLEZ; there are no LEZs in Spain and orilye operational in
the UK at theend of 2015four of which apply only tdouses.

In Francemanyareasexceed th€eU PMyo and NQ limit values as well as the PM target

value. One of the highest annual mean conceotrstof NQ was measured in 2018
Europe occurred iffrance (EEA, 2015) Accordingto Charleux(2013) national legislation

was passed in 2010 to allamwnswith more than 100,000 inhabitants to restrict polluting
vehicles for three years. ADEMEhéd Fench Environment and Energy Management Agency
offered financial assistance for trials in 2012. Although eight cities registered interest none
applied before the deadlineFollowing a change in government the new Environment
Minister issued a press reteasaying that targeting only the oldest vehicles wouldeathtce
pollution on peak days sufficienttp compl with the European limits and that they would be
socially unfair. Instead the Ministry chose to work with 38 local communities to strength
their air quality management pl an)s OneMeasures d e
promoted wa for temporary restrictions during days of high pollution when only lower
emitting vehicles wuld be permitted. Paritas introducedemporary bags on vehicles
several times sindbe scheme was introduceBree pblic transports provided and vehicles
with the wrong numBBE20141 ate are fined €18

Table1l summarises the number of LEZ and the type of vehicles restricted by EU country. It
shows that inmost caintries LEZs only restrict buses, trucks or botlm Germany,and

! This assumes that the large number of very small LEZs in the Lombardi region of Italy are counted as one LEZ.
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increasingly other countries as LEZ are upgradestrictionsapply toall types of vehicle
except motorcycles

Table 1 Summary of Europeandw EmissionZzones(December 2015)

Number of . . National
Country Applicable vehicles Framework/
LEZs s

legislation

Implemented Schemes

Austria 7 HGVs Yes

Denmark 4 HDVs Yes

Finland 1 Buses and refuse trucks

France* 1 HGVs** No

Germany 73 All vehicles with 4 or more teels | Yes

Greece 1 All vehicles with 4 or more wheelg Yes

Italy 102+* Various No

Netherlands 13 All vehicles with 4 or more wheelg Yes

Portugal 1 All vehicles with 4 or more wheelg No

Sweden 8 HDVs Yes

UK 5 Various No

EU 216 - -

Planned Schemes Implementation
year

Belgium 1 All vehicles with 4 or more wheelg 2016

Czech Republic |1 HGVs 2017

Norway 3 Unknown Unknown

Notes:

* The Mont Blanc Tunnel LEZ is between Franceand Ifaly t i s i n c 1 u d ¥hére is an odewven humbes

platescheme thatestrictsvehiclesduring high pollution events

** The large number of LEZs in theombarda Region, outside citiehyavebeencounted as 1 LEZ

** All vehicles from 1 July 2016

HGVs = heavy goods vehicles, i.e. goods vehicles with a griwsleeveight (GVW) > 3.5 tonnes;

Where the restriction includes all vehicles > 3.5 t it includes buses and coaches

SourceSadler Consultants Ltd, 2045
Most LEZs are permanent and apply 24 hours a day, seven days a week. Some, however, only
apply at pak times of the day or during defined periods of the year. For example, the Athens
LEZs only applyfrom September to Julylonday to Thursday from 07.00 to 20.00 hours and
on Fridays from 07.00 to 15.00 hourdt does not apply during 2dour public trasport
strikes. The Lisbonand Pragué.EZs appliesonly during the daytime on Monday teriday

(Sadler Consultants Ltd., 2015

Some LEZs only operate in the winter, for example in the large LEZ that covers Milan,
Varese, Como and Lecco in northern Italggenger cars are restricted from 15 October to 15
April each year (for 12 hours on weekdays). Howevestr@ke motorcycles and mopeds, and
diesel public transport buses are restricted all the year round.

Athens does not have an LEZ solely based onEim® standards; the criterinclude the
vehicle license numberThere aralifferent requirements within the city centre and the rest of
Athens. Vehicles up to 2.2 tonnes are allowed to enter the city centre on alternative days
depending on the last digof the license plate. There are a number of exceptions including
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electric vehicles, Euro 5 vehicles with emissions of, @®s than 140 g kihand Euro 4 gas
vehicles. In the whole ofAthens vehicles over 2.2 tonnes and first registbeddrel Januay
1992 were bannedin 2015. The date increases by one year, every y8adler Consultants
Ltd, 2015.

In some countries, such as Germany, the Netherlands and Sweden, national LEZ frameworks
have been developed to provide a consistent approach and é¢asedhe ease of driving
across a countryHowever each municipality has the option to declare a LEZ orinaither
countries, most notably Italy, there is no national framework and each municipality
determines their own crite@ for restricting vehids. This approach has the potential
advantage of addressing local air quality issues, but can make driving thorough several cities
on a single journey problematic without researching the requiremeiot to starting the trip.

It can also increase cost®r national transport companies, as the most stringent
requirement(s) would need to betnto provide a national service.

The LEZ restrictions are enforced maryalusing automatic number plateecognition

(ANPR) technologyor transponders which autatically transits payment to toll booths

LEZs in Germany, Sweden andustria require a sticker indicating compliance to be
displayed. In Germany vehicles without the correct sticker are banned frobhE#eand
drivers face a fine of €40 and a penalty pc
would be allowed to pass through the zone based on its emissions. This also applies to all
vehicles registered in foreign countrie¥he Dutch, London ahMilan-Ecopass LEZs use

ANPR. The ltalian LEZs are typically enforced manually but some use ANPR or electronic
enforcemen(Sadler Consultants Ltd, 2015

The aim of this report is to summarise the available evidence of the effectiveness of LEZs.
Exemptng certain vehicles from parking restrictions, road and bridge tolls, and bus lanes
have also been used to encourage the use of low emission vehickeddition, short term
vehicle restrictions have been used to reduce emissions during pollution swemtas in

Paris These measures have not been included as these are notLgE#dstly

This report focuses on studies that have been undertaken to assess the impact of LEZs on air
guality. Determining the impact on air quality is a direct measure ekffectiveness of the
implementation of a LEZ, but can be difficult due to the small impact of most LEZs compared

to the changes in air quality in response to meteorological conditidhg. difficultly in
guantifying an impact on local air quality is cpounded by the fact that the local vehicle
exhaust contributiomarticularly to PMg concentrations, isftensmall compared to regional,
andurban backgroundoncentrations, even at keiftle monitoring sites.

The following sections of this repadisauss the available evidence, focusorgthe scientific
literature, but also drawing of the work undertaken by selected municipalities where it is
readily available. There is an emphasis on the London LEZ because more analysis of its
effects, both beforera after implementation, have been undertaken than for many other
LEZs, and this includes a review of the predicted emissions and air quality benefit as well as
analysis of air quality monitoring data.

The University of Birmingham electronic library an@d@gjle were searched for low emissions
zones, environmental zones, and LEZs. Further Google searches were undertaken using the
terms used to describe a LEZ in Swedish and German.
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2. EVALUATING THE EFFEC TIVENESS OF AN LEZ

During the planning stage the impa€ta LEZ cannot be measuredio quantify the potential
impact emissions modelling is required, often combined with an estimate of the impact on air
quality using dispersion or empirical models. There have been relatively few studies which
have attemptetb evaluate the impact of a LEZ using measured concentrations. The literature
search identifiedess thar20 reported studies, many of which have not been peer reviewed.
For some littleor noinformationis available on the assessment methodalogy

To pralict the potential LEZ impact a large amount of detailed local data is required, from the
fleet structure to traffic speeds. Estimating emissions from road transport within a city is not
trivial. In recent years there has been considerable uncertagatylieg the emission factors
commonly used, s u ¢ K emissiontfabters (EMISIAs 20150aftid¢ulRriy

for nitrogen oxides (NOx), and the proportion that is emitted ag M® a consequence many

of the emission inventories and forecasts haeen shown to be optimistic (Beevetsal,

2012).

There is evidence that under real world driving conditions NOx emissions from diesel light
duty vehicles have not changed over the last 20 years, and that this has not been reflected in
the emission faors. At the same time the proportion of N the NOx emission has
increasedCarslaw & RhysTyler, 2013). Data from portable emission measurements of NOx
from Euro 4 to Euro 6 diesel cars have also shown that the emissions are much higher when
driven an the road than during the official type approval test. A raatdysis undertaken by

the International Council on Clean Technology (2014) suggests that early Euro 6 diesel cars
emit on average 7 times the limit value under normal driving conditions.e kaent work
suggests that real world emissions from diesel cars are reducing but emissions remain many
times the limit value. On the other hand, gasoline cars driven on the road have average
emissions below the limit value (Molden, 2015).

For heavy gods vehicles KGVs) NOx emissions were fairly constant until Euro IV when
they declinedsignificantly For urban buses thereshbeen little change from Euro 2 to Euro
V, (Carslaw et al., 2011)The emissions were higher than the applicable emission liehw
measured omoad, even though they tended to meet the emission limits in the laboratory.

The lack of inprovement in NOx emissions atfte significantly greater PM emissions from
diesel light duty vehiclesot fitted with a diesel particle filtesompared to gasoline vehicles

are particularly important because of the increase in popularity of diesel cars in recent
decades.In 1992 about 15% of new cars in the EU were eliesmpared to about 53% in
2014 The southern European countries, except Itadye some of the higheshares of

diesel cars in Europénternational Council of Clean Transportation, 2015This data
suggests that any LEZ targeting NOx emissions is unlikely to be effective at ret@ing
concentrations until NOx emissions are néfigantly reduced under real world driving
conditions.

Another factor that needs to lm®nsidered when assessing the impact of a LEZ is the
contribution of exhaust emissions from local traffic to ambient concentratiarBerlin, for
example, Lutz Z013) estimated that just 4.1% of Ryt kerbside sites in 2009 was due to
exhaust emissions from local traffic, with a larger contribution (14.9%) fromerbaust
traffic emissions. The regional background dominated, contributing almost two thirdseof th
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PMjo. In situations such as this, reducing local vehicle exhaust emissions can only have a very
limited impact on PMp concentrations and hence compliance with the EU limit values.

It has been argued, for example ®yrys et al (2014), thatit may be nore appropriate to
assess the impact of LEZs in terms of the reduction in elemental carbon (EC) rather than
PMjo, PMy 5 0r even PM. EC isconsidered by some to be more toxic than some of the other
components of ambient particulate matter (PM) and hencedaction in their ambient
concentrations may have a greater benefit for human health than a small changg in PM
concentrations may suggest. Janssen. €2@11) evaluated the risk of black carbon particles
(BCP) and concluded that BCP is a valuabldigator of the health risks of poor air quality
where there are significant combustion particles, but should bdditonal indicator to PM

and PM sdue to other componesilsohavinghealh effects Cyryset al (2014)suggest that
black smoke (BS)black carbon (BC), absorption coefficient, and elemental carbon (EC) are
all examples of BCP.The traffic contribution to urban concentrations of these indicators is
generally high, making it easier to detect the impact of policy interventions (Ketilen e
2012).

Assessments of the impact of LEZs also need to take account of other policy measures
implemented at a similar time. For example, the EU requirement foflalré<10ppm by

mass) sulphur dies@lones etla 2012 and the German scrapgagcheme for vehicles more

than nine yearsld (Cyryset al, 2014). In some locations there may also be a large change in
traffic due to planned transport management schemes or long term, albeit temporary, traffic
diversions. The deep recession in Egréqom 2008 onwards may also have affected the rate

of replacement of vehicles, and traffic volum€srtainly the average age of a passenger car
hasincreased fron8.5 to 9.7 years old of the period 2008 to 20AGEA, 2015).

Cyrys et al (2014) noted thait is difficult to show a reduction in P} annual mean
concentrations around 1 pg3nas meteorology has a large impact on the year to year
variation of PM mass concentrationsn general, studies have compared monitoring data
from several months (isome cases years) before and after establishing a LEZ. Adequate
adjustment for the meteorological conditions can only be made over longer periods, preferably
one year or more, to remove seasonal biames,even with annual mean daltere can be
significant yea#to-year differences due to meteorology.

The difficulty in showing improvements to air quality as a result of traffic management
interventions is illustrated by the London congestion charging scheme (CCS). It was
introduced into central London 2003 and resulted in a 15% reduction in traffic within the
zone (Transport for London, 2007)However, in 2003 air pollution concentrations were
higher than in 2002 because of unusual meteorological conditions making the impact difficult
to assess usingmbient monitoring data Emissions modelling suggested between 2002 and
2003 total NOx emissions in the charging zone reduced by 12.0% and on the inner ring road
increased by 1.5%, arfelM;o emissions reduced by 11.9% in the charging zone and 1.4% on
the nner ring road (Beevsrand Carslaw, 2005)However, whenAtkinson et al (2009)
analysed measured concentrations from a single roadside monitor in the congestion charging
zone, they could not identify any relative changes in concentrations associdtetheavit
introduction of the scheme. Kelly et §2011) undertook further modelling and estimated
smaller changes in emissions than the earlier study and concluded that the congestion
charging scheme would be associated with a 0.8iglecrease in mean oentrations of
PMyand a 1.7 ppb (3.2 ug) decrease in mean N@ithin the zone. Their analysis of the
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air quality monitoring data showed small decreases in backgrounglailllarger decreases

in NOy, and small increases in background ;N@@ncentréions. However, attributing the
cause of these changes to the CCS alone was not possible. The authors suggestédishat the
fleet being fitted with regenerative diesel particle filters (DPFs) as well as a general increase
in diesel vehicles could expraithe rise in N@ and the decrease in background NO could
have been due to an increase in 0zone concentrations.

3. UNITED KINGDOM

There are currentlfive LEZs in the UK.The London LEZZommenced operation in 2008 and
is the worl d’ s BritishtEZsasetin.the cefitie eBrightorh dattingham,
Norwich and Oxfordvhere buses are restricted. There is no national LEZ framework

The London LEZcovers1,580 knf. All roads within Greater London, those at Heathrow and
parts of the M1 and M4notorway are included within the zone.However, the M25
motorway, which surrounds Greater Lond@nnot included (een where it passes within the
Greater London Authoritipoundary).

According t o t he Ma y o (Mayer ofALondon, RO1P INi 2088 St r a
approximately 60% of PA emissions within London came from road transport, with about

equal amounts emitted from vehicle exhausts andembaust sources. Road transport also
causes the rsuspension of particles deposited on road surfaces, althoug tbiy difficult

to quantify, and was not included in the London emission inventbhg other main source

of PMyo in the London emission inventory is industryn central London, where P
concentrations tend to be highest, cars contributed 23%agisc20% to total Pl emissions

in 2008. This data, however, is for emissions from within Londbhas been estimated that

about 40% of the PMin London originates from outside the capital.

Table 2 shows the evolution of the London LEZ from itsodtrction in 2008 to 202&hen

an ultralow emission zone in central London is planned. Originally large vans and minibuses
were scheduled to be included in Phase 3 from October 2010 but the incoming Mayor of
London postponed it until 2012.

The focus of tb LEZ is on controlling emissions of particulate matter (PM) from diesel
vehicles. It can be achieved by meeting the required European emissions standard or by
retrofitting a diesel particle figr (DPF) to an older vehicleOnly retrofitted vehicles wit a
Reduced Pollution Certificate (RPC) are accepted as being compliant with the emission
criteria. This is a national standard for retrofitted DPFs. NOx emissions were not included
due to the lack of a national certification scheme for retrofitted N@xeatent equipment.
Despite this, the London LEZ was expected to provide a small reduction in NOx emissions
due to the accelerated replacement of older vehicles with those that meet more recent
emission standards.
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Table 2 Evolutionof the Emissions Criteria for the London LEZ

Date Gross vehicle | Minimum
Phase Vehicles Restricted weight (GVW) Emission
Introduced
(tonnes) standard*
1 4 Feb 2008 | Heavy goods vehicles > 12t Euro Il for
. PM
5 7 July 2008 Heavy goods vehicles >351
Large vans 1.205 (unladen
4x4 light utility vehicles -3.51(GWV)
Motorised horseboxes
] Euro Il
3 3 Jan 2012 | Pickups
Ambulances 2.5-35t
Motor caravans
Minibuses (>8 passengers) <5t
Heavy goods vehicles >35t Euro Il
4 3 Jan 2012
Buses, coaches >5t
5 Dec 2015 Buses operated by Transport | Euro IV
London
6 2020 The proposed schenwall apply to the Congestion Chae Zone(a
smallarea in the entralLondon) is for all vehiclesas follows
2-wheeled vehicle Euro 3
Car/snall van Euro 4 (gasoline) Euro 6 (diesel)
Large van/minibus Euro 4 (petrol) Euro 6 (diesel)
HDV - Euro VI

Notes:

* Or fitted with a diesel particle filter with a Reduced Pollution Certificate. Euro Il and Euro IV standards were me
for all vehicles first registered after October 2001 and 2005 respectively.

It was anticipated that the benefits of each phase of the LEZ would start to occur before
implementation, reflecting vehicle operators upgrading or retrofitting their fleet ahead of the

stat date. At the time of implementation the majority of vehicles were expected to comply,
although 1t was accepted theztomphenacwoul ¢r b
to the exemption of certain specialist vehicles.

A proportion of the newehicles bought into the fleet conform to emissions standards higher

than the minimum required for scheme compliance, and therefore the overall benefits of the
scheme was anticipated to be higher than that implied by compliance with the minimum
criteria. The LEZ essentially accelerates the normal fleet turnover, resulting in lower
emissions than would have occurred without the LEZ for a few ye&iw. benefits to
continue 1t 1s mnecessary to periodically tig
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The London LEZ opetas all the time and uses cameras with automatic number plate
recognition (ANPR) technology linked to national vehicle registration data and the Transport
for London (TfL) registration data to monitor compliance. Foreign vehicle operators need to
registerwith TfL prior to entering the LEZ.

The operators of vehicles not meeting the emission criteria, or not registered, are charged a
daily rate of £200 foHDVs and £100 for light goods vehicles (LGVs). The current penalties

for non-compliance are £1,000f&#iDVs and £500 for LGVs, subject to a 50% discount for
paying within 14 dayshttp://www.tfl.gov.uk/modes/driving/lovemissionzong. The daily

charge has been set at a rate considered sufficient to encourage operators to ensure that their
vehicles meethe emission criteria, and to use raympliant vehicles only on an occasional

basis. Compliance wth the emissions criteria was 9926or Phase 3 anél7.026 for Phase

4 (Transport for London2015.

The Mayor s A1 r (Ma@ou aoflLondon, 282} includes g furo IV NOx
requirement in 2015 for larger diesel vehicles entering the LEZ (Phasto®)ever, the poor
performance of Euro IV and Euro V HDVs vehicles with respect to NOx emissions,
especially in urban driving conditions, the fact that thé€ government has not introduced a
national verification scheme for retrofitted NOx emission control devices, and that most of
the benefits of Phase 5 would be gained from upgrading buses, led the Mayor to decide that
the most cost effective solution wdube to revise Phase 5 such that it only applies to
Transport for London (TfL) buses. TfL had an existing programme to upgrade the bus fleet to
ensure that all TfL buses meet at least the Euro IV requiremehtdarby December 2015
(Transport for Londo2014).

Cars dominate the traffic in London. However, HDVs have much higher PM and NOx
emissions per vehicle kilometre than light duty vehicl€sgure 1 illustrates the emissions
from different types of Euro 2 / Euro Il vehicles at the average Lomaffictspeed. More
recent datdrom Wang et al(2010)suggests that in an urban area in Copenhagen heavy duty
vehicles emit about 30 times more Piand 26 times more NOthan light duty vehicles.
Therefore the focus for the London LEZ, as well asiynather LEZs in northern and central
Europe, has been on reducing emissions from HDVSs.

Figure 1 NOx and PMo emissions from Euro 2 / Euro 2 Vehicles (Watkiss et al., 2003)

Artic. Loty Artic. Lorry
Bus/Coach Bus/Coa
Rigid Lorry Rigid Lo
Van Vi

Car

0 Jo 4 6 8§ 10 12 14 0 0.1 0.2 0.3 0.4 0.5

Grammes of NO, emitted per km driven Grammes of PM,, emitted per km driven
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One of the conclusions of the first feasiyilstudyfor the London LEZ (TRL2000) was that

a LEZ covering all of Greater London would be more effective than one based on a smaller
area for reducing N©Oconcentrations.This was because traffic emissions over a large area
influence background N{concentréions in central London. For Plconcentrations there
would be little difference in the effectiveness of a large LEZ covering all of Greater London
compared to a central London LEZ because traffic contributes only about a third of the
background PN, corcentration in central London. Therefore the scope to influence
concentrations is less than for NQAlthough the whole of London would benefit, emissions
would reduce more in central and inner London than in outer London, corresponding to the
severity ofthe air quality. There was also the concern that a smaller LEZ would result in
vehicles driving around the LEZ, increasing emissions on the perimeter of the zone.

The TRL study concluded that the most effective LEZ would exclude alEpre 3 / Il
vehicles, but this was considered to be too challengRestrictions on cars would affect a
large number of people and would require major expenditure both to establish and enforce the
LEZ, but there would not be a proportionate benefit in terms of rddeo@ssions. In
addition, the lowest income groups would be mainly affected as this group tends to have older
vehicles, which was considered unacceptablderefore the study recommended that the
LEZ should be restricted to taxis, and medium and heatyy\ahicles. Older vehicles that

could demonstrate compliance with these standards for PM emissions (e.g. by fitting a DPF)
should also be admitted.

Table 3 summarises the original estimates of the impact of the LEZ on emissions and air
quality. To pralict the change in air quality at background and urban centre sites TRL
estimated the change in emissions, which were applied to estimates of the traffic contribution
to concentrations in central, inner and outer London. An empirical relationship bét@Wsen

and NQ was used to estimate the change in,d@ncentrations. It was anticipated that the

UK 1997 air quality objectivésvould be achieved at most locations where people would be
exposed for most of the time but there would be some locations dgsyatoadside sites,
where the objectives would continue to be exceeded. Fag iPMas predicted that the 24

hour objective (5Qug m?as a 99 percentile) would not be achieved at background locations

in central London.

Table 3 Estimated Impact of London LEZ in 200BRL, 2000)

Estimated change in Average Urban
o Average Background
emissions compared . Centre
. Concentrations )
Location to a “‘do ( m‘3) Concentrations
scenario Hg (ug m>)
PMio NOy PM1g NO», NO»
Central London -55% -20% 20.7 34.2 35.7
Inner London -48% -19% 19.5 31.8 38.5
Outer London -46% -18% 19.2 27.3 30.3
All London -47% -18% n/a n/a n/a

Notes:
Original paper used ppb for NCthe conversion tpg m®used a factor of 1.88 to be consistent with othéa dathis report.

2 These are national policy targets, set before the current EU air quality limésvakre formally adopted.
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The second London LEZ feasibility stu@yatkins et al 2003)also identified that it would
be most coseffective to target HDVs across the whole of Greater Londéor these
vehicles, due to their initial high costs, retrofittimymore cost effective than replacement.
This is often not the case foght duty vehi¢es(LDVs). It was also suggested that a LEZ
should progressively tighten the emission criteria in future years.

Table 4 shows the predicted reductions in emissamaisthe area of exceedence of the UK air
quality objectives. The emission benefits are significantly less than those predicted to occur
with a similar LEZ in 2005 (TRL, 2000)To some extent this is due to the emissions being
estimated for 2007 and 201@hen the normal fleet turnover would have resulted in lower
emissions, and therefore the benefits are predicted to bdtiésslso due to a revision in the
emission factors used. Watkiss etratognised the uncertainty of the predicted reduciions

emissions.

Watkiss et alconcluded that the proposed LEZ would have relatively little impact on NOx
emissions, but would be more effective at reducing the area of exceedance of jthe NO
objective. For PN the annual mean objective / EU limit value®re expected to be
achieved at all locations in 2007 with the LEZ even at the busiest roads in London (e.g.

Marylebone Road).

To test the uncertainty of the analysis Cambridge Environmental Research Consultants
(CERC) was commissioned to repeat the assest using their ADMS Urban model. The

CERC model predicted smaller benefitstofd¢ L E Z
main study. For example, tHeéi n g’ s

t han

significantly affect the areas of exceedance (Watkiss,&2G03).

Table 4 Predicted Air Quality Benefits of the Recommended London LEZ in 2007 and 2010

(Watkiss et b, 2003)

t medel Ksedirgthes
n®del gredigted that the annum mean,NO
concentrations in 2007 would decreaseaverage by 0.6% with the LEZ in place while the
CERC model predicted a decrease of 0.4%. SimilarlfPtg concentrations were predicted

to decreaseby 1.7%and 0.77% with the models respectivelyhis is important as the
predictions were very cloge the objective values and only small changes were required to

Scenario:
Year NOx PMio
Reduction in emissions (relative 2007 1.5% 9.0%
baseline) 2010 (A) 2.7% 19%
2010 (B) 3.8% 23%
Year NO, PMio
Reduction in area exceeding | 2007 4.7% 0%*
quality targets (relative to baseling 2010 (A) 12.0% 32.6%**
2010 (B) 18.9% 42 .9%**

Notes:

*London should meet the relevant air quality objectives forHMan average meteorological year.
= Exceedence of the provisional annual mean;pébjective of 23ug m* (40 pg miapplicable in 2007). Thisbjective

was removed in the 2007 Air Quality Strategy.
2010 (A) HDVs
2010 (B) includes HDVs plus vans and taxis
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Carslaw and Beevers (2002) also modelled the effects of a central London LEZ at five
locations in 2005. No adjustment was made foritraffowth. Restricting all HDVs to Euro

[l and banning all prdcuro 1 light duty vehicles was predicted to reduce annual mean NO
concentrations by 3.6 to 11.1% or by up to 3.9 ppb (7.3 fipanbuilding fgades close to

busy roads. The introductior the LEZ would not result in the annual mean concentrations
being below the UK annual objective of 21 ppb (38pm™). Carslaw and Beevers noted
that the scale of the LEZ is very important and will be limited in its effectiveness unless the
backgroundconcentrations are reduced, thus agreeing with TRL (2000) and Watkiss et al
(2003) of the value of the LEZ covering the whole of London.

The limited response of NAo changes in concentrations of NOx is due to thelmear

relationship between NOx driNO, concentrations.The authors commented thainbitious

LEZ scenariosincentralLondano ul d achi eve the same emissiort
only five year later.Moreover, as the contribution made by road traffic to emissions of NOx
reduces infuture, it will become increasingly important to consider options to reduce
emissions from nomnoad sources.

Since the implementian of the London LEZ several studies have been ualdarto assess

its effectivenes®f improving air quality. An analyss undertaken by Transport for London
(TfL, 2008)suggests that by the start of Phase 1 90% of the vehicle kilometres in Greater
London were driven in compliant vehicles compared to only 75% during 2007. The changes
in the HGV vehicle fleet started from @it September 2007, suggesting that there was a
reduction in emissions before the start of the LEZ. A studizlbyon et al (2013)which
assessed the change in the age distribution of the vehicle fleet before and after the
implementation of the LEZ suggts that the rate of fleet turnover in London increased
substantially when the LEZ was first introduced, and subsequently returned to the national
average rate. For example, at the end of 2006 London had a higher proporticifqhié

rigid HGVs than elsewhere in the UK, but by the end of 2011 London had a lower proportion
According to the authors the greatest change in London occurred during 2008 when the LEZ
was introduced. Preliminary evidence suggests that a similar phenomenon occurred for ligh
goods vehicles in 2012 when the LEZ was extended to include these vehicles.

Ellison et al also suggest that the proportion of both articulated HGVs and LGVs increased
while the proportion of rigid HDVs etreased as a result of the LEZhe emissiongrom
articulated HDVs are greater than those from rigid HDVs (Watkiss, &Qf13), and therefore

a trend towards more articulated HDVs would reduce the benefits of the EFgon et al

(2013 also state that the total number of goods vehicles irexlesfter the introduction of the

LEZ. Ellison et al used vehicle registration data to define the vehicle fleets in London and
elsewhere, however some organisations register vehicles centrally and the fact a vehicle is
registered in London does not meamttht is primarily used within the capital. Official
statistics suggests that traffic in London has steadily declined over many Feawesxample,

the 20082012 average vehicle kilometres driven in Greater London were 6% lower than the
20032007 averageand if cars are removed, the 2E8&L2 average was 5% lower than in
20032007 (Department of Transport, 2014). This suggests that many of the goods vehicles
registered in London are not driven in the capital.

Jones at al (2012¥entified a large reddion in particle numbers measured from late 2007
onwards, when the HGV fleet was changing in preparation for the introduction of the LEZ in
February 2008. An investigation into the cause suggested that it was more likely to be due to
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the introduction of ltra-low sulphur diesel (less than 10 ppm by mass) than the introduction
of the LEZ. Both measures occurred over a similar time perfsidMarylebone Road, a
kerbside monitoring site in central London, there was a 55% reduction in average patrticle
numberconcentrations between the two years from October 2005 and the year from February
2008; while at two urban background sites, Birmingham Centre and North Kensington (in
central London), the measured reductions in particle number concentrations were 30% and
33% respectively. These reductions in particle number concentrations were associated with
smaller reductions in NOx, PM and black smoke concentrationssiven that the large
reduction in particle number concentrations occurred in Birmingham as wealhdsn it was
considered more likely that the effect was due to the change in the EU diesel fuel specification
than the LEZ, however, the authors did not preclude a small effect due to the introduction of
the LEZ.

Ellison et al (2013) also report the salts of their preliminary analysis of the impact of the
London LEZ on air quality.They compared roadside Rjtoncentratiors within the LEZ(in

Enfield, Hackney,and Suttor) and outside the LEZ (in Sawbridge, north of Londofhey
concluded that theEZ may have reduced Rlylemissions by 2.47 to 3.07% within the zone
compared to just 1% outside. No discernible differences were found in NOx concentrations,
unlike the exante modelling reported by Carslaw and Beevers (2002). It should be noted,
however that there were some differences between the LEZ modelling assumptions and what
happened in reality.

A study undertaken by the Kings College London provides a different conclusion; that is that
NOx emissions and components of gMut notPMygitself, declined as a result of the LEZ
(Barrett et al 2011). A detailed baseline study prior to the introduction of the LEZ was
undertaken including the establishment of a long term air quality and traffic monitoring
network specifically to identify the effex of the LEZ Kelly et al, 2011). The potential

impact (essentially Phase 2, see Table 2) was modelled on a 20m x 20m grid across London to
identify those areas most likely to be affected. The roadside air quality monitoring sites in
these areas werssessed and upgraded where necessary to provide high quality data in areas
likely to experience the greatest change in concentrations. Traffic data was also collected
from the same sitesThe modelling predicted little impact on RMtoncentrations but ivas
considered that there might be a more significant impact on smaller size fractions, and
therefore the air quality monitoring network also included black carbon,sRKU particle
number Kelly et al, 2011).

To identify any impact of the LEZ the ajuality datafrom the roadsidenonitoring stations

was compared for four 12 month periods; two years before and two years after the
implementation of Phase 1 (Barrett, 2014). To isolate the impact of the LEZ on air quality

from confounding factors a ses of filters were used to remove the influence of-lozal

traffic pollution sources. In addition the weekends were excluded from the dataset, as the
proportion of HGVs wa lower, to increase the sigraald to make any impact easier to detect.

The aubmatic number plate recognition (ANPRJata showed no statistically significant
changes in vehicle numbers in each class following the start of the LEZ, except in central
London where the number of buses increasedl®$%. However, it showed that the
conpliance rate of HGVs greater than 12 tonnes at the North Circular monitoring site
changed from less than 80% in the 12 months prior to implementation to 95% by the
implementation date, and then stabilised at about 98%. The HGVs less than 12 tonnes
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changedrom 60% to 95% and then also stabilised at around 9B86. data also showed that

the percentage of HGVs in outer London is higher than in central London, suggesting that the
potential impact of a change in HDV emissions is also higher in these aréasugh the

LEZ also applied to buses the vast majority were already Euro Il compliant at the start of the

study due to the emissions controls implemented by Transport for London under a separate
policy (Barrett, 2014).

None of the sites showed any clé@nd in the local traffic contribution to ambid?ivl;o and
NO; concentrations.For PM, 5, black carbonand NQ the two outer London sites showed
year on year downward trends in the local traffic contributions (i.e. the filtered data) but not at
the Cental London sites The local traffic contributiono PM, 5 concentrationslecreasethy
0.5 ug m> (11%) per year at the Blackwell site andud m™ (7%) per year at the North
Circular Site. The corresponding decreases in local road NOx concentratior jgene>
(3%) and 11pg m*> (7%) per year. Decreases irthe local roadblack carbon(BC)
contributionswere 2.3pg m® (15%) and 1.6ug m* (17%) per year The filtered BC
concentrations were higher than the filtered,Bbbncentrations, and in the twears prior to
the implementation of the LEZ were higher than the filtered Jelhcentrations at the North
Circular site(Barrett, 2014).

The study found that the introduction of the LEZ is likely to have led to an identifiable
reduction in NOx, PMsandblack carbon concentrations at roadside locations within Greater
London where emissions are dominated by HGVEhe London LEZ was specifically
introduced to help achieve compliance with the EU limit values fogoPamhdit was hogd

that it would also hae a beneficiaimpacton NO, concentrations. This study found no clear
evidence of a reduction in either pollutant that could be attributed to the LEZ. However the
reduction in PMs and particularly blek carbonconcentrations in outer London suggédwsttt

there may have been health benefits.

4. GERMANY

Germany also has a national LEZ framework which came into force in March 2007. To enter
a LEZ Umweltzone)a vehicle must have an appropriate stiakisplayed on the windscreen.
Currently there ardghree emission stickers: green, red and yellow. The green sticker
indicatesthe vehicleis either diesel fuelled and meets at least Euro 4 or IV standards, is Euro
3 or lll with a DPF, or is a gasoline vehicle meeting Euro 1 standards. All diesel vehicles
constructed prior to 2000 are banned. A yellow sticker is for diesel vehicles meeting at least
Euro 3 or lll, or Euro 2 or Il with a DPF, and built in 1996 or later, and a red one is for diesel
vehicles meeting at least Euro 2lbor Euro 1 plus DPF anduiit in 1992 or later. Vehicles

not meeting any of these requirements are in pollution class 1. The yellow and red stickers
are only temporanare beingphased out. From 2011 citiesstarted restrictingaccessto
vehicles with a green stickegnd nowmost citiesrequired it (Cyrys et al., 2014)A sign
indicates which colour sticker a vehicle must have in order to enter the LEZ. The relevant
sticker must belisplayed to avoid théne. Twowheeled vehicles, vintage caasdoff-road,

police, fire brgade and emergency vehicles are exempt from the scheme. Thesaual m
enforcement of the LEZ by the policdrailure to comply results in a penalty point on the
drivers’ licence.

AIRUSE LIFE 11ENV/ES/584
16/32



DeliverableB8.3: Low Emissions Zones in Central and Northern Europe

Cyrys et al. (2014) reviewed the available German LEZ impact assessmestfrahich

are only available in German. Many municipalities estimated the expected reductiogin PM
concentrations using dispersion models, the latest traffic emission data and the LEZ adjusted
vehicle fleet. It was noted that between 2009 and 204 @kerman Government provided a
subsidy of €2,500 to car owners Teplacing ca
scrappage scheme led a much faster update of the car fleet across Germany than would
otherwise have occurred. Despite this théanst concluded that the LEZ motivated people to

replace their old cars by modern vehicles earlier than they had in the past.

Morfeld et al. (2014a, 2014b) have investigated the effects of the introductibe &tage 1
LEZsin 17 cities for NQ and NOx, ad 19 cities for Pih. These studies have used matches
pairs of data fron inside and outside the LEZs from before and during the operation of the
LEZs. The data was analysed usimgultiple linear and lodinear fixed-effects
regression modelling taking tm account a range afo-variablesincluding wind velocity,
precipitation,mixing depth, school holidays, atdick-free periods Mean LEZreductionsn

NO,, NO, and NOXx oncentrations werestimated to heat most 2 pg m™ (4%). For PMy

the LEZs wereestimatedreduce concentrations at monitoring stations influenced by traffic
emissions by less thamere below 1ug m™ (5%). For EC he estimated reduction was less
than 0.5ug m3, (9%), for organic carboress than 0.3ig m™ (3%). They foundno effect on
PM, sconcentratins(Morfeld et al, 2015)

Wolff (2014 studied the fects of GermanLEZs by comparing aiguality in LEZ cities to a
set of control citiesData from April to October 207 and 2008 were compared athe
differencebetween how much P}g changes afteadoption of LEZs in LEZ cities and how
much PM, changes over the sameriodin control citieswere estimated Thiscontroled for
underlying differences between LEahd control cities and temporal changes in;fPlvels
common across all citiesThey did not find any statistically significantincrease inPMyq
levelsaround LEZs due to increasddving by drty vehicles thatould notenter the LEZs
nor any change in concentrations at backgrostadions However at traffic stationBM;g
concentrations reduced hy average d%in the LEZs.

Several other studidsave investigatedhe effectof German LEZs using monitoring data.

Three studies reported no observable effect on annual averaged?dentrationsalthough

one other studydid report a reduction on Pl concentrations during the summer months.
Other studies reported a reductionAM;o concentrations in the range 5 to 15%, but these
studies tend to have been undertaken over short periods or used simple statistical approaches.
However, studies of the impact of LEZs on black smoke or elemental carbon concentrations
have tended to sl a larger effect, up 29% reduction (Cyrys et al., 2014).

4.1. Berlin

The Berlin LEZ covers 88 kinwhich is approximately 10% of the total area of Berlin, where
there are about 1 million inhabitants. The Stage 1 of the Berlin LEZ was introduced on
1 Januay 2008 (red, yellow or green sticker required), and Stage 2 was introduced two years
on 1 January 2010 (green sticker required).

During the planning phase it was anticipated that Stage 1 would result in exhaust PM
emissions decreasing by 15%, which woutd reflected in a 3% decrease in annual mean
PMyo concentrationsind five fewer days with concentrations greater thapdg™. Stage 2
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would reducePM exhaustemissions by 5%, with 5 t010% decrease in annuateanPM
concentrations, and about 4% redion in annual mean NJroncentrations. There would be
10 to 15 fewer days with P} concentrations above 50 pg* and approximately 10,000
fewer residents living along main roads in the LEZ in -nompliance with the PM
standards (20 to 25% reductigqhjtz, 2009).

After one year the impacts were assessed and it was concluded that the LEZ had no
measureable impact on traffic flows. Initial concerns that traffic would be pushed into
residential areas around the zone did not materialise. There wdsamvea decrease in

traffic both inside and outside the LEZ which was attributed to a rise in fuel prices in 2008
and Berlin’s policy to promote cleaner mode s
in pollution class 1 dropped significantly afteetbhEZ came into force. For example, 70% of

class 1 passenger cars and more than 50% of class 1 commercial vehicles were removed from
the fleet. The accelerated fleet renewal was observed in Berlin both inside and outside the
LEZ. As aresult, exhaust P&hd NOx emissions in the LEZ were estimated to have reduced

by 24% and 14% respectively. Attempts to determine the direct effects of the LEZ on
ambient air quality, however, failed as there was too much variation in the concentrations due
to the weatheconditions and other unknown factors. As a consequence black carbon (BC)
data was analysed. In the first year of operation of the LEZ the BC concentrations, after
accounting for the lower traffic volumes, decreased by 14 to 16%. Traffic adjusted NO
corcentrations also decreased by 8%t¢, 2009).

4.2. Munich

The City of Munich establisd a LEZ (red, yellow and greesticker) covering 44 km2,14%
of the city area,n 2008, eight monthafter a ban on HDVs driving throhghe city. Almost
one third ofthe dty population live within the EZ. Stage 2 (yellow andreen sticker) was
implementedn 201Q and the fhal stage (green stickan 2012

Cyrys et al. (2009) (cited in Cyrys et al., 2014) comparedoRincentrations measured in
the LEZ with those a regionabackground site close to the citl2M;o concentrations in the
LEZ reduced by 82% at almost allhe monitoring sitesHowever, Morfeld et al. (2013) (in
German, cited in Cyrys et al., 2014) analysed the sameetlatsisng regression analyses
matched pairsf concentration data and found no sigrafit effect.

Fensterer et al. (2014) usadsophisticated sempiarametriaegression model over four years
and showed statistically sigrgéint reductions in Ph concentrations at a traffimonitaing
site (13% average reduction;y@alue <0.001) as a result of the Stageet], yellow and green
sticker) LEZ. The PM, concentrations weradjusted using concentrations atreference
station, wind direction, season, time of day, aodlic holidays. When the sametatistical
analysis was applied to the shorter period of data useatiebgarlier work ofCyrys et al.
(2009) the authors found onlypegligible and statistically insignificant changes in {igM
concentrations. This study and Morfield et al(2013) illustrates the influence of the
monitoring perdd and thestatistical methods used on the results.

Qadir et al, 2013analysed PMs samples collected before and after the implementation of the
Munich LEZ Heavy goods vehicles were banned from ¢ity centre in February 2008 and

in October 2008 a stage 1 LEZ was established in the inner city.PMhgsamples were
collected in 2006/200(efore the LEZpnd 2009/201Qafter the Stage 1 LEZ)Thesamples
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were analysed for elemental and orgaracbon and particulate organic compounds (POC).
Positive matrix factorisation (PMF) was used to identify the main sources of POC. There
were significantly lower concentrations of elemental carbon and some of the particulate
organic compounds &t the intoduction of the LEZ. The contribution of traffic POC
decreased by about 60% after implementation of the LEZ and the average concentration of EC
from traffic decreased by similar proportion (from 1.fo 0.5ug m™) after implementation of

the LEZ.

5. ITALY

Italy has avery large number oL EZs (Zona a Traffico Limitatp mainly in the north of the
country. There is no national scheme, and many Italian LEZs have complex requirements,
with differing standards and time periods. Many are operational onlyngitine winter
months and some only in the rush hour. There are regional LEZs which may have different
entry criteria to the cities within them.There are also extensive exemptions and the
restrictions often apply o n Inigsion categorg is yot o1 d
indicated by use of a windscreen sticker as in many other countries, and little is known
regarding the degree of enforcement of the requirements (Sadler, 20b@)e is little
published data on their efficacy in the English lamguaexcept for the Milan LEZAvhich is
described below

5.1. Milan

In January 2008 the Municipality of Milan restricted certain vehicles entering an 8&rdan

in the historic city centre, known as the Ecopass zone. Drivers éiuypoe4 / IV diesel
vehicleshad to pay a charge to enter the restricted zone between 08:00 and 20:00. At the end
of 2011 the scheme was replaced by a combined LEZ and urban road charging scheme known
as Area C. There is also a LEZ covering the whole of the Lombardi region atitrano
covering the Greater Milan area. The Lombardi LEZ is a permanent restriction on pre Euro 1
2-stroke motorcycles anshopeds and preEuro Il diesel fuelled public buses from Monday

to Sunday.This LEZ was introduced on 15 October 2011. In addifimm 15 October to 15

April every year the Greater Milan LEZ restricts pre Euro 1 gasoline, and pre Euro 3 and lll
diesel vehicles from 7:30 to 19:30 on weekdays. Diesel vehicles fitted with a DPF to meet
Euro 3/ lll standards are allowed in the LEZ.

The municipality to reduce traffic by 19% and PM10 concentrations by 30% originally
predicted the Ecopass zonA study undertaken in 2009, however, failed to demonstrate any
difference in PMy, PM, 5 or PM; concentrations between the Ecopass area awse thaside,
despite a reduction in the numbdrvehicles entering the zondt was considered that the
failure to find air quality improvements may be due to the small area of the Ecopass, or due to
that fact that PIvh concentrations are relatively honesgous across Milan, due to the large
regional component. The authors suggested that black carbon, from combustion of
carbonaceous fuels, may be a more suitable indidateerfizzi et al 2011).

A further, short term study of black carbon, BMPM,s and PM concentrations in a
pedestrian zone, the Ecopass zone and outside the Ecopass zone was undenakiemee
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day mean concentrations of RMPM, s, and PM were not significantly different at the three
locations. However, the ratio of black loan to PMg for each of three monitoring locations
showed a decrease from outside the Ecopass zone > Ecopass Zone > pedestrian zone. The
mean ratios were 22.6%, 11.8% and 8.5% respectively. On average the black carbon
concentration was 47% and 62% in theopass Zone and the pedestrian zone respectively of

that measured outside the Ecopass zbne(nizzi et al, 2011).

6. THE NETHERLANDS

In the Netherlands there is a national LEZ agreement between the Government, municipalities
and other stakeholders tpmy the same LEZ standards across the country. The original
agreement covered HGVs but was extended from 2011 to include LDVs. Entry to the Dutch
LEZs was first restricted for ptieuro Ill HDVs, and then, from 2013, tightened to pre Euro

IV vehicles. T criterion for LDVs is that they should be first registered after 1 January
2001. The first LDV LEZ is planned to be introduced from the beginning of 2015 in Utrecht.

The first Dutch LEZ Klilieuzone$ was established in Eindhoven in July 2007, and bgtige
of the year there were five LEZSThis has gradually increased to 13 LEZs operating in the
Netherlands by April 204 (Sadler Consultants Ltd, 2014

The national agreement defines a number of exempt vehicles, and allows the municipalities to
have addional local exemptions. The national exemptions include special vehicles (e.g.
street cleaners, and cranes) and Euro lll vehicles that cannot be retrofitted with a DPF for
technical reasons. Up to 12 entries into the LEZ per year are permitted foomphant
vehicles. Municipalities are permitted to charge these vehicles for entry. There is no
enforcement of foreign registered vehg(&adler Consultants Ltd, 2015

Boogaard et al. (2012) studied the impact of LEZs on ambient air quality in fitod Dities
(Amsterdam, The Hague, Den Bosch, Tilburg and Utrecht). They concluded that the LEZs
did not substantially change concentrations of tratflated pollutants at street monitoring

sites more than at suburban background sites outside the LEfstt®wugh concentrations

were lower in 2010 (postmplementation year) than in 2008 (pneplementation year). They
suggested several explanations: (1) the impact of the LEZ may have been too small to
measure; (2) the differences in emissions betwkeerEuro standards are much smaller than
anticipated when the policy was formulated; $8jne LEZs effects may have occurred during

the baseline measurement period since the LEZs were gradually implemented; (4) the effect of
the LEZs may counteract or coide with other policy changes, for example the
encouragement of retrofitting DPFs which can increase primary @ifdssions; (5) the
economic recession from 2008 may have affected emissions everywhere making the detection
of an impact more difficult; (6) # sampling periods may have been too short; and
(7) possibly different weather conditions may have masked the effect.

6.1. Amsterdam

Amsterdam introduced a low emissions zone on 9 October 2008 covering an area of
approximately 2&m? Initially it was a trid with no penalties or enforcement, but from
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9 January 2009 pre Euro lll HDVs were prohibited from entering the LEZ. From 1 January
2010 the criteria was tightened to also prohibit Euro Il vehicles without a REomatic
number plate recognition is e to identify vehicles and penalties are issued automatically.
The restrictions apply 24 hours a d&p5 days a year, and the fine for rmompliance is
€230 (Milieuzones, 2014).

Keuken et al(2012) modelled the impact of the Amsterdam LEZ on elemeatdlon (EC)
concentrations, using specially developed emission factors for the HDV fleet in the LEZ. A
street canyon model was used to predict the impact of the LEZ along roads with more than
7,500 vehicles per day. The traffic contribution was estim&iede in the range 50 to
1450ng m>. The introduction of the LEZ led to a reduction in the average population
weighted EC concentration of 2§ m™>. Forthe population living alongside major inner city
roads this was estimated to result in a poputatieightedaveragencrease in life expectancy

of 2.9 months.For the whole population within the LEZ the average gain in life expectancy
was estimated to be 0.2 months. Keuken .etaicluded that EC is a better indicator of the
health impacts of traff than either PNy or PMps. The residual mass in exhaust emissions is
represented by organic carbon (OC) which is a less appropriate indicator than EC due to its
relatively high background concentrations.

Panteliadis et al(2014) found a statisticallgignificant decrease in concentrations of JNO

NOy, PMyo, EC and absorbance measured at a roadside monitoring station in the Amsterdam
LEZ. The greatest effects were observed for EC and absorbance. Howevetheviaia

was corrected for type of day,nd wind direction and speed, greater reductions in
concentrations were observed for all pollutants except absorbance. After the introduction of
the LEZ the average concentrations reduced by 4.9%@r 6.4% for NOXx, 5.8% for P,

12.9% for EC and 7.7%or absorbance.When the rural background concentrations were
subtracted from the roadside concentrations the impact of the LEZ was incrétseever

data for EC and absorbance were not collected every ddien the limited data was
compared to the fulNO,, NOx and PM, dataset, there was no noticeable difference in
concentrations in the post LEZ implementation period. The authors suggested that the limited
dataset may have biased the result, and-estmated the impact on the LEZ by chance due

to the selection of the sampling days for EC and absorption.

7. DANISH LEZS

Denmark also has national legislation defining LEZs. From 2008 HDVs in a LEZ had to meet
the Euro Il emission standards and from July 2010 the Euro Il standards.

Jensen et al. (20)linvestigated the effects of the Copenhagen LEZ using long term
monitoring data from H.C. Andersens Boulevard, one of the busiest streets in the city. The
authors concluded that the LEZ reduced average sPddncentratims by about 5%,
equivalent to 0.7ug m>. This was 12% of the traffic contributiorHowever, the authors
noted the difficulty of identifying small changes in concentrations when there is a continuous
renewal of the car fleet and associated reduction in emissions.

AIRUSE LIFE 11ENV/ES/584
21/32



DeliverableB8.3: Low Emissions Zones in Central and Northern Europe

8. SUMMARY AND CONCLUSI ONS

Over200 LEZs® have been declared in the EU, but there have been few studies reported in the
scientific literature demonstting the impact on aguality using ambient measuanents.

There are no EU standards for LEZs, although there are national saimaome countries.
Most of theearly LEZs in northern and central Europestriced heavy duty diesel vehicles
but over time havexcludel a wider range of vehiclesin Germanyall vehicles except twe
wheelers have been restricted since the first &8 established. However, for gasoline
passenger cars the Germany LEZ standarbt very demanding, as they only have to meet
the Eurol standardsvhich were introduced over 20 ysago.

The primary aim of many LEZs is to meet the EU ambient airitydahit value for PMy,

and to a lesseextentthelimit value for NG. The focus is on diesel vehicles because the
emissions of both PM and NOx from diesel vehicles are greater than from gasoline vehicles
fitted with a catalytic convertor (i.e. Eurovkhicles). Most LEZs allow the retrofitting of
DPFs to meet the emission criteria.

Table 5 summarises the results of studies that have analysed air quality monitoring data to
evaluate the impact of one or more LEZs. Modelling data has not been cahsider® the
uncertainty over emission factorslhe table provides a wide range of results which is not
surprising as the impacts will depend on many factors including the analytical method used,
the composition of traffic close to the monitoring statithe emissions criteria of the LEZ
studied, the length of the study, and the contribution traffic makes to the ambient
conceftrations & the monitoring statiafs). Some studies use very simple statistics while
other used detailed filtering of the dataidentify the impact. Where comparisons are made
between sites within and outside a LEZ over time it is important that traffic flow data is
available as any improvement in air quality may be due to changes in traffic flows rather than
the influence of th&EZ.

The table presents a mixed picturdnnual mearPM;, concentrationsvere reduced by 0 to

7%, with no effects observed in most LEZ& Munich the LEZ and a ban on HGVs in the
city centre reduced annual mean fgkbncentratios by upto 124 It appers that the impact

is greater in summer than in winter, possibly due to traffic contribution being lower due to
other sourcege.g. for heating and electricity generatiomgreasing®M;o emissionsn winter.

In many cities there is a large regiomamponentand significant contributions from other
sources resulting in only a small portion from vehicle exhaust emissions, and therefore
available for the LEZ to influenceln these cases it is not surprising that it is difficult to
detect an impact.

The inpact of LEZs on the following PM metrics has also been evaluategs, ¥, black
carbon (BC), elemental carbon (EC), and absorption (Alh&Ys have been found to reduce
PM, 5 concentrations in London andMunich, but not in Amsterdam. The only study

% This assumethat the LombardRegional LEZis oneLEZ,
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investigating the impact on PMoncentrations found no effecHowever, the studies that

have investigated the impact of LEZs on a mea®f carbonaceous particleBQ, EC and

Abs.) have in general found a larger impaBiC has been reduced by b1 7% in London

and 14 to 16% in Berlin, EC by 6 to 16% in Amsterd&arlin andLeipzig, with the traffic
contribution reduced by 55% in Munictn addition, the results of a very short term study in
Milan suggested that the LEZ has had a beneficial impabtack carbon concentration®n

the other hand, one study found no impact on Abs. in Amsterdam, while another, in the same
city, found a 7.7% reduction, although the selection of sampling days may have biased the
results

No impact of LEZs in 11 Dutchittes and London on Nfconcentrations were found,
although one study showed a 7 to 10% reduction in the BerlindtieZanother up to a 4%
reduction in concentrations from 17 German cities with LElssAmsterdam, no impact on
NOXx has been detected, batdne study in London identified a 3 to 7% reduction in NOX.
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Table 5: Summary of the Air Quality Benefits of LEZs Identified From Monitoring Data

Reduction in Concentrations due to LEZ (%)

City Notes Reference
PMqo PM. s PM; BC EC Abs. NOXx NO,
Berlin, Manheim, Comparison of cities Nierderemaier,2009,
Stuttgart, Tubingen, No effect with and without LEZS cited in Cyyset al,
Ludwigsburg 2014
17 German cities with Up to 4% Comparl.son of Morfeld et al., 2014
LEZs concentrations from
inside and outside the
19 German cities with o LEZs, before and
LEZs <1% during the LEZ Morfeld et al., 2018
operation
9% Comparison of
. . (during 6 concentrations &m
S]ezrgtoasn cities with LEZ months April-October in 2007 Wolff. 2014
including and 2008 in cities with
summer) and without a LEZ
Comparison of annual Bruckmann and Lutz,
Berlin, Cologne 5-7% P . 2010, cited in Cys
average concentration
et al, 2014
Comparison of BC
concentations within
and outside LEZ.
Adjusted for the
Berlin 3% 14-16% changes in traffic Lutz, 2009
intensity. 2008 (with
LEZ) compared to
2007
: Comparison between
0,
42% (traffic 7-10% | 2007 (no LEZ) and Lutz, 2013
contribution)
2012
Bremen 6% 6% No details providd Reportzegllrlt Sadler,
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Reduction in Concentrations due to LEZ (%)

City Notes Reference
PMqo PM. s PM; BC EC Abs. NOXx NO,
Early estimate from
0 o monitoring data. PM | Reported in Sadler,
Cologne 7% 1.5% affected by 2011
construction works
Hanover 1-2% 5% No details provided Reportze(c)illrl1 Sadler,
Comparison of
No effect 6-14% annual/summer averag Loschau et al., 2013
Leipzig (6-15% in (14-29% in concentrations, cited in Cyrys et al.,
summer) summer) adjusted wrt reference 2014
station
Comparison of averag .
Ruhr Area 7% concentrations in and Reported in Sadler
2011
out of LEZ
Ban in through HDV
5-12% traffic introduced 8
Munich (LEZ + months before LEZ. Cyrys et al, 2009,
HDV ban Analysis based on 4 | cited in Cyyset al,
in city months monitoring 2014
centre) data, adjusted wrt
reference station.
Data for traffic site;
4.5% reduction in
13% annual mean at urb{:\n
. background. Analysis
(19.6% in
. took account of
. summer, . . Fensterer et al., 2014
Milan . multiple factors using
6.8% in : .
) semiparametric
winter)

regression model.
HDV ban as well as
LEZ

55% (raffic
contribution)

Positive matrix

factorization of PMs

Qadir et al, 2013
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Reduction in Concentrations due to LEZ (%)
NOx

Notes Reference

City
PMio PM. s PM; BC EC Abs. NO,

samples collected
before and after LEZ.
Very short term data.
Ratio of BC to PMy
lower in LEZ than
outside.

Invernizzi et al, 2011

No effect | No effect |No effect

Reported in Sadler,
2011

No details given

4%
Comparison before an
after LEZ (and in some
cases other traffic
measures), four
suburban stations uge
as reference stations,
Linear regression.
Traffic contribution
estimated by
subtracting data from
urban background
monitoring site in LEZ.
Comparison of data
from traffic site before
and after LEZ.
Detailed filtering of
data to remove
confoundng factors.

Mo Boogaard et al., 2011

effect

Amsterdam, The Hague
No effect | No effect

Den Bosch, Tilburg,
Utrecht

No effect | No effect

Panteladis et al

7.7%
2014

(limited
data)

P.9% (limited
data)

No effect | No effect

Amsterdam No effect

Copenhagen 5% No effect Jensen et al., 2011

_70,
3-7% Barrett, 2014

London

No effect

5-11%
(per year)

1517%
(per year)

No effect
(per year)

Data from sites most
likely to be affected by
LEZ

1-2%

No effect

Simple comparison of
data from sites in and

outside LEZ.

Ellison et al, 2013
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9.

RECOMMENDATIONS

This section provides recommendations for cities contatimgl establishing a LEZIt lists
factors that need to be considered when establishing emission criteria, and has been developed
drawing on best practice identified in a report prepared for ADEME (Sadler, 2011).

1.

National LEZ frameworks

National framewdts are recommended as they reduce cost, time and effort in setting up
LEZs, make communicating the entry criteria easier and increase industry and public
acceptance.

Aim of LEZ

The aim of the LEZ should be clear. Is it to achieve EU limit values or peowe the
health of citizens? Reducing diesel PM emissions will have a direct health benefit but
may not result in th®Myplimit values being achieved.

Understand local air quality

It is important that the proportioof PM;o and NQ from vehicle exhaustis understood

before developing a LEZ. Source apportionment should be undertaken at several roadside
locations. This will identify the potential contribution that the LEZ can influence. It may

be very small as regional and/or urban background comtems may dominantNon

exhaust road traffic sources may contribute more to ambient concentrations than vehicle
exhaustge.g. Harrison et al., 2012)if vehicle exhaust emissions only contribute a very
small portion of the ambient concentrations themEZ is unlikely to be effective.
However, even small changes can have a significant impact on compliance with EU limit
values where there are only small exceedances.

Also understand the composition of the local vehicle fleet (vehicle types/Euro classes)
traffic flows, congestion and other factors that influence vehicle emissions to enable more
accurate modelling of potential impacts of a LEHse realistic emission factors, and
undertake sensitivity analysis of model inputs and assumptions.

LEZ Area

Determine the area the potential LEZ should cové&his will depend on a number of
factors including the magnitude of the contribution of traffic to the urban background, the
city’s road network, and administrative b.

Vehicles

Determine which Jeicles will be targeted. Diesel vehicles make a significant
contribution to traffic PM and NOx emissions, and their proportion in the vehicle fleet in
most EU countries is growing. Consider the dominant vehicles in pollution hot spots; it
may not be theame as the city average.

Decide whether passenger cars should be included. In most cities these are the dominant
vehicles by number but not necessarily the greatest source of traffic emisBiars. are
social justice issues of penalising older cargctvibend to be owned by poorer members of
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the community. Older vehicles tend to be driven less than newer vehicles and therefore,
despite the emissions per kilometre being higher, overall the emissions may be lower than
from a newer vehicle built to a ligr emission standard.

Appro priate Assessment

An assessment of the potential impact of the proposed LEZ should be undertaken to
determine if there is likely to be an improvement in air quality. Aipq@ementation
assessment needs to be undertaken usotgls; posimplementation assessments should
primarily use monitoring data. This is not straightforward and needs to be undertaken by
professionals with experience this type of work as there are many confounding factors that
need to be taken into accoutit may need to be supplemented by modelling.

It is important that permanent roadside monitoring stations are established some time
(preferably more than a year) before the establishment of the LEZ and continue for some
years after implementation. It @hid include traffic monitoring, preferably using
automatic number plate recognition to enable the emission class of vehicles to be
identified. Thepollutants to be monitored ne&abe carefully considered and an indicator

of combustion particles, such blsick carbon or elemental carbon, may be useful.

The financial, socieeconomic and political impacts of the LEZ also need to be considered
at the planning stageWhen estimating the cost of the scheme consider separately the
costs to the authority of inlgmentation, operation, enforcement and monitoring, the
vehicle operator/owner of upgrading vehicle(s), and the societal benefits.

Retrofitting

If retrofitting pollution abatement (i.e. DPF or SCR) to meet the emission criteria would
be permitted, determinhow the equipment will be certified, its minimum efficiency, and
how often recertification will be requiredEU wide certification schemes are under
development, but the timescale is unclear.

Enforcement

Determine how the LEZ would be enforced. A wsocken sticker with manual
enforcementautomatic number plate recognition linked to a vehicle licensing database
electronic devices? For large LEZs affecting a large number of vehicles automatic
enforcement is appropriate, however for small LEZs oalffecting buses, manual
enforcement would be appropriate. The less likely a vehicle will be detected the higher
the penalty should be. An added incentive to comply would be for the vehicle driver to be
given penalty points on their license, as happe@&eimmany.

In some countries the use of cameras may be politically unacceptable, and in these cases,
manual enforcement will need to be used.

Industrial and public acceptance

Getting the freight transport industry, bus and coach operators and, if bfgphuatorists,

to accept a LEZ requires a well thought out and consistent communication campaigns. A
simple LEZ is easier to understand and will gain more public acceptance tharya high
complex scheme. Using an existing boundary such as a ring rodteipilommunicate

the LEZ, and where there are several towns close together, adopting a single LEZ may be
more beneficial and easier to communicate than individual LEZs. Using the same
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emission criteria as existing LEZs would reduce the proliferation fédreint standards
and make it easier for the freight transport industry to comply.

Publicise the LEZ restrictions widely to make it easier for vehicle operators/drivers to
comply. Use simple and clear signs at the LEZ boundary. Communicate with a wide
range of stakeholders before implementation.

10. Exemptions

In general, the fewer exemptions the more impact and credibility the LEZ would have,
however, there are some exemptions that can increase credibility of the scheme. For
exampl e S 0ome caorudnsthriipe s e xheanvpet i ‘om s ’ for co
financial difficulties.

11. Phased mplementation

Phased implementation with the emission criteria tightened over time allows the worst
polluting vehicles to be removed in the first phase and the affected wuitien to get
accustomed to the LEZ concept. The later phases of the LEZ should have tighter
emissions standards to ensure that the emission criteria are ahead of the natural fleet
characteristics.

12. EU Requirements

Finally, ensure compliance with the BEtéedom of movement principle. The LEZ criteria
should not be harder for a foreign vehicle to comply than a local one, and publicity needs
to be EUwide. The emission standards must be in line with the EU Euro standards.
Currently the EU has no plans imotroduce EU wide LEZ emission criteria, but may
introduce a LEZ framework.
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