national

highways

M3 Junction 9 Improvement
Scheme Number: TR010055

8.20 Applicant Comments on Deadline
4 Submissions

APFP Regulations 5(2)(q)
Planning Act 2008

Infrastructure Planning (Applications: Prescribed Forms and
Procedure) Regulations 2009

Volume 8

22 September 2023




national
highways

M3 Junction 9 Improvement
8.20 Applicant Comments on Deadline 4 Submissions

Infrastructure Planning

Planning Act 2008

The Infrastructure Planning
(Applications: Prescribed Forms and
Procedure) Regulations 2009

M3 Junction 9
Development Consent Order 202[X]

8.20 Applicant Comments on Deadline 4 Submissions

Regulation Number: 5(2)(a)

Planning Inspectorate Scheme

_ TR010055
Reference:

Application Document Reference: |8.20

HES551511-VFK-HGN-XXXX_XX-RP-
IM-40013

M3 Junction 9
Project Team, National Highways

BIM Document Reference:

Author:

Version Date Status of Version

Rev 0 22 September 2023 Deadline 5 Submission




national

M3 Junction 9 Improvement hig hways

8.20 Applicant Comments on Deadline 4 Submissions

Contents

1 TN oo 1¥ [o3 1 o o SRR 1
0 A [ o1 o o [¥ox 1 o] o HO PP 1

2 Applicant’s comments on information received at Deadline 4 .................... 4

2.1 Climate Emergency Policy and Planning (CEPP) - Post hearings
submissions including written summaries of oral cases [REP4-038] (Local
Transport Plan Guidance BUlletin 2) ..............uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiieiees 4

2.2  Climate Emergency Policy and Planning (CEPP) - Post hearings
submissions including written summaries of oral cases 1 [REP4-039]
(Hampshire County Council Draft Local Transport Plan) ..........ccccccceevvvevvinnnnnn. 4

2.3  Climate Emergency Policy and Planning (CEPP) - Post hearings
submissions including written summaries of oral cases 2 [REP4-040]
(Transport Select ComMmMIttEe rePOI)......cceeeeeiiiiiiiiice e 4

2.4  Climate Emergency Policy and Planning (CEPP) - Post hearings
submissions including written summaries of oral cases 3 [REP4-041] (Written

Representation — D4 Errata version Aug 18" 2023) .........ccccccveveeiveeiiecieenenn, 5
2.5 Climate Emergency Policy and Planning (CEPP) - Post hearings
submissions including written summaries of oral cases 4 [REP4-042] ............ 5
2.6 Hampshire County Council - Post hearings submissions including
written summaries of oral cases [REP4-044]...........ovieeiiiiiiiiiiiiiiiiie e, 8
2.7  Hampshire County Council - Post hearings submissions including
written summaries of oral cases 1 [REP4-045] ..........ccceeiiiiiiiiiiiiiiiiii e 8
2.8  South Downs National Park Authority — Comments on any
additional/information/submissions received by D3 [REP4-047]..........cccccuuveee 8
2.9 Thomas Rogers — Comments on any
additional/information/submissions received by D3 [REP4-048].................... 12
2.10 Winchester Action on the Climate Crisis — Post hearings submissions
including written summaries of oral cases [REP4-049].........ccccccovvviiiniiinnnnn. 13
2.11 Winchester Action on the Climate Crisis — Responses to any further
information requested by the EXA for this Deadline [REP4-050].................... 17
2.12 Winchester City Council — Post hearings submissions including written
summaries of oral cases [REP4-051]........cccciiiiiiiiiiiiiiiiii e, 17

2.13 Winchester Friends of the Earth — Post hearings submissions including
written summaries of oral cases [REP4-052].........cccovviiiiiiiiiiiiicceiii e, 20

2.14 Winchester Friends of the Earth — Post hearings submissions including
written summaries of oral cases 1 [REP4-053] ..., 21

2.15 Winchester Friends of the Earth — Post hearings submissions including
written summaries of oral cases 4 [REP4-055] ..., 21



national
M3 Junction 9 Improvement hig hways

8.20 Applicant Comments on Deadline 4 Submissions

Appendices

Appendix A Quantifying the change of brake wear particulate matter emissions
through powertrain electrification in passenger vehicles — Imperial College London
Environmental Research Group 2023

Appendix B Non-Exhaust Emissions from Road Traffic — Air Quality Expert Group
2019

Appendix C Stage 3 Transport Package Data Report — Chapter 4



national

M3 Junction 9 Improvement hig hways
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1 Introduction

1.1 Introduction

1.1.1 The Applicant notes the following Deadline 4 submissions and has responded
where necessary and relevant to do so. The full list of Deadline 4 submissions
is as follows:

Climate Emergency Policy and Planning — Post hearings submissions
including written summaries of oral cases (REP4-038)

Climate Emergency Policy and Planning — Post hearings submissions
including written summaries of oral cases 1 (REP4-039)

Climate Emergency Policy and Planning — Post hearings submissions
including written summaries of oral cases 2 (REP4-040)

Climate Emergency Policy and Planning — Post hearings submissions
including written summaries of oral cases 3 (REP4-041)

Climate Emergency Policy and Planning — Post hearings submissions
including written summaries of oral cases 4 (REP4-042)

Climate Emergency Policy and Planning — Post hearings submissions
including written summaries of oral cases 5 (REP4-043)

Hampshire County Council - Post hearings submissions including written
summaries of oral cases (REP4-044)

Hampshire County Council - Post hearings submissions including written
summaries of oral cases 1 (REP4-045)

Hampshire County Council — Revised/ updated SoCGs (if any) (REP4-046)

South Downs National Park Authority — Comments on any
additional/information/submissions received by D3 (REP4-047)

Thomas Rogers — Comments on any additional/information/submissions
received by D3 (REP4-048)

Winchester Action on the Climate Crisis - Post hearings submissions
including written summaries of oral cases (REP4-049)

Winchester Action on the Climate Crisis — Responses to any further
information requested by the ExA for this Deadline (REP4-050)

Winchester City Council - Post hearings submissions including written
summaries of oral cases (REP4-051)



national

M3 Junction 9 Improvement hig hways

8.20 Applicant Comments on Deadline 4 Submissions

1.1.2

1.1.3

1.14

1.15

®  Winchester Friends of the Earth - Post hearings submissions including
written summaries of oral cases (REP4-052)

=  Winchester Friends of the Earth - Post hearings submissions including
written summaries of oral cases 1 (REP4-053)

®  Winchester Friends of the Earth - Post hearings submissions including
written summaries of oral cases 2 (REP4-054)

®  Winchester Friends of the Earth - Post hearings submissions including
written summaries of oral cases 4 (REP4-055)

= Winchester Friends of the Earth - Post hearings submissions including
written summaries of oral cases 5 (REP4-056)

= Winchester Friends of the Earth - Post hearings submissions including
written summaries of oral cases 6 (REP4-057)

The Applicant will not be providing comments in relation to the following
documents:

= Hampshire County Council — Revised/ updated SoCGs (if any) (REP4-046)

=  Winchester Friends of the Earth Deadline 4 submissions — Post hearings
submissions including written summaries of oral case 2 (REP4-054), Post
hearings submissions including written summaries of oral case 5 (REP4-
056), and Post hearings submissions including written summaries of oral
case 6 (REP4-057).

= Climate Emergency Policy and Planning Deadline 4 submission — Post
hearings submissions including written summaries of oral cases 5 (REP4-
043).

The Applicant and Hampshire County Council are progressing a Statement of
Common Ground and therefore the Applicant has no comments on
submission REP4-046.

The Applicant has not provided comments on the Winchester Friends of the
Earth Deadline 4 submission — Post hearings submissions including written
summaries of oral cases 2 (REP4-054). This submission contains the same
Transport Select Committee Report within the Climate Emergency Policy and
Planning — Post hearings submissions including written summaries of oral cases
2 (REP4-040). The Applicant has responded to this in Section 2.3.

The Winchester Friends of the Earth Deadline 4 submissions — Post hearings
submissions including written summaries of oral cases 5 (REP4-056) and oral
cases 6 (REP4-057) submissions are duplicates of the Winchester Friends of
the Earth Deadline 4 submissions — Post hearings submissions including written
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1.16

summaries of oral cases 1 (REP4-053) and oral cases (REP4-052) respectively
and therefore the Applicant has not provided comments.

The Applicant has not provided comments on the Climate Emergency Policy
and Planning (CEPP) Deadline 4 submission - Post hearings submissions
including written summaries of oral cases 5 (REP4-043). On the basis that this
is a clean version of the Climate Emergency Policy and Planning (CEPP)
Deadline 4 submission - Post hearings submissions including written
summaries of oral cases (REP4-041) submitted at Deadline 4. The Applicant
will be responding to the tracked version only (REP4-041).
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2.2

2.3

Applicant’s comments on information received at Deadline 4

Climate Emergency Policy and Planning (CEPP) - Post hearings submissions including written summaries of oral cases [REP4-038] (Local Transport Plan Guidance Bulletin 2)

Climate Emergency Policy and Planning

Applicant Response

Local Transport Plan Guidance Bulletin 2 — 12 August 2022 (DfT)

The Applicant notes the Local Transport Plan Guidance Bulletin — 2-12 August 2022 published
by the Department for Transport, as submitted by Climate Emergency Policy and Planning as
part of their Deadline 4 submission (REP4-038).

The Applicant has no comments on this submission as it relates to government guidance for
Local Transport Authorities, and refers to forthcoming guidance in relation to the development
and preparation of Local Transport Plans. This bulletin appears to be principally directed at
policy-makers and those involved in the preparation of Local Transport Plans.

Climate Emergency Policy and Planning (CEPP) - Post hearings submissions including written summaries of oral cases 1 [REP4-039] (Hampshire County Council Draft Local

Transport Plan)

Climate Emergency Policy and Planning

Draft Local Transport Plan — April 2022 (Hampshire County Council)

Applicant Response

The Applicant notes the 2022 consultation material published by Hampshire County Council

regarding their Draft Local Transport Plan 4, as submitted by Climate Emergency Policy and
Planning as part of their Deadline 4 submission (REP4-039). This draft transport plan is
considered to be of relevance to the Scheme to the extent outlined in Paragraphs 6.4.20 -
6.4.26 of the Case for the Scheme (7.1, Rev 1).

The Applicant notes this is a draft plan for which public consultation closed on 26 June 2022. It
is understood there have been no further updates.

Climate Emergency Policy and Planning (CEPP) - Post hearings submissions including written summaries of oral cases 2 [REP4-040] (Transport Select Committee report)

Climate Emergency Policy and Planning

Committee)

Strategic road investment — Sixth Report of Session 2022-23 (House of Commons Transport

Applicant Response

The Applicant notes the 2023 Strategic Road Investment report published by the House of

Commons Transport Committee, as submitted by Climate Emergency Policy and Planning as
part of their Deadline 4 submission (REP4-040).

The Applicant has responded with respect to the specific questions raised in this submission in
ExQ2 14.2.20 within the Applicant Response to the Examining Authority’s Second Written
Questions (ExQ2) (Document Reference 8.17) and has no further comments.
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24 Climate Emergency Policy and Planning (CEPP) - Post hearings submissions including written summaries of oral cases 3 [REP4-041] (Written Representation — D4 Errata version

Aug 18th 2023)

Climate Emergency Policy and Planning

18t 2023.

Climate Emergency Policy and Planning — Written Representation - D4 Errata version — Aug

Applicant Response

The Climate Emergency Policy and Planning Written Representation - D4 Errata version — Aug

18 2023 submission (REP4-041) appears to be an updated version of Dr Andrew Boswell’s
Written Representation (AS-012) received at Deadline 3. It has been updated with a correction
to construction emissions on Page 16, from 1.762 MtCO2e to 37,070tCO2e.

The Applicant notes that the updated emissions figures are referenced by CEPP as deriving
from Table 15.14 of Chapter 15 (Cumulative Effects) of the Environmental Statement (ES)
(6.1, APP-056). The figure ‘37,070 tCO2¢€’ in relation to construction emissions is correct and
can be found in Table 14.4 ‘Summary of GHG emissions during construction’ of Chapter 14
(Climate) of the Environmental Statement (ES) (6.1, Rev 2). The corrected figure does not
alter the Applicant’s position as outlined in Section 3.3 of Applicant Comments on Deadline
3 Submissions (8.16, REP4-037).

In addition, the Applicant notes the inclusion of the word ‘not’ to change the intended meaning
of two sentences on Page 38 and 40, as well as formatting changes throughout the document.
The Applicant responded to the Climate Emergency Policy and Planning Written Representation
(AS-012) in Section 4.3 of Applicant Comments on Deadline 3 Submissions (8.16, REP4-
037) and given the nature of these changes does not have any further comments.

2.5 Climate Emergency Policy and Planning (CEPP) - Post hearings submissions including written summaries of oral cases 4 [REP4-042]

Climate Emergency Policy and Planning
Paragraph 15

It is significant that this high-level body of MPs highlighted that accommodating demand for
new roads in the context of increasing forecasts of traffic on the SRN as a risky strateqy. The
M3J9 is one of the projects generating the demand. This is an issue which the SoS must
consider in the decision making in addition to those submitted at AS-012 / section 10(1) where
| conclude, on my WR evidence, that there is_not sufficient emissions space in the 4CB
(Industry) residual emissions allocation for the project to be constructed, and there is not
sufficient emissions space in the 4CB, 5CB and 6CB (Surface Transport) residual emissions
allocations for the project to be operated.

Applicant Response

Please see the Applicant’s response to previous comments on this matter in Section 4.3 of
Applicant Comments on Deadline 3 Submissions (8.16, REP4-037).

Paragraph 20

At EV-028/1.04.48, | addressed the issue of how the GHGs are calculated in the economic
appraisal and the BCR. The first point was that the applicant has not shown how they have
calculated the cost of the construction GHG emissions from the scheme and how they have
put that into the BCR calculation. | submit the applicant should provide these calculations to
the examination.

Please see the Applicant’s response to ExQ2 14.2.21 within the Applicant Response to the
Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).
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Climate Emergency Policy and Planning

Paragraphs 21 - 23

The second point is that the GHG emissions from operation of the scheme are calculated from
a very narrow definition of the GHGs which is just the difference in the traffic model outputs
between the “with scheme” and “without scheme” scenarios. However, the economic benefits
for the scheme are calculated by considering a “wider economic benefit” of the scheme: this
includes other development in the long and short lists of cumulative development, and the
housing, jobs and other transport schemes proposed.

The effect of this is that “benefits” of wider economic development are valued in the BCR, but
the disbenefits and value from the GHGs associated with the wider economic benefits are not
assessed and included in the economic appraisal. This produces a BCR which is incomplete
and biased.

The applicant was asked by the EXA to respond to points made, but the applicant did not
respond on this point. | submit now that a response should be made on this point by the

applicant.

Applicant Response

Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).

Please see the Applicant’s response to ExQ2 14.2.21 within the Applicant Response to the

Paragraph 38 (H)

What we know, as of today, is that the M3J9 increases emissions around 3,600 tCO2e (per
year) in 2030 in a solus (scheme-only, DS-DM) calculation. The transport emissions increase
in the Winchester area can be expected to be higher due to the housing, jobs and other
transport schemes proposed. Even without a proper cumulative assessment of the carbon
emissions including the scheme, and other developments, it is clear that the 3,600 tCO2e figure
for 2030 is an underestimate. HCC have provided no evidence of how these additional
emissions will be contained within a background of needing to find an annual emission
reduction of around 1,000,000 tCO2e (ie 1MtCO2e) from Hampshire’s transport when the
freight issue has been clarified.

Please refer to the Applicant’s response to ExQ2 6.2.19 within the Applicant Response to the
Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17) and
Section 4.3 of Applicant Comments on Deadline 3 Submissions (8.16, REP4-037).

Paragraph 40

The EXA requested that | clarify my position on cumulative carbon assessment in the
Environmental Statement following the recent judgement R (Boswell) v Secretary of State for
Transport [2023] EWHC 1710 (Admin). | made a clarification at EV-030/25.14 in which |
explained that | have done forensic analysis of the EIA Climate Change chapters provided by
the applicant on a number of schemes: a common approach is used on all the DCO road
applications. My analysis looks at how the numbers move “through the system” from the traffic
modelling outputs to the tables published in the ES. The analysis has been both scientific and
legal. In scientific terms, | remain completely convinced that no assessment of the climate
change impacts of the cumulative carbon emissions associated with the scheme has been
made in Chapter 14 for the M3J9.

Please refer to the Applicant’s response to ExQ2 6.2.19 within the Applicant Response to the
Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).

Paragraphs 43 - 44

At EV-030/39:10, | noted that the application COMA report [REP1-025/3.1.4 and 3.4.2]
indicates that the traffic model was calibrated at a “Base Year” of 2015. However, the

Please refer to the Applicant’s response to ExQ2 6.2.11 within the Applicant Response to the
Examining Authority’s Second Written Questions (ExQZ2) (Document Reference 8.17).
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Climate Emergency Policy and Planning

application does not provide data on the GHG emissions associated with the 2015 calibrated

traffic model. It is usual to report this Base Year figure. It also provides useful information which
is currently missing as explained below. The baseline and with scheme GHG data is provided
for the opening year and design year, although not in the same place, as shown below.

The missing data is shown as “???” above. It is important to see this data as it provides context
for the changes since 2015 in the regions traffic, and from other developments in the area.

Applicant Response ‘

Paragraphs 52 — 53

Ms Wyse of WCC [EV030/45.56] stated that WCC consider that the GHGs from the M3J9 to
be significant. | note that WCC also state this at 5.2.110f their LIR [REP3-083] stating:

“WCC therefore considers the increase in emissions arising from both the construction and
operation of the scheme to be significant. The council requests the applicant reappraises its
conclusion that the increase in GHG emissions is not significant and therefore puts in place the
appropriate mitigation, offsetting and monitoring measures required.”

| pointed out verbally that in terms of the IEMA significance thresholds, this means that WCC
consider the GHGs to be at minimum “moderate adverse”. My submissions above make clear
that the applicant is not even in the position to make a determination of “not significant” because
to do so would rely upon the first sequential step of knowing that secured policies to deliver the
CBDP and the carbon budgets existed. |, therefore, support WCC’s call that the applicant
should reappraise “its conclusion that the increase in GHG emissions is not significant”

Please refer to the Applicant’s response to ExQ2 6.2.7 within the Applicant Response to the
Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).

Paragraph 55

| also made the point at the ISH3 that the discourse on mitigation only related to construction
emissions, and the applicant appears to have provided no mitigation proposals for operation
emissions.

Please refer to the Applicant’s response to ExQ2 6.2.22 within the Applicant Response to the
Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).

Paragraphs 57 — 59

The Tyndall centre provide “climate change targets for Winchester that are derived from the
commitments enshrined in the Paris Agreement, informed by the latest science on climate
change and defined in terms of science based carbon setting.”

On this point, | referred [EV-032/48:41] to my responses to the ExQl [REP2-063] which
explained why local and regional budgets provide not just helpful, but also essential,
contextualisation in addition to the national carbon budget comparison. | noted, despite this,
that the applicant refuses to engage constructively on the matter of local carbon budgets. This
was demonstrated by the applicant’s dismissal at the ISH3 of the Winchester Carbon Neutrality
Action Plan as not being relevant.

It would be very valuable for the carbon emissions from the scheme to be assessed in the
context of the Tyndall Centre budgets, both for Winchester City Council and for Hampshire as
a whole. This would provide further context on the issue of the impact of the scheme on the
UK'’s international obligations under Planning Act 2008 s104(4) as the Tyndall Centre budgets

Please refer to the Applicant’s response to ExQ2 6.2.12 within the Applicant Response to the
Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).
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2.6

2.7

2.8

Climate Emergency Policy and Planning

effectively provide a scientific breakdown into local carbon budgets of the global carbon
budgets required by the commitments enshrined in the Paris Agreement

Applicant Response

Hampshire County Council - Post hearings submissions including written summaries of

Hampshire County Council

(iif) Future Maintenance

The County Council has requested further information from the Applicant in the form of a
management plan that would include all necessary information for the County Council to be
satisfied on the levels of future maintenance responsibility and cost. Following positive
discussions with the applicant post hearing, the County Council is confident that this issue can

be resolved with an update provided to the Examining Authority at Deadline 5.

oral cases [REP4-044]

Applicant Response

maintenance responsibilities and has been engaging with them directly on these matters. The
Applicant is confident that maintenance responsibility will be agreed directly between the
Applicant and Hampshire County Council. An update is provided within the Statement of
Common Ground with Hampshire County Council (Document Reference 7.12.3), submitted
at Deadline 5.

The Applicant notes the comments from Hampshire County Council regarding future

Hampshire County Council - Post hearings submissions including written summaries of

Hampshire County Council

Hampshire County Council - Issue Specific Hearing 3 written summary: Policy and Need;
Climate Change and GHGs

oral cases 1 [REP4-045]

Applicant Response

The Applicant notes this submission by Hampshire County Council and has no comments.

South Downs National Park Authority — Comments on any additional/information/submissions received by D3 [REP4-047]

South Downs National Park Authority

Historic Heritage, Including Archaeology

With regards to the issue of the need for a Section 106 agreement to secure a financial
contribution towards archive deposition (as set out in our Local Impact Report and Written
Representation). The SDNPA has been in correspondence with the applicant, and they have
suggested a further amendment to the wording of the DCO Requirements, set out below.
Provided DCO Requirement 9(6) is amended (the applicant has indicated that this will occur at
Deadline 5) then this would be sufficient to address our concern.

Suggested amendment to DCO Requirement 9(6)

On completion of the authorised development, suitable resources and provisions for long term

Applicant Response

Requirement 9(6) of the draft Development Consent Order (3.1, Rev 4) has been updated
for Deadline 5.

storage of the archaeological archive will be agreed diseussed-with the City Archaeologist.
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South Downs National Park Authority Applicant Response

The Applicant has responded to this in ExQ2 9.2.12 within Applicant Response to the
The Draft DCO Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).
Whilst the Deadline 2 and 3 amendments to the DCO does address some of our original
concerns relating to cross references to the Environmental Masterplan and OLEMP,
archaeology and clarification around consulting the SDNPA. Ideally, we would like to see a
‘definition’ or ‘interpretation’ that makes it explicit that any reference to ‘relevant planning
authority’ within the DCO Requirements means the SDNPA and Winchester City Council, to

avoid any future doubt or confusion.

This would be the same for the First Iteration Environmental Management Plan (iEMP), we
would like to see an explicit reference / definition so as to avoid any doubt or confusion about
who should be consulted / sent information etc.

There is the outstanding issue of consulting us on the Traffic Management Plan, as referred to| The Applicant has responded to this in ExQ2 9.2.18 within Applicant Response to the
in para 6.34 b) and d) and para 6.35 of our Local Impact Report (LIR, document reference [ Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).
REP2-071). Following what was said by the applicant at ISH2, that the Traffic Management
Plan will include all the PRoW issues (and diversions), the PRoW Management Plan and our
request for a Construction Workers Travel Plan. DCO Requirement 11(1) should therefore be
amended to include the SDNPA also being consulted on the Traffic Management Plan.

During the ISH, we also suggested the following changes to the DCO. The Applicant has responded to the suggested changes to the Development Consent Order at
the sections below within the Applicant Response to the Examining Authority’s Second
Article 34(1) Written Questions (ExQ2) (Document Reference 8.17).

“34.—(1) The undertaker may, in-connection-with where necessary for the carrying out of the m  Article 34(1) is covered under ExQ2 9.2.9.
authorised development, but subject to article 26(2) (time limit for exercise of authority to = Article 39(4) is covered under ExQ2 9.2.10 and ExQ2 9.2.11.
acquire land compulsorily) and the Requirements of Schedule 2.—"

= Requirement 4(3) is covered under ExQ2 9.2.14.
Article 39(4) = Requirement 5(3) is covered under ExQ2 9.2.15 and ExQ2 9.2.24.

« : , = Requirement 6(3) is covered under ExQ2 9.2.16.
(4) The undertaker may for the purposes of carrying out the authorised development but _ ,
subject to paragraph (2) remove any hedgerow described in Schedule 8 (removal of = Requirement 14(1) is covered under ExQ2 9.2.22.

hedgerows), but not remove any hedgerow not described in Schedule 8.”

Requirement 4(3)

The undertaker must ensure that any consultation responses are reflected in the details
submitted to the Secretary of State for approval under this Schedule, but only where it is

appropriate, reasonable and feasible to do so;-takinginte-account-considerationsineluding,but
lismited-to. I ) : it

Requirement 5(3)

(3) The landscaping scheme prepared under sub-paragraph (1) must include details of hard
and soft landscaping works, including—
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South Downs National Park Authority

(a) location, number, species, size,_timing, and planting density of any proposed planting,

including advanced planting;

(b) cultivation, importing of materials and other operations to ensure plant establishment; Page
30f8

(c) proposed finished ground levels;

(d) hard surfacing materials;

(e) details of existing trees to be retained, with measures for their protection during the
construction period outlined within a Tree Protection Plan and Arboricultural Method Statement;
and

(f) implementation and maintenance timetables for all landscaping works.

(g) [as set out in ExA 09.1.47 — should including fencing and walls etc]

Requirement 6(3)

(3) Any tree ef shrub, or other element planted as part of the landscaping scheme that, within
a period of 5 10 years after planting, is removed, dies or becomes, seriously damaged or
diseased, must be replaced in the first available planting season with a specimen of the same
species and size as that originally planted.

Requirement 14(1)

The change submitted at Deadline 3 (document reference REP3-005) again could lead to
confusion. The SDNPA needs to be consulted as the noise mitigation measures are part of the
mitigation measures required due to the impacts to the National Park. If the overall reference
to ‘relevant planning authority’ is not changed then 14(1) needs to be amended again to
explicitly refer to the SDNPA as well as Winchester City Council.

Applicant Response

We also raised in our LIR (on page 26, document reference REP2-071) and at the ISH2, that
whilst we acknowledge the intention to deliver the scheme as a continuous build out, the actual
works will not happen in that way (for example the construction compound will come first and
that includes some advanced planting?) and that is why we suggested the need for phasing
plan. This would also help with the timing and understanding of when information will be
provided for approval. For example, in the DCO, under Requirement 5 Landscaping, the current
wording refers to ‘written landscaping scheme for that part’. That is why we suggested another
DCO Requirement for the submission of a Phasing Plan.

Please refer to the Applicant’s response to ExQ2 9.2.24 within the Applicant Response to the
Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).

Section 106 Planning Obligations As set out in Appendix C of our LIR (document reference
REP2-071), there are a number of projects (put together by DEFRA family and the Hampshire
& Isle of Wight Wildlife Trust) which could go some way to further mitigate or ameliorate the

Please refer to the response to ExQ2 5.2.1 within the Applicant Response to the Examining
Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).

10
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South Downs National Park Authority

harm that will arise from this proposal. The information shown in Appendix C has been shared

with the applicant since 2019. Those projects include:

= A new Public Right of Way connection from Junction 9 to the Public Right of Way
Network to the south (Shown a ‘A’ and ‘A1’ in Appendix C);

= River Itchen channel restoration works, this is linked to the discussions the applicant has
been having with the Environment Agency (Area 7 in Appendix C);

= The use of spoil from the proposed scheme, to restore the chalk downland at the former
Southern Water site near St Catherine’s Hill (Area 6 in Appendix C);

= Urban Tree Planting within the areas to the west of M3, Junction 9 to help alleviate noise
and air quality issues (Area 8 in Appendix C);

= Improvements to the Watercress Way. This is a project to open up the disused railway
line for walkers and cyclists being led by Watercress Way Trustees supported by the
SDNPA, Winchester City Council and Hampshire County Council and local Parish
Councils. The relevant sections of the route are ‘safeguarded’ in the South Downs Local
Plan (Policy SD20) and initiatives to promote the route are supported in the Winchester
District Local Plan Part 2 (April 2017). Due to financial restrictions and lack of funds, the
improvements are being delivered in small phases with works being carried out in
approximately £50,000 phases.

= Improved access to St Catherine’s Hill — the Hampshire & Isle of Wight Wildlife Trust
have a current project needing £115,000 to replace the steps on the southern slope of
the Hill Fort.

Applicant Response

Rights of Way and NMU Routes

As stated during the ISH, we have requested a single document / schedule which sets out the
minimum widths of all the proposed rights of way, the legal status of those routes and
management / maintenance responsibilities so it is clear and easy to understand for all
interested parties.

Please see Appendix C of the Applicant Response to the Examining Authority’s Second
Written Questions (ExQ2) (Document Reference 8.17) where a single plan showing all of the
requested details has been provided.

In light of what was said by the applicant during the ISH, that a PRoW Management Plan would
be part of the Traffic Management Plan, the iEMP should be amended to make this clear. For
example, G8 should be amended to make explicit reference to PRoWs.

Section 3.3 of the Outline Traffic Management Plan (OTMP) (7.8, Rev 2) has been updated
to confirm that a Public Right of Way Management Plan will be prepared during detailed design
as part of the final Traffic Management Plan. Entry G8 of the Table 3.2 (Register of
Environmental Actions and Commitments) of the first iteration Environmental Management
Plan (7.3, Rev 5) states that the Traffic Management Plan will be developed in accordance with
the Outline Traffic Management Plan (OTMP) (7.8, Rev 2).

Biodiversity

Our other concerns (such as habitat connectivity and management and maintenance issues)
are linked to the points made at ISH’s, so we are awaiting the applicants’ responses due at
Deadline 4 and 5.

The Applicant’s position on connectivity has been set out in the Applicant Comments on
Written Representations (REP02-075g (8.9, REP3-022)).

The Applicant’s position on management and maintenance has been set out in Section 6.24 b
& 6.24 c in the Applicant Comments on Local Impact Reports (8.9, REP3-023).

Please also refer to the Applicant’s response to ExQ2 12.2.2 within the Applicant Response to
the Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).
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2.9

South Downs National Park Authority

Noise and Health Impacts

The applicant recognises the need for noise mitigation measures and has proposed the use
of low-noise surfacing for where new road surfaces are to be laid. However, the SDNPA has
suggested (in the mitigation measures referred to above) that this should be expanded to all
road surfaces within the order limits (or even wherever the M3 runs through or adjacent to the
National Park).

Applicant Response

Please refer to the Applicant’s response to ExQ2 13.2.4 within the Applicant Response to the

Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).

Climate and GHG emissions

We support the comments made by Winchester City Council during the ISH, about wanting a
plan for managing people and materials moving to site and links with our own request for a
Construction Workers Travel Plan.

The Green Travel Plan (referred to by SDNPA as the Construction Workers Travel Plan) has
been included within the update to the REAC Table of the first iteration Environmental
Management Plan (fiIEMP) (7.3, Rev 5) submitted at Deadline 5, and will form Appendix R the
second iteration Environmental Management Plan.

During the ISH, we highlighted a point of clarification regarding the applicant’s response to our
WR. The applicant repeated their commitment to choosing native species / climate resilient
species for any planting. The point we were making at 3.1.29(b) of our WR is slightly different.
We think that the scheme is a missed opportunity to make a positive contribution to landscape
scale adaptation for climate resilience, for example planting that holds water for longer or
planting could specifically help with any air quality issues.

Please refer to the Applicant’s post hearing note in the Applicants Written Summaries of Oral
Case for Issue Specific Hearing 3 (ISH3) (8.15, REP4-036).

Within the first iteration Environmental Management Plan (fiEMP) (7.3, Rev 5) the Applicant
has committed to a number of environmental actions and commitments. This includes entry LV4
which references potential climate change effects and the use of drought-tolerant species. The
Applicant would welcome further discussion with the South Downs National Park Authority on
species selection for the landscape proposals as the Scheme progresses at detailed design.

Policy and Need

Within the Assessment of Alternatives (document reference APP-044), we would like to
highlight that the impact to the South Downs National Park was not headline criterion when
undertaking third sift for compound (see paragraph 3.13.7) at a stage when some compounds
outside the National Park were discounted. The impact to a highly important landscape
designation only comes in at the fourth sift (see paragraph 3.13.10).

Please refer to the Applicant’s response to ExQ2 4.2.2 within the Applicant Response to the
Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).

The SDNPA would assert that it is clear that minimising the harm to the National Park has not
been a key objective through the design process. In addition, one of the reasons for discounting
a preferable option was queuing time on A34 / M3 but as we have set out previously the time
savings on those actual routes are not, as we say, that significant.

As set out in Section 3.6 (the 2018 non-statutory consultation) of document APP-044, the
National Park is only considered as a constraint at this stage (see paragraph 3.6.3).

Please refer to the Applicant’s response to ExQ2 4.2.18 within the Applicant Response to the
Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).

Thomas Rogers — Comments on any additional/information/submissions received by D3 [REP4-048]

Thomas Rogers

| don’t believe | have been given a complete answer to my questions about the R&W
Environmental Yard being a reasonable alternative to taking additional land from within the
SDNP to provide construction compound areas. Given the R&W yard is either likely already in

Applicant Response

Please refer to the Applicant’s response to ExQ2 4.2.1 within the Applicant Response to the
Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).
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Thomas Rogers

the Applicant’s ownership (I did ask for this clarification at D2 but a response was not provided)

or at least entirely within the bounds of the Applicant’s existing soft estate, it is nearer the
proposed construction site than the proposed construction compounds in the SDNP providing
both the opportunity to reduce new land take and reduce construction vehicle trips. Therefore
| argue it is a reasonable alternative regardless of ongoing operations matters. The fact a
precious response from the Applicant noted the R&W yard was “deemed not to be a viable
option” suggests it was considered and therefore should have been reported in the Alternatives
chapter of the Environmental Statement. As an alternative in that chapter, the assessment of
the environmental beneficial effects of this land parcel providing ¢.50% of the required
construction compound area to the east of the site would be known and inform this line of
comment.

Applicant Response

Will the Applicant give consideration to reducing land take in the SDNP and if not provide full
justification why not. My interest here is reduced land take from the SDNP.

Please refer to the Applicant’s response to ExQ2 4.2.18 in Applicant Response to the
Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).

Should further opportunities be available during PCF Stage 5 (detailed design) to minimise
impacts then these will be undertaken. Furthermore, to confirm commitment to this the Applicant
at Deadline 5 has submitted a Design Principles Report (Document Reference 8.18) which
captures the key principles of the Scheme design and makes a commitment that these will be
maintained and developed in the future detailed design and delivery phases of the Scheme.
Design principle LL.01 makes a commitment to explore opportunities to further reduce impacts
upon the designated landscape through detailed design.

Thank you for the clarification on the timescales over which the Applicant will maintain assets
it owns. On that basis, Q. will the Applicant commit to maintain mitigation areas within the soft
estate, such as identified chalk grassland, appropriately and as chalk grassland, to be
measured by appropriate monitoring and suitable targets, for the duration of ownership, without
reference to any finite time limits in years (20, 25 years or otherwise).

My interest here is commitment to biodiversity and quality of landscape habitats within the
Applicant’s ownership, as an important network of ecosystem connectivity.

Appendix 7.6 (Outline Landscape and Ecological Management Plan) of the Environmental
Statement (ES) (6.3, APP-102) includes the appropriate establishment and management of new
landscape planting and features in accordance with relevant best practice and standards.
Suitable management of the proposed landscaping would help to enable the long-term success
of the planting. The duration of management and monitoring for each landscape/ecology element
created or enhanced is 25 years from completion of the authorised development. Following this
period, ongoing management and maintenance will be undertaken by National Highways or the
relevant highway authority as part of ongoing management of the wider highway network.

Requirement 3 of the draft Development Consent Order (DCO) (3.1, Rev 4) secures the
Landscape and Ecology Management Plan (LEMP) as part of the second iteration Environmental
Management Plan (SiEMP). The Written Landscaping Scheme must be substantially in
accordance with the Outline LEMP (OLEMP) secured under Requirement 5 of the draft
Development Consent Order (DCO) (3.1, Rev 4).

Winchester Action on the Climate Crisis — Post hearings submissions including written summaries of oral cases [REP4-049]

Winchester Action on the Climate Crisis

ISH2 Item 3: Traffic and Transportation Rail Freight Modal Shift: Viable rail freight
alternatives

Applicant Response

The Applicant has responded with respect to the appraisal of modal alternatives in ExQ2 4.2.16
and ExQ2 4.2.17 within the Applicant Response to the Examining Authority’s Second
Written Questions (ExQ2) (Document Reference 8.17).
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Winchester Action on the Climate Crisis

Applicant Response

DP World, the operator and owner of Southampton Western Docks is offering fee-reduction

incentives for shipments that use rail, with a view to increasing the share of rail freight serving
the port. We have submitted the DP World publicity for this separately but it is not yet in the
documents listing at the time of writing. Since it is a third-party website we have not included a
link here, but a browser enquiry “CUSTOMER ADVISORY: Introducing a Modal Shift
Programme (MSP) Trial at DP World Southampton” should find it.

If the applicant can show that there was a meaningful appraisal of a rail freight option at stage
0, rejection of the option was inappropriate. It would have been counter to:

= National Highways'’s policy for the Solent to the Midlands corridor Objective 8
= The March 2023 draft NPSNN’s focus on expanding rail freight mode share

= The March 2023 draft NPSNN priority for delivering a 75% reduction in emission by
transferring freight tonnage to rail, and risked creating an underused asset in the light of
DP Ports emerging policy of modal transfer of freight to rail.

ISH2 Item 6: Air Quality

PM2.5 pollution already close to proposed thresholds and lack of progress toward reducing
PM2.5 to achieve these future targets

The Applicant considers that it is not appropriate to compare predicted concentrations of PMz.s
in the opening year with targets set for 2040. Compliance with this target is defined by the
Environmental Targets (Fine Particulate Matter) (England) Regulations 2023 as being
determined through Defra monitoring stations, none of which are within the Study Area.

Progress towards these is reported by Defra at: https://uk-air.defra.gov.uk/pm25targets/progress
(accessed 22 September 2023). Whilst the influence of Covid-19 related travel restrictions
cannot be isolated from the data, Defra report:

m  PERT progress: As of 2022, population exposure has reduced by 19% compared to
2018.

= AMCT progress: In 2022, the highest measured annual mean concentration was 12ug
m-2 and 82% of English AURN sites which met the required data capture threshold (45
individual AURN sites) were below the 10ug m-2 annual mean concentration target.

ISH2 Item 6: Air Quality

The extensive health impacts of PM2.5 pollution should be included as disbenefits in the
benefit:cost ratio calculations.

PMz2s is included within the cost-benefit calculation as explained in the Applicant’s response to
ExQ2 16.2.7 within the Applicant Response to the Examining Authority’s Second Written
Questions (ExQ2) (Document Reference 8.17).

The Scheme is predicted to lead to a decrease in population exposure to PMzs within the Study
Area due to the predicted decrease in traffic through the more populated area of Winchester City
centre.

14



https://uk-air.defra.gov.uk/pm25targets/progress

national
M3 Junction 9 Improvement hlghways

8.20 Applicant Comments on Deadline 4 Submissions

Winchester Action on the Climate Crisis Applicant Response

_ _ Whilst it is acknowledged that road traffic does contribute to PMzs, the maps referred to are
ISHZ Item 6: Air Quality understood to be background maps at 1km x 1km resolution presented as part of the PEIR.
There is clearly a local and specific problem about PM2.5 emissions beside motorways / main | These include contributions from main roads (as well as a wide range of other sources). These
roads, and in the cabins of all motorway / main road users. The applicant referred to PM2.5 show elevated concentrations in proximity to the sources of emission as would be expected.
pollution in central Manchester and central Winchester as if it was self-evidently more
concentrated than it is at the side of M3J9. However the maps produced by Volker Fitzpatrick| The Applicant has undertaken assessment of PM2.5 in accordance with DMRB LA 105 Air
show roadside emissions, on top of background emissions, can often be the highest in many |Quality (Highways England, 2019) and predicted concentrations at representative receptors
areas, and certainly near M3J9. It would be responsible for the applicant to employ experts|presented in Appendix 5.2 (Human Receptors Backgrounds and Operational Phase
such as King'’s College or University College to develop updated maps showing forecast PM2.5 Results) of the Environmental Statement (ES) (6.3, APP-086). It is not considered that
emissions for DM and DS forecasts for the scheme. This should have been an integral part of |additional forecasting and mapping would add further clarity as the modelling clearly shows
the application. concentrations at receptor locations remaining well below the current limit (of 20ug/ms3).

The Design Manual for Roads and Bridges (DMRB) contains information about current design
ISHZ Item 7 Mental Health standards relating to the design, assessment and operation of motorway and all-purpose trunk
We asked whether mental health impacts had been considered, especially in the context of the |roads in the United Kingdom. For road schemes in the UK this is the recognised industry
combined health effects of the project. The response made it clear there had been no standard methodology.

consideration of this. It was also clear that the negative impacts of mental health had not been
included as disbenefits in the benefit:cost ratio calculations. There is a need to review the B:CR  The DMRB LA 112 Population and human health (Highways England, 2020) sets out the
calculations to see how they have allowed for the impact on mental health of multiple combined | requirements for assessing and reporting the environmental effects on population and health
negative factors from construction, operation and maintenance of highways projects. DMRB LA 112 Population
and human health (Highways England, 2020) does not require a specific assessment of mental
health, however a qualitative assessment of human health should be undertaken. As part of this,
mental health and stress is referenced under appropriate health determinants considered
(transport and connectivity and community, recreational and education facilities).

Note 1 of page 21 within the DMRB LA 112 Population and human health (Highways England,
2020) states:

‘Although the assessment of human health effects describes the likely qualitative health
outcomes, it is not possible to quantify the severity or extent of the effects which give rise to
these outcomes. The potential health outcomes during construction and operation are based on
broad categories for the qualitative impacts identified.’

ISH3 Item 3 Climate Change and GHG Emissions: User emissions In accordance with the DMRB LA 114 Climate (Highways England, 2021), the greenhouse gas
assessment sets out emissions over a 60 year appraisal period using the opening year (2027)

and design year (2042). This is an appropriate and proportionate approach to assessing the
= the reference in our initial submission to NPSNN paragraph 5.29: “A whole life carbon | Scheme’s emissions across its lifetime.
assessment should be used to measure greenhouse gas emissions at every stage of

the proposed development’ — this must require a complete sequence of greenhouse gas please refer to the Applicant’s response to ExQ2 6.2.11, ExQ2 6.2.14 and ExQ2 6.2.15 within
assessments, and not just two years (2027 and 2042) 15 years apart the Applicant Response to the Examining Authority’s Second Written Questions (ExQ2)
= the references in our initial assessment to DRNB LA144 (Document Reference 8.17).

We are surprised that the applicant has failed to grasp the significance of:
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Winchester Action on the Climate Crisis Applicant Response

para 3.1 requiring applicants to “report on the likely additional and avoided GHG emissions at
each life cycle stage of the project, in 14 comparison with current and future baseline GHG
emissions”— there is still no analysis of current emissions in the modelling area

para 3.2 requiring reports on “the likelihood of significant effects” — anticipating the requirement
for risk assessments in the case referred to above

para 3.9 “for operational road user emissions, the study area shall be consistent with the
affected road network defined in a project’s traffic model” — definitions of the study area have
varied at every stage and seem to expand and contract according to the context; generally they
are not coterminous with the maps provided by the applicant to illustrate traffic flow in the
affected road network.

ISH3 Item 3 Climate Change and GHG Emissions: User emissions Please refer to the Applicant’s response to part (ii) of ExQ2 6.2.14 within the Applicant

Response to the Examining Authority’s Second Written Questions (ExQ2) (Document
We were astonished to hear at ISH3 that the climate modelling covered some routes up to|Reference 8.17).

about 40 miles from Winchester. This would include the M3 to just short of the junction with the
M25, the A34 to just north of Harwell, and the M3/M27/A338 to the western edge of
Bournemouth.

We need to know the rationale for this, and which roads were included in the modelling. The
emissions are the equivalent of about a quarter of the emissions for all transport across the
whole South East Region. To reach the emissions levels suggested, most or all of the roads in
the area would have had to be included. We have to ask what the relevance of these emissions
is to this application, and why we were previously misleadingly told that the emissions were for
the whole of the South East Region.

ISH3 Item 3 Climate Change and GHG Emissions: Construction emissions The Applicant has responded with respect to re-use of existing infrastructure in ExQ2 6.2.6 within

Applicant Response to the Examining Authority’s Second Written Questions (ExQ2)
We raised in our initial submission the need to resist the temptation to replace existing (Document Reference 8.17).

infrastructure with new infrastructure unless it was absolutely necessary. We gave the example
of replacing a large concrete roundabout with a large concrete roundabout, but at the ISH3 the
applicant referred us to the Design and Access Statement (APP — 162) where the justification
for replacing the roundabout could be found. It is true that there is a brief explanation for the
replacement of the roundabout:

6.3.4 The roundabout would be replaced with a geographically smaller unsignallised
gyratory roundabout, with two new longer span gyratory bridges replacing the existing
bridges to provide the road corridor width required for the new configuration.

However, the Design and Access Statement also contains a very strong statement about
retaining as much infrastructure as possible to reduce construction emissions:

5.6.2 Sustainable design is a fundamental consideration of the Scheme. Where
appropriate, materials would be locally sourced, reclaimed, recycled, or minimise carbon
impact.

It is difficult to see any examples of re-use in the whole scheme, and it seems important to
monitor how far this ‘fundamental consideration’ has been implemented. Given the worrying
level of emissions associated with the scheme, we believe there is a need for a carbon-saving
review of the design decisions that have been taken
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Winchester Action on the Climate Crisis — Responses to any further information requested by the ExA for this Deadline [REP4-050]

Winchester Action on the Climate Crisis Applicant Response

| attach a document published by DP World who run Southampton Western Docks outlining
their scheme designed to encourage modal shift of freight from road to rail. They concentrate
on middle distance freight and specify the originating points. They believe that freight travelling
longer distances is already more likely to travel by rail because it costs the exporter less to
send their goods by rail than by road. They are motivated by the desire to reduce Greenhouse
gas pollution emissions. - Phil Gagg

The Applicant has responded to the submission regarding the DP World letter in ExQ2 16.2.3
within Applicant Response to the Examining Authority’s Second Written Questions (ExQ2)
(Document Reference 8.17).

212 Winchester City Council — Post hearings submissions including written summaries of oral cases [REP4-051]

Winchester City Council Applicant Response

1.3 Historic Heritage
[Paragraph 1.3.2] Turning to archiving and repository storage, WCC has requested a separate

legal agreement to secure financial contributions in the event that the primary repository is
unable to accommodate any deposits.

The applicant has responded both within Deadline 3 and directly to the City Council.
The applicant has proposed to change the wording of Requirement 6 to —

(6) On completion of the authorised development, suitable resources and provisions for long
term storage of the archaeological archive will be agreed discussed with the City Archaeologist.

The proposed amended Requirement wording provides greater security on what is an unknown
guantum at this point and the City Council is satisfied appropriate alternative storage can be
secured by the amended Requirement wording

The Applicant has updated Requirement 6 of the draft Development Consent Order (3.1, Rev
4) at Deadline 5.

2.1 Draft DCO

[Paragraph 2.1.2] WCC are content with the working hours proposed. There a however a
number of exceptions which would allow the applicant to construct outside of these hours.

WCC requests clarification on the likelihood of those events and details of what they would
entail to be able to confirm that the exceptions are reasonable.

The Applicant is actively engaging with Winchester City Council on the exceptions to the
proposed working hours. This is linked to the Outline Noise and Vibration Management Plan
submitted at Deadline 4 in Appendix L (Outline Noise and Vibration Management Plan) of
the first iteration Environmental Management Plan (IEMP) (7.3, Rev 5).

2.2 Traffic and Transportation
[Paragraph 2.2.1] In May 2023 HGVs were permitted to be 2m longer in length, allowing them

to carry more freight with less vehicles on the road network. Clarification is required on whether
this has been taken into account in modelling.

It is understood that the applicant will be replying in writing on this point.

The Applicant has responded with respect to journey time savings in Paragraph 1.2.10 of
Appendix A (Traffic and transport post hearing information) in Applicant Written
Summaries of Oral Case for Issue Specific 2 (ISH2) (8.14, REP4-035).
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Winchester City Council

[Paragraph 2.2.2] It was noted that accident data and discussions on this point concerned land

only within the red line area. However, congestion can occur from Bullington Cross on the A34
to the north and to junction 13 of the M3 to the south — congestion and journey times can be
affected by an accident at any point along that route. The City Council asked whether there
was any responsibility for the scheme to model this wider area or just the red line area.

Applicant Response

The Applicant has responded to this issue in Paragraphs 1.3.8 — 1.3.11 of Appendix A (Traffic

and transport post hearing information) in Applicant Written Summaries of Oral Case for
Issue Specific 2 (ISH2) (8.14, REP4-035).

[Paragraph 2.2.5] Concerning the diversion of the Junction 9 northbound on-slip, which is
required to travel southbound and then use Junction 11 for 17 months, the City Council concern
relates to traffic signalling.

It is presumed that to accommodate the additional traffic using Junction 11, the signals for the
M3 southbound off-slip traffic will be prioritised. This would result in increased delays for those
held at traffic signhals on the B3335 toward Twyford and along the Hockley Link. There is a
significant pedestrian crossing on the Hockley Link serving the Itchen Way which will have to
navigate the additional congestion.

The applicant confirmed at ISH2 that no traffic light alterations are proposed however this will
be subject to monitoring. The City Council request clarification on the process which will be
followed in the event that traffic signals are altered.

The Applicant has responded with respect to diversion impacts at ltem 3(v) and Section 1.5 of
Appendix A (Traffic and transport post hearing information) in Applicant Written
Summaries of Oral Case for Issue Specific Hearing 2 (ISH2) (8.14, REP4-035).

2.5.3 Noise

[Paragraph 2.5.3.2] The applicant noted at ISH2 that a supplementary addendum is to be
provided to cover a number of the matters raised both in written submissions and ISH2. WCC
will review the document when it becomes available.

An Outline Noise and Vibration Management Plan was submitted at Deadline 4 in Appendix L
(Outline Noise and Vibration Management Plan) of the first Iteration Management Plan
(IEMP) (7.3, Rev 5). The Applicant is engaging with Winchester City Council on this matter.

3.2 Climate and GHG Emissions

[Paragraph 3.2.1] As noted within LIR 4.4.1.3, it is acknowledged that the Carbon Neutrality
Action Plan excludes motorway emissions as these are national infrastructure which require a
national response.

It is important to highlight however that this should not mean the aims of the Action Plan are
ignored. The Action Plan sets a strategy for actions within the Council’s control, the mitigation
required for motorway emissions goes beyond that scope.

This application provides part of the national response discussed within the CNAP and the City
Council continues to request sufficient mitigation and monitoring.

[Paragraph 3.2.2] As discussed at the meeting, the City Council has invited a meeting with the
applicant to discuss the matters raised during ISH3, including survey areas and comparable
scheme emissions.

The City Council will also discuss potential mitigation options. As of 18 August 2023, a meeting
has been scheduled and the City Council and applicant will seek to provide an update at
Deadline 5, including recommendations for securing the mitigation within the submitted

The Applicant met with Winchester City Council on 5 September 2023. The Applicant provided
further explanation on the survey area and comparable scheme emissions and confirmed that it
will include quarterly emissions reporting, as required by DMRB LA 114 Climate (Highways
England 2021), in the first iteration Environmental Management Plan (fiIEMP) (7.3, Rev 5) at
Deadline 5. Accordingly, C14 has been added to the first iteration Environmental
Management Plan (fiEMP) (7.3, Rev 5).

The Applicant provided further clarification post meeting that as no likely significant effects are
anticipated in relation to greenhouse gas emissions for the operational phase of the project, in
accordance with the Infrastructure Planning (Environmental Impact Assessment) Regulations
2017, no further mitigation is required.

The Applicant notes the comments with respect to the applicability of the Carbon Neutrality
Action Plan (CNAP) and the comment that the aims of the CNAP should not be ignored. The
Applicant’s position remains that further mitigation and monitoring requested by Winchester City
Council is not required for the reasons outlined above.

The “Transport’ priorities outlined within the CNAP on Page 11 and Page 20 do not include any
reference to measures relating to the motorway or motorway junctions. It focuses in the main on
measures relating to electric vehicle charging and fleets, active travel measures in accordance
with the Winchester Movement Strategy, and development or expansion of Park and Ride
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Winchester City Council Applicant Response

documents and DCO. Equally, an update will be provided at Deadline 5 if progress has not yet|facilities. On this basis and given the direct exclusion of motorway schemes from the Action Plan,
been made. the Applicant’s position remains that the CNAP carries limited weight, as summarised in Item

2(ii) and Item 3(ii) within the Applicant Written Summaries of Oral Case of Issue Specific
Hearing 3 (ISH3) (8.15, REP4-036).
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213 Winchester Friends of the Earth — Post hearings submissions including written summaries of oral cases [REP4-052]

Winchester Friends of the Earth Applicant Response

Question WinFoE (to NH): For the streets detailed in the validation of the Winchester network, | Please refer to Item 3(i) third bullet within the Applicant Written Summaries of Oral Case of
what survey data has been collected over what period of time? Issue Specific Hearing 2 (ISH2) (REP4-035) relating to the observed traffic flow and journey

time data and equivalent modelled data used in the calibration and validation of the M3 Junction

= Can we please see this data? i
9 Strategic model.

= And could the Applicant please show its reasoning for giving statistical significance to ) ) ) i
its assertions of benefits on the streets of Winchester? The Applicant has provided the requested survey data at Appendix C to this document.

The Applicant considers that the Scheme transport assessment is valid where this is based on

transport models developed in accordance with Department for Transport guidance. As

summarised in Section 3.5 of the Combined Modelling and Appraisal Report (7.10, Rev 1)

the M3 Junction 9 Model met the Department for Transport’s (DfT) Transport Analysis Guidance

criteria for the calibration and validation of transport models. This included traffic flow screenlines

and journey time routes across Winchester.

Questions WinFoE6 (to NH): What are the differences between the Fixed Trip matrix and the | Please refer to Item 3(i) first bullet within the Applicant Written Summaries of Oral Case of
VDEM matrix? Issue Specific Hearing 2 (ISH2) (8.14, REP4-035), which noted there is a limited impact of

= What does the VDEM model say about the level of induced traffic (e.g. south of the induced demand.

junction)?
= What part of the user benefits is attributable to the induced traffic?

Question WinFoE7 (to NH): Does the VDEM modelling include modal choice? Mode shift between private car and public transport is modelled within the variable demand
model as described in Section 3.6 of the Combined Modelling and Appraisal Report (7.10,
Rev 1).

Question WinFoES8 (to NH): Does the VDEM modelling use the elasticities in M2.1 Table A.1|Department for Transport, Transport Analysis Guidance (TAG) Unit M2.1 Table A.1 is not
pertaining to high modal competition? relevant to the Scheme assessment as this relates to elasticity methods whereas the M3
Junction 9 Model is a variable demand model, which was developed in accordance with
Chapter 4 of TAG Unit M2.1.

Question WinFoE9 (to NH): What are the main differences between the pre-SMART decision | This is not relevant where the Scheme has been assessed using Do Minimum forecast
modelling outputs and the post-SMART outputs? scenarios, which include future highways schemes determined using the Uncertainty Log with
= Does post-SMART modelling result in significant congestion south of J9 during the Near Certain and More than Likely schemes included in the Core scenario. This is described in
scheme lifetime? Section 4.2 and Section 4.3 of the Combined Modelling and Appraisal Report (7.10, Rev 1).

= Does post-SMART modelling change the additional traffic predicted through Twyford?
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2.14 Winchester Friends of the Earth — Post hearings submissions including written summaries of oral cases 1 [REP4-053]

Winchester Friends of the Earth

Applicant Response

Question WinFoE7 (to NH): Does the VDEM modelling include modal choice?

Please see the Applicant’s response to this question where it is repeated in Section 2.13

(above).

Question WinFoE10 (to NH): What modal shift results from the scheme according to the
VDEM model?:

= From public transport to private motoring?
= From rail freight to road freight?

Mode shift between private car and public transport is modelled within the variable demand
model which is described in Section 3.6 of the Combined Modelling and Appraisal Report
(7.10, Rev 1). Please refer to Item 3(i) third bullet within the Applicant Written Summaries of
Oral Case of Issue Specific Hearing 2 (ISH2) (8.14, REP4-035), which notes there is very little
predicted change in overall travel demand indicating that mode shift impacts are also slight.

As noted in Item 3(i) second bullet within the Applicant Written Summaries of Oral Case of
Issue Specific Hearing 2 (ISH2) (8.14, REP4-035) there is no modelling of rail freight and modal
shift for freight between road and rail and the strategic model makes use of the Department for
Transport regional Road Traffic Forecasts for goods transport.

Question WinFoE11 (to NH): Could we please be sent the following files:
= The COBA output file?
» The link-node diagrams for the COBA analysis?
= The GHG modelling output file?
= The air quality modelling output files?

The Applicant notes that the requested files rely on the use of specialist proprietary software to
access the data (such as SATURN, DIADEM, TUBA, WITA) and this also requires training and
experience in the software and related assessment methodologies to process and analyse the
outputs. Furthermore, the data outputs and related assessments are already presented within a
summarised version in the Combined Modelling and Appraisal Report (7.10, Rev 1) and the
Transport Assessment Report (7.13, Rev 1).

The Applicant considers that it is not proportionate to collate and package this data, plus required
supporting documentation, given the extent of material already contained within the Combined
Modelling and Appraisal Report 7.10, Rev 1) and the Transport Assessment Report (7.13,
Rev 1) including the supporting appendices.

Question WinFoE12: Are GHG emission costs discounted back to base year in the normal
manner of discounting costs? If so, what is the rationale for doing so, since emission is
cumulative and all emissions count equally to the future?

GHG emissions monetised impacts have been discounted in accordance with Department for
Transport, Transport Analysis Guidance (TAG) as described in Section 5.5 of the Combined
Modelling and Appraisal Report (7.10, Rev 1).

Winchester Friends of the Earth

2.15 Winchester Friends of the Earth — Post hearings submissions including written summaries of oral cases 4 [REP4-055]

Applicant Response

Summary

The DMRB, on which the Applicant relies, suggests there is no need to model PM2.5 at all and
that PM10 modelling can be used as a proxy. There is no evidence in literature that this is a
reasonable position and the poor correlation between the two measures in Winchester
demonstrates this. Nor is the DMRB’s assumption that such pollution can only get better valid
since it does not take into account the likely increases in such pollution as a result of the move
towards EVs.

The Applicant has undertaken assessment of PM2.s in accordance with DMRB LA 105 Air Quality
(Highways England, 2019) and predicted concentrations at representative receptors presented
in Appendix 5.2 (Human Receptors Backgrounds and Operational Phase Results) of the
Environmental Statement (ES) (6.3, APP-086). These results apply background PMz2s
concentration (from Defra modelling datasets) and the modelled PM10 concentration from the
road network.
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Winchester Friends of the Earth

Applicant Response

PM:s (particulate matter with an aerodynamic diameter <2.5um) is by definition a subset of PM1o

(particulate matter with an aerodynamic diameter <10um) and therefore assuming all PMao is
PMzs it is inherently a precautionary approach and an acceptable proxy.

The particulate emission rates applied in Chapter 5 (Air Quality) of the Environmental
Statement (ES) (6.1, Rev 2) are derived from the Defra ‘Emission Factor Toolkit’ (EFT) which
calculates particulate emissions associated with exhaust pipe emissions, brake wear, tyre wear
and road abrasion. Whilst the exhaust pipe emissions reduce over time, post 2020 there is
predicted to be no significant reduction (less than 10% from 2020 — 2030) in particulate
emissions rates from traffic (per vehicle-km) within the EFT or calculations applied within
Chapter 5 (Air Quality) of the Environmental Statement (ES) (6.1, Rev 2) as they are
dominated by non-exhaust emissions.

Whilst the weight of electric vehicles (EVs) may be heavier (although this varies widely between
vehicle), this does not necessarily mean greater particulate emissions due to the use of
regenerative braking and specific tyres. Indeed, research by Imperial College London in on brake
wear particulate matter emissions indicates that regenerative braking on EVs could result in
overall reductions in particulate emissions from brake wear, although tyre wear and road
abrasion contributions are more directly influenced by vehicle weight (and speed and driving
behaviour). Please see Appendix A (Quantifying the change of brake wear particulate
matter emissions through powertrain electrification in passenger vehicles -
Environmental Research Group, Imperial College London 2023) for the full research paper.
Whilst the overall net effect is uncertain, as recognised by the UK Government’s Air Quality
Expert Group (AQEG) 2019 report on Non-Exhaust Emissions from Road Traffic, the
assessment undertaken does not assume ongoing reductions in emissions (per vehicle km).
Please see Appendix B (Non-Exhaust Emissions from Road Traffic — Air Quality Expert
Group 2019) for the full Air Quality Expert Group report.

Air Pollution Monetarised

The monetisation of predicted changes in air pollution resulting from the Scheme was
undertaken as detailed in response to ExQ2 16.2.7 within the Applicant Response to the
Examining Authority’s Second Written Questions (ExQ2) (Document Reference 8.17).

Particulates and road surface:

| pointed out, in relation to the use of noise reduction surfaces, that there could be a
particulate pollution consequence of this. Mr Branchflower said he was unaware of this. The
subject is discussed within the Imperial College paper cited above, specifically referring to:

The contact interaction between the tyre and the road is governed by factors such as vehicle
weight, tyre material, driving style and road conditions and the type of wear particle generated
depends on a combination of these factors. For example, tyres in contact with smooth roads
will produce a greater amount of micro-wear particles and tyres driven on rough surfaces will
result in larger abraded particles.

| was not arguing for not having noise-reduction surfaces, merely pointing out that if they lead
to a particulate distribution that biases towards the more harmful PM2.5 (or even the PMO0.1

Road surface characteristics will influence particulate emissions from traffic associated with road
abrasion and tyre wear, alongside driver behaviour (i.e. acceleration and braking) and speed.

The paper in Appendix A (Quantifying the change of brake wear particulate matter
emissions through powertrain electrification in passenger vehicles - Environmental
Research Group, Imperial College London 2023) proposes that tyre wear from a smoother
road surface (as associated with a low road noise surface) is likely to produce a greater
proportion of micro-wear (i.e. smaller) particle size than a rough surface which will produce larger
abraded particles.

This is considered to be a reasonable hypothesis. However, there is no consideration given to
the relative magnitude of tyre wear particulate emissions from a smooth or rough surface, or to
the magnitude (or particle size) of particulate emissions resulting from road abrasion.
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Applicant Response

to which Mr. Tidridge referred) one needs to consider that. If it is an important factor, there
are other ways of reducing both noise and pollution, notably speed reduction.

The UK Government’s Air Quality Expert Group (AQEG) 2019 report on Non-Exhaust Emissions

from Road Traffic clarifies that ‘rougher’ road surfaces would lead to a greater overall release of
particulates from both tyre wear and road abrasion due to the higher rolling resistance:

The friction of a vehicle against the road is important for both tyre wear and resuspension of
particles from the road surface. The frictional force at the surface = Cr.M.g, where M is the vehicle
mass, Cr the coefficient of rolling resistance, and g the gravitational acceleration constant.
Values of Cr depend on the surface but tend to be higher for ‘rougher’ surfaces. (AQEG, 2019).’

Accordingly, the Applicant’s position remains that the applied particulate emission rates in
Chapter 5 (Air Quality) of the Environmental Statement (ES) (6.1, Rev 2) represent the best
available data and is not aware of any data which indicates they are invalidated by the use of
low road noise surfacing.
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Appendix A Quantifying the change of brake wear particulate
matter emissions through powertrain
electrification in passenger vehicles - Imperial
College London Environmental Research Group
2023
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ARTICLE INFO ABSTRACT

Keywords: With vehicle fleets transitioning from internal combustion engines (ICE) to electric powertrains, we have used
Brake wear friction brake power simulations, for different vehicle classes and driving styles, to predict the impact of
Blectrification regenerative braking systems (RBS) on brake wear particulate matter emissions (PM;o and PMs5). Under the
Ex;os same powertrain, subcompact (SC) vehicles were predicted to require between 38 and 68% less friction brake

power than heavier sports utility vehicles (L-SUV). However, despite electric and hybrid vehicles being heavier
than ICE vehicles, the results show that RBS would reduce brake wear by between 64 and 95%. The study
highlights the effect of aggressive braking on the amount of friction brake power required, with electric pow-
ertrains more likely to require friction braking to perform short, but aggressive braking compared with longer,
slower braking events. Brake wear reductions varied under different driving conditions, as the level of mitigation
depends on the complex interaction of several variables, including: vehicle speed, deceleration rate, regenerative
braking technology and vehicle mass. Urban brake wear emission factors for electric powertrains ranged from 3.9
to 5.5 mg PM;o/km and 1.5-2.1 mg PMj 5/km, providing an average reduction in PM emission factors of 68%.
Rural and motorway driving conditions had lower brake wear emission factors, with plug-in hybrid electric
vehicles (PHEV) and battery electric vehicles (BEV) emitting negligible PM;o and PMy 5 brake wear. Although
electric powertrain uptake, vehicle mileage driven and driving styles are dependent upon national policies and
strategies, by 2035, we project that total UK brake wear PM emissions would reduce by up to 39% compared with
2020 levels. This analysis supports the transition towards electric and hybrid vehicle fleets to reduce brake wear
emissions, however increases in tyre wear, road wear, and resuspension due to increased vehicle mass may offset
these benefits.

Non-exhaust emissions

1. Introduction

Airborne particulate matter, including PM; (particles with an
aerodynamic diameter less than or equal to 10 pm) and PM; 5 (particles
with an aerodynamic diameter less than or equal to 2.5 pm), originating
from the abrasion of vehicle brake pads and discs, plays a significant role
in global road transport emissions (Harrison et al., 2021; Garg et al.,
2000; Fussell et al., 2022). Due to stricter exhaust regulatory standards,
brake wear emissions represent an increasingly large share of overall PM
traffic emissions (up to 49% of PM;( emissions in urban areas) (Gri-
goratos and Martini, 2015; Amato et al., 2014; Oroumiyeh et al., 2022;
Harrison et al., 2012; Hicks et al., 2021). Governments have proposed
banning the sale of pure internal combustion engine (ICE) vehicles,
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leading to the adoption of electric and hybrid vehicles that reduce fuel
consumption and CO5 emissions (Wappelhorst, 2021; SMMT, 2022).
Electric and hybrid vehicles are heavier than their ICE counterparts,
which may increase non-exhaust emissions (Timmers and Achten, 2016;
Beddows and Harrison, 2021; OECD, 2020). While it is complex to
directly compare the mass of different vehicles due to the different
specifications and materials used, Liu et al. (2021) found that the dif-
ference in mass between electric and ICE vehicles increased with the size
of vehicle. For example, electric vehicles (EVs) of small, medium, and
large sizes respectively weigh, on average, 191-197 kg (15-18%),
232-313 kg (17-23%), and 362-433 kg (19-24%) more than their petrol
and diesel equivalents. This corresponds to an average 20% increase in
vehicle mass (Liu et al., 2021). This finding is consistent with other
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estimates that suggest a weight increase ranging from 20 to 25%
(Timmers and Achten, 2016; Beddows and Harrison, 2021; Faria et al.,
2012).

Whilst ICE vehicles primarily rely on hydraulic friction brake sys-
tems to decelerate, electric and hybrid powertrains benefit from the
introduction of regenerative braking systems (RBS), an energy recovery
system which involves cutting power to the electric motor which then
continues to rotate due to the inertia of the vehicle. The magnetic
resistance in the electric motor provides the braking force and the en-
ergy is stored in a high-voltage battery (Bosch, 2018). Since regenerative
braking does not rely on frictional wear of brake materials to slow the
vehicle it is expected to substantially reduce the need for conventional
friction brake systems and reduce the PM emissions from them. To
maximise the benefits of RBS, it is therefore desirable to recuperate ki-
netic energy during deceleration events at as high a power level as
possible (FraserBerger et al., 2021). However, when more braking tor-
que is required than the generator alone can provide, additional braking
is provided by friction brakes. As heavy-duty vehicles generally have
excessive brake torque requirements beyond the capabilities of current
regenerative braking technology (due to their mass), friction braking
would still be expected for most deceleration events. However, for
electric and hybrid passenger vehicles, friction braking is typically only
still required during rapid deceleration, during a quick change from
acceleration to braking, at very low speeds and when the vehicle is
stationary.

Despite growing research on non-exhaust PM emissions, minimal
published research has assessed the impact of RBS on brake wear
emissions (Hooftman et al., 2016; Liu et al., 2021; Beddows and Harri-
son, 2021; Fussell et al., 2022). To address this gap, an integrated
simulation-based approach has been used to assess the impact of
regenerative braking on abrasive brake wear emissions. Passenger
vehicle dynamics and driving characteristics are simulated to predict
and analyse real-life performance, which is essential for optimising car
performance and safety (Liermann, 2012; Kleisch et al., 2021; Bellman,
1957).

For this study, simulations have been used to determine the friction
brake power requirements for ICE and hybrid electric vehicles to
perform the World Harmonized Light Vehicle Test Procedure (WLTP)
and Transport for London (TfL) Urban Inter-Peak (UIP) drive cycles. The
TfL UIP was selected as the cycle is based on real-world driving in
London, combining very low average speeds (14 km/h) with multiple
fast transients, making it a challenging cycle for vehicles to utilise
regenerative braking. The results have been used to determine electric
and hybrid brake wear PM;o and PM, 5 emission factors. Future trends in
total passenger vehicle brake wear emissions in the UK have been pro-
jected based on the UK’s Department for Transport (DfT) forecasts of
vehicle distance and uptake of electric vehicles.

2. Materials and methods
2.1. Vehicle class

The size and mass of a vehicle has an important role in the rate of
acceleration and deceleration needed for the drive train to carry out the
drive cycles. Therefore, in this study, two vehicle classes have been
assessed: a subcompact vehicle (SC) and a large sport utility vehicle (L-
SUV). These two vehicle classes have been assessed under four power-
trains (see Table 1).

2.2. Vehicle powertrain

The SC and L-SUV vehicle classes have undergone testing with three
distinct powertrains: conventional ICE and two different types of hybrid
electric powertrains. While a driver has the flexibility to adjust the level
of regenerative braking, for the scope of these simulations, we have
based our predictions on the highest possible level of regenerative
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Table 1
Simulated automotive classes and example models.

Automotive Classes Powertrain Types Examples of Models

Vauxhall Corsa
Volkswagen Polo
Peugeot 208
Mitsubishi Outlander
Volvo XC90

Skoda Kodiaq

Subcompact (SC) ICE/HEV/PHEV

Large-sports utility vehicle (L-SUV) ICE/HEV/PHEV

braking for each vehicle type.

Conventional ICE vehicles are powered solely by an internal com-
bustion engine and therefore have no RBS. 48-volt hybrid electric ve-
hicles (HEV), also known as mild-hybrid systems, combine an ICE with a
small, electrified motor that provides up to 48 V for acceleration. HEV
use one or more electric motors that use energy stored in batteries, but
do not need to plug in to recharge the battery. The HEV simulation used
a conventional vacuum brake booster along with a regenerative braking
modular system (i.e. electronic stability program (ESP®) HEV (Bosch,
2020)). The ESP® HEV system has internal control unit limitations
which result in a generative deceleration potential of 0.2 g [-force] at the
maximum regenerative braking level. On the other hand, 280 V plug-in
hybrid electric vehicles (PHEV) and battery electric vehicles (BEV) are
powered solely by an electric motor. For PHEV, the ICE engine can
generate electricity to power the electric motor when the battery charge
runs out. The PHEV simulations use an electromechanical brake booster
(i.e. ‘iBooster’) combined with a regenerative braking modular system
(i.e. ESP® HEV (Bosch, 2020)). The iBooster actuates the brake pedal
and sends information to the control unit, which determines the control
signals for the electric motor. Due to the controllable support force of the
iBooster, the recuperation potential of the ESP® HEV system is less
limited, leading to a generative deceleration potential of 0.3 g [-force] at
the maximum regenerative braking level.

2.3. Changes to brake wear emissions due to vehicle mass

The impact of increased vehicle mass of ICE, HEV, PHEV, and BEV
powertrains on brake wear emissions has been calculated using a
regression approach first described in Beddows and Harrison (2021)
using the following steps.

e ‘Base’ PM;o and PMjy 5 brake EFs for urban, rural and motorway
driving were obtained from the European Monitoring and Evaluation
Programme (EMEP)/European Economic Area (EEA) Guidebook
(Ntziachristos and Boulter, 2019). The ‘base’ brake wear emission
factors were derived from laboratory studies and are comparable to
emission factors generated in real-world atmospheric measurement
studies (Hicks et al., 2021).

e The mass of each vehicle class and powertrain has been obtained

from a GT Suite industry database (Table S1);

The correlation coefficient between brake wear EF and vehicle mass

was used to generate weight-dependent EFs for SC/L-SUV with ICE,

HEV, and PHEV powertrains, under urban, rural and motorway road

conditions, using equation (1):

1
EF=b x W,y )

Where EF is the brake wear emission factor (for the assessed road type)
corrected for vehicle mass, Wis is the vehicle mass (g) of the assessed
vehicle category (presented in Table S1), b is the EMEP/EEA Guidebook
EF (mg/km) for the assessed road type and ¢ (no unit) is the EMEP/EEA
brake wear correlation parameter (Beddows and Harrison, 2021).
Table S1 summarises the assessed vehicle class, powertrain, mass,
and their regenerating braking technology and recouperation potential.
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2.4. Simulations

The impact of regenerative braking has been evaluated using a dy-
namic simulation model to predict vehicle dynamics and energy per-
formance. This model comprises of GT Suite and Matlab/Simulink
software and is grounded in fundamental physics. It has been extensively
employed by manufacturers to conduct simulations evaluating vehicle
performance, braking systems and efficiency outcomes (Kleisch et al.,
2021; Rizzo et al., 2017; Zhao and Luo, 2018; Xue et al., 2020; Kim et al.,
2016). The model is employed to minimise the hybrid vehicle’s elec-
tricity consumption (equivalent to fuel consumption) in the most effi-
cient way possible, taking into account the vehicle’s dynamic inertia
(Kleisch et al., 2021). We have used this model to determine the driving
characteristics and brake power for ICE, HEV, and PHEV over the WLTP
and TfL UIP drive cycles every 0.1 s. The driving resistances and losses
are modelled under the vehicle dynamics equation (2):

P, = Pioss + Ps + Pr + Ppg + Pcr + P, (3]

Where P,: = Effective propulsive power, Pjqg: Drive train losses, Pg: Slip
losses, Pg: Rolling resistance, Ppgr: Drag resistance, Pcg: Climbing resis-
tance, and P,: Acceleration resistance.

Eq. (2) represents the power needed for a vehicle to maintain a
defined operating condition and is composed of the driving resistance
and power losses (Kleisch et al., 2021). For ICE vehicles, the drive train
losses are caused by friction. For hybrid vehicles, an electric motor is
integrated into the drive train which can cause new operating states of
the combustion engine, such as load point boosting/reduction, pure
electric driving, and energy recuperation. This provides varying degrees
of propulsion and recuperation wheel forces which are dependent upon
the basic dynamic effects of each other. The evaluation criteria for the
model is described in Kleisch et al. (2021). The model has undergone
validation using test SC/LSUV vehicles under the WLTP and TfL UIP
drive cycles. The model aligns with measured data from the test vehicles
under the drive cycles in the real world, exhibiting a maximum accuracy
deviation of under 5%. This deviation, calculated as the highest
disparity between simulated and experimental values across all test
cases and parameters, is within an acceptable range for such simula-
tions. This suggests that the model reliably simulates vehicle dynamics
and energy performance. The model’s wide use and rigorous validation
within the vehicle industry further enhances its reliability for the pur-
pose of our assessment. The input parameters for the SC and LSUV
vehicle-level resistances, as used in the simulations, can be found in
Table 2.

The WLTP drive cycle is used for vehicle manufacturers and regu-
lators to measure average fuel consumption, exhaust pollutants and CO,
emissions, providing an equivalence for testing. It is split into four sec-
tions (urban, suburban, rural and motorway). The TfL drive cycle is
based on congested urban driving conditions in London during the
period between the peak periods i.e. 10:00 to 16:00 daytime (Williams
et al., 2021). It comprises a relatively low average velocity (14 kmh’l),
but is highly dynamic and features regular, harsh braking, presenting an

Table 2
Simulation input parameters for SC and LSUV vehicle-level resistances.
Vehicle Type
SC LSUV
Vehicle Frontal Area (m?) 2.1 2.8
Vehicle Drag Coefficient 0.26 0.308
Tyre Rolling Radius (mm) 306.5 330
Tyre Rolling Resistance Factor 0.008 0.0094
Friction coefficient between tyres and road 0.9 0.9
Ambient Air Temperature (°C) 14 14
Ambient Air Pressure (bar) 1.013 1.013
Relative Humidity 0.6 0.6

Initial oil temperature (°C) 14 14
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interesting test for the influence of RBS. Table S2 summarises the key
metrics and provides a comparison of the TfL. and WLTP test cycles. The
TfL drive cycle is 8 min 30 s longer than the WLTP drive cycle. However,
the WLTP covers a distance 14 km greater than the TfL drive cycle, with
the route segmented into urban, suburban, rural, and motorway driving
conditions. Both drive cycles provide varied, but repeatable test cycles,
to determine the impact of regenerative braking.

2.5. Hybrid/electric vehicle emission factors

For each electric/hybrid powertrain simulation, the relative change
in brake power has been compared with the equivalent ICE simulation to
determine the changes relative to friction braking. The average re-
ductions in friction brake power for electric and hybrid powertrains
have been used to determine changes in brake wear emissions. The
average reductions due to electric motor regenerative braking have been
applied to the mass-based emission factors to provide electric and hybrid
emission factors.

2.6. Traffic forecasts

The UK DfT’s National Transport Model projects that passenger
vehicle mileage is expected to grow year-on-year (DfT, 2018). The
predicted changes in future brake wear emissions will depend upon the
forecast passenger vehicle mileage and electric vehicle uptake rates.
Three scenarios have been considered from 2015 (e.g. base year) to
2035, which incorporate different rates of electric vehicle uptake along
with different vehicle distance forecasts derived from the UK DfT’s
projections (Table 3).

‘No electrification’: DfT reference (Scenario 1) traffic projections
assuming no electrification of the vehicle fleet.

‘National Atmospheric Emissions Inventory (NAEI) EV uptake’ — DfT
reference (Scenario 1) traffic projections + ‘moderate’ update of
electric vehicles.

‘Road to zero’ — DT shift to zero emission vehicles (Scenario 7)
traffic projections + ‘high’ uptake of electric vehicles.

3. Results and discussion
3.1. Powertrain simulations

Friction brake power depends upon a combination of vehicle class,
technology (e.g., generative deceleration potential), driving styles (ve-
locity/deceleration rates), and road conditions (urban/suburban/rural/
motorway). The total (MW) and normalised (MW/km) friction brake
power needed to carry out the WLTP and TfL drive cycles have been
calculated for the urban (Table S3), suburban (Table S4), rural
(Table S5) and motorway (Table S6) segments. The cumulative brake
power simulations are shown in Fig. 1 (WLTP) and Fig. 2 (TfL UIP). For
both drive cycles, the main figure illustrates the cumulative friction
brake work (kWh), split by vehicle class and powertrain. The drive cycle

Table 3
Total projected passenger vehicle distance per annum (billion km/yr) and fleet
% EV for the three assessed scenarios.

No Electrification NAEI EV Uptake Road to Zero

Vehicle EV Vehicle EV Vehicle EV
distance (%) distance (%) distance (%)
(billion km/ (billion km/ (billion km/
yr) yr) yr)
2015 364 0 364 0.1 364 0.1
2020 390 0 390 0.6 390 0.6
2025 409 0 409 2.5 411 10
2030 426 0 426 9.2 434 30
2035 445 0 445 17.5 463 55
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Fig. 1. Cumulated friction brake work (kWh) for the

a) SC Conv d) L-SUV Conv Vehicle d hicl d h dri )
100 Y, 100 m assessed vehicle types under the WLTP drive cycle.
50 0_ I 0 == SCICE The WLTP drive cycle has been separated into the
0 500 1000 1500 0 500 1000 1500 m=  SUVICE .
- — screy urban, suburban, rural and motorway segments, split
= by the vertical dotted lines. The drive cycle inserts
E  b)SCHEV €) L-SUV HEV - SUVHEV . . .
- . 00 ’ — S PHEV plot the velocity (km/h) by time (s) and cumulative
’540 % 0 ' Il . A “ 0 ' Il 2 A “ = SUV PHEV brake work (kWh) required for each individual
= ke 9 300 000 1500 £ 800 11000 1500 vehicle class: SC (a—c) and L-SUV vehicles (d—f); ICE
x > powertrains (a,d), HEV powertrains (b,e), and PHEV
< 100 &) SCFHEY _ 1 JESUVEHEY powertrains (c,f). Brake power during the WLTP
6 30 o m“ o m“ drive cycle ranged from 0.05 MW/km (motorway)
; 0 500 1000 1500 0 500 1000 1500 for a SC PHEV to 3.5 MW/km for a L-SUV ICE
g Time (s) Time (s) (suburban).
‘E; 20 Cumulated Work (kWh)
3 0 10 20 30 40 50
£ )
=]
(&]
10
,,,,, -
o ! Urban Suburban Rural Motorway
0 500 1000 1500
Time (s)
a) SC Conv d) L-SUV Conv Vehidle Fig. 2. Cumulated friction brake work (kWh) for the
0 50 o0 m "‘ assessed vehicle types under the urban TfL UIP drive
2 et 1000 1500 3000 O 0! 1000 1800 2000 = zzfl; cycle. The drive cycle inserts plot the velocity (km/
- SEHEY h) by time (s) and cumulative brake power (kWh)
b) SC HEV e) L-SUV HEV - UV HEV required for each individual vehicle class: SC (a—c)
G 50 1 - and L-SUV vehicles (d-f); ICE powertrains (a,d), HEV
4 —" "‘ LA 4 SCPHEV 5 >d),
= 0 o B0 1000 100 oo 0 o 500 1000 100 0 = SUV PHEV powertrains (b,e), and PHEV powertrains (c,f). The
E SC PHEV requires the least brake power whereas the
S ©) SC PHEV ) L-SUV PHEV L-SUV ICE requires the most. Average friction brake
-E 30 50 50 W 7‘1 power ranged from 0.8 MW/km for a SC PHEV to
; 0 0 500 1000 1500 OO 0 0 500 1000 1500 0 4.7 MW/km fOr a L-SUV ICE.
- Time (s) Time (s)
8
[+ Cumulated Work (kWh)
3 20 0 10 20 30 40 50
£
>
o
10
g Urban (TfL)

0 500 1000

Time (s)

1500

inserts plot the velocity and brake power required for each individual
vehicle class: SC (a-c) and L-SUV vehicles (d-f); ICE powertrains (a,d),
HEV powertrains (b,e), and PHEV powertrains (c,f). The colour scale
portrays the cumulative friction brake power needed for each vehicle to
carry out the WLTP and TfL drive cycles.

Average friction brake power during the TfL UIP drive cycle ranged
from 0.8 MW/km for a SC PHEV to 4.7 MW/km for a L-SUV ICE. Brake
power during the WLTP drive cycle ranged from 0.05 MW/km for a SC
PHEV driving on the motorway to 3.5 MW/km for a L-SUV ICE on the
suburban component.

In terms of vehicle class, more friction brake power is needed for the
assessed L-SUVs to carry out the TfL and WLTP drive cycles compared
with SC vehicles, although the extent depends on powertrain, speed and
drive cycle segment. For example, to carry out the TfL UIP drive cycle, L-
SUVs require 41.6 MW (L-SUV ICE), 13.2 MW (L-SUV HEV), and 11.5

2000

MW (L-SUV PHEV) whereas SC vehicles require 22.6 MW (SC ICE), 7.9
MW (SC HEV), 7.1 MW (SC PHEV), corresponding to a reduction in
friction brake power of 46% (ICE), 40% (HEV), and 38% (PHEV). During
the WLTP urban segment, SCs require 47% (ICE), 43% (HEV), and 40%
(PHEV) less friction brake power than L-SUVs. This suggests that whilst
all powertrains would benefit from reducing mass under urban driving
condition, ICE vehicles incur the greatest benefits both in relative (%)
and absolute (MW) levels. However, for the WLTP suburban, rural and
motorway segments, SCs require between 47 and 52% (ICE), 52-61%
(HEV) and 46-48% (PHEV) less brake power than L-SUVs. This reduction
in friction brake power is greatest for HEV during motorway driving
because of the high brake torque requirements at faster speeds, in which
the energy requirements of heavier L-SUV regularly exceed the HEV’s
recouperation potential. Previously, significant differences in PM;q and
PM, 5 brake wear emissions from a compact and L-SUV were found
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under real-world driving conditions, although the level depended on the
deceleration rate (Oroumiyeh and Zhu, 2021). These results further
establish that heavier vehicles require more friction brake power than
lighter vehicles under the same powertrain due to the additional energy
requirements, but the extent varies depending on the powertrain tech-
nology, speed and driving style.

Indeed, ICE vehicles (averaged by class) require less friction brake
power during drive cycle segments which incorporate higher average
speeds. The lower number of deceleration events during these segments
is reflected by the trend in normalised brake power, where ICE vehicles
require 2.8-3.6 MW/km (WLTP - TfL urban), 2.7 MW/km (suburban),
1.5 MW/km (rural), and 0.9 MW/km (motorway). However, the rela-
tionship is more complex for vehicles with RBS. HEV need 0.4-1.2 MW/
km (WLTP - TfL urban), 0.7 MW/km (suburban), 0.4 MW/km (rural),
0.2 MW/km (motorway), whilst PHEV require 0.3-1.0 MW/km (urban)
and 0.1 MW/km (suburban/rural/motorway). The HEV friction brake
power requirements are strongly dependent upon speed and driving
style due to the powertrain’s maximum generative potential of 0.2 g (g
= 9.81 m/s?). This difference is highlighted by a comparison of the HEV
and PHEV powertrains, the latter of which has a generative potential of
0.3 g. Despite having a slightly higher mass than their HEV equivalents
(due to the bigger battery), PHEV require, on average, 68% less friction
brake power to carry out the WLTP drive cycle, with the greatest dif-
ferences occurring during suburban driving as this type of driving
combines higher speeds (than urban driving) with a higher number of
deceleration events (than rural/motorway driving). On average, PHEVs
require 77% (rural), 63% (motorway), 13% (WLTP urban), and 12%
(TfL urban) less brake power than HEVs to carry out their respective
segments. Despite having a higher number of deceleration events, urban
driving tends to occur at relatively low speeds, in which both HEV and
PHEV require the use of friction brakes. The relationship between the
hybrid (PHEV/HEV averaged) and ICE powertrains also offers an
interesting comparison between the powertrains and drive cycles. Due
to regenerative braking, the hybrids require 88% (WLTP urban), 85%
(suburban), 86% (rural), 85% (motorway), and 69% (TfL urban) less
brake power than ICE to carry out the drive cycle segments. These
suggests large reductions in brake power, although interestingly, there
are noteworthy discrepancies between the urban segments of the WLTP
and TfL drive cycles, which is a result of the variation in deceleration
rates needed to carry out the drive cycles.

The frequent and aggressive braking characteristic of the TfL drive
cycle mirrors the higher count of step changes within this cycle,
providing a more accurate reflection of real-world city driving condi-
tions (Fig. 2). The TfL drive cycle incorporates greater average brake
power than during the WLTP drive cycle for all powertrains and vehicle
types. Averaged at 0.1s time interval, the upper deceleration rates for
the urban TfL drive cycle are —4.8 m/s2 (maximum) and —2.2 m/s2
(99th percentile) whereas the WLTP urban segment are —1.6 m/s2
(maximum) and —1.5 m/s2 (99th percentile). The upper range of
instantaneous brake power for the TfL drive cycle is 44.1 kW
(maximum) and 15.7 kW (99th percentile) whereas for the WLTP urban
drive cycle, the upper range is 14.7 kW (maximum) and 10.7 kW (99th
percentile).

Furthermore, the relationship between brake power (kW) and rate of
deceleration (m s_z) has been evaluated in two distinct speed categories:
very low speeds and speeds exceeding 12kph for the WLTP (Fig. S1) and
TfL UIP (Fig. S2). The differences in friction brake power between the
ICE powertrains occur in the higher speed categories. Interestingly, the
ICE, HEV and PHEV powertrains share a strong linear relationship be-
tween friction brake power and the rate of deceleration under the WLTP
(R? = 0.61-0.66) and TfL (R? = 0.72-0.76) drive cycles below 12kph,
with up to 2% additional friction brake power needed for the heavier
hybrid vehicles. However, when moving at higher speeds, the PHEV
typically only need to engage friction brakes during instances of
aggressive deceleration (at or below —1.5 ms™2) whereas the HEV
typically require friction braking for moderate deceleration events (at or
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below —0.75ms ™ 2). It’s important to note that the rate of deceleration
can also be influenced by the speed and class of the vehicle. This high-
lights the importance of smooth driving in reducing hybrid and electric
brake wear emissions. It has been suggested that ICE friction braking
events with higher deceleration rates take less time, and therefore PM is
produced for a shorter period of time (Oroumiyeh and Zhu, 2021).
However, these simulations indicate that electric powertrains would be
more likely to require friction braking to perform short, but aggressive
braking compared with longer, slower braking events.

The simulations used in this study to determine the potential impact
of electric and hybrid friction braking is a novel methodology. The re-
sults demonstrate that ICE vehicles require the most amount of friction
braking, and regenerative braking reduces friction brake power by
65-87% for HEV powertrains and by 69-95% for PHEV powertrains
(compared with ICE). The results highlight that brake power is influ-
enced by a complex interaction between vehicle mass, speed, rate of
deceleration, and powertrain technology on carrying out the WLTP and
TfL drive cycles. However, the stopping power of RBS may also be
dependent upon the state of charge which could influence the results at
the start of a drive cycle as regenerative braking is less efficient at
recouperation when the state of charge is above approximately 80-90%
(as there is less capacity to store excess energy) (Hamatschek et al.,
2022; Agudelo, 2022). Further simulations should be developed which
incorporate the state of charge in the time domain of a drive cycle, as
well as incorporating additional drive cycles (e.g., California Unified
Cycle/Japanese JCO8 Cycle) and a greater range of vehicle classes.
Further simulations should evaluate the emissions of specific models of
hybrid and electric vehicle brands in real-world driving conditions,
which would provide more varied data under different scenarios.

Notwithstanding, the simulation results are comparable to published
studies which have assessed regenerative braking, for example, Althaus
and Gauch (2010) compared data on a VW Golf VI with different ICE and
electric powertrains and suggest that the electric and hybrid powertrains
result in a 90% (60-95%) reduction in emissions. Hooftman et al. (2016)
compared the service time of brake linings from ICE and EVs in an urban
setting and proposed that electric powertrains reduce friction brake
wear emissions by up to 66% (Hooftman et al., 2016). Hall (2017)
assessed the impact of regenerative braking under the Los Angeles City
Traffic Brake Test Schedule, and found the frequency of friction braking
was up to eight times lower due to regenerative braking. Other estimates
of friction brake wear reductions range from 25 to 95% (Nopmongcol
etal., 2017; OECD, 2020; Beddows and Harrison, 2021; Liu et al., 2021).

3.2. Brake wear emission factors

Brake wear emissions in the real world are influenced by a number of
important variables, which can be averaged by distance-based emission
factors (mg PM/km). The results of the vehicle mass regressions and
drive train simulations have been applied to the base EMEP/EEA
Guidebook emission factors to develop SC and L-SUV PM;( and PM5 5
brake wear emission factors which are dependent upon powertrain
generative deceleration, mass and driving conditions (urban/rural/
motorway) (Fig. 3). The horizontal red bars show brake wear emissions
without regenerative braking (PM;o and PMy 5 brake wear emission
factors increase with the greater mass of L-SUVs and electric power-
trains); the green and blue bars illustrate the effects of RBS on emission
factors under the TFL and WLTP drive cycles respectively.

Without regenerative braking, urban emission factors range from
12.0 to 18.9 mg PM;o/km and 4.6-7.2 mg PMy s/km; rural emission
factors range from 4.6 to 8.9 mg PM;o/km and 2.0-3.6 mg PM; 5/km;
motorway emission factors range from 1.1 to 2.2 mg PM;o/km and
0.5-0.9 mg PM; s/km. However, the introduction of RBS substantially
reduces these emission factors. Based on the TfL drive cycle simulations,
urban brake wear emission factors for the electric powertrains range
from 3.9 to 5.5 mg PM;o/km and 1.5-2.1 mg PMj 5/km which corre-
sponds to an average reduction in PM emission factors of 68%. On the
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Fig. 3. Urban, rural and motorway PM;, and PM, 5 brake wear emission factors for SC and SUV vehicle class under conventional, HEV, PHEV, and BEV powertrains.
A vehicle mass EF regression approach was used to determine the impact of powertrain mass on emission factors (red), whilst reductions from regenerative braking
were calculated using brake force simulations for passenger vehicles under the TfL (green) and WLTP (blue) drive cycles. The red bars demonstrate increasing PM;o
and PM; 5 brake wear emission factors with the heavier mass of the hybrid and electric vehicles. The highest brake wear emission factors are associated with SUVs

under urban driving conditions.

other hand, based on the WLTP drive cycle simulations, emission factors
range from 1.5 to 1.7 mg PM;o/km and 0.6-0.8 mg PM; 5/km which
provides an average reduction in emission factor of 88%. Regenerative
braking is expected to reduce the average temperature of the friction
brakes during urban driving, which should also avoid the generation of
ultrafine particle matter, caused by the evaporation-condensation pro-
cesses (Gramstat, 2018; Mamakos et al., 2019). In high-income nations,
areas along city roads usually have the most receptors, along with the
highest rates of air pollution emission per unit area (Beevers and Wil-
liams, 2020; Beevers et al., 2013; Hicks et al., 2021). Among these
emissions, brake wear from traffic is the most significant source of PM
(Hicks et al., 2021). To maximise the benefits of RBS, urban policies
should focus on adopting vehicles which incorporate high regenerative
braking potential, reduce vehicle mass, and encourage smooth driving
behaviour. Increasing the number of electric charging stations should
enable manufacturers to design vehicles which have smaller, lighter
batteries in urban areas, which would further reduce urban brake wear
emissions.

Compared with urban driving, rural and motorway driving condi-
tions have lower brake wear emission factors (Fig. 3). Based on the
WLTP simulations, rural brake wear emission factors (with regenerative
braking) range from 0.3 to 1.9 mg PM;o/km, which is up to 76% (HEV) -
95% (PHEV/BEV) less than ICE vehicles. For motorway driving, emis-
sion factors range from 0.1 to 0.5 mg PM;/km, which corresponds to a
reduction of up to 83% (HEV) - 93% (PHEV/BEV). For PHEV and BEV, it
is expected that rural and motorway driving styles will emit (near)
negligible PM;( and PM; 5 brake wear This demonstrates the benefits of
powertrain electrification for brake wear emissions under rural and
motorway driving conditions. However, it should be noted that the
reduced load on the friction brake (due to RBS) can lead to build up of
corrosion, which has been associated with increases in brake wear
emissions (Gramstat, 2018). The specific challenges for vehicles which

just drive under rural and (especially) motorway driving could be
mitigated using more abrasive braking materials (but which are asso-
ciated with higher wear rates), a cleaning function which temporarily
stops the use of regenerative braking, and/or the re-introduction of
drum brake/enclosed systems in passenger vehicles.

The EFs can be used to update the simplified guidebook NAEI EFs,
which currently lack specific factors for hybrid and electric vehicles and
can enhance the accuracy of national and local NEE projections. A key
challenge in quantifying the health effects of brake wear PM is the lack
of accurate exposure assessments (Fussell et al., 2022). The developed
EFs can be combined with traffic and meteorological data to model NEE
dispersion in the atmosphere, taking into account factors such as
weather conditions, population density, and pollution sources. Incor-
porating these EFs in atmospheric dispersion models, whilst accounting
for variations in rainfall, relative humidity, and wind speed, would
enable more accurate human exposure estimates to brake wear,
providing detailed spatial and temporal profiles of emissions near resi-
dential and commuting areas.

3.3. Future emissions trends

The PM;( and PMj 5 emission factors have been implemented with
three UK traffic forecast scenarios in which we assume varying EV up-
take rates (Table 3). The total passenger vehicle PM;g and PM; 5 brake
wear emissions have been projected in Fig. 4. This shows that a ‘no
uptake in EVs’ scenario would result in higher future PMy 5 and PM;
brake wear emissions due to the projected increase in vehicle distance
travelled and vehicle mass. From 2020 to 2035, PM emissions would
increase by 14%, which would correspond to an increase of 0.16 Kt
PM; 5 and 0.41 Kt PM;. The forecasts illustrate that without RBS, brake
wear PM emissions would also increase under the ‘average electrifica-
tion’ scenario by 17% and the ‘Road to Zero’ scenario by 29% during this
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Fig. 4. Projected PM, 5 and PM; brake wear emission estimates for passenger
cars in the UK based on changes in DfT (2018) modelled traffic volume and BEV
uptake (vehicle mass, and regenerative braking). The dotted line type signifies
the TFL regenerative braking forecast, and the dash-dot signifies the WLTP
regenerative braking forecast. Three uptake scenarios have been considered:
‘No Electrification” (black), ‘Average Electrification uptake’ (blue), and ‘Road to
zero’ (high electrification uptake) (orange). Without regenerative braking,
brake wear PM emissions would increase fastest under the road to zero scenario
due to the higher mass of electric powertrains and increased projected mileage.
However, despite the added mass of electric powertrains, the simulations
indicate that overall brake wear emissions in the UK should reduce under
average and high electrification scenarios thanks to regenerative braking.

time frame. Due to lower costs of running electric vehicles, the Road to
Zero scenario incorporates more mileage and a higher uptake in electric
vehicles than the other scenarios. This, combined with the higher EV
(without regenerative braking) emission factors, would lead to sub-
stantial increases in PM emissions without regenerative braking. How-
ever, despite the added mass of electric powertrains, the ‘road to zero’
projections indicate that overall brake wear emissions in the UK should
reduce if regenerative braking is in operation. In 2035, the Road to Zero
scenario predicts that total PM emissions would reduce by 24% (TfL) to
39% (WLTP) compared with 2020. The average electrification scenario
would see a levelling off in brake wear emissions from 2025 to 2030, and
a small reduction from 2030 to 2035. Compared with 2020, this repre-
sents a reduction of 3% (WLTP) but an increase by 1% (TfL) in 2035. The
variations in emission forecasts emphasise the combined importance
that road traffic levels and future electric vehicle uptake policy will have
on determining future brake wear emissions. There is uncertainty
associated with the long-term traffic forecasts and rates in EV uptakes,
both of which are likely to be influenced by future taxation strategies
and broader economic pressures. However, the UK’s traffic growth and
EV uptake scenarios are comparable to the US and EU, suggesting
similar trends in these regions (Bernard et al., 2021; US Department of
Transportation, 2021).

More real-world PM measurements are also required to reduce the
uncertainties associated with the different types of brake wear emission
factors, such as those which incorporate the development of low-wear
brake coatings and to validate these projections (Hesse et al., 2021).
Further research should be undertaken to assess the net impact of
powertrain electrification on other non-exhaust emissions such as tyre
and road wear, as well as the resuspension of road dust, which are
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expected to increase because of the electrification of the vehicle fleet.
There are no ready-made solutions for electric vehicles to offset the
potential impact of increased mass on these other sources.

Promoting the adoption of electric powertrains represents an
important step to reduce greenhouse gas emissions and mitigate the
impacts of climate change due to their absence of exhaust emissions.
This study highlights the potential of RBS to harness kinetic energy,
which would be dissipated and lost in an ICE vehicle, and instead
convert it into storable energy for the vehicle’s battery. Further, our
research reveals the substantial influence of both driving style and
vehicle class on the energy recuperation potential of RBS. Considered in
conjunction with the rates of EV uptake and the imperative of renewable
energy sourcing, these factors significantly shape the prospective
contribution of vehicular fleet electrification to climate change mitiga-
tion. Moreover, they serve to enhance the energy efficiency and
comprehensive environmental performance of EVs.

4. Conclusion

As vehicle electrification gains momentum, this study highlights the
importance of addressing brake wear PM;o and PMjy 5 emissions. Our
findings reveal that vehicle mass, powertrain technology, driving style,
and deceleration rates significantly impact brake power requirements
and therefore brake wear emissions. Electrified powertrains which
feature RBS substantially reduce brake power requirements and brake
wear emissions, with the greatest reductions occurring during urban
driving conditions. This study highlights the potential benefits of tran-
sitioning to electric and hybrid vehicle fleets in terms of reducing brake
wear PM;o and PM, 5 emissions, with average reductions in PM emission
factors of 88% under the WLTP drive cycle and 68% under the TfL drive
cycle. However, the extent of mitigation depends on driving style,
vehicle speed, and vehicle mass.

To optimise the benefits of RBS in reducing brake wear emissions,
policies should prioritise the adoption of vehicles with high regenerative
braking potential, reduction of vehicle mass, and promotion of smooth
driving behaviour. Additionally, increasing the number of electric
charging stations could allow manufacturers to design vehicles with
smaller, lighter batteries for urban areas, further reducing brake wear
emissions. Future research should incorporate the state of charge in
drive cycle simulations, analyse additional drive cycles, and investigate
a broader range of vehicle classes.

While our analysis supports the transition towards electric and
hybrid vehicle fleets as a means of reducing brake wear emissions, it is
essential to also consider other wear-related emissions from tyres, road
surfaces, and resuspension of road dust, as these sources could poten-
tially increase due to vehicle mass.
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Executive Summary

Non-exhaust emissions (NEE) from road traffic refers to particles released into the air from
brake wear, tyre wear, road surface wear and resuspension of road dust during on-road
vehicle usage. These emissions arise regardless of the type of vehicle and its mode of power,
and contribute to the total ambient particulate matter burden associated with human ill-heath
and premature mortality. No legislation is currently in place specifically to limit or reduce NEE
particles, so whilst legislation has been effective at driving down emissions of particles from
the exhausts of internal-combustion-engine vehicles, the NEE proportion of road traffic
emissions has increased. Data from the UK National Atmospheric Emissions Inventory
indicate that particles from brake wear, tyre wear and road surface wear currently constitute
60% and 73% (by mass), respectively, of primary PM,s and PM, emissions from road
transport, and will become more dominant in the future. Currently they contribute 7.4% and
8.5% of all UK primary PM2sand PMjo emissions. Therefore to achieve further gains in PMz s
and PMyp air quality in relation to road transport sources requires attention to reducing non-

exhaust emissions, not solely a focus on lowering exhaust emissions.

The magnitudes of non-exhaust emissions are, however, highly uncertain, particularly when
compared to data for exhaust emissions. Emissions vary widely according to brake, tyre and
road-surface material, and with driving style. The NEE emission factors used in inventories
have a wide span of uncertainty — greater than a factor of two is typical — including uncertainty
in splits between PMjo and PM_s size fractions. The emission factors are also largely based
on data from the 1990s and have not changed as vehicle designs and fleet composition have

changed, in contrast to the regularly updated factors used for exhaust emissions.

The available data indicate that brake, tyre and road-surface wear contribute approximately
equally to UK sources of NEE, and are predominantly derived from cars because of the much
greater vehicle-km travelled for this class of vehicle. NEE particles are also an important
source of metals to the atmosphere; the national inventory estimates NEE contributions of
47% and 21% for Cu and Zn, primarily associated with brake and tyre wear, respectively. The

national inventory does not include estimates of road dust resuspension.

NEE are especially important in urban environments. The national inventory indicates that half
of NEE occurs on urban roads, owing to the greater braking per km than on non-urban roads.
Emissions may also be high in areas such as trunk-road exits. Tyre-wear emissions are

estimated to be greatest on high-traffic trunk roads and motorways (both urban and rural).



Considerable measurement evidence shows NEE increase concentrations of PMio and PMz s
and some metals at roadside although precise quantification of the NEE contribution is difficult.
Data from London Marylebone Road indicate an NEE contribution (including resuspension) of
4-5 ug m to the roadside increment in PM, mostly in the coarse particle fraction (PMio-25).
Other studies, including dispersion modelling, also indicate total NEE contributions, including
resuspension, of up to several ng m= of PMyo at busy roadsides, and in the region 1-2 uyg m3

for urban background in central London.

The most effective mitigation strategies for NEE are to reduce the overall volume of traffic,
lower the speed where traffic is free-flowing (e.g. trunk roads and motorways), and promote
driving behaviour that reduces braking and higher-speed cornering. Resuspension of particles
from the road surface can be lowered by reducing the material that is tracked onto public road
surfaces by vehicle movements in and out of construction, waste-management and similar
sites; and potentially by road sweeping, street washing and application of dust suppressants
to street surfaces, although the impacts on airborne PM from trials of these latter approaches
have so far proven inconsistent and any benefits have been short-lived.

Regenerative braking does not rely on frictional wear of brake materials so vehicles using
regenerative braking totally or partially, for example electric vehicles, should have lower brake
wear emissions. However, tyre and road wear emissions increase with vehicle mass, which
has implications for any vehicle with a powertrain that is heavier (for example due to additional
battery and hardware mass) than the equivalent internal-combustion-engine vehicle it
replaces. The net balance between reductions in brake wear emissions and potential
increases in tyre and road wear emissions and resuspension for vehicles with regenerative
braking remains unquantified, and will depend upon road type and driving mode, as both
influence the balance between the different sources of emissions. In locations where brake
wear makes a major contribution to overall NEE, it seems likely that there will be a net benefit,
but this has yet to be demonstrated. Other as yet unproven technological mitigation methods
include trapping brake wear particles prior to emission, and mandating formulation of low-

wear/low-emission tyres, brake pads and road surfaces.

AQEG recommends as an immediate priority that NEE are recognised as a source of ambient

concentrations of airborne PM, even for vehicles with zero exhaust emissions of particles.

A further priority is to work towards a consistent approach internationally for measurement of

NEE and to update and narrow the uncertainties in their emission factors. Such a programme



of work could form the basis for subsequently including criteria on brake and tyre wear

emissions in future type approvals and regulations governing formulation.

AQEG also recommends that further studies be conducted to quantify the efficacy of technical
solutions on NEE reductions; in particular, to understand gains from use of regenerative
braking versus potential increased tyre and road wear due to additional mass of vehicles
incorporating such braking.
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1 Introduction

Road traffic has long been recognised as a major source of air pollution due to emissions of a
range of gaseous pollutants, most notably carbon monoxide, oxides of nitrogen and volatile
organic compounds, as well as particulate matter. The gaseous pollutants are present in
exhaust emissions, and, until recently, the dominant source of particles was also from the

vehicle exhaust.

However, road transport is also an important source of ‘non-exhaust emissions’ (NEE) of
particles, which are produced from frictional processes associated with vehicle usage:
predominantly from brakes, tyres and the road surface. Whilst regulations set by the European
Union have led to progressive reductions in the emissions of the regulated gaseous pollutants
and of particulate matter from the exhausts of new vehicles, the non-exhaust emissions are
not currently targeted by emissions regulations. Therefore, as the exhaust emissions have
fallen, the proportion of non-exhaust emissions to the total emissions from road traffic has
increased. Data from the UK National Atmospheric Emissions Inventory (NAEI) indicate that
emissions of non-exhaust particles from road transport already exceed those from the
exhaust, and their proportion is projected to increase in the future. Therefore, to achieve
further improvements to PM.s and PMs, air quality relating to road transport sources requires
attention to reducing NEE, and not solely on approaches focused on lowering exhaust

emissions (See also the text in Box 1 on ‘zero emission’ vehicles in this regard.)

However, quantitative data on the magnitude of non-exhaust emissions are sparse and highly
uncertain, particularly when compared to data for exhaust emissions. The exact contribution
of non-exhaust emissions to air quality locally and nationally is therefore currently subject to

considerable certainty.

The aim of this AQEG report is to summarise current evidence for the non-exhaust emissions
of particles from road transport at the point of on-road usage. The equivalent emissions from
off-road vehicles are not included. Railway transport is also a source of non-exhaust particle
emissions but there are currently no requirements to include these emissions in national
inventories. Some European countries, but not the UK, provide some information on railway
non-exhaust emissions and some information on railway NEE is presented in an Appendix to

this report.
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Box 1: Zero emission vehicles

The reductions in road transport exhaust emissions, and in particular the increasing market
in electric vehicles, has bolstered use of the terminology ‘zero emission vehicle’. However,
non-exhaust vehicle emissions arise irrespective of the powertrain (conventional fuel,
electric, fuel-cell, hydrogen, etc.). Some designs of electric buses also incorporate diesel
powered heating systems which will be an additional source of emissions, as are diesel-
powered refrigeration units on goods vehicles.

There may also be air pollutant emissions associated with displacement of emissions from
the vehicle itself to somewhere further up the energy-supply chain, for example at an
electricity generating facility, depending on the source of the electricity.

The terminology zero emission vehicle can therefore be misleading. Usage of the
terminology ‘zero exhaust emission vehicle’ is more precise and is preferred. See also
https://uk-air.defra.gov.uk/library/ageg/zero-emission-vehicles

1.1 What is non-exhaust emissions particulate matter?

Non-exhaust particles arise from a range of vehicle-related sources. The main contributors
are the following:

a) Brake wear. Standard frictional brakes on a vehicle function by virtue of the friction
between a brake pad and a rotating disc or drum when the two are forced together by
application of pressure to the braking system. The frictional process causes abrasion
both of the brake pad and of the surface of the disc or drum leading to the release of

particles, a substantial fraction of which become airborne.

b) Tyre wear. The surface of a tyre when in contact with the road is steadily abraded by
contact with the road surface. This leads to release of large quantities of small rubber
particles which cover a wide range of sizes. The larger particles will typically remain
on the road surface until washed off in drainage water. However, the size range
extends into sizes below 10 micrometres diameter and hence contributes to PMio (and
to PM.s). The smaller abraded particles are liable to become airborne contributing to
non-exhaust particles in the atmosphere. If rubber tyre wear particles are considered
to be a form of ‘microplastics’ then tyre wear would constitute an important source of
microplastics into the environment, both via the airborne route but also via wash-off of
the coarser tyre abrasion material remaining on the road surface — see Box 2 for further
discussion of this. In this report, the term tyre wear particles is used without any

implication as to whether they are also considered microplastic particles.
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¢) Road surface wear. The friction between the tyre surface and the road surface which
leads to tyre abrasion is also liable to abrade the road surface, especially where this is
already fragmenting. Hence, road surface wear particles are also released to the
atmosphere. Some studies have suggested that road wear particles are internally
mixed with tyre rubber in the particles generated through this abrasion process (see

again also Box 2).

d) Resuspended road dust. Dusts from a number of sources accumulate on road
surfaces. These originate from dry and wet deposition of airborne particles, especially
coarser particles such as those deriving from soil. Additionally, abrasion products from
the vehicle may deposit on the road contributing to the road surface dusts. Some of
this material is in the PMyo size range when depositing to the road surface and the
action of tyres on surface dusts may also cause some grinding leading to the creation
of smaller particles from the coarser dusts. Studies of road surface dusts have shown
a substantial fraction to be within the PM;s and PMsg size ranges. Such particles are
rather easily suspended from the road surface, both by shear forces at the tyre-road
interface and by atmospheric turbulence in the wake of the vehicle. There is also

evidence that elevated wind speeds contribute to the resuspension of surface dusts.

In addition to these major contributors, there are also other abrasion sources associated with
the vehicle such as wear of exposed drive belts, rubber gaiters and clutch plates, although in

the latter case the majority of the abrasion products are contained by the clutch housing.

The operation of disc brakes and drum brakes relies on friction between brake pads or brake
shoes against the disc or drum respectively. The wear of the components will typically produce
relatively coarse airborne particles, but the high temperatures associated with brake
components will typically promote the generation of ultrafine particles. Whilst many different
materials have been and are being used for these components, most researchers have
reported Fe, Cu, Zn and Pb to be the most abundant metals in the brake lining, with the Pb
component declining rapidly in recent years. The metals Ba and Sb are also reported to be
tracers of brake wear and are less susceptible to also having contribution from other sources.
Metals are also present in tyre wear particles, with Zn and Cd most notable. In the near-road
environment, non-exhaust emissions contribute a major source of a number of these metals

into ambient air, particularly Cu and Zn.
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Box 2: Non-exhaust emissions and microplastics

The extent to which NEE contributes to the microscopic plastic particles (microplastics)
entering the environment depends in part on the definition of plastic. There is some
disagreement on which polymers are “plastics”. As discussed in Hartman et al. (2019), the
ISO 472: 2013 definition of plastic is “material which contains as an essential ingredient a
high molecular weight polymer and which, at some stage in its processing into finished
products, can be shaped by flow”. Some elastomers (e.g. rubbers) are excluded from this
definition of plastic. This definition however reflects the historic industrial landscape rather
than perspectives about the behaviour of rubber fragments in the environment. A further
consideration in terming tyre wear as plastic arises from the way in which tyre wear
particles contain road wear fragments too, as shown in Figure 1. Kreider et al. (2010) and
Panko et al. (2013) estimated that tyre wear particles comprised around 50% tyre tread
and around 50% road surface.

Figure 1: Scanning electron microscope photo of tyre and road wear particles with characteristic
morphology of tread rubber and mineral incrustations from pavement. Reproduced with permission
from Panko et al. (2019).

Others such as Kole et al. (2017) have included rubber within their definition of plastics. If
included, rubber production would add 27 million tonnes per year to the annual global
production of plastics of around 211 million tonnes. This does not mean that all this material
enters the environment. Understanding the environmental pathways is a challenge but, if
defined as plastic, then tyre wear could be adding 5-10% to the global total of microplastics
entering the oceans each year (Kole et al. 2017). Another estimate from the International
Union for Conservation of Nature and Natural Resources (Boucher and Friot, 2017) is that
erosion of tyres whilst driving contributes 28% of the releases of primary microplastics to
the world’s oceans. These estimates make wear and tear from tyres at least as important
as plastic bottles, bags and fibres released from clothing during washing. The wear of
thermoplastic road markings might also be included within the definition of plastics adding
further to the contribution of NEE to environmental microplastics.

14



1.2 Why are road traffic non-exhaust emissions important?

Non-exhaust emissions from road traffic contribute to airborne concentrations of both fine and
coarse particles and hence to PMzsand PMio. The estimates from the National Atmospheric
Emissions Inventory outlined in Chapter 2 indicate that the emissions from brake wear, tyre
wear and road surface wear collectively now exceed those from the exhaust of the UK vehicle
fleet. The Committee on the Medical Effects of Air Pollutants (COMEAP) has estimated that
exposure of the UK population to particulate air pollution contributes to an effect equivalent to
around 29,000 deaths across the country annually (COMEAP, 2010). COMEAP has also
examined the evidence for variations in toxicity between particles of different chemical
composition or from different sources and has concluded that present evidence is insufficient
to judge whether particles of particular composition or from particular sources have higher
toxicity (COMEAP, 2015). This means that COMEAP is unable to recommend differential
coefficients for quantification of health effects, and continues to recommend that
concentration-response coefficients linking mortality with PM».s mass concentration be applied
to all particles within the size range. Consequently, on the basis of current emissions inventory
estimates and toxicity evidence, non-exhaust particles from the UK road traffic fleet should be
considered as potentially having a greater public health impact than the exhaust particles.

Air quality policy within the European Union generally, and in the UK specifically, has focussed
upon reducing public exposure to harmful air pollutants. This has included reducing exposure
to airborne particulate matter and there have been some notable successes. The sources of
particulate matter with well-defined and constrained sources such as those from vehicle
exhaust and industrial processes have been subject to steadily tightening emissions standards
and there are very limited opportunities of further reductions without incurring substantial cost.
Consequently, attention is now focussing upon those sources which are less well controlled
such as domestic wood burning and those which are not subject to control such as non-

exhaust emissions from road traffic.

1.3 Vehicle mass and non-exhaust emissions

Non-exhaust emissions have very different origins and characteristics compared with gaseous
or particulate exhaust emissions. While a detailed understanding of the processes leading to
NEE is highly complex, it is possible to develop a broad understanding of the important issues.

One important underlying factor that has a direct influence on NEE is vehicle mass, since
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mass influences the amount of friction with the road surface and the energy dissipated through

braking, both of which are sources of NEE.

The friction of a vehicle against the road is important for both tyre wear and resuspension of
particles from the road surface. The frictional force at the surface = C..M.g, where M is the
vehicle mass, C; the coefficient of rolling resistance, and g the gravitational acceleration
constant. Values of C, depend on the surface but tend to be higher for ‘rougher’ surfaces. The
pressure of a tyre also has an influence on the rolling resistance with lower pressure tyres

having a higher rolling resistance with the surface.

With regard to the brake wear source, when a vehicle brakes the kinetic energy of the vehicle
is dissipated through the braking system and, in a conventional frictional braking system, is
lost as heat. A vehicle’s kinetic energy is proportional to its mass. For an example car of 1,500
kg travelling at 70 mph and braking to a stop, an energy of 735 kJ must be dissipated through
the braking system (ignoring any losses to rolling resistance or aerodynamic drag). Higher
mass vehicles require higher levels of energy dissipation, larger braking systems and
consequently increased wear. In contrast, in a regenerative braking system much of the

vehicle’s kinetic energy is channelled into on-vehicle energy storage, typically a battery.

The generation of heat on brake pads and discs is also important in its own right. For example,
high temperatures have been shown to promote the generation of UFP (Perricone et al.,
2018). About 90% of the braking heat energy goes into the disc not the pad because of the
greater mass and thermal conductivity of the former. In the example above, the energy lost to
the braking system would be sufficient to raise the temperature of 10 kg of steel from about
15°Cto 117 °C, based on typical specific heat capacities of steel. Under real driving conditions
there can be situations that lead to repeated heating of brake discs and pads in quick
succession, e.g. braking down a long hill. Under these conditions, temperatures could rise

further but would also be offset by cooling losses.

The above considerations help point to where NEE might be most important. Tyre wear and
resuspension of particles at the surface are both likely dependent on vehicle mass and would
be expected to be of importance under many conditions — although dependent on the
characteristics of road surfaces and other environmental factors. By contrast, brake wear
emissions (for conventional frictional braking systems), whilst also dependent on vehicle
mass, would be expected to be much more spatially heterogeneous e.g. of most importance

close to junctions or on steep downhill gradients.
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2 Sources and Characteristics of Non-Exhaust Emissions
of PM

Emission factors are available for tyre wear, brake wear and road surface wear which have
been measured under controlled laboratory conditions. Currently, there are no standardised
test protocols, although one is currently under development for brake wear particles (see
Section 2.3). Considerable uncertainties attach to these emission factors for reasons including

the following:

o Variability in materials. Brake pads are of highly variable composition, and there are
differences, but of smaller magnitude, in brake discs and tyre rubber compound. Road
surface materials vary widely in composition and texture, as well as in their state of repair.
Consequently, even when subject to the same external forces, different brakes or road
surfaces will generate particles with variable efficiency leading to differences in emission
factors which are hard to capture in detail as it is not feasible to test across the whole

range of properties of the materials.

e For practical reasons, emission factors have to be related to road type and/or average
speed whereas in practice there are other factors such as congestion or road gradient
which influence the extent to which brakes and tyres are abraded. This leads to substantial

ranges of emission factors when expressed per kilometre of travel.

Substantial differences in emission factors for tyre wear, brake wear and road surface wear
are to be expected for different road types. Hence, freely flowing high speed traffic will
generate very low levels of brake wear particles, but is liable to create a larger mass emission
of tyre wear and road surface wear particles. On the other hand, a congested highway with
frequent stopping and starting is liable to generate far larger brake wear emissions (see
Section 2.2).

Further uncertainties relate to electric vehicles. Battery electric vehicles can use either
regenerative braking or conventional friction brakes. Regenerative braking involves cutting
power to the electric motor which then continues to rotate due to the inertia of the vehicle and
acts as a generator recharging the batteries. In doing so, it is subject to a substantial reverse
force which slows the vehicle. Unlike the friction brakes, this does not lead to significant
generation of particles, but the ratio of regenerative to friction braking will depend upon driving

style and road conditions and is hence difficult to predict.
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An additional source of non-exhaust vehicle-related particles into the air is resuspension of
road dust. However, research on resuspension emissions is highly incomplete and estimates
from this source do not need to be included in European national inventories, nor are there

currently any recommended guidelines for estimating national emissions from this source.

The algorithm used to predict resuspension of road dust from paved roads by the US
Environmental Protection Agency AP-42 Compilation of Air Pollutant Emission Factors is the

following,
E =Kk (SL)®* WP

where sL is silt loading, W is vehicle mass and p = 0.91 and b = 1.02. In this case the silt
loading refers to the surface loading of particles less than 75 pum on the road surface and
consequently this empirically determined relationship relates to a much wider range of particle
sizes than the PMio or PM2s size range. This near-linear empirical relationship between
resuspension emissions and vehicle mass is consistent with the linear relationship between
road-surface frictional force and vehicle mass described in Section 1.3, and is relevant to
predictions of how this source of NEE will change when internal-combustion vehicles in the
current fleet are replaced by those with heavier power trains (which includes battery and hybrid

vehicles).

From work conducted in Europe, Padoan et al. (2018) proposed the following alternative

equation for road resuspension emissions,
EF (mg VKT?) = a (MF10)°

where MF10 is the ‘mobile fraction’ of road dust of diameter <10 ym (in mg m?), and a and b
are empirically determined coefficients (VKT = vehicle km travelled). In contrast to the AP-42
approach, the emission estimate from this equation is for the PM1q size range. The value for
MF10 can either be measured directly from the road surface (the PMio capable of
resuspension in an airflow of 30 L min) or predicted from an empirical relationship that
incorporates a measure of the road surface texture, the traffic intensity, and the distance from

the closest braking zone (Padoan et al., 2018).

Venkatram (2000) criticised the USEPA model on the grounds that it can yield highly uncertain
emission estimates because it lacks a mechanistic basis; its formulation is highly dependent
on the dataset used to derive it, and the accuracy of the model is completely determined by

the methods used to measure emissions. Padoan et al. (2018) provide some evidence of
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testing the fit to their model, but it has yet to be more widely evaluated and currently such

predictive methods are open to large uncertainties.

It is notable that the two equations differ in that the USEPA method includes vehicle mass
whilst the other does not, and neither considers the aerodynamics of individual vehicles which
may affect the resuspension of particles in the turbulent wake of the vehicle. In addition,
neither equation takes any account of vehicle speed which might also be expected to influence
the resuspension process, nor do they incorporate current and recent weather conditions
which dramatically alter surface dust amount and mobility. Thus, as with all empirical models,
these models for road resuspension may fail severely when used predictively for conditions

outside of those used to derive them.

2.1 UK National Atmospheric Emission Inventory estimates of NEE

National emission inventories cover non-exhaust sources of PM from tyre and brake wear and
road surface wear (road abrasion). These inventories are reported by countries to the EU
under the National Emissions Ceilings Directive (NECD) and the United Nations Economic
Commission for Europe (UNECE) Convention on Long-Range Transboundary Air Pollution
(CLRTAP). The revised NECD (2016/2284/EU), which entered into force on 31 December
2016, sets new emission reduction commitments (ERCs) for each Member State for the total
emissions of PM_ s (and other pollutants) in 2020 and 2030 (NECD, 2016). Inventories covered
under the Directive must include these NEE sources. Similar emission reduction commitments
for PM2s are required under the CLRTAP for 2020.

As highlighted above, although road dust resuspension is recognised as an important source
of PM in ambient air, national inventories are not required to report estimates of these

emissions, which depend on many local factors and are hard to predict.

2.1.1 Inventory approach for PMio and PMzs

Most countries follow the methodology for estimating emissions from tyre and brake wear and
road surface wear given in the 2016 version of the EMEP/EEA Air Pollutant Emissions
Inventory Guidebook (EMEP/EEA, 2016). This provides a fairly simple approach which
combines PM emission factors in milligrammes emitted per kilometre (mg/km) for passenger

cars, light goods vehicles, heavy duty vehicles (HGVs and buses) and two-wheelers, with
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vehicle kilometres travelled per year. The method and emission factors in the Guidebook have

not been updated for nearly 15 years and are based on the information available at the time,

mostly on wear rates, and a humber of assumptions. More [nformation on the GuidebooK

imethod can be found at hitp://www.eng.auth.gr/mech0/lat/PMI07]

Some countries have used emission factors based on their own literature search (e.g. the
Netherlands) or have used evidence from country-specific information and research. These
are generally based on the total mass loss of tyre or brake material resulting from the wear
process and estimates on the amount that remain airborne in the PM;o and PM.s range. The
Scandinavian countries have been particularly active in this area and, for example, have taken

account of the effect of studded tyres resulting in higher emissions from road wear (e.g. see

Sweden’s Informative Inventory Report 2014, htips://www.naturvardsverket.se/upload/saj

mar-miljon/Klimat-och-Tuft/luf/Tuftfororeningar/ir-sweden-2014.pdf )]

The UK’s National Atmospheric Emissions Inventory (NAEI) for tyre and brake wear and road
abrasion uses the Tier 2 inventory method and emission factors in the EMEP/EEA Emissions
Inventory Guidebook (NAEI, 2018)*. This approach provides mg/km emission factors for Total
Suspended Particulates (TSP) for passenger cars, LGVs, HDVs and two-wheeled vehicles,
together with PM3o and PM.s mass fractions to combine with the TSP factors. The TSP factors
for tyre and brake wear are used with an average speed correction factor which implies higher
emission factors at lower speeds, on the basis of greater braking and cornering per km at
lower speeds. For heavy duty vehicles, a further correction factor is applied to take account
of the load carried by the truck and in the case of tyre wear on the number of wheel axles. No

such speed and load correction factors are provided for road surface wear emissions.

Table 1 shows the average PMio emission factors for tyre and brake wear for vehicles in the
UK at typical urban, rural and motorway speeds. These were derived in the NAEI from the
factors in the EMEP/EEA Guidebook. Table 2 shows the average PMip emission factors for

road abrasion taken from the Guidebook for all road types and speeds.

1 The EMEP/EEA Guidebook for compiling emission inventories provides different approaches
according to the availability of activity data. The simplest approach is referred to a Tier 1 approach
and is recommended when a country has minimal information available on source activities to make
an estimate of emissions. Tier 2 or Tier 3 involve more detailed approaches when appropriate activity
data are available. The Tier 2 approach is the most detailed approach in the guidebook for estimating
non-exhaust emissions. A Tier 3 approach is available in the Guidebook for estimating exhaust
emissions and is used in the UK’s national inventory.
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Table 1: Emission factors for PMjo from tyre and brake wear.

mg PMio / km Tyre | Brake
Cars Urban 8.7 11.7
Rural 6.8 55
Motorway | 5.8 1.4
LGVs Urban 13.8 18.2
Rural 10.7 8.6
Motorway | 9.2 2.1
Rigid HGVs Urban 20.7 51.0
Rural 17.4 27.1
Motorway | 14.0 8.4
Artic HGVs Urban 47.1 51.0
Rural 38.2 27.1
Motorway | 31.5 8.4
Buses Urban 21.2 53.6
Rural 17.4 27.1
Motorway | 14.0 8.4
Motorcycles Urban 3.7 5.8
Rural 29 2.8
Motorway | 2.5 0.7

Table 2: Emission factors for PM1o from road abrasion.

g [Pl LG gt())rildsion
Cars 7.5
LGVs 7.5
HGVs 38.0
Buses 38.0
Motorcycles 3.0

There are considerable uncertainties in the wear rates on which these PM1, emission factors
are based. The emission factors in the 2016 version of the EMEP/EEA Emissions Inventory
Guidebook and the methods used to correct them for different vehicles, speeds and loads are
taken from a review undertaken for the UNECE Task Force on Emission Inventories and
Projections (TFEIP) supporting the development of the Guidebook. This review is available
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BT hitps:/lwww.eng.auth.gr/mech0/lat7PMI0/ and provides]a list of the literature sources used

in their derivation.

For tyre wear emissions from passenger cars, the TFEIP source indicates that PM1o emission
factors come from seven literature sources between 1997 and 2002 providing estimates of
wear rates and two sources in the 1990s, including a USEPA source, providing direct
estimates of PMio emissions. The wear rates varied from 40-97 mg/km and were used in
conjunction with an assumption that 10% of tyre wear material is suspended as PM in the 10
micron range, a fraction which is said to be at the upper end of the range in the literature. The
average PMio emission factor is quoted as 6.4 mg/km but with a range of 4.0 to 9.7 mg/km.
In a report for the Joint Research Centre (JRC), Kouridis et al. (2010), from the same team
responsible for the Guidebook emission factors, quote a standard deviation in the tyre wear
emission factors for a passenger car of 0.8 mg/km. To put this in context, a fleet-average PM
exhaust emission factor for a Euro 5 diesel car from the same Guidebook source is given as
2.1 mg/km; a range is not given and the Guidebook only gives qualitative statements on the
uncertainties in the exhaust emission factors, though the NAEI has made a very rough
estimate of £40% uncertainty in PM exhaust emission factors for diesel cars based on the

degree of scatter and variability of some raw data from tests done in the UK.

In the case of heavy duty vehicles, the TFEIP source indicates that PMio emission factors
come from three literature sources in 1997 providing estimates of wear rates and one source
in 1999 providing direct estimates of PMio emissions. Tyre wear emissions from heavy duty
vehicles are characterised by the variability in the number of axles and by the wide range of a
truck’s load. Therefore, the number of axles and the load factor need to be taken under
consideration for the calculation of HDV emissions from tyre wear. The uncertainty range of

PMso emission factors given in the TFEIP source is 14-54 mg/km.

For brake wear emissions from passenger cars, the TFEIP source indicates that PMo
emission factors come from four literature sources between 1999 and 2002 providing
estimates of wear rates. The wear rates varied from 9-20 mg/km and were used in conjunction
with an assumption that ~50% of brake wear material is suspended as PM in the 10 micron
range, as proposed by USEPA (1995) and TNO (1997). The average PMio emission factor is
quoted as 7.5 mg/km but with a range of 4.4 to 10 mg/km. Kouridis et al. (2010), from the
same team responsible for the Guidebook emission factors, quote a standard deviation in the

brake wear emission factors for a passenger car of 0.8 mg/km.
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In the case of heavy duty vehicles, the TFEIP source indicates that PMip emission factors for
brake wear come from two literature sources in 1999-2001 providing estimates of wear rates
and one sources in 1998 providing direct estimates of PMio emissions. Brake wear emissions
from heavy duty vehicles are characterised by the wide range of a truck’s load. Therefore, the
load factor needs to be taken under consideration for the calculation of HDV emissions from
brake wear. The uncertainty range of PMio emission factors given in the TFEIP source is 23-
42 mg/km.

What is clearly apparent is that all the emission factors for these non-exhaust sources come
from the same era and have not been updated in the EMEP/EEA Inventory Guidebook in over
15 years, yet they are still used in national inventories by maost countries in Europe, including
the UK. These factors were based on analysis of data available at the time the review for the
TFEIP was undertaken. Whilst the range in emission factors, and indeed the uncertainty
analysis carried out by Kouridis et al. (2010), may reflect the variability in measurements
undertaken in that era, they may not be a true reflection of the uncertainties in emission factors
representing current vehicles, tyre and brake materials and the Guidebook factors could be
systematically biased in one direction or another. Changes in tyre and brake materials, vehicle
design and braking technologies could mean that current emission factors are outside the
ranges indicated above. There is an urgent need for further direct measurements of emission
factors for current vehicles and technologies to test this and update the factors for use in

emission inventories.

Emission factors for road abrasion are highly uncertain, but whilst factors are provided in the
Guidebook from Klimont et al. (2002), no estimates of their uncertainties are given. This source

is also expected to be affected by changes in tyre materials and road surfaces.

Another source of uncertainty is the fraction assumed in the PM»s range. Most countries,
including the UK, France and Germany use the PM2s/PMi ratios shown in Table 3 for tyre
wear, brake wear and road abrasion emissions, taken from the EMEP/EEA Guidebook.
However, not all countries use these ratios. The Netherlands, for example, assumes a ratio
of 0.2 for tyre wear and 0.15 for brake wear and road abrasion implying a much larger share
of PM emissions occur in the coarse fraction. Sweden uses a ratio of 0.2 for all these sources
while Finland uses a ratio of 0.09 for road abrasion which is mainly due to the increased use
of studded tyres leading to a higher proportion of emissions in the coarse range. The inventory
reports for Sweden and Finland use a correction factor of 50 for PMio road abrasion emissions

from studded tyres relative to non-studded tyres.
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Table 3: Fraction of PM1p emitted as PMz_s for non-exhaust traffic emission sources.

PM2.5 /PMlo

Tyre wear 0.7
Brake wear 0.4
Road abrasion 0.54

No countries take account of any change in emission factors for NEE over time due to changes
in vehicles and technologies. The consequence of this is that overall non-exhaust emissions
continue to increase over time with increases in numbers of vehicles and kilometres travelled,
in contrast to exhaust emissions of PM which all national inventories show are decreasing with
time as newer vehicles meeting tighter emission standards enter the fleet, with increasing
number of diesel vehicles fitted with particulate filters. Emission factors for NEE sources of
PM have not been developed for inventories accounting for factors that might affect emissions
such as vehicle mass, different tyre materials and braking systems and alternative powertrains
such as hybrid and battery electric vehicles with regenerative braking systems. Some of these
are considered in Chapter 6. Ricardo Energy & Environment carried out a review for the
German auto industry (Verband der Automobilindustrie) on the contribution of brake wear
emissions to particulate matter in ambient air (VDA, 2017). This gave an overview of current
and developing brake wear system technologies and considered opportunities to reduce
particle emissions from brakes and the vehicle segments to which they apply. The review
gave a semi-quantitative assessment of the potential impact of eight different braking
technologies, the most beneficial in the short term considered to be regenerative braking
applied to light duty vehicles and buses. See also Chapter 5 for further discussion of NEE

abatement approaches.

2.1.2 What does the inventory indicate about the trend in NEE in the UK?

Using the Guidebook emission factors and vehicle activity data, the NAEI reports the trends
in UK tyre wear, brake wear and road abrasion emissions of PMio and PM2s shown in Figure
2 and Figure 3. For comparison, emissions from vehicle exhausts are also shown. The
emissions shown from 2000-2016 are from the latest version of the reported UK inventory

representing actual vehicle activities, while emissions from 2017-2030 are projections in
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emissions based on DfT’s traffic growth assumptions and in the case of exhaust emissions
reflect the turnover in the vehicle fleet with the penetration of new vehicles meeting tighter
Euro standards for PM emissions (Defra, 2018 and EIONET, 2018).
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Figure 2: UK emissions of PMjo from road transport.
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Figure 3: UK emissions of PM_s from road transport.
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These figures show how as vehicle exhaust emissions have declined, the non-exhaust
emissions have been slowly increasing with increasing traffic levels and are becoming a much
larger share of overall PM1o and PM s traffic emissions. The proportion of total NEE from brake
wear, tyre wear, road surface wear has increased from 39% of total UK road transport
emissions of PMjg in 2000 to 73% in 2016; for PM. s the proportion of NEE has increased from
26% in 2000 to 60% in 20162

Without any NEE abatement this trend is predicted to continue so that by 2030, the non-
exhaust sources will contribute to 94% of total UK road transport emissions of PMio and 90%
of PM,s.

The projected increase in NEE to 2030 is based on the assumption that traffic will increase in
future years relative to current levels. This is an assumption according to DfT’s traffic
forecasts. The NAEI emission projections shown in Figure 2 and Figure 3 are derived from
DfT’s 2015 traffic forecasts (RTF15 — Scenario 1). Figure 4 shows the trend in total urban UK
traffic expressed as billion vehicle kilometres by vehicle type historically from 2002 to 2016
and forecast to 2035.
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Figure 4: Urban UK vehicle kilometres. Historical data based on DfT traffic statistics; forecasts to
2035 are based on DfT traffic forecasts RTF15 — Scenario 1

2 All UK inventory values in this report refer to emissions according to fuel used. The UK is required
to report inventories to the NECD and CLRTAP on a fuel sold basis but can choose to also report on
a fuel used basis. The UK’s projections and NECD and CLRTAP emission reduction targets are on a
fuel used basis.
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This shows that there has actually been little overall change in urban traffic since 2002, largely
due to the halt in growth which had been occurring prior to 2008, presumably due to the impact
of the economic recession, though it can be seen that urban traffic levels have been on the
rise again since 2013. More recent traffic statistics from DfT indicated that growth continued
in 2017. It remains to be seen whether traffic growth will occur at the rate predicted by DfT,
leading to the growth in NEE in urban areas currently predicted by the NAEI. Figures for total
UK traffic (i.e. including rural traffic) show a similar trend, although with a slightly different

vehicle mix with the higher contribution from HGV activity.

It is apparent from these figures that each of the three NEE sources contribute roughly similar
amounts to the overall inventory and that there is no dominant source. This reflects the similar
magnitudes of the emission factors shown in Table 1 and Table 2. Figure 5 demonstrates the
emissions of PMio from each of these three NEE sources in 2016 broken down by vehicle
type. This chart shows the dominance of passenger cars to overall NEE, being responsible

for 64% of all NEE emissions in 2016 due to the high activity levels (vehicle km) by these

vehicles.
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Figure 5: UK emissions of PM;o from road transport in 2016 by vehicle type

Another observation that can be made from the inventory is that almost half of the overall UK
non-exhaust emissions from brake wear, tyre wear, road surface wear occur on urban roads.

This is a reflection of the traffic levels by vehicle type on different road types according to DfT
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traffic statistics and the higher emission factors shown in the Guidebook for tyre wear and

brake wear under urban speed conditions.

The NAEI indicates that not only are non-exhaust sources of PM making a larger contribution
to total UK traffic emissions, they are also making a growing contribution to the total UK
inventory covering all primary emission sources. In 2000, NEE from brake wear, tyre wear,
road surface wear were 5.8% of total UK PMo emissions and 4.9% of total PM..s emissions
and this has increased to 8.5% of total UK PM1o emissions and 7.4% of total PM..s emissions
in 2016. By 2030, it is predicted to rise to 9.5% of total UK PM; s emissions if no abatement

measures on NEE are introduced.

2.1.3 Trends in non-exhaust emissions of PM in other European Countries

The trends in UK NEE can be compared with trends according to inventories reported by other
European countries®. Figure 6 shows emissions of PMio from non-exhaust traffic sources from
2000-2016 for Germany, France, Netherlands, Sweden, Denmark, Finland and the UK. Figure
7 shows the corresponding trend in emissions of PM.s. The trends are broadly similar for all
countries showing a slow upward trend in line with increases in traffic. The inventory trends
for Germany and France are quite similar to that of the UK. One notable difference is for
Sweden and Finland which show a much larger amount of PMi, emitted relative to PMzs
across the time-series compared with other countries. This is mainly due to these countries
accounting for the effect of studded tyres on road abrasion emissions which fall mainly in the

PMio range.

Figure 8 compares the breakdown in emissions from tyre and brake wear, road abrasion and
exhaust emissions of PM1o and PM; s for 2000, 2005, 2010 and 2016 for a number of countries.
In these plots, emissions of tyre and brake wear are combined because these fall in the same
NFR* category for inventory reporting and cannot be separated out in the data reported by
each country. The trends are very similar for the UK, Germany, France and Denmark with
significant reductions in exhaust emissions and a growing share in the contribution of NEE
from 2000 to 2016.

3 [Emissions reported by each couniry under the UNECE LRTAP Convention can be download from
hitps:/lrod.eionet.europa.eu/obligations/35 7/deliveriey

stands for Nomenclature for Reporting and is the JUNECE source code system for reporting of
air pollutant emissions. NFR 1A3bvi is the source code for tyre and brake wear emissions combined.
Emissions from road abrasion are reported separately under NFR 1A3bvii.
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A closer inspection of the emission inventories for each country shows that the overall PM1o
mg/km emission factors for all road traffic NEE sources are broadly the same for the UK as
for each other country, but are somewhat lower for the Netherlands. However, the bigger
differences between the NEE inventories for the Netherlands compared with the UK and other
countries is in the ratio of PM2.s/PM1o assumed for each NEE source which, as stated earlier,
are much lower in the Netherlands inventory compared with the figures in Table 3 used by
other countries. Given the exhaust emission factors used by the Netherlands are similar to
values used in the UK and other countries, a combination of somewhat lower tyre wear and
brake wear factors for PM1o combined with lower PM..s/PMjo ratios explains the differences in
the contribution of NEE sources to overall traffic emissions of PM1o and PM. s implied by the
Netherlands inventory compared with other countries including the UK, as shown in Figure 8.
According to the report on the Dutch emissions inventory (Klein et al, 2018), the emission
factors for tyre wear are based on the mass loss of tyres resulting from the wear process and
are derived from Ten Broeke et al. (2008). It is assumed that 5% of the tyre particulate matter
emissions can be considered to be PMso, the rest are larger fragments that do not stay airborne
but are deposited to the soil or surface water. For brake wear, the emission factors are derived
from RWS (2008). It is assumed that the material emitted from brake linings is 49% particulate
matter (PMio) and 20% are larger fragments. The remainder of the material (31%) remains on
the vehicle. Thus, whilst the overall trend in emissions from NEE sources is similar for PMy in
the Netherlands compared with other countries, they show a much weaker share in NEE for

PM..s because of the low PM,s/PM1o assumed for these emissions.

The inventories for Sweden and Finland are different with a much greater contribution of road
abrasion to the PMyq inventory as a consequence of accounting for the effect of studded tyres.
However, in all countries the inventories are reporting an ever increasing proportion of NEE to

overall transport emissions.

These inventories clearly illustrate a common theme that further reductions in PM emissions
from road transport in all European countries will be limited if no further actions are taken to

reduce the non-exhaust emissions.
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Figure 6: Non-exhaust emissions of PMio from road transport tyre and brake wear, and road abrasion,
according to the emission inventories submitted by countries to UNECE CLRTAP in 2018.
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Figure 7: Non-exhaust emissions of PM, s from road transport tyre and brake wear, and road
abrasion, according to the emission inventories submitted by countries to UNECE CLRTAP in 2018.
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2.1.4 Non-exhaust emissions of metals and PAHs

Tyre and brake wear are sources of various metals and polyaromatic hydrocarbons (PAHS).
The EMEP/EEA Emissions Inventory Guidebook provides average metal contents of tyre and
brake wear material that are used with the PM inventory to estimate emissions for each metal.
The metal contents in the Guidebook cover a wide range and are taken from various literature

sources, many of which are quite old, the most recent source being for 2008.

The NAEI uses older sources of data on metal contents to estimate emissions of cadmium,
chromium, copper, nickel and zinc from tyre and brake wear. Of these metals, only the
reporting of cadmium is mandatory for reporting under CLRTAP, the other metals are reported

voluntarily.

Table 4 shows the contribution of the tyre and brake wear source as a percentage of total UK
emissions of each metal in 2016. There are no metal emission factors available for road
abrasion. The contributions of these sources are likely to be higher in urban areas with large

traffic volumes.

Table 4: Contribution of tyre and brake wear sources from road transport to total UK emissions of
metals in 2016.

% NEE 0.8% 3% 47% 0.8% 21%

The metal factors used by the NAEI are different to the ones in the Guidebook and it is
estimated that if the Guidebook factors were used for tyre and brake wear, their contribution
to total UK emissions would be higher than current figures in Table 4 suggest for Cd, Cr and
Cu. In the case of Cu emissions, the contribution of non-exhaust sources would be as high
as 90%. This would be consistent with the estimates made for the UK in the study by Denier

van der Gon et al (2007), referred to in Section 4.3.

Most countries use the Guidebook factors for compiling inventories for these sources, but
some countries use metal contents derived from country-specific information from industry or
national research sources. For example, Scandinavian countries base their inventories on
Swedish and Norwegian studies on tyre and brake wear rates and compositions (for example,
see reference to Sweden’s inventory report given in Section 2.1.1). For brake wear, account
is taken of different metal contents of branded brake linings compared with linings from
independent suppliers and how these have changed over time since the 1990s. Assumptions

were used on the proportion of vehicles using branded vs independent brake linings
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depending on the age of vehicle. The Zn content is said to have decreased since the 1990s
on both types of linings. Denmark uses a mix of factors from the Guidebook and information

from the Danish Tyre Trade Environmental Foundation (Winther and Slentg (2010).

The EMEP/EEA Emissions Inventory Guidebook provides the average content of three PAH
species in tyre wear and brake wear which some countries use for their inventories. These
are for benzo(a)pyrene, benzo(b)fluoranthene and benzo(k)fluoranthene, which are three of
the four PAHs included in the UNECE Persistent Organic Pollutants (POPs) Protocol. The
Guidebook acknowledges that these factors are from a very old study based on a single tyre
type and brake pad. Most countries assume that the PAH factors remain constant in time
such that the PAH emissions inventory generally rises over time since 1990 in line with the
projections for growth in traffic. However, France and the Netherlands assume a large
decrease in the PAH inventory for this source from 2010 due to implementation of the EU
REACH Regulation which prohibits the use of so-called “PAH-rich” extender oils

in tyres produced after January 2010°.

The UK reports inventories for black carbon (BC) to the UNECE CLRTAP on a voluntary basis
using simple BC/PM fractions given in the Guidebook. The factors are given as a fraction of
PMs mass emissions and vary from 0.15 for tyre wear to 0.03 for brake wear and 0.01 for

road abrasion, but all BC factors have high uncertainty ranges.

2.1.5 Spatial distribution of non-exhaust emissions of PM in the inventory

Since the inventory methodology for NEE is based on simple vehicle-specific and speed-
dependent (in the case of tyre and brake wear) g/km emission factors, the NAEI distributes
UK non-exhaust emissions of PM1o and PM. s using a 1 km x 1 km resolution map of estimated

total vehicle kilometres on major and minor roads. The most recent published maps of UK

emissions are for the year POI5 (hitp://naei.beis.qgov.uk/data/mapping). |This approach will

obviously lead to the largest emissions along the roads with the highest traffic flows and lowest

average speeds.

Although there are currently no alternative methods for mapping NEE, this is a fairly crude
approach because the same emission rates are stretched out along the entire length of road

within an allocated speed band but it does not take into account specific traffic or road features,

Enttgs://echa.euroga.eu/documents/10162/13577/enforcement wsZ2 ap 6 a en.pdi/do4dl/94-1/0ad
ch8- - a30a
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including gradients that might lead to locally high emission events. This is particularly relevant
to emissions from brake wear where emissions would be expected to be highest at locations
with high intensity braking events and near zero where traffic is flowing freely and no braking
occurs. Emissions from tyre wear and road abrasion might be more evenly distributed
although even here there is the likelihood of higher wear rates occurring along stretches of

roads with significant acceleration and deceleration events.

Research is being undertaken to better understand the dynamics of braking and the effect this
has on wear rates and PM emissions, as represented in presentations given at the Eurobrake
conference at The Hague in 2018°%, although this has not yet led to a more refined approach
for modelling the spatial variation in brake wear emissions. Work being carried out for the
German auto industry is developing a high resolution brake use inventory for spatially
resolving emissions of PM from brake wear. The initial phase of the development used high
frequency dynamic vehicle measurements data to produce a proxy for brake intensity, i.e.
negative Vehicle Specific Power which showed how highest intensity braking and therefore
high brake wear emission rates is likely to be at specific places such as motorway exit roads
(VDA, 2017). Work is currently underway to model the effect that such high intensity braking

and emission rates might have on local roadside concentrations of PM from this source.

2.2 Modelled relative amounts of brake and tyre non-exhaust
emissions across the UK major road network

Emissions modelling using published emission factors and traffic assumptions has been
undertaken to understand the relative distribution of brake wear and tyre wear non-exhaust
emissions across the UK road network. Emissions of non-exhaust PM were calculated for the
UK major road network and for major roads in London. Speed dependencies for wear
emissions were calculated as per the emissions guidebook (EMEP/EEA, 2009). The
emissions for each non-exhaust source are discussed briefly. For each NEE source category,
emission rates along each road link were banded into quartiles to provide a more helpful
graphical summary. (Note that road links have variable lengths and are generally shorter on

urban roads and longer on roads between urban centres).

6 hiip:/72018.eurobrake.net/programme/technical-programmeg
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2.2.1 Brake wear PM

Modelled emissions of brake wear are shown in Figure 9. This clearly shows the dominance
of brake wear emissions in urban areas, especially in London and within the M25 but also in
Newcastle, Sunderland and Glasgow. Upper quartile emissions can also be seen on road links
around smaller conurbations including Stoke-on-Trent, Plymouth, Cambridge, Southampton,

Portsmouth and Bournemouth and in north and south Wales.

Looking at the enlarged section for the London region in Figure 10 it is clear that much of the
capital’'s road network has modelled brake wear emissions in the upper two quartiles of road
links of UK emissions. Roads with brake wear in the top quartile include much of the M25 and

North Circular, major roads in west London and also some busier roads in the centre.
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Figure 9: Emissions of PM1o brake wear for the UK major road network. The emissions from all the UK
major road links have been divided into quartiles (from low to high these road links are coloured dark
green, light green, orange and red).
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Figure 10: Enlarged section of Figure 9 showing emissions of PMig brake wear for the major road
network around London. The emissions from all the UK major road links have been divided into
quartiles (from low to high these road links are coloured dark green, light green, orange and red).

2.2.2 Tyre wear PM

Modelled emissions of tyre wear are shown in Figure 11 and show the dominance of emissions
from sections of the motorway network, most especially the M25 and the motorway networks
emanating from Birmingham, Bristol, Leeds, Liverpool, Manchester and Southampton.
Outside the motorway network top quartile emissions can also be seen along the Al14 in
Cambridgeshire.

Looking at the enlarged map of the London region shown in Figure 12, modelled emissions
are clearly greatest along multiple carriageway roads such as the North Circular, M4, A40,
Al12 and A2 in addition to the M25 and feeder motorways.
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Figure 11: Emissions of PMyo tyre wear for UK major road network. The emissions from all the UK

major road links have been divided into quartiles (from low to high these road links are coloured dark

green, light green, orange and red).
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Figure 12: Enlarged section of Figure 9 showing emissions of PMyo tyre wear for the major road
network around London. The emissions from all the UK major road links have been divided into
quartiles (from low to high these road links are coloured dark green, light green, orange and red).

2.2.3 Discussion

Tyre wear emissions were greatest along the UK motorway network. This contrasts with
emissions from brake wear that were dominated by that from major roads in urban areas.
These variations can be understood in terms of the different factors that contribute to

emissions calculations.

Both brake wear and tyre wear are dependent on vehicle speed in addition to having
dependences on vehicle type and flow (EMEP/EEA 2009). Speed dependency also differs
between the two wear sources. As shown in Figure 13 emissions of brake wear increase by a

factor of around nine at urban driving speeds and conditions compared to emissions from fast
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free-flowing-traffic motorways; this compares to a factor of 1.5 between these road conditions
for tyre wear. This relative speed dependency leads to proportionally greater urban emissions

of brake wear relative to that from tyres.

9 B Tyre Wear
Brake wear

Relative emission factor

0 T T T T T 1
0 20 40 60 80 100 120
Speed km h-1

Figure 13: Speed dependence of emissions factors for brake and tyre wear. Each are normalised to
their respective emissions rate at 100 km h-1. In this plot speed refers to the average traffic speed and
not the instantaneous speed of any vehicle.

These modelled emissions for non-exhaust PM;o show clear variation across the UK road
network in the amounts contributed from the different sources of NEE. The best locations for
measurements of NEE contributions may not necessarily be coincident with current air quality
monitoring sites. Candidate locations for experimental campaigns to measure non-exhaust
PM should therefore focus on the trunk and motorway road network. Upper quartile emissions
from NEE sources can also be found on urban trunk roads. In many cases these locations will
also be sources of important population exposure. This analysis has, however, not considered
minor roads, which may also be important sources of population exposure to NEE where these

have lots of start/stopping traffic and speed bumps, for example.
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2.3 The UN Particle Measurement Programme Non-Exhaust
Emissions IWG

The Particle Measurement Programme (PMP) is an informal working group (IWG) reporting to
the UN Transport pollution and Energy group (GRPE) that includes representatives from the
automotive industry, government, the Society of Automotive Engineers and the International
Organization for Standardization. At the request of GRPE, the PMP has been looking into non-
exhaust emissions. The following is edited information from the PMP Non-Exhaust Emissions
IWG response to the joint Defra and DfT call in July 2018 for evidence on brake, tyre and road
surface wear (seen by AQEG with permission of the PMP)’.

PMzo emission factors of 2-13 mg per vehicle-km have been reported for passenger cars for
both brakes and tyres (Grigoratos and Martini, 2015; Denier van der Gon et al., 2018) and 0-
8 mg per vehicle-km for road abrasion (Gustafsson, 2018). Available emission factors are not
comparable to each other and do not provide accurate information on emissions from different

vehicle classes and different types of tyres and brakes.

Measured emission factors for brake-wear strongly depend amongst other factors on the
testing method (pin-on-disc, brake dyno, chassis dyno, on-road test), the duty cycle used and
the measurement setup. The PMP IWG on Non-Exhaust Emissions is working on developing
a common method for measuring both particle mass and particle number brake wear
emissions using a sophisticated duty cycle informed by real-world driving conditions that,
crucially, will also permit collection of data for emissions from different types of brakes and
brake materials, and possibly also from different vehicle classes. A measurement method via

brake dyno is being developed.

For tyre wear particle emissions, no common, robust, reliable and repeatable method exists
to determine emission factors. The European Commission recently mandated the
development of an experimental method for the measurement of tyre abrasion rate (mg/km)
as part of the Tyre Labelling Regulation (COM(2018) 296). Methodology should also include
determination of the emissions of the PMiy and PMzs (and particle number) fractions
specifically per tyre-km. It is not currently clear who will take on this activity and it will take time
for a method to be developed. The relationship between tyre wear and type of road surface

needs to be investigated together.

7 https://consult.defra.gov.uk/airquality/brake-tyre-and-road-surface-wear/
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The PMP IWG’s view from industry data not yet publicly available is that reductions in brake
wear particle mass emissions from vehicles substantially using regenerative braking will be
much larger than any increases in brake wear emissions associated with increased vehicle
mass. Such vehicles are also expected to have lower brake wear particle number emissions
since less use of friction brakes results in an overall cooler brake system which lowers particle
formation. On the other hand, there is strong indication that heavier vehicles will emit greater

tyre wear particle mass and particle number, e.g. Foitzik et al. (2018).
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3 The Measurement Evidence for Non-Exhaust Emissions

Non-exhaust emissions of PM have been characterised in the laboratory and also by sampling
air from near the tyres / brakes using equipment mounted on individual test vehicles. Most
ambient measurement evidence of the importance of non-exhaust emissions from vehicles
stems either from size-segregated observations at the roadside concentration compared with

the urban background, or from source apportionment based on chemical composition.

Ambient levels of particles originating from NEE are controlled not only by the source strength,
but also by dispersion, i.e. the efficiency for the emitted particles to be diluted through
turbulence. Emissions of particles from the abrasion of tyres, brakes and the road surface
contribute directly, but they also deposit back onto the road surface, mainly due to gravitational
settling, from which they can then be re-suspended, either through the turbulence of the
passing vehicles (vehicle-induced resuspension) or by wind (wind-driven resuspension).
However, particles from non-traffic sources deposited or otherwise transported onto road

surfaces also contribute to road dust emissions.

Padoan and Amato (2018) have recently reviewed the global literature on the contribution of
vehicular NEE sources to atmospheric concentrations; amongst these studies there are only

few measurement derived estimates for the UK.

3.1 Evidence for NEE from size-resolved PM measurements

Friction processes generally generate particles with a diameter that exceeds 1 um and this
also applies to the brake and tyre wear (Grigoratos and Matrtini, 2015). Resuspension is also
efficient only for supermicron particles. By contrast, combustion processes such as those
responsible for the exhaust emissions produce sub-micron particles. Thus, by distinguishing
between the aerosol mass <1 um (PM;) and the mass contained in the size range between 1
and 2.5 um (or between 1 and 10 um) the contribution from exhaust and non-exhaust vehicle
emissions to ambient concentrations of PM2s (PM1o) can be quantified, with the caveat that it
will contain some re-suspended road dust not originally associated with vehicle emissions.
Overall, it has been found that the NEE component is most commonly associated with coarse
particles (i.e. PMyo rather than PM.5s) in close proximity to the sources (Lough et al., 2005).
Unfortunately, PM; is rarely measured and the more commonly monitored PM, s and PMyo are
used to calculate NEE represented by the increment of the coarse component (PMcoarse = PM1o

— PM;5) at the roadside compared to the urban background. It should be noted though that a
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component of the roadside PM s also includes some NEE in the size range 1 to 2.5 um, which

will be unaccounted for.

In a European meta-analysis of PM.s and PMio concentrations, Hopke et al. (2018) showed
that whilst PMcearse accounts for 34% of the PMso at suburban and urban background sites, it
accounts for 43% of the PMjo at traffic sites across sites, with the values for the UK (and
Scandinavia) lying at the top end of the range (50% to 66%), which the authors attribute to
winter road sanding that is more prevalent in N Europe. More generally, comparing multiple
datasets, it is evident that emissions vary according to conditions and habits in different
countries, such as drier roads in the Mediterranean or the used of studded winter tyres in

Scandinavia causing more road wear and dust (Amato et al., 2014).

By combining size-distribution measurements with chemical tracer information, Harrison et al.
(2012) estimated that at London Marylebone Road the roadside increment in super-micron
PM is composed of 55% of brake dust, 38% resuspended dust and 11% tyre dust. Lenschow
et al. (2001) found that 55% of the PMio roadside increment on a busy street in Berlin
represented exhaust emissions and tyre abrasion and the remaining 45% resuspended road
dust. Similarly, Querol et al. (2004), analysing PMi, and composition data from a range of
European cities found that, typically, exhaust and non-exhaust emissions such as

resuspension and abrasion each contribute about half of the roadside increment.

Correlations between the roadside increments in PMcarse and gaseous tracers have been
observed during several studies. For example, Harrison et al. (2001) reported a linear increase
between the increment of Marylebone Road PMcoarse and the increment in NOXx, where London
Bloomsbury was selected as the urban background site against which the increments were

referenced.

3.2 Evidence for NEE from PM chemical composition

Without chemical information, it is difficult to distinguish between the different types of NEE
emission. A number of studies have reported ambient concentrations of NEE patrticles on a
composition basis. Because a large portion of the mass emitted is refractory and not water
soluble, many common methods of ambient PM composition monitoring such as ion
chromatography, gas chromatography and Aerodyne Aerosol Mass Spectrometry are of
limited use. Instead, most atmospheric composition studies have targeted the metallic

component of NEE patrticles, which is also an aspect of concern regarding toxicity. Common
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methods of analysing filter or impactor samples offline include various forms of x-ray
spectroscopy (e.g. x-ray fluorescence, particle-induced x-ray emission) or analysis with
inductively coupled plasma mass spectrometry/optical emission spectroscopy (ICP-MS/OES)
after acid digestion. The Defra Heavy Metals Network routinely monitors a wide range of

metals in ambient air at 24 sites by this method.

In addition to offline analysis, online methods also exist. The XACT is a relatively new
instrument capable of semi-continuous x-ray florescence analysis for metals (Furger et al.,
2017), which allows for a continuous, high time resolution (~1 hour) dataset to be generated.
Laser-ablation single-particle mass spectrometers such as the Aerosol Time of Flight Mass
Spectrometer (ATOFMS) are capable of identifying NEE particles on an individual level, based
on the presence of key ions (Beddows et al., 2016; Dall'Osto et al., 2014). Because these are
real-time instruments, very high time resolution is possible; however, because the composition
data are not strictly quantitative, single-particle mass spectrometers are more suited to
delivering number concentrations segregated by particle type rather than quantifying PM

according to mass.

Various elements have been detected in the atmosphere that are known to be present in NEE,
in particular Cu, Sb and Ba from brake wear, Zn for tyre wear, crustal elements such as Al,
Ca and Si associated with dust, and some elements such as Fe that can be associated with

more than one (Thorpe and Harrison, 2008; Pant and Harrison, 2013).

However, positively associating an observation of these with NEE is not always straightforward
because these elements can also be present in other sources, such as non-road, wind-blown
dust and industrial sources. Also, the composition of braking components varies across the
vehicle fleet and detailed information of component composition is often proprietary and not

known.

However, as with the particle size measurements described above, source apportionment can
be achieved by comparing a roadside or urban site against a background site (Geitl et al.
2010; Harrison et al. 2012), comparing the composition of particulates at the exit of a road
tunnel with those at the entrance (Sternbeck et al., 2002; Lough et al., 2005) or inspecting the
ratios of elements and comparing to those expected based on emissions studies (Weckwerth,
2001).

In the study by Gietl et al. (2010), a range of trace metals in the PMjo size fraction were
measured at roadside on Marylebone Road and at a nearby background site in Regents Park.

Taking the difference between Marylebone Road and Regent’s Park to indicate the roadside
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increment in concentration, an elevation was seen in the concentrations of the following
metals: Al, Sb, Ba, Ca, Cu, Fe, Mg, Ti, V and Zn. The enrichment in Al, Ca and Mg is probably
largely attributable to resuspended road dust, and tyre wear particles are generally considered
to be the main source of Zn in the roadside environment. The other elements, and especially
Ba, Sb and Cu, are typically attributable to brake wear, with this being the predominant source
of Cu in the roadside environment (Section 2.1.4). Harrison et al. (2012) similarly observed

strong correlations between Fe and Cu, Sb and Ba, strongly suggestive of a common source.

Further measurements of trace metals at roadside on Marylebone Road (data supplied by Dr
Paul Quincey, National Physical Laboratory) showed only small changes in concentration
between the annual mean in 2011 and that in 2017. Temporal trends over this period in Cd,
Co, Se, As, Cr, Pb, Mn and Fe were broadly flat while Cu, Ni and V showed an apparent
downward trend, with a number of elements including Cu, Zn, Mn and Fe showing a small

increase between 2016 and 2017.

Source attribution based on metal concentrations, generally speaking, suggests that brake
wear and resuspension are more significant than tyre wear. Based on the data of Harrison et
al. (2012), Padoan and Amato (2018) derived aerosol contributions (in the size range 0.9 to
11.5 um) of 3.3, 2.3 and 0.65 ug m™ for brake wear, road dust and tyre wear, respectively.
However, it must be noted that these data relate to urban roadside and not to motorways

which, as shown in section 2.2.2, are where the tyre wear NEE are expected to be greatest.

3.3 Measurement-based source receptor modelling

Receptor modelling refers to methods used to infer the contributions of different sources to
measured concentrations of air pollutants. It has been widely applied to airborne particles and
depends upon the fact that particles arising from different sources are of differing chemical

composition.

In its simplest form, receptor modelling uses a single chemical tracer to relate particles to a
specific source. Use of this method depends upon an assumption that the chemical tracer is
specific to the one source of particles and that the ratio of the mass of the total particle to that
of the chemical tracer is known. An example is the use by Gietl et al. (2010) of Ba as a tracer
for brake wear particles in roadside air. The choice of Ba was made on the basis of its known
presence in brake pads, and measured concentrations made at roadside and in the urban

background, which showed a strong traffic increment at roadside. Ba concentrations at
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roadside when corrected for the background contribution correlated strongly with a number of
trace elements including Fe (which derives from wear of both brake pads and discs), indicating
that they had a common source. There was no indication of an appreciable contribution to Ba
other than from the brake wear emissions. In order to make use of Ba as a quantitative tracer,
it was necessary to estimate its abundance in brake wear emissions, and that was
accomplished by use of emission factors for brake wear particle mass combined with traffic
volumes to estimate the total emissions per kilometre of brake wear particles on Marylebone
Road during the measurement period. An alternative might have been to collect brake wear
particles in the laboratory and determine their Ba content, but the literature has shown that the
elemental content of brake pads is immensely variable (Hulskotte et al., 2014), and
consequently collection of a small number of samples from different brake pads would not be
representative. Inferring the elemental abundance from atmospheric data ensures that a fleet
average value is obtained. In a slight variation on the Ba tracer method, Harrison et al. (2012)
used a combination of elemental and particle size distribution data to infer the contributions of
brake wear, tyre wear and resuspension to airborne particulate matter on Marylebone Road
using Ba, Zn and Si respectively as tracers for brake wear, tyre wear and resuspended road
dust.

In general terms, tracer-based receptor modelling for quantitative source apportionment of PM
is challenging for NEE because the composition profiles of the components are highly variable.
Resuspended road dust is particularly problematic because in addition to the composition of
natural dust varying with local mineralogy, the dust is often heavily contaminated with brake
and tyre wear (Adamiec et al., 2016), meaning that the definitions of the different NEE become
blurred. Emissions can also vary according to a number of other factors such as brake pad
formulation, driving conditions and even humidity (which affects resuspension). This means

that quantification based on these methods can be highly uncertain (Pant and Harrison, 2013).

As an alternative approach, Positive Matrix Factorization (PMF) can also be used, which is an
algorithm that requires no a priori assumptions regarding composition. Instead, this identifies
‘factors’ in the data corresponding to collective variations in multivariate datasets and has
been successfully applied to this problem in certain environments (Fabretti et al., 2009).
Generally, this method performs best when using high time resolution data (from a semi-
continuous analyser or automated sampler), as variations with time of day brought on by
changes in traffic activity ensure for better differentiation from other sources. Most commonly
it is applied to elemental and ionic concentrations in airborne particles and identifies discrete

factors whose chemical profiles can be used to relate them to specific sources of particles.
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PMF performance varies according to specific environments and data sources and it cannot
be reliably predicted in advance what factors a PMF will identify for a given dataset, but many
recent well-conducted studies have indeed been able to identify particles arising from
vehicular non-exhaust sources, but are rarely able to disaggregate the non-exhaust particles
according to their specific origins in tyre wear, brake wear or resuspension. This is because
these tend to be temporally covariant and often, the method is not able to differentiate
resuspended road dust from wind-blown soils which often have a similar chemical profile.
Crilley et al. (2017) used high resolution metals data from the 2012 ClearfLo campaign along
with data concerning particle size and mass and was able to identify NEE sources using PMF
and, furthermore, estimated that at Marylebone Road, vehicle wear and resuspension
contributed 13.4% (1.3 ug m3) and 31% (3.1 pg M=) of PMcoarse, respectively. These factors
were differentiated by the greater content of Si, Al and Ti in the resuspended road dust as
compared to high contributions to trace metal concentrations (Cr, Mn, Fe, Cu and Zn) from
the vehicle wear particles (Ba was not measured). The Crilley et al. (2017) study identified
factors associated with traffic emissions (exhaust and non-exhaust) and airborne soil in fine
fraction particles at North Kensington and a traffic emissions factor in coarse particles

collected at the North Kensington site.

Another factorisation using the Multilinear Engine (ME-2, a variant on PMF) was employed by
Visser et al. (2015) to size-resolved elemental data, also obtained in London during ClearfLo,
and was able to isolate three categories of NEE, each most prevalent within the PMcoarse Size
fraction and with a very strong roadside increment (through comparison with multiple sites)
(Figure 14). These data are not full mass budgets, but they are illustrative of relative source
strengths for different site types. Both the Crilley et al. (2017) and Visser et al. (2015) studies
had ambiguities in the data, such as factors that could only be categorised as ‘traffic related’

or an inability to differentiate sea salt and road salt.
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Figure 14: Comparison of different sources according to PM size fraction and site in the London area
according to Visser et al. (2015). MR = Marylebone Road (roadside), NK = North Kensington (urban
background), DE = Detling (rural background). Note that the mass concentrations only refer to the
contributions to the measured elements, not a complete mass budget.

In an analysis of a different dataset also collected at North Kensington, Beddows et al. (2015)
identified a factor attributed to non-exhaust and traffic/crustal particles in PMio at North
Kensington. This was identified from its characteristically high contribution to Al, Ca and Ti as
well as to a number of trace elements associated with abrasion emissions. Beddows et al.
(2015) also identified a factor attributed to traffic which was notable for its high contribution to
Cu, Mo, Ba and Sb and a high concentration of Fe, both of which are features strongly
associated with brake wear particles. Both factors made a significant contribution to
concentrations of Zn which is normally taken as a tracer for tyre wear emissions in the absence

of local industrial sources.

In a harmonised study of five major southern European cities, Amato et al. (2016) identified
by PMF a factor showing broadly similar composition within all of the cities which they
attributed to vehicular non-exhaust emissions which was additional to a vehicle exhaust factor.
It showed chemical features typical of brake wear (Cu, Ba and Sb), tyre wear (Zn) and road

dust (Si, Al and Ca). When the PMF outputs were quantified, the vehicle non-exhaust factor
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accounted for between 8 and 14% of PMi, mass and between 1 and 8% of PM2s mass.
Averaged across the cities, the contributions of vehicle exhaust and vehicle non-exhaust
particles to PMio were very similar, while for PMz s, vehicle exhaust was dominant in four out

of five cities.

The fact that the different non-exhaust particles sources have different size distributions was
exploited in a study on Marylebone Road by Harrison et al. (2011). The Positive Matrix
Factorization (PMF) method was applied to a dataset of hourly measurements of particle
number size distributions collected at roadside on Marylebone Road. The data covered the
range 15 nm to 10 um in around 100 size bins. The data were analysed in conjunction with
measurements of gas-phase pollutants and meteorological variables, and PMF vyielded size
distributions and associations with gaseous pollutants and meteorological data as well as
diurnal patterns in particles of given size distributions. From these data, it was possible to
identify two kinds of exhaust particles (nucleation mode and solid mode), brake dust and
resuspension particles as well as another six factors associated with the urban background

particulate matter.

3.4 Consistency between measurements and inventories for NEE

As a simple check on the relative magnitude of exhaust and non-exhaust emissions, data from
London Marylebone Road and London North Kensington were analysed for the period 2013-
2017. The analysis depends upon calculating the difference in annual mean concentrations
between the two sampling sites which can be taken as approximately equal to the traffic
increment arising from the traffic on Marylebone Road itself after subtracting the local
background as represented by the concentrations at North Kensington. This is done for daily
gravimetric measurements of PM,s and PMyo and for elemental carbon (EC) and organic
carbon (OC) measured daily by a thermo-optical technique. Conventionally, the sum of EC +

1.2 OC is taken as representative of the mass of carbonaceous particles from road traffic.

The annual mean concentration data for the two sites appear in Table 5, and in Table 6 the
magnitude of the inter-site differences represented as A(LMR — LNK) and A(EC + 1.2 OC) are
calculated. The analysis shows that the traffic increment of PMig on Marylebone Road
averages 10.3 pg m=2 over the five year period while the carbonaceous aerosol increment
A(EC + 1.2 OC) amounts to 5.67 ug m=, around 55% of the PMyo increment. This therefore
suggests that over the relevant period, non-exhaust emissions amounted to around 45% of

total emissions of PMso from road traffic on Marylebone Road. The data for A(EC + 1.2 OC)
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appear to show a modest decline from 2013 to 2017, although this has not been tested for
significance. Given that conditions on Marylebone Road may not be reflective of the entire
UK, these data for PMio are not inconsistent with the estimates of the relative magnitude of
non-exhaust and exhaust emissions although it should be remembered that the PMsg
increment at Marylebone Road contains road dust resuspension which is not included in the

NEE estimates of the inventory.

It would be expected that the carbonaceous particles represented by A(EC + 1.2 OC) would
be almost exclusively in the fine (PMas) size fraction. It is therefore surprising that the average
traffic increment of PM_ s over the five year period is 5.4 ug m= which is slightly lower than the
traffic increment in the carbonaceous particles. This may be explained by the fact that traffic
exhaust is not the only contributor to EC and OC which are present also in brake dust and tyre
particles, as well as road dust. Nonetheless, these data suggest that the predominance of the
non-exhaust particles is most probably within the coarse size fraction (PM2s.10) and that the
overall magnitude of the NEE contribution to airborne particulate matter is broadly in line with

the NAEI predictions when looked at relative to the vehicle exhaust contribution.

Table 5: Annual mean concentration (all in pg m-3).

MARYLEBONE ROAD | NORTH KENSINGTON
EC OC PMss | PMp | EC  OC PMss  PMo
2013 | 452 | 6.21 17 20 | 085 | 374 | 12 19
2014 | 4.78 | 5.62 16 28 | 0.89 | 344 | 10 18
2015 | 3.94 | 557 14 26 | 075 | 312 | 9 16
2016 | 3.68 | 4.96 14 25 | 098 | 310 | 8 14
2017 | 3.39 | 5.34 14 25 | 087 | 316 | 9 N.D.

Table 6: A(LMR — LNK) (ug m).

EC OC PMzs PMp [EC+1.200)

2013 3.67 2.47 5 10 6.63
2014 3.89 2.18 6 10 6.51
2015 2.19 2.45 5 10 5.13
2016 2.70 1.86 6 11 4.93
2017 2.52 2.18 5 n.d. 5.14
Mean (2013-2017) 2.99 2.23 5.4 10.3 5.67
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3.5 NEE contribution to urban-scale PM fluxes

It should be noted that these quantifications relate to the contribution of NEE to PM
concentrations at ground level, a metric relevant for local human exposure. The atmospheric
residence time of coarse patrticles is relatively short and many coarse particles will, e.g., re-
circulate within street canyons and not be transported aloft. Thus the controls of NEE
emissions to the overall emission from a city, for example, is very different, and this emission
is what contributes to the national background and transports PM to vegetation. Making direct
measurements of the fluxes of supermicron particle number above Stockholm, Vogt et al.
(2011) found a relatively linear relationship between supermicron particle flux and CO- (as a
tracer of fuel use) at moderate wind speed, whilst above 8 m s super-micron particle fluxes
increased strongly. This is consistent with similar measurements above Edinburgh, where
supermicron particle fluxes showed a relationship with traffic activity only up to a wind speed
of 7 m s, above which they increased strongly with wind speed, with no identifiable
(additional) relationship with traffic activity (Nemitz et al., 2000). The Stockholm
measurements additionally demonstrated that the coarse particle fluxes were largest in spring
and during that season they were also larger for dry than for wet roads (Vogt et al., 2011).
This was attributed to emissions of road dust from studded tyre wear during the winter,

following snowmelt.

However, whilst NEE net emissions may be largest during windy conditions, dispersion is also
efficient during these periods. As a result, the contribution of NEE to local concentrations (and
exposure) is usually limited. For example, Harrison et al. (2001) observed that whilst the
contribution of PMcoarse/PM2 s ratio increased with wind speed, the absolute concentration of

PMcoarse decreased.
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4 Representation of Non-Exhaust Emissions in Models

4.1 Introduction

As NEE emissions factors have become available and the relative contribution of NEE to PM
concentrations has increased, the inclusion of NEE in transport and dispersion models has
become more routine. However detailed dispersion modelling assessments of the relative
contribution of the different components of NEE near roads and their dependence on different
vehicle fleets and/or road environments have not been conducted. (The use of source-receptor
models to infer the contributions of NEE sources to measured concentrations of air pollutants
have been discussed in Section 3.)

4.2 Dispersion Models

In dispersion models the source of road traffic emissions is generally assumed to be a line
source with finite width and height to account for the uncertainty in the location of the vehicle
exhaust system and for the initial dispersion immediately behind the vehicle. Sources of NEE
and exhaust emissions of PM are treated in exactly the same way being included within the
same road or line source. In some models, for example OSPM (Hertel et al. 1990) and ADMS-
Urban (Hood et al, 2014), allowance is made for the effect of vehicle-induced turbulence on
source parameters dependent on number, speed and cross-sectional area of vehicles but
again exhaust and non-exhaust emissions are treated in the same way. With regard to NEE
emissions tyre, brake and road wear are typically included, and sometimes also resuspension,
depending on available emissions data. For example EMEP emission factors for tyre, brake
and road wear have been applied (Barlow et al., 2007), and resuspension factors from the
EMEP/EEA guidebook (EMEP/EEA, 2013). More recently the EMEP tyre and brake wear
emissions factors have been adjusted to be in line with measurements recorded at London
Marylebone Road (Harrison et al. 2012) and applied to the London Atmospheric Emission
Inventory (LAEI, 2010). In the PCM model (Brookes et al. 2017), brake, tyre and road wear
emissions have been taken directly from the NAEI and included in the dispersion modelling

for the roadside increment and background models.

As an illustration of a calculation of impacts of NEE on PM concentrations, Figure 15 presents
an example using the ADMS-Urban dispersion model. The model was used to calculate the

contribution of the different components of NEE and exhaust emissions at five different
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receptor locations (Table 7), for 2016 and 2020 (Hood et al., 2018). The emissions of NEE are
based on the LAEI inventory with adjustments using Harrison et al. (2012) for tyre and brake
wear. Total emissions of the components of NEE and also exhaust emissions of PMio and
PM.s are shown in Table 8. It is seen that the adjustment has a large impact on brake wear
emissions and that resultant total increases in total road traffic emissions of PMio and PM: s in
2016 are 65% and 53% respectively. For 2016, the 'background' concentrations have been
calculated using monitoring data either from Rochester Stoke or Chilbolton depending on the
wind direction. For 2020, background concentrations were derived from the 2016 data by
multiplying by the ratio of the LAQM background map concentrations for the years 2020 and
2016 at the location of the rural background monitors. Background values for PM1o and PM:5
are 14.9 and 10.0 pg m=2in 2016 and 14.4 and 9.6 pg m=in 2020.

Figure 15 shows NEE and exhaust contributions to PMi, and PM:s at the five receptor
locations. The greatest contribution at all sites was from the background in both 2016 and
2020, however the traffic contributions were important at all the roadside locations considered.
Of the traffic contribution, NEE is greater than exhaust emissions in both 2016 and 2020 and
its relative contribution was even greater in 2020 as exhaust emissions continue to decline.
NEE shows at least as much variability between the sites as exhaust emissions. This is further
illustrated in Figure 16 which shows the modelled spatial variation in PM; s for 2016 with the

congestion charging zone.

As is the case with most dispersion modelling this study does not include temporal variations
in NEE emissions other than the typical diurnal pattern, for example the impact of rainfall
events on the resuspension component of emissions (e.g. de la Paz et al. 2015). The
modelling summarised in Figure 15 assumes that NEE follows the same diurnal profile as
exhaust emissions with no seasonality, which may result in some bias in the reported
apportionment. Dispersion modelling studies often seek to predict the contribution of road
traffic to short-term events, for example during days when total PMo concentrations exceed
50 ug m3. The source contributions due to resuspension during these days are a key feature

of interest as evidenced by the examples reported in Section 5.3.

Table 7: Modelled receptors and details of nearest road flows and speed.
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Annual average

Receptor name % Light % Heavy

daily traffic (AADT)

GN4 o o
Greenwich - Fiveways Sidcup Rd A20 37,569 96% 4% 29
GR9
Greenwich - Westhorne Avenue 42,698 92% 8% 25
KC2 18,322 95% 5% 35
Kensington and Chelsea - Cromwell Rd ' ° °
SK5 o o
Southwark - A2 Old Kent Road 21,185 89% 11% 30
MY1/MY7 (FDMS) o o
Westminster - Marylebone Road 58,718 90% 10% 20

Table 8: Total road traffic emissions (t/yr) in the LAEI for 2016 and 2020 adjusted following Harrison
et al. (2012). The figures in brackets are the percentage increase due to the adjustment.

Brake wear Resuspension Exhaust Total

PM10 2016 | 1,967 476 (9%) | 426 451 395 3,714 (65%)
(263%)

PM10 2020 | 2,023 491 (9%) | 439 455 208 3,616 (71%)
(263%)

PM2.5 787 (263%) 333 (9%) | 230 0 375 1,724 (53%)

2016

PM2.5 809 (263%) 344 (9%) | 237 0 197 1,587 (63%)

2020
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Figure 15: PMyo and PM_ s concentrations modelled using ADMS-Urban at five major roads in London
apportioned by emission type (ug m-3) for 2016 and 2020. ‘Other’ represents the contribution of non-
traffic sources in the LAEI. The site codes are defined in Table 7.
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Figure 16: Modelled non-exhaust PM; s annual average concentration for 2016 within the London
Congestion Charging Zone.

4.3 Regional modelling

Most regional modelling studies of PM from transport do not assess the specific impact of non-
exhaust emissions. Although emission inventories separate out emissions from tyre and brake
wear (NRF 1A3bvi) and road abrasion (NRF 1A3bvii) from exhaust emissions (EMEP/EEA,
2016; See Chapter 2), most studies aggregate these into a single source type: transport
emissions (e.g. Archer-Nicholls et al., 2014). Furthermore, the PM are usually then combined
with primary PM emissions from other sources into bins of specific sizes. Assumptions are
made about the size distribution of the emissions and may not take account of the specific
size distribution of non-exhaust PM. Particles within each bin are assumed to be chemically
similar (internally mixed), but each bin is chemically distinct from each other (externally mixed).
This approach means that the origin of the particles is lost, along with the source specific size
or chemical information. Methods for labelling sources of PM have been developed but only
applied to broad emission sectors (e.g. transport) (Kranenburg et al, 2013).
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In the study by Denier van der Gon et al. (2007) of the contribution of brake wear to
atmospheric Cu, the Cu was treated separately from other transport emissions. Cu emissions
were included in the LOTOS-EUROS regional chemical transport model by assuming
emission factors per kilometre driven by different vehicle types: 3, 6, 10 and 27 mg vkm™ for
motorcycles, passenger cars, light duty vehicles and heavy duty vehicles, respectively.
Distance driven was by vehicle type was obtained from the Baseline Scenarios for Clean Air
for Europe (CAFE) Programme?®. The Cu particles were assumed to be chemically inert and
deposited at a rate based on their size. The total calculated concentration of Cu was
dependent on the assumed size fractionation of the particles. Switching from a fine (PM25s) to
coarse (PM2s.10) mode ratio of 70:30 to 30:70 lowered the total Cu concentration by around
20%, because coarse mode particles have a higher deposition velocity. Comparing modelled
Cu concentrations with observations, Denier van der Gon et al. (2007) estimated that brake
wear emissions may be responsible for 50-70% of total Cu emission to air for most of Western
Europe, with around 80-90% in the UK.

8 hifp://ec.europa.eu/environment/archives/caie/general/pdi/caie_lotl.pdi
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5 Abatement of Non-Exhaust Emissions of PM

With many factors affecting the formation of non-exhaust particulate emissions it is not
surprising that there are many opportunities for particulate emission reduction. Pressure on
vehicle manufacturers to reduce non-exhaust particulate matter from an air quality perspective
is increasing, but has not yet directly driven technology change or implementation. This section
summarises the opportunities presented in the literature, indicating the degree to which
currently available technologies can reduce NEE of PM in the areas of brake emissions, tyre

emissions and resuspension sources.

5.1 Brake-source particulate matter

Brake system technological development has been driven by commercial interests including
friction characteristics, noise and vibration characteristics, wear and durability. Desire to
reduce particle emissions from brake systems has arisen from customer drivers such as
surface contamination of wheels (e.g. Gaylard, 2010) with only a burgeoning interest in the
airborne emission components. As such, there are few studies to date that thoroughly focus
on opportunities to reduce particulate emissions through brake system design, material
formulation and add-on technologies. This section examines a selection of literature to identify
technology options and approaches that are available to reduce brake-source particulate
matter from vehicles. As with exhaust particulate matter, care is taken to differentiate between

mass-based and number-based measures.
Reduction of brake-source particulate matter can be achieved by:

a) reducing the formation of particles

b) trapping the particles after formation

Altering particulate characteristics after formation (e.g. changing size distribution through
enhanced agglomeration) may reduce the negative impact of particles. No information was

found in the literature covering this for brake systems so it is not explored further here.
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5.1.1 Reducing the formation of brake-source particles

Work showing potential to reduce formation of particulate matter from brakes revolves around
new friction material formulations. New formulations have not been driven by quantity of
particulate emissions but the materials being emitted. Work related to the Brake Pad
Partnership grew out of concerns of Cu emissions in the San Francisco Bay region and has
led to a growing interest in reformulating brake pad materials. Particulate emissions more

generally, however, do not receive as much attention in the published works in this area.

Perricone et al. (2018), reporting findings from the EU funded REBRAKE project, did focus on
airborne particulate emissions. They linked significant ultrafine and fine particle emissions
from brake friction surfaces to the evaporation and condensation of binders in the brake
materials. The onset of significant particulate emissions was therefore highly temperature
dependent. For the sample presented, a 15 °C temperature increase above approximately
170 °C (referred to as a transition temperature) was shown to result in a 5000 times increase
in particle number emissions, almost all of which were fine particles and ultrafine particles.
Such transition temperatures are material dependent suggesting strong interactions between
brake material formulation and particulate emissions. Brake events can give rise to local
surface temperatures that exceed such transition temperatures (e.g. Adamowicz and Grzes,
2011) under prolonged, repetitive or extreme braking despite the bulk temperatures potentially
remaining lower. This suggests optimization of local material thermal diffusivity could be
important for nano-particle reduction and particle number reduction and should be considered

closely in new material formulations.

Non-Asbestos Organic (NAO) brake pad formulations (more common in the US and Japanese
markets) have demonstrated a 45-48% lower particulate mass emission (Perricone et al.,
2018) than Low Metal (LM) content brake pad formulations commonly used in the European
market. The costs of NAO brake pads are cited as a barrier to their implementation. Neis et
al. (2017) observed NAO pads having larger contact plateau areas than LM pads which may
help manage local material temperatures and therefore nano-particle formation from

evaporated components such as the softer binders.

Perricone et al. (2018) also showed a heat treatment for the cast iron brake disc resulted in
32% particulate emission reduction by mass without loss in friction performance. This heat
treatment effect was attributed to the change in mechanical properties of the disc where its
hardness increased from 210 to 473 HB (Brinell Hardness Scale). This work highlighted that

the impact of the heat treatment on other brake product commercial requirements was yet to
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be evaluated. Matéjka et al. (2017) showed that after bedding in of brake pads and discs there
is a reduction in the formation of airborne particulates which relates to the creation of the stable
friction surface. This suggests caution is needed in evaluating brake source emissions

reported at different stages of the component life.

Studies which compare closed and open brake systems such as that by Hagino et al. (2016)
show clearly the lower quantity of emitted particles from enclosed (drum brake) systems by
approximately a factor of 10. The use of drum brake systems is less prevalent than it has been
historically and depends on the vehicle type and market. However, the reduction is attributed
to the enclosure of the braking components which retain the particles and therefore enclosure
rather than a reversion to brake drum technology is an option provided cost and thermal

performance requirements can be met.

Itis important that use of new materials in frictional braking systems does not lead to enhanced

emissions of known toxic components.

5.1.2 Trapping particles after formation

Commercial interest in filter based abatement of NEE is apparent in patent activity, particularly
since the focus of San Francisco authorities on copper emissions from brake materials and
subsequently the Brake Pad Partnership (Rosselot, 2006). Little information is available about
the performance of the patented systems although the variety in patents published resembles

somewhat the technologies explored previously for exhaust particle emission reduction.

Filtration technologies applied in the vicinity of the brake callipers or around the brake disc
make use of the induced air flow in the wheel well to pass a fraction of the flow through a
filtration element. Fieldhouse and Gelb (2016) reported un-evidenced trapping efficiency of
92% for one such system which could vary the filtered flow depending on thermal dissipation
requirements of the brake components. The value of 92% was recorded at the system’s
highest filtration performance condition and most thermally insulating, thereby being an
optimistic assessment. As a mass-based measurement, this is likely to be higher than an
equivalent number-based filtration efficiency. They observed a 15-29% reduction in brake
wear attributed to reduced surface contamination with wear debris. It is plausible that reduced

wear will contribute to reduced particulate emissions for a given material formulation.

Mann-Hummel started trials in 2017 for a variety of filtration solutions for automotive

applications including a partial flow fibrous brake dust particle filter. Little information on its
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performance was available at the time of preparing this report. Unevidenced marketing
information claimed 80% of particles were trapped by the technology. Such filters were
reported to be under trial on 10 DHL electric delivery vehicles in five German cities early in
2018. Particle capture systems were also being investigated on the LOWBRASYS Horizon
2020 project due to finish in 2019. Partial flow exhaust flow filtration systems may offer, with
caution, an indication of potential. They achieved typically 30-70 % filtration by mass and by
number depending on PM loading state and filter design (Schrewe et al, 2012). Such filtration
approaches have significant reductions in filtration performance as loading increases as the

reduced permeability leads to reduced fractional flow.

Patent activity indicates innovations which may enhance filtration performance including
pumped systems, and electro-magnetic enhancements. Performance data are not available

in the literature for brake applications of these technologies.

Air filtration systems such as that developed by StreetVac and Mann-Hummel’s fine dust
particle filter are designed to be fitted in or around vehicles. Induced flows will lead to filtration
of wheel well air or surroundings air depending on where it is installed on the vehicle. Filtration
performance has not, to our knowledge, been reported. Marketing claims related to Mann-
Hummel’s fleet refer to emission-neutral vehicles and removal of both brake and tyre particles,

both claims unevidenced in the literature at the time of preparing this report.

The potential impact of additional vehicle mass from particle trapping systems on CO;

emissions needs also to be evaluated.

5.2 Tyre-source particulate matter

Reduction of tyre-source particulate matter can be achieved primarily through reformulation
and redesign. Literature does not suggest interest in enclosing the wheel to enable direct
capture of tyre source particulates although some approaches to filtering airflows around the

tyre were introduced in the previous section.

5.2.1 Reducing particle formation

Modified tyre contact rubber formulations are being explored with the aim of improving the fuel

economy — friction performance — wear rate compromises. Polymeric materials are being
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explored (e.g. Harper et al., 2017) which can improve the overall compromise and therefore
offer the opportunity to reduce wear and potentially particulate emissions. The formulation and
design differences between manufacturers and tyre models are substantial causing
researchers such as Grigoratos et al. (2018) to conclude that there was no obvious statistical
relationship between standard measures of tyre wear and PM or particle number
concentrations when comparing five different tyre models. The variation in particle number
concentration was between ~2500 and 5200 cm™ showing that there is scope to reduce
particle emissions from tyres on the market. The current commercial drivers of fuel economy,

friction performance and wear rate may, however, drive reductions in tyre source particulates.

Foitzik et al. (2018) demonstrate the importance of slip angle and longitudinal tyre forces on
particle number emissions. This suggests opportunity with increased automation of vehicles
in avoiding high emitting conditions. Their data suggested a 0.8-1.8% increase in hanopatrticle
emissions is plausible for every 10 kg increase in vehicle mass. Light-weighting efforts from
manufacturers for improved fuel consumption are therefore contributing to reducing tyre-

source particulate matter.

5.3 Resuspended particulate matter

An increment in mineral dust in urban areas and, most especially beside roads, provides
evidence of traffic as a source of both road wear and the resuspension of deposited road dust
(Amato et al. 2010). From measurements across Spain, Querol et al. (2008) found that the
mineral PMio could be divided into three bands depending on location: < 6 pg m~2 in rural
locations, to 6-8 pug m=2 in urban areas and > 8 pg m=3 close to roads. In Berlin, Lenshow et
al. (2001) estimated that around half of the increment between roadside and background

urban locations was due to mineral dust.

The mineral components in PMyg vary by location and also by climate, being greater in dryer
locations and those near deserts. Road dust is also an important PM1o source in cold countries
due to the measures to make roads safely drivable in winter. These include both road sanding
and the use of studded tyres which wear the road surface. These processes can result in a
large surface dust burden remaining on roads during dry days in springtime. Alongside busy
roads in Stockholm mean monthly PMo concentrations in springtime were more than 80 pg
m~2 for March and April (1999-2004) and daily averages reached 200 pg m= (Norman and

Johansson, 2006). In the UK, problems with street dust and resuspension, leading to breaches

63



of the EU Limit Values for PM1o, have been found around construction sites (Fuller and Green,
2004) and on haulage routes to and from waste management sites where the additional PMs,
load can be greater than up to 33 ug m (annual mean) at 15 m from site entrances and 7 ug
m-=3, 1.1 km from the facility. (Fuller and Baker, 2008; Barratt and Fuller, 2014)

Amato et al. (2010) divides the main control options into three types: street sweeping, street
washing and chemical dust suppressants. Here, we also consider best practice measures
around construction sites and, where appropriate, focus on UK examples. Road surface
texture was shown by China and James (2012) to have a significant effect on resuspension of
PMs, from soil loading in Las Vegas for mean texture depths of 1 mm or lower. They observed
increasing mean texture depth from 0.5 to 1 mm led to a reduction in resuspended PMio mass
of ~64%. Although regional effects such as humidity will affect this, it does indicate road

surface design as a mechanism for reduction in resuspended particulate emissions.

5.3.1 Street sweeping

Street cleaning has been part of the normal role of local authorities for hundreds of years. This
normally comprises the removal of vegetation, dust and rubbish for aesthetics, sanitation and
to maintain drainage systems. Mechanical sweepers are increasingly used for this task. These
fall into different types that include those that just sweep and those that vacuum the roadway
too. Efficiency in removing dust (particle sizes up to 2000 nm) from road surfaces have been
found to vary between 5 and 94% dependent on particle size and sweeper technology.
Sweepers have been found to be most effective for removing larger visible particles from street
surfaces but there is evidence of a threshold effect, with sweepers unable to remove low dust
loadings. Better results were obtained where water washing and sweeping were undertaken
together (Amato et al., 2010).

Several measurement approaches have been used to assess the effectiveness of road
sweeping to control PMio resuspension. These include comparing swept and un-swept
stretches of the same road, comparing roadside concentrations to that at a nearby
background, looking for changes in emissions ratios before and after sweeping (normally PM1o
to NOy) and the use of up and downwind sites paired either side of a road. The majority of
eighteen studies reviewed by Amato et al. (2010) did not find an improvement in PMio from
the roadway after sweeping. Four studies found an increase in PMip emission factors or
concentrations after sweeping. It was suggested that the sweepers moved small particles from

the side of the road into the active traffic lanes where they could then be entrained into the air
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by passing traffic. However, it was thought possible that, in the longer-term, sweeping might

be effective in removing larger dust particles before they are worn down to PMsg size fractions.

In the UK, Fuller (2017) studied the impacts of street cleaning in an industrial estate in south
London. The estate was home to 150 business and the mixed use of the industrial units
brought waste management businesses into conflict with other businesses. PMsg
concentrations where measured at a fixed point within the estate over a nine-month period.
Mean PM;io concentrations were 8 ug m= above that expected on the basis of background
sources and primary emissions of exhaust and traffic particles found in typical locations in
London. This additional local PM1o source comprised 34% of the total measured PMjo. It was
sensitive to rainfall, decreasing by more than 50% on wet days and those with high relative
humidity (<80%). A programme of intensive cleans of the industrial estate were undertaken as
a control measure. Both roadways and pavements were swept and washed, vegetation was
cleared from pavements and drains unblocked over a four-week period. The intervention led
to a downward trend in PMio concentrations, but this was not maintained once the cleaning
programme was finished. The most likely explanation being that roadway dust was
replenished by fresh material brought out from the waste management sites. The effect of

conventional street sweeping could not be detected in the PM1p concentrations.

5.3.2 Street washing

Washing is often used as part of street and road cleaning. This can happen on its own or in
combination with street sweeping. It would appear that the combination of washing and
sweeping is more effective than washing or sweeping alone. Although many studies, including
those in Berlin and Bremen did not detect a change (Amato et al., 2010), reductions of around
6% in roadside PM1o were found by Norman and Johansson (2006) in springtime in Stockholm

on days when street washing took place.

In the UK, Mittal et al. (2013) conducted a short trial in the 300 m long Beech Street road
tunnel in the City of London. Beech Street is a bus route, a popular shortcut for London taxis
and is also used by used by many pedestrians and cyclists. PMip measurements near the
tunnel entrance showed breaches of the EU Limit Value in 2012. Road washing took place on
ten nights during spring 2013. Analysis focused on comparing PM1o concentrations from inside
the tunnel to those measured at an urban background location. Days with road washing were

compared to days with no road washing during the trial and also to the pre-trial period. Mean
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PMso concentrations from inside the tunnel decreased by a mean of 19 - 25 pg m= in the six

hours following street washing but this benefit was halved by the end of the day.

One of the most detailed studies of pressure washing and sweeping of roads and pavements
was undertaken in Barcelona by Amato et al. (2009). Street washing was carried out over ten
nights. PMio concentrations were measured at either end of the washed road section, to
function as up and downwind sampling points and concentration were also compared to
background locations. Roadside PMio concentrations decreased by an average 4-5 ug m=3
(7—-10%) following the street washing. Concentrations of Cu, Sb, Fe and mineral matter in
PMso decreased, indicating the reduced resuspension of material from the roadway but no
change was found in elemental carbon which acted as a tracer for exhaust emissions,

suggesting that changes in traffic exhaust were not a confounding factor in the analysis.

Amato et al. (2013) identified complex interactions between particles on the road surface and
the environment affecting their resuspension. They identified tyre wear as regaining mobility
the fastest with other sources such as brake wear, mineral component and exhaust
contribution dependent on location. This suggests varied success of sweeping and washing
processes are expected depending on location and deposited particulate sources.
Resuspension of mineral components, for example, were shown to be somewhat more

suppressed by rainwater than tyre wear sources.

5.3.3 Dust suppressants

Dust suppressants are chemicals that are applied to a road surface to reduce resuspension.
They vary by chemical composition with the two most tested being calcium magnesium
acetate (CMA) and MgCl.. These allow the treated road surface to remain wet at lower levels
of relative humidity than an untreated surface. Roadside PMjo reductions of 35%, on dry days,
were found when CMA was tested as a possible solution to the PM;o problems from studded

tyres and winter sanding in Stockholm (Norman and Johansson 2006). CMA was also

evaluated in Austria as part of the EU Life funded CMA+ project (hitp://www.life-Cma.at).|Tests

in Klagenfurt, Lienz and Bruneck found that CMA could reduce PMio resuspension by 10 and
20% during the winter months and by up to 40% during summer months allowing the authors
to conclude that the product would be effective in controlling both winter dust problems and
those around construction sites during the summer. Application of MgCl, has been mainly
tested on paved roads in Norway. In Trondheim, application of a 15% solution of MgCl, to a
highway resulted in an average reduction in the PM1o of 17% during dry days. In contrast to

these success stories from dust suppressants, studies in German urban areas did not show

66


x

any significant reduction in PMio due to CMA use (Amato et al., 2010). A more recent review
of dust suppressants (Airuse, 2016) revealed a similar pattern with CMA being effective to
address PMyo from road dust in Scandinavia but having little impact in Germany or Barcelona
(Amato et al., 2014).

CMA has been trialled extensively in London. A small first phase study was undertaken in
2010 and 2011 followed by a more detailed second phase in 2011 and 2012. In phase two
CMA was applied to over 30 km of roads and the impacts assessed at nine air quality
monitoring sites. A range of data analysis techniques were employed including emissions ratio
techniques and statistical approaches that sought to control for meteorological variability. The
impact of CMA was not detectable or was not significant along typical London roads. However,
CMA did prove effective at locations with local non-exhaust PMio more than 6 pg m= greater
than that expected based on typical NOx to PMio emissions ratios. In these areas the local
non-exhaust PMio decreased by between 12 and 22%, over the study period. The types of
location where CMA was effective included proximity to waste management sites, a haulage

route adjacent to a large construction site and in a short road tunnel (Barratt et al., 2012).

A more recent study looked at the use of CMA in the yard of a waste management facility and
on the public road to and from the facility. PMi, measurement was undertaken at three points
along the public road, with the furthest being around 450 m from the waste facility entrance,
and at nearby background location. Many interventions were tested over the year-long study.
Cleaning and sweeping only interventions did not lead to an improvement in PMio near the
waste site or along the public road. However, CMA applications reduced the roadside
increment in PM1o by between 20 and 30% (Mittal and Fuller, 2016).

Dust suppressants are not a permanent treatment for a road surface and need to be reapplied
frequently. Studies vary in their findings on reduction of the efficacy of dust suppressants over
time. There is evidence that the efficacy may decrease in as little as half a day with no effect

being seen after between two and ten days (Airuse, 2016).

5.3.4 Best practice control of resuspended PMio around construction sites

Dust and PMy, from construction is acknowledged as an important local source. This has given
rise to best practice and London Supplementary planning guidance (SPG) (IAQM, 2014; GLA,
2014). Although this guidance focuses on on-site mitigation the London SPG warns that site

track out of material, and therefore locally increased PMio concentrations may occur up to 500
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m from large construction sites. The SPG therefore requires developers to reduce this local
impact. Suggested control measures include reducing deliveries by road, vehicle wheel

washing, road sweeping and washing, and the use of CMA dust suppressants.

Clear lessons from sweeping, washing and dust suppressants shows that they are of variable
effectiveness and even under the most optimal conditions dust suppressants may only reduce
dust resuspension by around 30 to 40%. The use of dust suppressants around construction
and waste sites should therefore be part of wider on-site dust management and is not a

substitute for this.
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6 Future Trends in Non-Exhaust Emissions of Particulate
Matter

The magnitude of non-exhaust emissions of PM as currently estimated has important
implications for future PM emissions and air quality, because although current policies on
exhaust emissions suggest that emissions of PM per vehicle, both light- and heavy-duty, will
decrease significantly, as legislation and policy currently stand this is not necessarily the case

for non-exhaust emissions.

Three important issues determine the level and importance of non-exhaust emissions in future
years, namely (i) the effect of future vehicle technology, in particular the effect of electric and
hybrid vehicles on non-exhaust emissions, (ii) future trends in vehicle activity and (iii) the effect
of any future legislation which could affect the level and chemical composition of non-exhaust

emissions. These are discussed separately below.

A key feature of UK policy is the encouragement of electric vehicles and the key issue here is
how regenerative braking and the changing mass of vehicles will affect NEE. There is
considerable uncertainty on this and two points are important. The relative contribution of non-
exhaust particle emissions from a battery electric vehicle relative to an equivalent internal
combustion engine vehicle is critically dependent upon whether increased road dust
resuspension and tyre/road surface wear due to a higher vehicle mass exceed both the
amount of exhaust emissions which are no longer present and reductions in brake wear
particles due to regenerative braking in electric vehicles. Hall (2017) performed a comparison
of braking behaviour between internal-combustion engine vehicles and electric vehicles. He
identified not only a reduction in the energy dissipated in the friction brake system from use of
regenerative braking, but changes in driving style arising from differences in vehicle behaviour
during coast-down events. Brake systems were employed by the driver for less than a quarter
of the duration (for an individual event) and less frequently (by up to a factor 8). Energy
dissipated in friction brakes was as little as 5% of that of the internal-combustion engine
counterpart. The magnitude of these results should be taken with caution due to the limited
size of the study, but do suggest further study is warranted. On the other hand, Timmers and
Achten (2016) report that the lower energy storage density of electric batteries compared with
liquid fuels contribute to a ~24% increase in mass of electric vehicles compared with
equivalent conventional vehicles, although mass increases between conventional and hybrid
or electric model equivalents can be smaller or greater than this Kollamthodi et al. (2015). This

increases the tyre wear, brake wear and resuspended particulate matter emissions leading to
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their assessment of only a 1-3% reduction in PM.s emissions from electric vehicles when
compared to conventional powertrains. However, there is a strong incentive for manufacturers
to continue to reduce overall electric vehicle mass in order to improve range. Because of this,
it would seem likely that the general move to electric vehicles and regenerative braking will

lead to an overall reduction in NEE.

A further question arises over autonomous (i.e. self-driving) vehicles. Gawron et al. (2018)
have conducted a life cycle assessment of connected and automated vehicles and conclude
that the autonomous vehicle will have added mass, electricity demand and aerodynamic drag
due to the sensors and computers needed for operation of the vehicle. The increased
computing power will have consequences in terms of either installation of greater battery
capacity or a reduction in range. However, all of the factors are likely to imply a greater mass
for an autonomous battery electric vehicle compared to a conventional human-driven vehicle.
Balanced against this, the programming of autonomous battery electric vehicles is likely to
determine that only regenerative braking will be used except in emergency stops, and
consequently there will be lower brake wear emissions than from a conventional battery
electric vehicle. The balance of these factors for emission of non-exhaust particles is likely to
prove complex, and no simple statement can be made over the implications of autonomous

vehicles for non-exhaust emissions.

Future trends in vehicle activity are crucially important, and some projections for the UK are
given in Section 2.1.2. One recent study investigated inter alia these issues (Williams et al.,
2018) where the authors assumed that emission factors stay at present levels until 2050 in
the absence of any better information. The study investigated two future scenarios produced
using the UKTIMES energy system model, consistent with achieving the target for CO»
equivalent emissions required by the UK Climate Change Act. In both scenarios, vehicle
activity was projected to increase substantially from 2010 to 2050, by roughly 50% for cars
and heavy goods vehicles and by roughly a factor of 2 for vans. With constant non-exhaust
emission factors total UK primary PMio emissions were very similar in 2050 to those in 2010,
with reductions in 2050 of only 6-7% on a 2010 emission of 181 kt/yr of PMio. The decrease
in exhaust emissions of PMio was offset by the increase in non-exhaust emissions. What this
may mean in terms of PM toxicity is nhot known. While these scenarios are not necessarily
accurate forecasts of future activity (the projections of future vehicle activity are particularly
uncertain), and emission factors may not remain constant over the period to 2050, the analysis

suggests that this issue is of concern and needs more detailed further investigation.
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At present there is no legislation covering non-exhaust emissions, nor is there any form of
product standard governing the composition of brake systems and tyres, aside from the
prohibition on “PAH-rich” extender oils in tyre production as stated in Section 2.1.4. However,
methods for the measurement of tyre abrasion rate and of brake-wear emissions are under
development, as described in Section 2.3. In the context of the latter, a new brake test cycle
has been proposed by Mathissen et al. (2018) which has reinterpreted data collected for fuel
economy and exhaust emissions cycles to produce a cycle with more representative brake
conditions and therefore be suitable for brake source emissions measurement. The proposed
cycle is shown to be more representative of real world driving brake conditions than the
exemplar existing brake cycle, which itself was not developed for emission testing. The highly
non-linear relationship between brake emissions and brake material temperature makes
production of a single representative cycle difficult. The proposed cycle will capture qualitative
differences between vehicles and brake systems, however, quantitative predictions of real
world brake emissions from cycle test data are likely to remain as elusive as for exhaust
emissions. The proposed cycle data presented did not result in brake temperatures exceeding
the threshold at which particle number increases significantly and therefore potentially misses
the influence of low frequency, more extreme braking events which could contribute
significantly to overall particle number. The data presented do not allow a quantitative

evaluation of this risk.

The current and projected contributions of non-exhaust emissions to ambient PM
concentrations clearly have implications for the achievement of air quality standards and limits
in current legislation and for the achievement of WHO Air Quality Guidelines. As well as the
legal implications more work needs to be done to assess the potential health impacts of non-
exhaust emissions and the need for any composition changes in brakes and tyres. US efforts
to reduce copper and other lesser constituents of brake pads by 2021 (EPA 2015, California
SB346, 2010) mean alternative material compositions are being sought with the requirement
of meeting structural integrity and thermal characteristics, particularly for creating and
maintaining a stable friction layer. Straffelini et al. (2015) reviews the substitute options and
identifies a number of alternatives including graphite and copper nanopatrticles (to reduce the
copper content required). Natural substitutes offered mixed braking performance. Subtle
changes in ultra-fine and fine particle emissions may arise from new formulations which need
careful evaluation with respect to particulate emissions which is not currently a commercial

driver.
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7 Conclusions and Recommendations

7.1 Conclusions

e Non-exhaust emissions (NEE) of particles apply to all forms of ground transport and can
be categorised as those from four sources: brake wear, tyre wear, road surface wear, and
resuspended road dust. There may be other sources, e.g. engine belts and clutch plates.

e Quantitative data on the magnitude of non-exhaust emissions are sparse and highly
uncertain, particularly when compared to data for exhaust emissions. Emissions vary
widely according to brake, tyre and road surface material, and with driving style. As a
consequence, emission factors that exist for NEE have a wide range of uncertainty,
including wide range in uncertainty in splits between PMio, PM2s and PM; size fractions.
Min-max uncertainty ranges spanning a factor of two or more are typical. The exact
contribution of non-exhaust emissions to air quality nationally and locally is therefore

currently subject to considerable uncertainty.

o The NEE emission factors in current use for the National Atmospheric Emissions Inventory
(NAEI) are based on old data (for example, the NEE factors in the EMEP/EEA Air Pollutant
Emissions Inventory Guidebook are based on data from the 1990s and the Guidebook has
not been updated for 15 years) and have not evolved in time as vehicle designs and vehicle
fleet composition have changed, in contrast to the regularly updated emissions factors
used for exhaust emissions. The same NEE emission factors are used in many different
modelling studies so agreement of outputs across studies does not represent

corroboration of accuracy of the input emission factors.

o Acknowledging the considerable uncertainties in the following statements, the UK national
emissions inventory indicates that NEE particles from brake wear, tyre wear and road
surface wear now constitute the majority source of primary particulate matter (by mass)
from road transport in the UK, in both PM.s and PMyo size fractions (60% and 73%,
respectively, in 2016). These proportions are set to become even more dominant in the
future with continued projected declines in vehicle-fleet exhaust PM emissions. In 2016,
NEE particles from brake wear, tyre wear and road surface wear contributed 8.5% and

7.4% of total UK primary PM1o and PMa s emissions, respectively.

o The three sources of NEE in the inventory — brake wear, tyre wear and road surface wear

— contribute approximately the same nationally, and are dominantly contributed by cars,
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due to the much greater vehicle-km travelled for this class of vehicle. The inventory does

not include estimates of road dust resuspension by passing traffic.

NEE patrticles are also an important source of metals to the atmosphere — the national
emissions inventory estimates contributions of 47% and 21% for Cu and Zn, primarily
associated with brake wear and tyre wear, respectively.

The available data indicate that NEE are especially important in urban environments; the
national inventory estimates half of NEE are on urban roads, particularly those associated
with braking, owing to the greater braking per km than on non-urban roads. This has
implications for the particle mixture to which the population are exposed. However,
emissions may also be high in areas such as motorway slip-roads where there has not
been as much monitoring activity. Tyre wear emissions are estimated to be greatest on

high traffic volume trunk roads and motorways (both urban and rural).

There is considerable measurement evidence that NEE lead to increased concentrations
of PM and some metals at roadside although precise quantification of the NEE contribution
is difficult. Data from London Marylebone Road indicate an NEE contribution (including
resuspension) of 4-5 ug m to the roadside increment in PM, mostly in the coarse fraction.
Other studies, including dispersion modelling, indicate total NEE concentrations including
resuspension within PM1o of up to several ug m= at busy roadside, and in the region 1-2

ug m= for urban background in central London.

At present there is no type approval legislation covering non-exhaust emissions, nor
product standards governing the composition of brake systems and tyres (other than for
PAH) that are designed explicitly to limit air pollution. Methods of measuring NEE presently
lack international consistency. Efforts are ongoing to develop testing approaches that
reflect real-world driving conditions. This is most developed at present for measurement
of PM and particle number emissions from brake wear. In addition, the European
Commission has mandated development of a method for measurement of tyre abrasion
rate as part of the Tyre Labelling Regulation. Account must be taken that NEE emissions
from different sources are not independent of each other; for example, the extent of tyre

wear is dependent on the road surface material.

Increases in vehicle mass generally increases NEE (but see next point on regenerative
braking), which may have implications for electric vehicles, if they are heavier than the

conventional diesel and petrol fuelled models they replace because of battery mass, and
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to any vehicle with a powertrain that is heavier than the equivalent internal-combustion-
engine vehicle. The same applies to autonomous vehicles, which are also heavier than

equivalent human-driven vehicles.

Regenerative braking does not rely on frictional wear of brake materials so vehicles using
this braking system totally or partially, for example electric vehicles, should have lower
brake wear emissions. However the net balance between reductions in brake wear
emissions and potential increases in tyre and road wear emissions and resuspension for
vehicles with regenerative braking remains unquantified, and will depend upon road type
and driving mode, as both influence the balance between the different sources of
emissions. In locations where brake wear makes a major contribution to overall NEE
emissions, it seems likely that there will be a net benefit, but this has yet to be

demonstrated.

Mitigation strategies for ambient particle concentrations derived from NEE include the

following.

o The most effective strategies to reduce NEE relate to traffic management: reduce
the overall volume of traffic; lower the speed where traffic is free-flowing (such as
trunk roads and motorways); and promote driving behaviour that reduces braking

and high-speed cornering.

o Implement regenerative braking, where that does not lead to net disbenefit on road

and tyre wear NEE because of increased vehicle mass.

o Establish particle mass (and/or number) and particle-associated metal emissions

limits for brake pad and tyre technologies (including chemical formulation).

o Trap brake wear particles in the braking system before release into ambient air,

although this technology is currently unproven.

o Reduce the material that is tracked onto public road surfaces as a result of vehicle
movements in and out of construction sites, waste-management sites, quarries,

farms, and similar.

o Wash and sweep streets and/or treat street surfaces for dust suppression; it is
noted, however, that impacts on airborne PM from trials of these approaches have

so far proven inconsistent and any benefits have been short-lived in nature.
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¢ Rail transport (including trams running along urban streets) are also sources of NEE

but there has been no quantification of this source locally or nationally in the UK.

7.2 Recommendations

AQEG makes the following scientific recommendations.

Work towards a consistent approach internationally concerning measurement of non-
exhaust emission factors. The emission rates for brake, tyre and road wear will be highly
diverse (different materials used, type of road, surface wetness, individual driver braking
and cornering habits) so only by making lots of measurements will a robust picture of
average and range in NEE emission factors be obtained.

Understand gains from use of regenerative braking set against potential increased tyre

and road wear where vehicles incorporating regenerative braking have increased mass.

Conduct further studies to quantify the efficacy of technical solutions. Currently, the most
promising areas appear to be regenerative braking and variations to formulation of
frictional brake components, but research into other braking technologies, including brake

wear particle capture, and low-wear tyres, should also be considered.

Conduct targeted monitoring near areas of high-speed traffic (e.g. motorways) to
investigate predicted emissions/concentration hotspots. The best locations for
measurements of NEE contributions may not necessarily be coincident with current air

guality monitoring sites.

AQEG recommends that policy development with respect to NEE should also consider the

following.

Recognise that NEE are an important source of ambient concentrations of airborne

particles, including for vehicles with zero exhaust emissions of particles.

For the purposes of reducing public exposure to airborne particles, metals and PAHs, NEE
should be managed as part of traffic emission policies. An effective tool for NEE abatement
is traffic management, specifically reducing the volume, speed and braking intensity of

traffic, and increasing the distance between traffic and members of the public.
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In contrast to vehicle exhaust emissions, road-traffic non-exhaust emissions are currently

subject to almost no type approvals and regulations.

The net effect on NEE between reductions associated with regenerative braking and
increases associated with increased mass of vehicles with heavier powertrains should be

continually re-evaluated as further evidence becomes available.
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9 Appendices

9.1 Non-exhaust emissions of PM and metals from railways

The first commercial rail transport appeared in the UK between 1804 and 1812 and the first
underground railway opened in 1893, around ten years before the invention of the four-stroke
gasoline engine. Despite railways pre-dating motorised road traffic, there have been relatively
few studies of the non-exhaust emission from rail transport and, like road transport, there are

no legislation or regulations to control emissions or concentrations (Abbasi et al. (2012).

The early investigations of wear emissions from trains noted high emissions and
concentrations in underground railways as early as 1909. As a consequence, studies of non-
exhaust emissions from railways have mainly focused on underground railways with London

and Beijing being amongst the thirteen cities reported by Abbasi et al. (2012).

One of the most extensive investigations of ambient non-exhaust particles from railways was
undertaken by Gehrig et al. (2007) who made measurements at various distances from an
electrified rail line in Switzerland. At around 10 m from the trackside, PM1o concentrations were
found to be around 1 pg m= above that measured at a nearby background site. This was
dominated by Fe with smaller contributions from Cu, Mn and Cr. The Fe particles were
predominately (72%) in the coarse particle size. Particle concentrations reduced with distance
from the railway line; PMio concentrations at 120 m from the railway were only 25% of that

measured at 10 m.

In London, Fuller et al. (2014) measured the metallic composition of PMyo at the boundary
fence alongside the Paddington and East Coast mainlines (Southall and near Highbury
(Arsenal). It was difficult to isolate sources of metallic PM from the railway from those from
other urban sources such as traffic. Ambient emissions ratios of black carbon and Fe were
derived from traffic sources in London and used to separate the Fe of road traffic origin from
the Fe from the railway. Using this approach Fe from rail wear was estimated to be between

0.8+ 0.5 ug m3and 1.2 + 0.8 ug m? as a contribution to PMy, if all Fe was present as Fe;Os.

Abbasi et al. (2012) describes how emissions are determined by a range of operational factors
including axle load, bogie design, wheel and brake materials, and braking systems. Various
control measures have been suggested to control non-exhaust PM from railways. These
include better track layouts, optimising train wheel profiles and applying friction modifiers.
Improved bogie designs have also been suggested including articulated bogies, active wheel

steering and better suspension. Radial grooves in brake discs have been found to reduce
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brake wear debris and choice of brake pad can decrease emissions of some metal particles.
Brake wear can also be reduced by electric or regenerative brakes that are becoming more

commonplace on commuter trains.

9.2 Non-UK national inventory estimates of non-exhaust

emissions from railways

There are no requirements for including non-exhaust emissions from railways in national
inventories reported under the NECD and UNECE CLRTAP, nor are there any recommended
emission factors and methodologies given in the EMEP/EEA Emissions Inventory Guidebook.

However, some countries, but not the UK, have included some estimates for their inventories.

9.2.1 Netherlands

The Netherlands is the country that has given most attention to this source of emissions. This
is evident from the Netherlands national inventory report, but also, as part of its sustainability
programme, the Dutch state-owned passenger rail company (NS) has been particularly

interested in the contribution of its rail operations to PM from its mainly electric trains.

The following text is taken from the Netherlands national inventory report produced by RIVM:
“PM3o emissions due to wear on overhead contact lines and carbon brushes from railways are
calculated using a study conducted by NS-CTO (1992) on the wear on overhead contact lines and the
carbon brushes of the collectors on electric trains. For trams and metros, the wear on the overhead
contact lines has been assumed to be identical to that on railways. The wear on current collectors has
not been included, because no information was available on this topic. Carbon brushes, besides copper,
contain 10% lead and 65% carbon. Based on the NS-CTO study, the percentage of particulate matter
in the total quantity of wear debris was estimated to be 20%. Because of their low mass, these particles
probably remain airborne. It is estimated that approximately 65% of the wear debris ends up in the
immediate vicinity of the railway, while 5% enters the ditches alongside the railway line (Coenen &
Hulskotte, 1998). According to the NS-CTO study, the remainder of the wear debris (10%) does not
enter the environment, but attaches itself to the train surface and is captured in the train washing

facilities.”
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It is not thought that further research into this area has been done since the 1990s.

No emission factors or emissions are given for railway NEE in the Dutch inventory report. The
overall contribution of the rail sector to PM.s emissions in 2016 was 0.5% but that would
include exhaust emissions from diesel freight trains. The metals which had the highest
contribution from the rail sector overall were Cu at 14% and Pb at 2.9%; for all other metals

the contributions were less than 0.1%.

9.2.2 Germany

Germany also includes estimates of NEE from the rail sector. The German inventory

information is provided on a wiki pt_hitps://ir-de.wikidot.com/I-a-3-c-railways. |Electricity is

responsible for 80% of all railway traction power.

Germany includes emissions from the contact line, braking and from the wheel/track interface.
The report states that emission factors are calculated from PM1o emission estimates directly
provided by the German railway company Deutsche Bahn AG. Emission factors for emissions
of Cu, Ni and Cr are calculated via typical shares of the named metals in the contact line (Cu)
and in the braking systems (Ni and Cr). The factors for wheel/track are given as 0.018
gPMio/km and 0.009 gPM:s/km. Emission factors for the other NEE sources are shown below.

Table 8: Newly implemented emission factors, in g/km

PMyp! | PM3 52 | TsP3 crt NiZ cu®
wear of braking system | 0.0060 | 0.0030 | 0.0060 | 0.00006 | 0.00012 NA
wear of contact line 0.0003 | 0.0001 | 0.0003 MA MA 0.0003

1 EF(PMyp) estimated from original PMyg emissions provided from the German railroad company Deutsche Bahn AG and transport performance data
available from TREMOD-
2 EF(PM; 5) estimated as a fraction of 50% of the EF(PMyg)

3 EF(TSP) similar to the EF(PM;g)

4 EF(Cr) estimated via an assumed chromium content in steel used for braking systems of 1 per cent
5 EF(Ni) estimated via an assumed nickel content in steel used for braking systems of 2 per cent

6 EF(Cu) estimated via an assumed copper content in the contact line of 100 per cent

The German inventory for 2016 implies that the rail sector, as a whole, contributes around 4%
of the total national emissions of PMyo and PM,s. Whilst this would include emissions from
diesel trains, a chart on the wiki suggests that >90% of this comes from these NEE sources,
a lot higher than implied by the Dutch inventory. The overall contribution of the rail sector to

total metal emissions in Germany is 31% for Cr, 35% for Ni and 4% for Cu.
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9.2.3 France

The national inventory report for France makes reference to NEE from railways. From the

information given in gTSP/km for brake, wheel and contact line sources, the following emission

factors can be derived, but it seems highly likely that the units given in the report should be in

mg/km rather than the g/km stated. The factors are stated to derive from a pers comm in 2002

and a German and CITEPA report dated 2002-2005.

PMiyo | PM2s

g/km | g/km
Brake 5.0 2.3
Wheel/track 3.4 1.0
Contract line 0.16 | 0.02

The French inventory for 2016 implies that, overall, railways contribute 0.8% to total PMio

emissions in France, 0.5% for PM.s but 23% of Cu emissions. These will include exhaust

emissions from diesel trains.
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Introduction

Please note this is the relevant extract of survey data for Winchester and is taken from
Chapter 4 of the PCF Stage 3 - Transport Data Package Report (HE551511-VFK-GEN-
X_XXXX_XX-RP-TR-0001 C02) dated December 2020.

4.1

41.1

4.1.2

4.2

42.1

Additional Data Collection
Additional Data Needs

The review of existing data sources described in the previous section identified the
need for additional data collection. This included:

« Additional traffic counts covering the City of Winchester; and
« Additional journey time data covering routes across the City of Winchester.
The collection and processing of this data is described below.

Scope of the Traffic Counts

Additional traffic counts were collected in the neutral traffic periods of June and early
July 2018, during the school term and before the summer holidays, consistent with
the spirit of the Transport Analysis Guidance (TAG). The focus of the survey was
Automatic Traffic Count (ATC) collected within the period from Monday 18" June to
Sunday 22" July. All sites were covered fully for a continuous period of three weeks,
which is a relatively long duration, improving the reliability of the data. The location
of the surveyed sites is presented listed in Table 0-1.

Table 0-1: ATC Sites

Site 1 Wellhouse Lane Unclassified EB 18 Jun 2018 to 448025 132061
22 Jul 2018

Site 1 Wellhouse Lane Unclassified WB 18 Jun 2018 to 448025 132061
22 Jul 2018

Site 10 Lower Stanmore Lane Unclassified EB 18 Jun 2018 to 447332 128210
22 Jul 2018

Site 10 Lower Stanmore Lane Unclassified WB 18 Jun 2018 to 447332 128210
22 Jul 2018

Site 11 B3040 Romsey Road B Road EB 18 Jun 2018 to 447655 129562
22 Jul 2018

Site 11 B3040 Romsey Road B Road WB 18 Jun 2018 to 447655 129562
22 Jul 2018

Site 12 B3041 Chilbolton Avenue B Road NB 18 Jun 2018 to 446546 129796
22 Jul 2018

Site 12 B3041 Chilbolton Avenue B Road SB 18 Jun 2018 to 446546 129796
22 Jul 2018

Site 17A B3420 Andover Road B Road NB 18 Jun 2018 to 447760 130453
22 Jul 2018

Site 17A B3420 Andover Road B Road SB 18 Jun 2018 to 447760 130453

22 Jul 2018
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Site 2

Site 2

Site 3

Site 3

Site 4

Site 5

Site 6

Site 6

Site 8

Site 8

St Paul's Hill

St Paul's Hill
B3420 Sussex Street
B3420 Sussex Street
B3040 Jewry Street
B3330 Union Street
Winnall Manor Road
Winnall Manor Road

B3044 Stockbridge Road

B3044 Stockbridge Road

B Road

B Road

B Road

B Road

B Road

B Road

Unclassified

Unclassified

B Road

B Road

SE

NwW

NB

SB

NB

SB

SW

NE

EB

WwB

18 Jun 2018 to
22 Jul 2018

18 Jun 2018 to
22 Jul 2018

22 Jun 2018 to
17 Jul 2018

22 Jun 2018 to
17 Jul 2018

22 Jun 2018 to
17 Jul 2018

22 Jun 2018 to
17 Jul 2018

22 Jun 2018 to
17 Jul 2018

22 Jun 2018 to
17 Jul 2018

22 Jun 2018 to
17 Jul 2018

22 Jun 2018 to
17 Jul 2018

447598

447598

447866

447866

448033

448549

449305

449305

447665

447665

129942

129942

129889

129889

129827

129612

129741

129741

130020

130020

4.2.2 The ATC data provided a split of light and heavy vehicles (HGVs) based on the
number and span of the axles. Light vehicles required to be further split into cars
and Light Goods Vehicles (LGVs). To allow this, MCC counts were undertaken at
four location in Winchester to coincide with the period of the survey. The count used
standard COBA vehicle classifications and the location of these sites and dates
when MCC data was collected are listed in Table 0-2.

Table 0-2:

Site 1
Site 1
Site 3
Site 3
Site 6
Site 6
Site 9

MCC Sites

Wellhouse Lane
Wellhouse Lane
B3420 Sussex Street
B3420 Sussex Street
Winnall Manor Road
Winnall Manor Road
Upper High Street

Unclassified
Unclassified

B Road
B Road

Unclassified
Unclassified

B Road

EB
wWB
NB
SB
SW
NE
NB

5 Jul 2018
5Jul 2018
5 Jul 2018
5 Jul 2018
5 Jul 2018
5 Jul 2018
5 Jul 2018

448025
448025
447866
447866
449305
449305
447711

132061
132061
129889
129889
129741
129741
129738

4.2.3 The sites where ATC and MCC data was collected are depicted in Figure 0-1.
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4.3
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Figure 0-1: Location of 2018 ATC and MCC Sites

Processing of the Count Data

Cleaning and Calculation of Average Traffic Levels

431

4.3.2

4.3.3

The completeness of the count data was reviewed upon receipt and the study team
identified that the counts were appropriate with the exception of site 11 where the
survey equipment failed in the first and last days of the collection period. Despite
this, all sites delivered a continuous count over the same three-week period
between 23rd June and 14th July. The plausibility of the traffic profiles across the
day and the consistency of the counts with the typical capacity of the surveyed roads
was reviewed and revealed no anomalies. The data was therefore considered
appropriate for use in model calibration.

The data was supplied in 15-minute intervals for all surveyed days. Average counts
were calculated for the following periods (consistent with the modelled time
periods):

e« AM peak period (average hour between 0700 - 1000);

« Inter-peak (average hour between 1000 - 1600); and

e« PM peak period (average hour between 1600 - 1900).

The average was calculated for weekdays (Monday to Thursday) to be consistent
with the recommendations in TAG.

Calculation of Vehicle Type Splits
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4.3.4 The MCC data was used to provide vehicle type proportions. Given the limited size
of the road network in Winchester, the four MCC sites surveyed were considered to
be sufficient to provide a representative sample of vehicle proportions. Table 0-3
shows the split of light vehicles into cars and LGVs at each site.

Table 0-3: Car / LGV Vehicle Split

LGV 11%
Car 89%

4.3.5 The vehicle proportions listed in Table 0-3 were used to calculate an average across
all sites. The average was benchmarked against default assumptions for car and
LGV vehicle proportions used in Department for Transport (DfT) appraisal software
TUBA, which assumes LGV proportion to be 12% as default. The figure obtained
from the survey was considered to be consistent with TUBA and retained for use in
this study.

4.3.6 The ATC and MCC data described above was collected in 2018. However, the base
year of the model is 2015. It was therefore necessary to convert the count data to
a common base year for use in model calibration. This is a standard practice in
cases where count data originates from a range of years around the study base
year.

4.3.7 Initially, Hampshire County Council data was considered as a potential source of
information to derive the conversion factors. But this data was not collected
consistently across the same sites (the locations varied, and different months were
covered in each year) and it was not considered to be reliable for this purpose.

4.3.8 Instead, DfT’'s Road Traffic Forecasts 2018 (RTF18) were used to estimate the
change in traffic levels between 2015 and 2018 for the relevant road types in the
South East of England. TAG recommends that national statistics should be
benchmarked against local data where possible. Local TEMPro 7.2% data for
Winchester was used to derive a rate of growth in car trips between 2015 and 2018.
In addition, DfT’s Traffic Count? database for roads around Winchester? was used
to provide a second independent check. The comparison of traffic growth rate from
all these three sources is presented in Table 0-4.

Table 0-4: Change in Traffic between 2015 and 2018 Used to Convert Traffic Counts

RTF18 3.2% 6.2% 0.9%
TEMPro 7.2 3.1% n/a n/a
DfT Count Database 3.0% 11.3% 9.3%

1 https://www.gov.uk/government/publications/tempro-downloads

2 https://www.dft.gov.uk/traffic-counts/

3 DfT counts cover a limited number of roads around Winchester; however, all non-Motorway links into and
out of town available in the database were extracted.
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4.3.9

Table 0-4 shows that the estimates of growth in car trips in each of these sources
are consistent and the RTF18 figures were retained as factors to convert the counts.
The LGV and HGV traffic change estimated in RTF18 is lower than that implied by
the DfT counts collected in the local area. However, given an overall low volume of
LGV and HGV traffic observed on local roads around Winchester, the low absolute
values can be subject to significant temporal and geographical variations and are
less reliable as the basis for estimates of change between two points in time. More
conservative factors from RTF18 were therefore retained to convert the counts. It
should also be noted that the absolute LGV and HGV traffic levels in Winchester
are very low and these assumptions are not material for the use of this data in the
model.

4.3.10 The RTF18 factors presented in Table 0-4 were used to convert the counts for all

4.4

441

4.4.2

time periods as the figures are not available by time period. However, the variation
in growth rate by time period in TEMPro was inspected and found to be negligible.

Processing of Additional Journey Time Data

The development of M3 J9 Model required additional journey time data for model
validation purposes. The additional routes focused on Winchester and are depicted
in Figure 0-2.

Legend

Easton Lane Eastbound

Easton Lane Westbound

Hockley Main Northbound

Hockley Main Southbound
Hockley Alternative Northbound g

Hockley Alternative Southbound
A34 Northbound
—— A34 Southbound
Winchester NS SN Northbound
Winchester NS SN Southbound

ains OS data © Crown Copvright and database night 2018

Figure 0-2: Additional M3 J9 Model Journey Time Routes

The review of the TrafficMaster database and the associated ITN* network used in
M3M27 SMI model revealed that not all routes in Winchester were covered. To
obtain the data for the missing routes, it was necessary to obtain re-extracted
TrafficMaster data from DfT. The data was obtained in August 2018 and covered

4 Integrated Transport Network — GIS database used to map journey time data recorded in TrafficMaster
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the full extract for Hampshire (all ITN links) covering the whole of 2015. The data
was subsequently processed to extract average AM, Inter and PM peak journey
times for weekdays in the neutral months of March, April, September and October,
excluding Easter and Bank Holidays. No gaps were observed in the selected data.
The data was benchmarked against the data extracted from the original database
and its reliability was confirmed. The final journey time estimates for use in model
validation are presented in Table 0-5.

Table 0-5: Journey Times on Additional M3 J9 Model Routes

Easton Lane EB South Winchester Golf Club to 16:19 14:16 14:42
Easton Lane Roundabout
Easton Lane WB Easton Lane Roundabout to 13:46 14:29 15:19
South Winchester Golf Club
Hockley NB M3 J11 to A34 A272 on M3 and 06:30 06:16 06:11
Main A34
Hockley SB A34 A272 to M3 J11 on A34 and 07:08 07:01 09:20
Main M3
Hockley NB M3 J11 to A34 A272 through west 16:41 12:50 14:01
Alternative Winchester
Hockley SB A34 A272 to M3 J11 through west 15:21 14:04 14:51
Alternative Winchester
A34 NB M3 J10 to A34 A272 on A34, 10:52 08:22 09:20
A272, and A31
A34 SB A34 A272 to M3 J10 on A31, 07:37 07:14 08:45
A272, and A34
Winchester NB M3 J10 to A34 A272 through city 14:38 14:02 14:19
NS SN centre
Winchester SB A34 A272 to M3 J10 through city 12:38 11:56 13:12

NS SN centre
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