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Executive Summary

Poor air quality ishe greatest environmental risk to public health in the.UKrough
the Air Quality Strategic Framework, the GB rail industry has committed to enslaing
appropriateand effectivemitigation measures areaken to reduce emissions of air
quality pollutants. The RSSB T1235 profett outto establish @lesting Protocol to
assess the emissions benefits of various retrofit options for diesel rolling stock in a
consistent manner and under test conditions which are representative ofwedt
usage and tohelp support andgrioritise investment in the most effective solutions.

Thistechnical reportdescribes the background amdjectives of ther1235project, and
the underlying methodlogyand data used to develop thEestingProtocol which is
published ima separate documenthis report is aimed at senior industry stakeholders
and technical specialists #nable them tounderstand the methodology behind the
TestingProtocol and the issues that are critical to conducting succesaiildmissions
testing ina transparent mannerConsistent and complete reporting mfassbased
emission testing result&@nd not just concentration measurementsiil enable learnings
to be transferred to other rolling stock types and mitigation solutions.

Regulatonengine testing is based on a fixed atefined drive cycle (i.e. the total
proportions of time spent in particular engine modes) and focuses on a single metric
(typically in g/kWh) across the complete drive cycle. However, this approach may mean
that isstes at particular parts of the drive cycle, such as idle, may not be addressed. It
also does not reward solutions, such as battery hybrid rafts, that involve not running the
rolling stock engines in key areas such as enclosed terminus stations.

The TestindProtocolproposed hereequiresgathering sufficient (but not unduly
onerous) emissions testing data from static engine emissions testing at defined mode
test pointsreflective of realworld usage for individual rolling stock class@is data is
thenweighted based on the time in differentgine operating conditions encountered
during reaiworld runningto model the emissions acroghe total drive cycleor for
particular situations such as within stations and depots or during journélgsgranular
approachprovidesmaximum flexibility and transferability of the testing datnd can be
used to determine the change in emissions betweefore andafter the

implementation of an emissions mitigation solutiancluding when the drive cycle is
changed It will be able to address thiill range ofrealisticmitigation solutions
applicable to GB railEssentially, the data can be analysed in multiple ways to
understand the impact of potential emissions reductions in different situations, while
enabling tansparency and transferability.

The Testing Protocol is primarily aimed at older rolling stock where engines tend to have
the highest emissions and are often not subject to applicable emission standards. For
such rolling stock there is thus a high potahfor retrofit mitigation solutions to make a
substantial impact on emissiomathout the requirement to maintain compliance with
applicable emission standards (based on regulatory testiBifferent rolling stock will
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have different engin@nd transmision characteristics For this reason, mode test points
and weightings are specified the Testing Protocdor each train class or family, engine
and vehicle maximum speed

In current regulatory testing, it is assumed that idle conditions include a small amount of
power. Howevertesting idle emissionghenthe engine supplying realistic auxiliary

loads (or equivalent loads if the engine is removed from rolling stock fon¢gss

especially relevant for understanding air quality issues in rail locations such as stations
and depots.Quitable average auxiliary loads to be used for the rolling stweldefined

in the Testing Protocol.

Dieselelectric transmission and dieshydraulic/mechanical transmission rolling stock

require different testing procedures. The former (especially locomotives) can provide

testing loads when connected to a resistive load bank while the engine is installed on

the rolling stock Most dieselelectric transmission rolling stock have fixed {set

throttle levels and engine speed control that corresponds to fixed power outputs (at a

IAPGSY Sy3aAyS &LISS RowedfRdilCixiGesdeFaSmNER (2 | a
notches Given the relatisly constant engine running conditions in a notch, emissions

are relatively constant ia given notchand arelatively small range of mode test points

for emissions testing covers the entire engine operation

Engines iiesethydraulic/mechanical transns#on rolling stocknust usually be

removed and tested on a dynamometer (unless only stationary idle emissions are being
measured).Such rolling stock has fixed pset throttle levels but does not have the
combination of fixed engine speeds and power augpof electric transmission rolling
stock. Hence for each notch, emissions testing needs to be conducted for a range of
engine speed(50 rpm increments are suggestdd)reflect the complexelationship
between vehicle speed arehgine speedor hydrauic or mechanical transmissionBor
more modern engines interrogation of the engine control unit (ECU) allows the relative
time spent at various engine speeds in each notch in real world use to be understood
relatively easily. Audio monitoring was useduting this projecfor the analysis of

engine speed for older necomputerised enginem relevantdiesel hydraulic multiple
units OHMUS3 anddiesel nechanical multiple unitODMMUS.

Detailed drive cycleand mode test pointsor the relevantrolling stock in scope were
createdbased on the engine rpm (from the audio monitoring frequency), engine notch
(from the audio monitoring relative amplitudegndtrain speed data from GP3tior
on-train monitoring recorde(OTMR data from other previas tripswas usedor
understanding gaps in engine behaviour, aiding interpretation of notch settings and
total drive cycles beyond the period of onboard audio recordifgr future conditions

post mitigation option installation where the test mode poirtsd/or drive cycle
weightings may change, design data for these options can be used to derive new drive
cycle weightings.
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Forsimplicity, transient conditions are excluded from the Testing Protocol because of
the minimal impact they have on total emiss&nThe two most relevant transient
conditions to address with scenarios rather than fixed test points because of their
specific significance to exposure in fixed locagiare cold, warm and hot starts (where
emissions will be higher than normal idle afextended running); and the cooling of the
exhaust system and its effect on emissions after the engine changes (sudleas
during theapproach to and arrival in a statipn

Emissions reduction targets fdifferent potential mitigation solutions wereonsidered.
Using real world drive cycles for before and after any engine changes are made will
usually lead to a smaller expected emissions reduction thaftenclaimed for

mitigation solutions. This is largely due to the higher proportion of timdl@in rail
compared to other sectorsAt this time it is only possible to define very conservative
(and so not stretching) targets for many mitigation options. Substantially more baseline
dataare needed to understand engine operating conditions ahne potential for

reductions in particular conditions encountered in rail.

Several key recommendations are made in this report:

T ¢SadAy3a d SyR 2F (KS SyaiaySQa ¢2N] Ay3
relatively simple, easy and the cheapest oppaity to gather some througtife
emission testing data for both locomotive adiksel multiple unit@PMU) engines
Mid-life testing for DMU engines presents a substardfallengebecause of the
costs and impacts on an operator to remove and test thgiee. Two potential
approaches could be followed:

{1 Conservatively assume a linear increase in emissions from start of working life
to end of working life (the actual increase in emissions atwidking life will
be lower than this).

1 Test one or two DMU agine types at migvorking life and use the data
gathered to make assumptions on other engine types

1 Makethe results of at least the baseline (pirestallation of a mitigation solution)
testing for a range of rolling stock widely available in a librafyaskline testing
results Asharedbenefit would be providing understanding to all relevant parties
of whether a particular mitigation solution would be suitable and effective before
design and development were started.

1 The issue of ensuring ongoieglective catalytic reductiorSCRperformance in
rail will apply not only to retrofit systems but also to newer rolling stock where
functioning SCR is required to ensure compliance with Stage 11IB/V emission
standards.Further discussion with industry on the appropriate level of uptime
(i.e. when the SCRrisducing NOxand strategies for measuring downtingiee.
when the SCR is not reducing N@xjherefore recommended before developing
standards.However there is thepotential for Great British Railways (GBR)
define common operating practicemcludingrequiringthat operators should

f ATFS
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ensure that AdBlue tanks are filled up where practical. Other measwksle
recommending that the effectividlangelbf AdBlue taks be oversized compared

to the fuel tank range. Best practice would then require that the AdBlue always
be topped up during the time the vehicle is connected to the fuel pump and being
refuelled.

Audio data collectioshouldbe used fotargeted assegaents, including
understandinghe range of engine rpm in each notch while in torque convertor
mode, real idle conditions, transitions between torque convertor and fluid
coupling modes in DHMUSs, and transitions between torque convertor to lowest
gear and ktween gears in DMMUSsThis data can be used to delineattufe

drive cycle weightings
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AC Alternating current

BEMU Battery electric multiple unit

AR5 Fifth Assessment Report

CARB California Air Resources Board
CEN EuropeanCommittee for Standardisation
CFR Code of Federal Regulations

CH Methane

CLEAR | Clean Air Research Programme
CNG Compressed natural gas

CcO Carbon monoxide

CQ Carbon dioxide

CPC Condensation particle counter
DC Direct current

DEMU Dieselelectric multiple unit

DHMU Diesel hydraulic multiple unit
DMMU | Diesel mechanical multiple unit
DMU Diesel multiple unit

DOC Diesel Oxidation Catalyst

DPF Diesel particulate filter

ECU Engine control unit

EGR Exhaust gas recirculation

EPA Environmental Protection Agency
ETS Electric train supply

FID Flame ionisation detector

GBR Great British Railways

GWR Great Western Railway

GWP Global warming potential

HC Hydrocarbors

HVO Hydrotreated vegetable oil

IPCC Intergovernmental Panel on Climate Change
IR Infrared

ISO International Standards Organisation
LNG Liquid natural gas

NDIR Non-dispersive infrared

NO

Nitric oxide
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NOx Nitrogen oxides

NG Nitrogendioxide

N2O Nitrous oxide

NESHAP| NationalEmission Standards for Hazardous Air Pollutants
NRMM | Nonroad mobile machinery

OTMR Onttrain monitoring recorder

PEMS Portable emissions measurement systems

PM Particulate matter

PM:s Particulate matter less than 2.5 micrometres in diameter
PMuo Particulate matter less than 10 micrometres in diameter
PN Particle Number

RH Relative humidity

RICE Reciprocating internal combustion engines

SCR Selective catalytic reduction

SQ Sulphur dioxide

TPE TransPennine Express

THC Totalhydrocarbon

UNECE | United NationdEconomic Commission for Europe

uv Ultraviolet

WHSC | World Harmonised Stationary Cycle

WHTC | World Harmonised Transient Cycle
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1 Introduction

1.1 Context

The GB Rail IndustAjir Quality Strategic Framewqgnwhichwas published in June 2020,
details a series of recommendations to achieving air quality improvements in the rail
sector through monitoring, modetfig, and mitigatioh One of these recommendations
is to:

G5S@3St 2L I KASNI NOKe 2F YAGAILIGAZ2Y 2LIA2ya
0KS SYAaairzya @FtdzS 2F SIFEOK YAGAIAFGAZ2Y 2 LI A

¢KS ¢mMHop LINRP2SOG Wtnf gy NdtocelIB emieBidpslzA NBYSy da |
YAGATIGA2YyaQ A& LINIG 2F (GKS w{Thisprojedt Sy ! ANJ wS
aimedto address this particular recommendation as laid out in the Framework by

providing a consistent method for GB rail to effectivahy objectively assess the impact

of variousemissionsnitigation optionsfor diesel rolling stock

RSSB is developing an air quality monitoring network for rail cagting£4.5 million
which will provide an enhanced understanding of air qualitylehgles andkey hotspots
across the GB rail netwarlAttention on potential mitigation options that can address
these issues will continue to growo demonstrate improvement over time and to meet
upcomingair quality targets, it is essential that emissions performance of mitigation
retrofit options is well understogdand that test data is representative of reabrld
operation In addition, thorough assessment of mitigation options is vital to avoid
potential reputational damage if technologiegere to bedeployed at significant cost to
the rail industry with no demonstrable air quality benefithecoreaim of the T1235
project is to therefore provide guidance andestingProtocol for objectivelyand
consistentlyassessing and comparing each realistic mitigation option for itswedt
benefits and limitationsand ultimately to ensure that appropriate emissions mitigation
measures are adopted.

It is important to note that the focus of this projest ®dn understanding and assessing
the effectiveness of emissions mitigation solutions for rail: it does not address
intermodal comparisons although it does provide the basis for ensuringvesdd rail
emissions can be calculated accurately on a transpdrasis.

1.2 Project scope

Theprimary scopeof this projectwas thedevelopment ofan emissionslestingProtocol
which provides a repeatable representatiohthe common duty cycles for eaatajor
rolling stock clasthat has the potential for emissions miéigion retrofit solutions The
Testing protocolwill provide a cost effective, practical and straight forward method to

1 GB Rail Industry2020) Air Quality Strategic FrameworRSSB
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benchmark the performance of retrofit mitigation options acrdésselrolling stock
types Through taking aetailedgranular approach to defining required mode test
points and then realistically weighting emissions resigitshese mode test points
across the drive cyclefor before and after an emissions mitigation option is
implementedg the TestingProtocol can baused to assess the emissions performance of
all current retrofit mitigation options that are realistic and feasible for use in GB rail
Existing retrofit schemes are largely based on engine or abatement chahiges
TestingProtocol proposedfor UK raiin this project takesnto consideration the current
technological landscape, including newer technology such as higatidry options
Data has been compiled for the operating conditions that these various mitigation
options might encounter amongst relant rolling stock classes and jourrtgpes and
has been used to define appropriate mode test points.

A suitable reporting format for themissiongesting dataand relevant additional
parametershas also been developgdlong withrecommendations on the type of

testing facilities and equipment requiretkpending on the rolling stock type and type of
testing being carried outConsistent and complete reporting of emission testing results

will enable learnings to be transferred tohatr rolling stock types and mitigation

solutions Consideation has been given to theechnical requirement$o monitor and
Syadz2NE 2y 3ZMEDQVBRNRBEEIARY & LISNF2NXYI yOS 27

TheTestingProtocol developedn this projectcan beeasly adapted to undertake
throughtlife testing of rail diesel engines and relate the emissions measurements back to
original certificatior2 NJ & | Bevelg Sughthroughtlife testingcan be usedo identify
engines where emissions increasgnificantly with age and mileagéppropriate

testing frequenées anda sampling methodologhave beerestablished

Appropriateemission reduction targets for the main air pollutaofsconcern in the rail
sector (itrogen oxidesNOx nitrogen dioxi@, NO,, particulate matter less than 10
micrometresin diameter, PMyg; and particulate matter less than 2.5 micrometras
diameter, PM:s) have also been considered in relationdifferent emission mitigation
solutions Such targetare intended tabe challenging but not overly restrictivand
they will vary depending on whether applied to the overall drive cycle, to stationary
idling, or toperiods experienced by passengers while onboard serviCase studies
have been developed thahow howtargetscan be applied for different mitigation
solutions and in different situations
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1.3 Purpose of this report

This report presents the background, underlydeda,and core approach to the
development of the Testing Protocol which is a separate documéinis aimed at

senior industry stakeholders and technical specialistseip themunderstand the
methodology behind thelevelopment of the Testing Protocolrhis Methodology

Reportis intended to provide an explanation of the purposes of the Testing Protocol,
and how it can be widely applied to ensure effective and transparent benchmarking
emissions mitigation solutions for railt should aidhe developmenof robust business
cases for investmenas well as supporting the development of knowledge and capacity,
both within the rail industry and amongst emission testing specialists, of the issues and
challenges that are unique to measuring and reducing aarisof air quality pollutants

on the GB rail network.

1.4 Report Structure

The core approach to this project, of making measurements at mode test points
reflective of realworld usage that can then be aggregated to evaluate emissions for
total drive cycles ospecific situations, is discussed in SectioBackground material

and key concepts on emissions measurement are provided in Sectidey3features

and learnings from existing emission standards and approval s@femeil and other
sectors (discusgl in more detail in th@associated Literature Review Reppthat

informed the development of the Testing Protocol are given in Sectidedtion 5
presents rolling stock specific aspects of Tresting Protocglincluding important
differences for amilable testing options between dieselectric, diesehydraulic and
dieselmechanical transmissiong’he compilation of relevant data by rolling stock class
is described in Section ®equired facilities, capabilities and equipment are reviewed in
Secton 7, while considerations for setting emission reduction targats discussed in
Section 8 Adaptation of theTestingProtocol to different circumstaces is covered in
Section 9 and issues relating to condag throughlife testing are discussed in @®n

10. Conclusions and recommendations are provided in Section 11.

2GrennanrHeaven, N.M. Gibbsand L Gleeson2022). CLEAR: Performance requirements and testing protocols for
emissions mitigationg Testing ProtocolRSSB

8 GrennanHeaven, N.,.IGleeson and MGibbs (2022) CLEAR: Performance requirements and testing protocols for
emissions mitigationg Revew of emissions mitigation measures and retrofit approval scherR&SB.
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2  Projectapproach

This section describes the key requirements for the Testing Protocol that have then
dictatedthe approach used in developing the Testing Protocol

2.1 Key requirements

TheTestingProtocol mustbe flexibleand beable todeal with the full range of potential
mitigation solutions applicable to GB ralfhis meanslealing withthe whole system
that canaffect emissions and being able to look beyond just engine tesRagulatory
engine testings based on éixed pre-defineddrive cyclgi.e. the total proporions of
time spent in particular engine modeahd focugson a single metric (typically in
g/kWh) across the complete drive cyclldowever, this approach may me#rat issues
at particularpointsof the drive cycle, such as idle, may not be addreskedsodoes
not reward solutionssuch as battery hybrid raftdhat involve not running the rolling
stock engine@ key areas such as enclosed terminus stations

A focus on emissions across the complete drive cycle needs to be complemented by the
ability to consider emissions in particular locations on the GB rail netwRdcently

attention oncustomer and staff exposure &ir qualitypollutantsat specific locations

on the GB rail network has increased, including at stations and depots, and onboard
passenger trains>®. In these locations the duty cycle (the specific times spent in each
engine mode) will differ from the overall drive cycle for any type of rolling stBok

instance, duty cycles in stations and depots will be dominateidlimgwhile stationary

while duty cycles duringassenger service will be dominated by full engine power, idling
while coasting and braking, and some idling in stations.

Understanding the emissions specificdifferent situations is crucial to make de@ns

on the most successful mitigation optiansor example, a measure may reduce total
emissions but may have the greatest impact at reducing emissions during long stretches
of travelling through open countryside and not when the train is stationaryidlivtj in

a station.

The Testing Protocol will need to enable effective evaluaticthe impact of mitigation
solutions inkey situations such as stations/depots and onboardj to reflectthe duty
cycle in thesesituations where theproportions of different engine modes willffer
from the total drive cycle A granular understanding from testingill be necessary to
evaluate measures that will be specific to, and have an effective inipabese

4Hickman, A., C. Baker, X. Cai, J. Deljadod 2 NA G YR Wod ¢K2NYS& OoHnamMyod WO@Lfdzd GAzy 2
Street railway stationProceedings of the Institutiorf Mechanical Engineers, Part F: Journal of Rail and Rapid Transit

232(6): 18641878

5Green, D.C., A. Font, A. Tremper, M. Priestman, D. Marsh, S. Lim, B. Barratt, M. Heal, C. Lin, J. Saunders and D. Pocock

(2019).T1122: Research into air quality in enclosed railway statR8SB.

6Green, D., A. Font, A. Tremper, M. Hedges, S. Lim &8uwbB2021). CLEAR: Analysis of Air Quality On Board Trains.

RSSB.
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situations Granularity in theTeging Protocol is therefore crucial to accurately measure
emissions, with a single metniepresenting the whole drive cyckeing of limited utility

Onboard emission testing with the train movirgirroring dynamic road emission
testing with vehiclein motion) hasproved to be impracticadn current rolling stock
Sich dynamic testingnayalso onlybe directly applicable to theoutes and service
patterns that the testing takes place pwith substantialork both at the time of

testing and later neded tomake it transferrable to other routes and service patterns
Furthermore, the original testing may not contain data relevant to the circumstances
that occuron otherroutes and service patterns

2.2 A granular approach

The chosempproachfor the Testing Protocolwill ensure maximum flexibility and
transferabilityof the testingdata. This is achieved througjatheiing sufficient(but not
undulyoneroug emissions testing data from static engine emissions testrigfined
mode test points This data is thesombired with data on engine operating conditisn
encounteed during real running.

By canducting and fully documenting testing at mode test poirgBective of reaworld
usage for individual rolling stock classes (and different combinations of engine and
transmission if applicablehe resulting data can be aggregated using different
weightings for dferent duty and drive cycles to derive (modead}dl emissions, for
either before or after the implementation of an emissions mitigation soluti@ime data
can be analysed in multiple ways to understand the impact of potential emissions
reductions in differensituations while enabling transparency dtransferability While
it is important to understand the total emissions of the rolling stock both before and
after mitigation options are instaltk it is also important to understand how the
emissiongcan be reducedby varying degreethroughout the drive cycle of an engine.

The BstingProtocol requirathe testingand reporting ofindividualmodetest points,
i.e. at a more granular levéhan that required for regulatory emissions approvaldis
will enable a better understanding potential emission reductionis particular
locations which are of current concern for air quality (for instance idling in enclosed
stations) It will alsoenabk the testing results and learnings to be used for other
purposes, lhus offering more value the industry

Due to the differencein design and usage between road and rail velsjdlee number

of individual mode test pointaeeded for realistic rail vehicle emission testing is far
smalkr than the equivalent number needed for dynamic testleygcin roademission
testing This igspeciallythe casdor locomotives The engine operating conditions are
also far more fixed and predictable than for road vehicles, #retefore, those

operating conditions argenerally maintainedor longerperiods of timeandare more
stable.As a result,lie emissionsare also more stable.
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2.3 Addressing transient scenarios

Fixed mode test points for regulatory testing, typicaligh defined rpm and power
settings,arewhere average emissions aretdrmined once the engine is stidibed at

that particular mode However, gatheng useful understanding in some circumstances
camot be done with test mode points alondn these casespecific test scenaricare
requiredwherethe evolutionin emissims over timen response to dynamic condition is
recorded and reported (rather than just reporting averagdueg. For instance this

may be requiredvhenevaluating the effects of cold starts or falf in selective

catalytic reduction $CReffectiveress as exhaust temperature declin8sich scenarios
requirethat a specificpath (a temporal sequencehrough certaindefinedtest points
must be executedor a givenduration of time.

Collecting and reportingestingdata at multiplemode testpoints not only helps address
testing a specific solution bun many case®ffers transferability to address other
solutions This applies in the majority of caselowever, in dew situations, such as
evaluating SCR performancecrtainlocations,it will be necessary to carry out specific
testing scenarios where defined test points must be testedpardicularsequence.

Where aggregated emissions for all or particular parts of the drive cycle are required
time-based weighting maths should beaarather than poweibased weighting maths
The latter can obscure the impact of idling emissions in key locations on the GB rall
network such as stations and depots.

In addition, testing should cover cold, warm, and hot staktigation options such &
stop-start and increasing engine shutdown are better tlianning inidle for emissions,
but the minimum sensible shut down period must be established to ensure that the
energy cost is taken into consideratioAnother important consideration is the
temperature dependencef SCRystems and how to test for this TheTestingProtocol
should thereforerecommendmeasurenent of exhaust temperatures and emissions
over time after transition from full or half load to idle.

2.4 Addressing post installation changesnode test
points and drive cycle

For some mitigation options, for example changing fuel injectors, there will befood)
and after change iboth mode test points and the driveycle However, manyolutions
will result in changes to the mode tesbipts and/or drive cycle after the solution has
been implemented, making comparisons of emissions more comple& Testing
Protocol will need to ensure that sufficient data is collected to fully assess ensission
before and after a mitigation measure hiagen implemented, and it will therefore need
to be able to handleesultantchanges to the mode test points and/or drive cycle.

For DMUshavinggranularlevel testing data by multiple mode test points pergine
power notch (hereafter referred to as notchvhen combined with an understanding of
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how the drive cycle will change, allows accurate modelling of the expected future
operating condition@nd hence emissiondn such a manner the impact on emissions
(as a total and for certain situations), before and after implementation, can be more
deeply understood This is particularly necessary where there are multiple changes, for
instance to both lhe mode test points and the drive cycle.

Diesel hydraulic multiple unibHMU) anddiesel mechanical multiple unit (DMMU)

drive cycles have significant variations due to route geography and stopping patterns
These are more variabmpared todiesel eletric multiple unit(DEMU drive cycles

In addition, units that are less optimised for particular routes will have higher fuel
consumption and emissionsuch variations between rolling stock type and engine type
can be as high as 30%or instancethe Class 159 stopping patterns and duty cycles are
very differentwest and east of Salisburyhere is therefore the potential tmlentify

which rolling stock are optimal from an emissions point of view for particular
route/service pattens. The Testing Ptocolisadaptable to such different
circumstances.

2.5 Key benefits

TheTestingProtocol will keep test points and weightings separate to allow flexibility as
solutions and measures to redeiemissions evolveBYy collecting and retainintpe data

at a granular levet can bed O dzii Y I ¢ifpartof detdiléd analyses of particular
solutions In addition,retention of this detailed dataanenablelater comparisons
between modelled outcomes of mitigation optis applied to different types of rolling
stock, service patterns or locations.

The effects of engineff solutionscanbe covered by th@ esting IFotocol. Existing

engine testing standards focus on engines in isolatoimost diesel multiple units
(DMUs) haveseveral enginesnone train The whole rolling stock must be considered
to effectively evaluate théotal emissions impact of turning off one or more of these
SYyaraySa RdzZNAy3 | S& L] XThsis&nadlel byleiiSsiors agtiQ a
at the relevant mode test points then combing these results with the future changed
weightings for the new drive cyctd the engines which remain oand provide power

2.6 Applicable rolling stock

The Testing Protocol is primarily aimed at older rollinmgktwhere engines tend to have
the highest emissions and aoéten not subject to ay emission standardsFor such
rolling stock there is thus a high potential for retrofit mitigation solutions to make a
substantial impact on emission$ he rolling stock classes (or families where key
characteristics are similathat arecovered in the Testing Protocol are:

M Class 150, 153, 155, 156
i Class 158, 159
i Class 165, 166
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Class 168, 170, 171
Class 172

Class 175

Class 180

Class 185

Class 2221, 222
Class 66

Class 68

Class 70.
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Different rolling stock will have different requirements and engine structure, and
therefore theTestingProtocol must be able to adapt to different classes, ensuring that
the significance of emissions and potential ssidns reduction can be gaugefgor this
reason, mode test points and weightinge specified for each train class family,

engine and vehicle maximum speed.

An examplas Class 158 and Class 159 trains, both of which have three different engines
fitted to them with three different engine maximum speeds and peakue speedsIn

some cases, these engines also have different gear bexpsetTherefore, the engines

will need different test points, resulting in a more detailed testing schedule
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3 Backgound andkeyconcepts

3.1 Key concepts of emissions measurement

The main emissions from engines are generated during the combustion of fuel and
engine oil These includearbon dioxideC©Q), carbon monoxide@Q, HC
(hydrocarbons) andulphur dioxide $Q). In addition, particulate matter (PM) is also
emitted in engine exhaustNOX is formed from nitrogen and oxygen in the air due to
the high incylinder temperature and pressure.

3.1.1 Measurement of gaseous emissions

Gaseous emissi@measuring equipment meases the concentration of gases in the
exhaust flow from the engineThis is typically measured eithera percentagefor

higher concentration gases (eaxygen and carbon dioxide) or parts per million (ppm)
for lower concentration gases (eumjtrogen oxides, carbon monoxide etcHowever, to
understand emissions the quantity or normalised quantity of emissions per unit of
activity needs to be ascertainedot just the concentration This needs additional data
to be collected alongside theng@ssions concentration measurementhree core
normalised metrics are widely used to quangfiypissions:

i emissions mass per unit energy produced (g/kWh)
{ emissions mass per unit exhaust gas volume y/m
I emissions mass per unit time (g/s)

Gaseougmissions are usually measured on a seebypdecond basis and the results
used to calculate an average emission level for a particular engine operating mode.

3.1.2 Measurement oparticulate matteremissions

Particulate matter (PM) comprises solid and/or ligmdterial ranging from a few

YIEYy2YSGiNBa Ay RAFYSGSNI olo2dzi GKS axi § 2% | @
about the thickness of hair)Theimpactsof PMrangefrom health effects arising from

direct inhalation to impacts on climate and precigition. In general, the smaller and

lighter a particle is, the longer it will stay in the.difarger particles (i.greater than 10

>Y AY RAFYSGSND GSyYyR (2 &S, lte®asthgsmalgst 3I NP dzy R
particles (i.ef Sa a { Kanytaynn the tdosgbere for weeks and are mostly

removed by precipitation

Two sizes of particulate matter are commonly referred to:
T PMocmediumda AT SR LI NI AOft Sa 6AGK F RAFYSGSNI 2F X
T PMesFTAYS LI NIAOEt S& g A PHsis asuRdetofP4d SNI 2 T XKH dp >

In almost all testing of rail engines, only Bmissions are measured (as this is the
regulated metric) so all references to PM in this report are taRMless otherwise
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stated However, smaller particulates, i.BM: s, are of greate concern for health
reasons As there is limited data for the ratio of BM PMy emissions in engines in rail
use, it may well be more useful, where possible, to also measusg &Mt is more
relevant to understandingealth-specificrail air quality issuesThe ratio of PMls: PMpo
will vary with engine power settings conditions, hence in some cases a detailed
comparison of PMsand PMowould be very useful for overall raiklieaust emissions
understanding.

In more recent engine emission standards (between 2015 and 2020) an additional
particulate measurement concept, the Particle Number (PN), has been introditexd
PN is a measure of the total number of particles auinbired with masshased PM
measurementsgives an idea of the distribution of particle sizes.

Particulate measurements are more technically challenging and have traditionally been
measured differently from gaseous emissiolsnissions can be measured using a
gravimetric method where the total mass of particulates captured by a filter (weighed
before and after the test) is recordedraditionally, the PM was measured for the

whole drive cycle and not for individual engine operating modegproved emission
measurement studies do measure PM during all steady state modes within the test
cycles More recenty, emission standards in Euroglége US and other regions have
included more complex transient drive cycléhese emissions standards have also
required thedevelopment ofsecondby-second PM measurement techniques in parallel
with the traditional complete test filter measurement for calibration purpas&éhese
standards also require the measurement of. Plthis means that it is now far easier to
collect PM dta for each engine operating modéelowever, each equipment
manufacturer has typically adopted a different measurement technigDerrently,

there is also less of this new equipment available compared to gaseous measurement
equipment, although this situen should improve over time

Since PM has traditionally been harder to measure than gaseous emissions, just one
normalised metric is widely used to quantify emissions, namely, emissions mass per unit
energy produced (g/kWh)For PN, the normalised maét is the number of particles per

unit energy produced (PN/KWh).

3.1.3 Measurement ofadditional operational data

As well as measuring the quantity of gaseous emissions or PM, additional data needs to
be collected including engine power, fuel use and exhaustvglume or mass to be able
to produce normalised metrics.

10
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Figure 1IEmissions data collection and output formats
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3.2 Relevant available and potential mitigation options

The Testing Protocol must ladle to address atif the followingemissions mitigation
optionswhichcould potentially provide realworld emissiongeductions forGBrail:

9 Best available crankcase breather
filtration

1 Selectivecatalyticreduction (SCR)
Diesel Oxidation Catalyst (DOC)

E)

Dieselparticulatefilter (DPF)
Exhausgasrecirculation (EGR)
Timing retardation

High pressure fuéhjection

Engine remap

= =4 =4 a4 -4 -2

DMU battery hybrid mechanical or
electrical transmission

9 High functionality shore supplies

11

Improved turbocharger

Charge air cooling

Newengine (compliant with current
regulations)

Alter transmission fixed gearing ratio
Selective engine shutdown (DMU)
Bimode propulsion

Batteryelectric multiple unit (EMU)
New traction electrical equipment

Electriecpowered compressors and
battery upgrades

Alternative fuels: hydrogen, liquid
natural gas (LNG)/compressed natur
gas (CNG), hydrotreated vegetable ¢
(HVO), FischeFropsch process drep
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in diesel substitutes fuels, emulsified
diesel

Theseoptionswere evaluated far
9 theirimpact onNOx, PM ad CQ emissions
9 theirimpact on fuel consumption
9 the typicallyfitted compliant engines
1 the indicative cost per DMU car or locomotive
Further details are provided in the associated Literature Review réport

Parts, and designs, must be carefgibecified to ensure what is tested is what is
supplied This issue is far more critical for some technologies than otheisg

particularly pessingfor battery capacitybattery charge rateand SCR catalyst
temperature Here,the risk of substitutiorcould substantially impact emissions
performance Thisfocuswill help to reduce the likelihood of there being an emissions
reduction efficiency gap between the reabrld use of a part and the results produced
during testing Furthermore, the performace of some technologies degrades over time
(e.g catalysts and batteries)Hence as discussed in Section 10tleé Testing Protocol

for certain measures additional data items should be recorded to ensure that expected
performance of these measures cae thecked in the future.

3.3 Regulatory versus realorld drive cycles

Regulatory emissions testing aims to produce comparable testing under identical
standardised conditionsHowever, thisapproachis often not always useful for
understanding real world emissions.

For example, virtuallgll global regulatorynon-road mobile machineryfNRMM) engine

testing standards state that measuring emissions at idle should be with minimal auxiliary
loads on a ptentially partly strippeddown engine This enableghe results to be more
standardised, aiding comparabilitjdowever, the real engine running conditions and

idle settings for an engine when installed on a rail vehicle will be very different to those
usead during regulatory testingDepending on which particular rolling stock type, real
engine idle loads are 4 to 10 times higher in real use than those measured in regulatory
test scenarios Additionallyreal idleengine conditiongenerally tend to share the
ultra-lean combustion and high aio-fuel ratio of the characteristics @io-loadidle

than that of low engine power settings.

”GrennanrHeaven, N.,.IGleeson and MGibbs (2022) CLEAR: Performance requirements and testing protocols for
emissions mitigationg Review of emissions mitigation measures and rétegfproval schemesRSSB.
8 GrennanHeaven, N. and M. Gibbs (202@QLEAR: Flestide assessment of rail emissions factoRSSB

12
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Thelnternational Standards Organisatidi®() 8178 F drive cycle, applicable to the Euro
IIIA andearlier standards for locomotives, is close to the actual drive cycle for the Class
66 locomotive (Figure 2However, the 1ISO 8178 C1 drive cycle, which is currently
applicable to railcars (DMUs) and locomotives, contains a very limited proportion of
time in idle Allrail rolling stock spensla high proportion of time in idleand therefore

the C1 drive cyclis not representative of realorld usage.

Figure 2Comparison of regulatory drive cycles, the real GB freight drive cycle and
indicative regions of idesed NOx emission

1.2
Q150 8178:F - UIC1--> Euro llIA
F cycle = 25% u
@ GB Class 66 actual drive cycle
| Notch 8
0150 8178:C1 - Euro 1B+ V :I
- 08 i
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o ‘3
: 2z
Zos :
ID T w
5 F cycle = 15% *
£ . Feycle = 60% i
< 04 CLarive cycle: - 3
1—- aniy J.:- o W NULLH4 -: :
: o o
=02 :
a co
Idle :
0
c 0.8 1 T
-0.2

fraction of max. engine speed

Rather than focusing on regulatory emissions testinig far more useful for the GB rail
AYRdzA GNB Q& dzy RSNA G y RA yWwald éndine SeYlings, &ohditigngd (1 2
and emissions, while maintaining as much comparaltilityveen studies as possible
Comparability is important: it allows operators and stakeholders to understand the

current baseline and to meaningfully evaluate emission reduction solutibradso

enables leveraging of test results for other situationsvehemission factors by notch

and ontrain monitoring recorder (OTMR) data can be used to understand trip emissions
for different train loadings or other train classes with similar endines

9 GrennarHeaven, N. and M. Gibbs (202@LEAR: Fleetide assessment of rail emissions factoRSSB

13
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3.4 Mirroringtesting approaches from other sectors

In the road ector,there aretwo maintesting anddrive cycleweightingapproaches
currently used

i Stationary cycles e.g. th&orld Harmonised Stationary Cycle (8% and the
older European R49 and USA&int test cycledt wasbased on Here the steady
stateemission average®r samplingperiods of several minutes atachof a small
number ofmode test point are utilisedwith weights applied afterwardsAt least
20 secondss allowed for transient conditions during transition at the start of
each mode tespoint for conditions to stabilise(For NRMMISO8178Clis very
similar to the older European and US cygles

i Transient cycles.g.the World Harmonised Transient Cycle (WH¥RIthhasa
far higher numbenf mode test pointfollowing a detailed scrigbut the time at
those mode test pointsan be juskfew secondswith results more variable than
for testingwith the stationary cyclesHence hisapproachrequires more
repetition to ensure results are valid and consistent.

In the rail sectorpotentially far fewerfixedtest pointsare requiredthanin the road
sector. The number oftest points can be around 250 in thhead transient cyclesest
cycle compared tpotentiallya maximum of aroundalf tha for a CHMU or DMMU
engine or as few as 10rftocomotives In rail, more time is sperdperating in each
mode: for example when emissions testinpcomotives engines wilspend around ten
minutesat each mode tegpoint. This allows for repeatabilityp be achievediuring the
longertime periodat each test pointyieldinggreater accuracy than for road

Theapproachwe have taka in the protocolisto follow the stationary cyclapproach
with locomotives /IDEMUdhaving asimilar number of mode test points to rodalit with
agreater number of mode test poistfor DMU enginethan istraditionally used in the
road sector but comparatively fegr than used in the equivalembad transient cycles.
The dynamiscenarios for uderstanding the impact of transient effeatsirror parts of
the road transient cycle approachlsing similar testingpproachegso those already
used in other sectors helpglose fromthe engine testingectoras they wi already be
familiar with theconceptsandwill have done similar testing before.

3.5 Understanding real idle conditions

In current regulatory testing, it is assumed that idle conditions include a small amount of
power. However, depending on the particular rolling stock type, real engiledoads

are 4 to 10 times higher in real use than those measured for regulatory t&%tmgl the
engine conditiongenerally tend to share the ultrigan combustion and high aio-fuel

ratio of the characteristics of idle than that of low engine powettings For instance,

the smallest average auxiliary load for a DMU engine is circa 20 kW for Cla34&6]15

19GrennanHeavenN. and M Gibbs (2020) CLEAR: Fleetide assessment of rail emissions factdRSSB

14
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while Classes 185 and Class 68 require loads of 100 kW per engine wihidteas idle
in regulatory testing is 5 kW or less

In January 282, First Groupthe parent company of TransPennine Express (aidE)
Great Western Railway (GWRyught expressions of interest from suppliers for
provision offleet bi-mode locomotives for the TPE locomotikrauled services and GWR
sleeper services. Thequirement clearly outlines the higilectric train supplyET$ or
hotel load requirements of modern coaching stock:

G¢KS avY+l NI | SAlI MINB2 wBNAYNIE G R2yYS XI YI EAYdz
300kW. The MkVa design also allows for an additional 2 x esachbe

homologated into the design, therefore, the locomotive should be able to
operatewithuptoOF NE X gAGK 9¢{ t2FR (2 nmnl? o¢

This indicates a maximum ETS load ok\80per Mc5A coach (with total potential
auxiliary loads including neslectricalloadsfor equivalent DMU vehicles with similar
features being higher sl

Gy 2LIA2Y Ydzad | a® afor®er BiN@EnGtiveR ®Rhe( 2 & dzLJLX &
existing GWR riviera sleeper service operated byo Qa o6dzLJ G2 ¢ O2F OKS &
I LIWINRPE® onn G2yySa (FNB YIraa FyYyR 9¢{ RNI $

This indicates a maximum ETS load ok\B8per Mark 3 sleeper coach. The maximum
ETS load for Btk 3 and Mark 4non-buffet coachesurrentlyremainingin daytime use
is 30 kW ad for Mark 3 and Mark 4 buffet coachesstypically a maximum of 7kW.

The auxiliary alternators on most modern DMU designs can supiy AQequivalent to
supplying 6(kW of electrical equipmentora small number obMU vehiclelesigrs,

the maximum éectrical load per vehicle is even higher stlor examplefor vehicles
where heating is provided exclusively from electric power without using waste heat
from the engineand for DMW$ with larger engines that have greater cooling
requirements

Regulabry idle specifies a lower rpm and power thamy ofthe real idlevalues listed
above which can impact the emissions associated with the idle engine condFigare
3 demonstrates the importance of considering real idle, which is usually a loaded
condition

Virtually all Notch 47 engine operatioms above peak torque speed, which occurs at a
fraction of maximum engine speed of approximatel§g30.7. ThelSO 8178:Ccycle
regulatory mode test pointgexcluding idle) are concentrated on the maximum loaded
enginespeed andhe enginel &  td@jlie speedsosome ofthe mode test points
recommenckd hereareidentical or very close tthe ISO 8178:C1 cyalegulatorymode
test points(albeit with vastly diffeent weightings) To ensure that realvorld conditions
will be included in testing, the Testing Protocol requires consideration of realntlieh
is significantly different to regulary idle conditionsunlike some of the Notch-I mode
test points

15
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Figure 3Example for a Clad§0showing regulatory vs real world iddd relative time in
notch overthe total real world drive cycle

—Notch 7 Notch 6 Notch 5
0.9
0.8 Notch 4 —Notch 3 —Notch 2
0.7
—Notch 1 o Real Idle e No Load Idle
0.6
0.5

Fraction of max. engine load

0.4
2.2%
0.3 . )
Range of irservice 1.7%

idle conditions

0.2
Notch 1
01 . 11%
No load (regulatory) | , J
0 idle conditions ° 73.3%  Engine operates over a range of speeds in each n
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fraction of max. engine speed

While the values discussed abogees the maximum poterigl ETS loads (e.g. when
maximum heating or cooling is required), the real ETS and total auxiliary load will vary
and often be lower than these maximulwmads. Hnce rather than using a singlead
conditionfor idle, it will be useful to definghree separate levels of overall auxiliary

loads for rolling stockThesedefinedauxiliaryloadsshould beused in emission testing
This isespeciallythe caseat idle where the variation in auxiliary loads has a significan
effect on the overall engine loadsrheTesting Protocol therefore recommends usang
range ofthree auxiliaryidle loads:

1 Minimum (typically lowest encountered loa@dsg. when not running in service
most loads are zero or minimal e.g. HVAC is off messor is not running, low
other electrical loads)

1 Typical averag@ypically inservice loads, most loads are average e.g. HVAC is on
with moderate heating or cooling requirements (spring/autumn), light
compressor loads, moderate but not higther electical loads)

1 Maximum(high inservice loads, most loads are high e.g. HVAC is on with high
heating or cooling requirements (winter /summer or soon after being turned on),
high compressor loads, not high other electrical loads)

16
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3.6 Meeting applicable emissi@tandards

The primary purpose of the Testing Protoisolo ensure retrofitted mitigation measures
will be effective in realvorld conditions. Such measures can be expected to have the
most impact on reducing emissions from older rolling stock with exggihat are not
subject to emissions standards. Furthermore, there is more freedom to develop and
apply mitigation solutions to such rolling stock that will address emissions Hwvozhl
conditions since there is no requirement to ensure compliance aitission standards.
Newer engines subject to Stage Il1A/IIB/V standards would have to remain compliant
with their applicable standardany alterations or additionhat reduce real world rail
emissions would also need to maintain (educe emissions nderthe regulatory

testing requirementghat they were originally certified toThisrestrictionmay reduce
the potential to deploy innovative solutions that would be effective at addressing
specific air quality issues on the GB rail network.

It isimportant to note that of the rolling stock classes in scope for the Testing Protocol
(see Section B), only Class 68 and 172 are subject to emission standards and therefore
there is more freedom to consider effective mitigation options for all othessda.

17



A Better,
RSSB ° Safer

Railway

4  Keyfeaturesincorporated fromexistingemissions
standards andpprovalschemes

As part of ths project, a literature review was madeof existing seemes in the road,
marine, constructionand NRMM sectors for the independent approval of emissions
control systemdor both new and retrofitted engineskey featuresof these schemes
many of which come from the US EPA approach to rail emissions, have been
incorporated in the Testing Protocahdare discussed in this section.

4.1 Recording test point data

The US EPA publishes noteliel emission testing data for all new and retrofitted rail
engines which must follow a standardised reporting formathissingle repository
enables an accuratgranula understanding ohow emission reductions meet evolving
emission standards, aritlrepresents a rich resource that benefits US rail industry
stakeholders Some of this information,ral indeed thegeneral approach, is directly
transferable to the GB rail industry.

The Testing Protocol requires recording of the data in a standardised format that
captures all relevant data field hiswill ensuretransparency and transferability.

4.2 Drive cycle time wighting

European schemes, such as theited Nations Economic Commission for Europe
(UNECER132 scheme for older NRMM engines, use drive cycle weighting maths defined
by power in notch Thesingle metric emissi@factor in these schemes is defined as:

0 ¢ OLMAQi | MEIEQEAN O i

QU0 — 01080 @ETD o |

The drive cycles maths have, historically, been designed so that a single PM filter could
be used for the entire testThis weighting focuses @amissions at high power outputs

with the weighting effectively built into testingAs a result, emissions in idle at stations
and other locationsuch as depotare not fully captured(Typically 2e25% of total time

in idle occurs while the train is cdasy or braking and thenajority while stationary.)

By contrastlJUS schemes and for Euro Road HD VI,-based weightings are applied
post testing such that:

QQwQ Q& Qi MOODE E IQ 1 'Q @WIH N'AEQ

11 GrennanHeaven N., LGleesorand M Gibbs (202). CLEAR: Performance requirements and testing protocols for
emissions mitigationg Review of emissions mitigation measures and retrofit approval scheR&SB.
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This emission weighting gives equal importance to each notch based on timeespéacifi
the drive cycle As a result, a much greater focus is placedddressingemissions at
lower engine power in the US setmes

To achieve a higher level of granularity and therefore accuracy in emissions testing, the
US schemes use four separate regulatory drive cycles fofMitadUSweightings can

evolve over time to simulate changes in ogigon. For examplethere is now

significantly less idle in US rail due to the increased usage ossiotechnologyand

this has been reflected ia reduction in the proportion of idle in the regulatory drive
cycles

For all four US rail regulatoryide cyclesidle accounts for over 50% of the weighting
Therefore, the USrail industry is encouraged to reduce emissiahille as a key way to
achieve complianceFigure 4 shows the measures taken to significantly reduce idle
emissions across US loaotive fleets in response to this greater emphasis on.idle

Figure 4Emissions impact of US retrofit tier

=50% of US rail drive
cycle weighting
—a=— S Tier 1 2002-04 {710 - V16)

—e—US Tier 2 2005-11 (710 - V16)

—e—US Tier 3 2012-14 (710

--=-UUS Tier 4 2015+ {1010 - V12)

*All engines have computer controlled electronic fuel injection®
A Tier 1-2. Higher compression ratio and split cooling with charge air cooling

B Tier 2->3. Valve and injection timing changes, high pressure more sophisticated
fuel injection, further cooling changes, 3-phase AC drives / motors only
(no DC traction motor option), some auxilliaries electrically driven

C Tier 3->4. New engine design, EGR, further coaling changes, two stage turbo
(reduces low power Air/Fuel ratio), lower compression ratio, Miller Cycle, high
pressure more sophisticated fuel injection, new electrical system (single alternator

] with starter motor functionality), all auxillaries electricaly driven with 3-phase drives,
5 one traction inverter per motor *but no SCR*
v . —
3 —
SlTa - - .- - T
BT s el ST L LTt S
2 0 ? e ———————— -+ ——m—————— Pm—=—————— L]
E )

Idle 1 2 3 1 5 3 7 8

To measureareductionin emissionss part of total use or specific situations, it is
necessary to aggregate emissions from different mode test points and apply a
weighting TheTesting Protocalequires flexibility in weightings and so needs a time
based approach, which focuses attention the effectiveness of solutions in real
circumstances.

19



A Better,

RSSB ° Safer

Railway

4.3 Testing approach should be flexible

A success of the US EPA scheme was that it recognised that NRMM require adaptions to
0KS FLIINR Gt A0KSYSI g Kdddhisgion yiitRtiomstHerSe R2 S &
for rail must therefore vary when needed, for example between train clas&dailored

approach must be taken whilst also aiming to minimisenthmberof variationsto

simplifythe schemeas much as possible.

The USNational Emission Standis for Hazardous Air PollutarfdESHAFor
reciprocating internal combustion engineRICEfocused on reasonably sizédt easy
reductionsbased on testing witla wide range of conditionand engines with mitigation
solutions from both engine OEM aikird-party suppliers Importantly, it did not
impose target percentages or other metsithatindividualend users would have to
meet. As a result, there were no testimgquirementsfor the end users Another
important aspect of this scheme was its fisoon the total realvorld emissions over the
entire engine life, rather than simply assessing initial reductions

TheTesting Protocalieveloped in this proje¢through requiring collection of mode test
point data, provides building blocks bandle a wide range of mitigation solutions.

4.4 Defining the pollutants to be measured

USemissions regulatioswere changedn 2021to requiremeasurement andeporting

of more pollutantgincluding methane and nitrous oxide which have a Igjigibal
warming potentiall GWP) during rail engine testinglowever,no new nonroad
standarddor these pollutants wer@roposedat this stage Data on these pollutants will
be collected to supponpotential future regulatiorin nonroad (including rail) engine
use

Currentroad emissions regulation in Eurofscuson reducing NOx and PM up to and
including EURO VI, whilst also tackling some other pollutants such as unburnt
hydrocarbons However, loking towards the new EURO $tiindards the focus has
shifted towards reducing emissions in urban aresteer than in the countrysidand
assessingndividualnitrogen oxidegi.e. NO, NQand NO)separatelyrather than just
NO and N@combined as NOxin addition, the assessment periods for testing will be
extended to identify emission durabilitylhis will be on par with engine life/rebuild
intervals As part of this new regulation, the intention is to reduceariety of other
emissiongncludingof both air quality pollutants and greenhouse gas&sch as finer
PM, methar, nitrous oxide and a more stringent focus on unburnt hydrocarbons and
CQ efficiency To achieve this aim, thieiture regulations will most likelincrease the
promotion of $op-start technology andmildé hybrid technology in car§.e. where
most of the energy savingse achieved througbtationary or lowspeed engine
shutdown)

20
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Measurement of additional pollutants, beyotige core air qualitypollutants of NOx and
PM, isincluded in theTesting Protocol Emissions testing for air quality pollutarsed
global warming pollutantshould require the following to be measured as a minimum:

1 Gases:

1 Nitrogen oxideg NOXx (total of both nitric oxidé€NO) and nitrogen dioxide
(NQ), and which is the main rail air quality issue)

Carbon monoxide CO
Total unburnt gaseous hydrocarboQ3HC

Nitrous oxide (AND) emissions, which are not an air quality issue but a climate
change one since nitrous oxide hakigh GWP of 298 times thatf€Q over a
100-year time period Ifitergovernmental Panel on Climate Change (IP@@) F
AssessmenReport (AR5Y, the current internationally agreed best
understanding)

1 Methane (Chk) emissions from liquid and compressed natural gas (LNG/CNG)
powered engines, which are also not an air quality issue but a climate change
one since methane has a GWP oftid&es that of CQover a 100year time
period (IPCC AR5)

9 Particulates:

g Particulate masg PM. While P\ is the regulated PM emission metribere
is considerable benefit to also measuring 2M

9 Particulate number PN

Although notair quality pollutantsthe following gases also need to be measured for the
calculation (posprocessing) ofinal test results

9 Carbon dioxide CQ

1 Residual oxyenc O; (the oxygen left in the exhaust stream that has not reacted
to form CQ, CO, NOx or SO

4.5 ThroughLife Testing

Another lesson to be learned from the US EPA schemes are their heightened focus on
emissions durability when compared to European schenhethe US, the total real

world emissions are assessed over the entire enginsilifeeemissiors durability has a
large but mostly hidden impact on real world emissions through the lifetime of the
engine While reductions in emissions over time i Qertification requirements appear
smallerwhen compared to Europg¢he reatworld impact iggreater andmuch more

closely aligned to the reduction in certification levels

12 https://www.ipcc.ch/report/ar5/syr/
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The emissions froran engine increase througits working life fromits new or just
overhauled conditionn a nonlinear way There will bevery limited initial increases in
emissionearlyA y 'y Sy 3 A Y, SubcdmparatiNyldrgédhcréage3nS
emissiorslaterintheSy 3 A Yy S Q& . FiisMil hayeZubstantabffect on the
NRffAYy3 aiandriedsto Boorisideiiet@agcarately understand the
completeemissiors picture at different locationsinceemissions will vary between
different trains depending othe amount of tine since engine installation or overhaul
The Testing Protocol provides direction on how to gather this.dasensive R&D
programmes and modelling in the 1990s in the USdmawn that througHife testing is
cruciallyimportant for ensuiing fleet-wide emissions reductiondor example US EPA
certified retrofitkits have to guarantee that there is no degradatioremissions fothe
first 30% of theS y 3 A ¥y S Q & warkisd lde(rdughly égBivalent to 2.5 3.5 years
typical locomotive use in thgS)

While new engine testing in Europe theoretically includes the requirement for testing
after 10,000 hours of running to assess degradation in emissions perforgyigisce
extremely common to use an alternative permitted appro#icét involvestesting once
atonly 1,000 hours The enissions degradation at 10,000 hougshen estimatedby
consideringa suitable similar proxy engine that has been tested at both 1,000 and
10,000 hours This alternative approach exists due to the huge ¢astpecially fo

larger enginesthat areassociated with running 10,08fbur tests on dynamometers
The US rail emission testing uses a different approach: emissions tisstagied out
for onlya small number of enginesither 1 in 125 or 1 in 256nginesof a paticular
type, alwayswith the samed NS F S didgigeS@&ddocomotivedheing monitored that
arein service with the largest operatards locomotive engine testing is conducted
without removing the engine, the effort involved in testingri;iimisedcompared to
potential DHMU/DMMU engine testind-or US rail, througtife testing starts at 50% of
0 KS &g 2 NJ theelectédief@rénéeengigeswith testing justbefore andafter
the mid-working lifescheduleduel injector replacementhen 75% of working life and
immediately before major engine rebuild at the end of working Bfewhich point the
engine working life begins again after testing post rebulitithis pont, the locomotive
is already present an overhaul facility with mission testing equipmentin the US all
of the seven largest Class 1 operatare required to have emission testing equipment
at a minimum ofone of their overhaul facilitieand several operatorgBurlington
Northern & Santa Fe, Norfolk Southernand Lhion Pacifig have more than one facilitygo
equipped TheUSthrough-life testing requiremerdare designed to have minimal
impacton the operatorsapart fromthe locomotive béng aut of servicefor slightly
longerat intermediate or majopverhauls as wellasfuel andpersonnel cost The test
cycle used is tisameas the manufacture® recommendedest cycleused to test
whetherlocomotiveengines are performingin line with specificatiopost overhaul
Hence for the post overhaul em&orstesting, the fuel cost of testing is already
assumed in the cost of an overhaul.
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In contrastunder thecurrent European rail engine testinggime,enginesaretested at
a maximum of 460% of the working life between overhautsl0,0@0-hour testing is
conducted elseat just circa5%of the working life wherthe 1,00Ghour approachs
usedwith the use ofemissionslegradationunderstanding from a suitable proxyhe
success of the US scheinegenerating the datavith minimal locomotive dow time
especially around other required maintenance wbdstherefore informed
development otthe TestingProtocol.
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5 Rollingstock specificaspects

Dieselelectric transmission and dieskydraulic/mechanical transmission rolling stock
requiredifferent testing proceduresThe former(especially locomotiveganbe
subjected tatesting loadsvhen connected to a resistive load bamkile the engine is
installed on the rolling stockvhereaghe latter usuallycannot,sonecessitating the
removal of the engine for testing~or electric transmission multiple units (Ckes220,
221, 222 andHitachQ AT300family of units (Class 800, 802, 805, 81ty enginesor
completeenginerafts, are removed from the rolling stockif servicingvhich presents a
potential opportunity for testingo use either approachn those vehicles

Testing real idle emissiomgth the engine supplying realistic auxiliary logds

equivalent loads if the engine is removed from rolling stockédating is especially

relevant for understanding air quality issues in rail locations such as stations and depots

and is much more useful thaastingNB 3 dzf | (G 2 NB aTh&KTeSidg@OOA 4 & A 2 Yy &
defines suitable average auxiliary loattsbe used fo the rolling stoclkcovered by the

Testing Potocol.

A potential alternativdor real idle testingor DMU engines on dynamometefthat is

applicable to all rolling stock typgis stationary idle testingn vehicle This isvery

simple for allocomotives/DMUransmission types as thange ofreal engine loadat

GARf S¢ | a Ayadl ff S Rrackoy 0ddsioRtBedrolliagdstodkland is sfl3 G K S
that is needed for meaningful of analysis of real idle emissamaisthesdoads can be

controlled for testing to provide minimum, typical average and maxinhads as

outlined in section 3.5

In this section the simpler electric transmission cgéesomotive and DEMWre
coveredfirst. The more complexydraulic and mechanit&ansmission casare
coveredsecondand third buildinguponthe simpler electric transmission cases

5.1 Engine testing configuration options

Given the restricted structure loading gauge on the GB rail network and potential safety
issues arising from modifd fuel and electrical systems when rolling stock is in motion,
only stationary testing is practicalablel shows the four real operating condition

testing options for different engine transmission types and the requirements to derive
the real operatiig condition loads for testing.
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Table 1

Testing conducted “On”
or “Off” Rolling Stock”:

Engine power settings:

Engine load source for
testing:

Electric transmission

RS5B ¢

conditions

A Better,
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Potential rail engine emissions testing set up options for different load

Hydraulic or Mechanical

transmission

. Stationary . Stationary
All power settings Idle only All power settings \dle only
Testing On Rolling | ©  Testing On Testing “Off Testing On
Stock Rolling Stock Rolling Stock”: Rolling Stock

All Engine power
settings

Connected to
resistive load bank

. Realoperating :  All Engine power

: engine idle loads : settings

" No external load : Fitted to

- source required : Dynamometer to
. provide load

5.2 Dieselelectric transmission rolling stock

Real operating :
:engine idle loads :

 No external load :
- source required :

On dieseklectric transmission rolling stockdéesel engine drives an alternator from
which alternating current (AC) is converted by a rectifier to direct current (DC) to then
feed motor control electronics that drive either DC (on older stock) or AC (on newer
stock) traction motors Some parts oftte mechanical power generated may be used to
drive air compressors to provide brake pressupart of the electrical power will be

used for auxiliary loads which will include radiator fans, cabin heating and carriage
heating and lighting (if applicables well as for, in some cases, driving air compressors

There are two categories of diesalectric transmission rolling stock: locomotives and
DEMUs While the engine cannot be easily removed for testing from locomotives,
DEMUSs use the raft concept whéxseon most modern unitshe engine, cooling system
andalternator are on rafts attached to the vehicle underside that can be easily removed
for servicing ananaintenance Thus for DEMUs the engine can more easily be tested

off the rolling stock comparedtlocomotives Dynamometers are widely available for

the small and mediumsized engines thairetypically installed on most DMUs.g.

Class 15475, 195197, 231 and 755/756)DEMUs, such as Class 80x and 22D/222,

have larger engine@.g. maximunpower > 450kWand thus would require large
dynamometers which are not widely availabldowever for the Class 80xand

potentiallyfor the Class 220/221/222ngineemissiondesting carbe carried out while

the engine is installed on the rolling stock

Conveniently, diesgbowered rolling stock with electric transmissions are very close to
replicating the dynamometer setup of a traditional static test.cAl an alternators
attachedto the engine only the addition of a resistive load bafdnd suitable controls

in some casegnd power measuring equipment is required to replicate the
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dynamometer setup for fiekbased testingvherethe engineremainsinstalled on the
rolling stock

Most dieselelectric transmission rolling stock have fixed jset throttle levels and

engine speed control that corresponds to fixed power outputs (at a given engine speed)
usually referred to as notche&iven the relatively constant engine runnicgnditions

in a notch, emissions arsimilarlyconstant inanotch. Hence, power/notch emissions
testing (measured in g/kWh, i.emissions per unit powei} potentially very useful and
ismandated in the USGB dieseélectric transmission rolling stock has betweemgl a

17 separate notches but typically 9 notches (numberet).O0Measuremens of

emissionsat each of those notches are especially useful as they can be combined with
real train running data from the OTMR to produce accurate rail emission estimates
encompasing variations in engine condition across a completé%ripesults from each
test point canalsobe weighted according to the real usage level of the engine to derive
average factors for developing more simplified estimates of emissions.

Figure 5 Example shoimg actual diesel electric locomotive engine speed and power
settings for all notchefor a Class 6®comotive

1.0 L]
Notch 8
mNotch 8 a Notch 7 Notch 6

0.8 Notch 5 Notch 4 A Notch 3 Notch7 A
o)
I
o
g W Notch 2 ANotch 1 Oldle
206
o Notch 6
s
S
5 Notch 5
.5 0.4
3] Notch 4
@
[

A Notch 3
0.2
B Notch 2
A Notch1l
0.0 O Idle
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fraction of max. engine speed

There are many similaritielsetweenconducting emission tests atiesetpowered
rolling stock with electric transmissioasdon diesel engines useor stationary
electrical generation There is already extensive experience in Great Britain of
conducting oArain engineperformance and reliabilityesting for rolling stock with
electric transmissions under real load conditi@snost operators and some external
rolling stock maintainersTypically such testing is carried ogost maintenance to

13GrennanHeaven, N. and M. Gibbs (2020). CLEMRtwide assessment of rail emissions factors. RSSB
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assessewhether the enginds performingmechanicallyas expected The main gap for
many operators or maintainers is expertise in egéxhaust emissions measurement.

Tounderstand the relative impacts of emissiordifferent notches time-based drive
cycle weighting can be used withe mode test points to understand the relativepact
of certainnotches on overall emissiongn Hgure 6 thetime-based drive cycle for Class
66 has been overlaid on thetch settings from Figure &a bubble chart which
highlights the importance of idle and Notch 8 on the ovdoadbmotiveemissiors.

Figure 6Example of testing points, with circles repenting real drive cycleeightings
for Class 66

GB Class 66 actual drive cycle
Notch8

Notch7

o
o

Notch6

o
)

Max. power curve Notch5

~

o
IS

Notch4

fraction of max. engine load

Notch2 Notch3

o
N

ldle —,

fraction of max. engine speed

DEMU are oftenbroadlysimilarto the locomotive seup shown in the previous two
figures withtraction power supplied at a range of difént engine speedsAn
alternative control seup approach isd use agenset type approactwherethe
traction power is supplied at constant engine spgiggically 1,800pm, matchingthe
engine speedfor 60Hz electrical generatioas shown in Figure. 7As with locomotivs,
only a relatively small range of mode test poifas emissios testing covesthe entire
engine operation.
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Figure 7Example showing actual diesel electrialtiple unitengine speed and power
settings for all notches for¥oyager/Meridian DEMWith the red line showing the
typicaltransientconditions as full traction load is requested from the engine

500 MNotch 16

Transition time ~10s as
oad applied before engine has

increased speed

Max. Power vs

Engine Power (kW)

100

MNotch 0

0 500 1000%% 1500 _ _I_Z|000 2500

ighid ction Prepared action Supp
(900 rpm) (1150 rpm) (1800 rpm)
Engine speed (rpm)

Even within rail classes, substantial differences ac€tis is particularly pertinent to
locomotives that are ithoth passengeandfreight service sincéreight drive cycles are
highly dependent on loads and routeence disaggregatingmission datdor test points
andthe weighting for thoseaest points. Another differencefor alocomotive that may
be in bothpassenger and freiglserviceis theengine notch setting in terms of engine
speed (rpm) and powerPassenger ushas hgher auxiliary loadslue to ET$or the
coacheshotel load needgheatingandair-conditioning, lighting and power sockets)
The locomotivenotch settingcan therefore vanpetween freight and passenger uas
demonstrated in Figure 8 belowhich includeshe settings for Class 6& both
passengeuse(shown withround markerspnd freightuse(shown withsquare
markers)
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Figure 8 Difference inClass 68est points for freight and passenger use
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This difference in auxiliary loa¢iscluding hotel loads)esults in the need to potentially
conduct emission testing for two complete setsnotch settings However, some of the
settings are very similar, albeit for different passenger and freight notchesdinge

rpm and similar power) Thereforetesting both sets of notch settings in full could be
avoided: for example, Notch 4 freight setting are very similar to Notch 2 passengers
settings but this would need cooperation between passenger and freight operators so is
potential unlikely unless thre is a industry wide approach to maximising efficient in
testing.

5.3 Dieselhydraulic transmission rolling stock

For diesehydraulic transmission rolling stocldaésel engine primarily drives a gearbox
which will use a torque converter at low speed andugfcoupling at high speed to then
drive a final drive to turn the vehicle wheelRart of the mechanical power generated
drives an air compressor to maintain brake pressure and an alternator which provides
electrical power for train heatingentilationand airconditioning (if fitted)and lighting

as well as radiator cooling fan$he efficiency of théydraulictransmission is highly
variable and dependent othe DMU speed and engine torque

Dieselpowered rolling stock with hydraulic or mechanit@nsmissions presents a
further level ofcomplexity andlifficulty for emissions testingn that it is not possible to
apply real traction loads and conditions for the engine while it is installed on the rolling
stock Hence while realistic idle conditis can be and are best tested whilst the engine
is installed on rolling stock (as real auxiliary loads and idle conditions are inherently
available for testing), noidle engine conditions where traction power is provided can
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only be tested with the engineonnected to a dynamometer mtest cell The
dynamometer allows testing at various engine pogy¢orques and speeds to be
conducted.

Dieselhydraulic or mechanical transmission rolling stock is somewhat more complex
than the dieseklectric transmissin equivalents Such rolling stock has fixed gset
throttle levels butdoesnot havethe combinationof fixed engine speedsnd power
outputs of electric transmissiomolling stock Hence for each notch, emissions testing
needs to beconductedfor a range of engine speed (rpm) combinations, resulting in a
range of values for each notcihe results from each test poinaigthen be weighted
according to the real usage level of the engine to derive average {@sbdemission
factorsfor a smpler overall approachldeally thedatafrom individual test mode poirst
shouldbe retainedwithout aggregatioras this would allownore useful detailecind
accurateemissionmodelling to be donevithout the need to conduct additional
emissions testingor exampleevaluatinghow a DMU performs on a new route or
stopping pattern Thisis easier for more modern engines where interrogatof the
engine control unitECYallows the relative time spent at various engine speeds in each
notch in real world use to be understood relatively easilyiere are other techniques
available for the analysis of engine speed for older-nomputerisel engines (e.caudio
monitoring'4).

The potentially large number of test modfs diesethydraulic or mechanical

transmission rolling stoakouldlead to compromises with either (or realistically both)
reduced time spent in each test mode (potentially reducing accuracy of test results) or a
reduced sukset of test modes chosegmesulting in later challenges around interpolation

of datafrom alimited humber of test points test pointsFigure9 below shows an

example of engine power and speed settings for all notéhea DHMU Each dot on

the Notch 1-7 curvedn Figure Yepresensthe 50 rpm incrementghat are being
suggestdfor DMU engine tstingin the Testing Protocol

14 GrennanrHeaven, Nand M Gibbs (2020) CLEAR: Fleetide assessment of rail emissions factdRSSB.
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Figure 9 Example showing diesel hydraulic multiple unit engine speed and power settings
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Certain noridle test mode point conditions will see far neouse in real world running
than others It is assumed thatesting additional test points in an automated way

many dynamometergée.g throughpre-programming) will require less work than
deciding which mod¢est pointsto potentially not test Increasing the range of test
points will alsgprovideextra confidence in test results from each test point if the
conditions of the adjacent test results asamilar. This should only result iminimal

extra fuel costs for DMEngines If the same engine were retrofitted with a mechanical
transmissiorthen theweightings for the test points would change significantly in many
cases Thus collectingthe full set of data is potentially highly beneficial for accurate
modelling wak, for examplefo assess the feasibilityefore development ofretrofit
options, as well as retaining flexibility for any future analysis or assessment of mitigation
options.

The closaess(in speed and power terms) of many of the potential test mo(ss
shown in Figur®) and the comparatively low duty cycle time of many of themans
that a reduced number of test modes could be selected for emissions testing
would potentially represen& small saving of testing effort but would require careful
analysiof OTMR datand the expected performance envelope of the potential
mitigation solutionsin advance of the emissions testingowever, thigelatively small
saving would need tbe balancedagainst potentially having less data available in the
future, while more test points will improve confidence in accuracy through the
availability of data under similar test conditionas theadditional testing effort/timeis
small compared tohe testing set upand close outime.
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At highertrain speed (typically above 6®5% of the maximum train speedhe
hydraulictransmissiorutilisesa very efficientfluid couplingin the transmissiorto
transfer the engine torque tthe driveshaft and wheelsThe fluid couplingeffectively
directlylinks the engine speed to the train spesad there is a direct link betweesngine
rotational speed and train speed (provided there is no wheel.slipg linkage between
engine rotational speed and train speidfixedirrespective of which notch the engine is
operating inwhile in the fluid coupling mode.g above a setransitionspeed If the
throttle setting is changeto idle above the transition speetien the flud coupling
disengages so there is no linkdgetween the engine and wheedsd the vehicle can
coast éimilar to a car enge with a manual gear box in neutyallhe transmission is set
up to utilisethe fluid couplingoetweenenginepeak torque rpn(at the transition speed)
and the maximunenginerpm (at the maximum train speed)Engine speetb train
speed dependency in fluid coupling mogellustrated by the grey line Fgure 10.

Figure 10 Engine peed dependency versus vehicle speed dependency
in fluid caipling mode

Train Speed
A

Mixéterjm : " Fluid coupling engine operation
P “=—— conditions — all notches
V- Train transition speed between

fluid coupling and torque
converter operation modes

| > Engine RPM

Engine peak Max. engine
torque RPM RPM

At lower train speedstypicallybelow circa 60% of the maximum train speedg
hydraulic transmission usestorque converter to transfer the engine torque to the
driveshaft and wheelslt allows the transfer of engine torque tbe wheek
independently of engine speeshen the engine speed would be below the minimum
practical rpm for the fluid coupling tfiat were used The flexibility of the torque
converter comes with a largaefficiency penalty, especially at very |diin speeds
which is illustrated ifFigure 11 The relativanefficiencyis one of the reasons for the
currenttrend in new-build DMUs to use mechanical transmissiamichimproves
transmission efficiencin the regon between circa 5% and 60% of the maximum train
speed.
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Figure 11 Transmissiomfficiencyversus speedependency for hydraulic
transmissiongClass 158)
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Unlike the fluid coupling operating mode, in the torque converter mode there is no
enginespeed to train speed relationshigJnder stable operating conditi@nthe engine
speedis insteadrelated to the notch settingHere,the engineis operatingat maxmum
rpm in the highest notch. However,as thenotch setting is decreasethe engine speeds
also decrease progressiveluring this processhe engine rpnin the lowest notch
settingwill still beat the engin€ geaktorque speedor a small number ohstallations.
For most rolling stockt will be above the engir® geaktorque speed The latter is
clearer to illustrate and is shown in Figure 12 with the operating condition envelope
colour coded by notchHere,the lowest notch setting inorque converter modeis
around the engin@ deak torque speedlrheengine rpm for thdower notchesin torque
converter modeon most DHMUSs typicallyhigher than shown in th&igure 12
However the highest notchrpm will still be athe maxmum engine rated operating
rpm.
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Figure 12 Engine peed dependency versus vehicle speed dependency in
torque convertor modédy noftch
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The final par$ of the engine and train speed operating envelapethe use of idleand
transient operating conditions when the engine is transitioning between notohes
transition mode In idle the transmission elements are disengaged in both torque
converter and fluid coupling modes and there islinkage between the engine and
wheels so the engine speeddsnstant andndependent oftrain speed allowing the
train to either coast or brake with no impact on engine operating conditidrss is
illustrated inFgure 13.

Figure 13 Engine speed dependency versus vehicle speed dependeidig
Train Speed
A

Max. train ==g------ :
speed /_'— uid cousting — all notches

Idle —» “‘— Train transition speed

| > Engine RPM

Engine peak  Max. engine
torque RPM RPM

With DHMUstransients take ireemainforms. The first is en transitioningrrom
torque converter to fluid coupling mode or visersawhich is llustrated by thdine of
blue dots inFigure 14 Transients arising fra the transition betweemotches can take
two forms.The most significantransitions betweeridle and other notches both
torque converter and fluid coupling modaee illustrated by the pink arrows iAgure 14
The less sigficantoccurbetween Notches ¥, andarefocused irthe lower train speed
torque converter operation (illustrated by trgreenarrows inFgure 14)
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Figure 14 Engine speed dependency versus vehicle speed dependency
under all condition modgby notch
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With the hydraulic transmission as sap on DHMUsvery little engineoperation occurs
in non-idle notchesbelow the engine peak torque rpfonly short-term transiens
to/from idle), which provides the potential opportunity to reduseme of themode test
pointsfor emission testin@shighlightedby the black rectangle in Figure.1However,
if the hydraulic transmission were to be replaced with mechanical oneSseteon 5.4)
then there would be some engine operatibrlow the engineQ geak torquespeedso
the operating conditions highlightedylihe black rectangle woulidhen need to be
included ManyDHMU engines are controlléddirectlyviathe transmissiorand are
tested post overhaulith a dynamometeattached to thetransmission Hence it would
not be possible tdest the conditions hillighted by the black rectanglghile the engine
isattached to the existing transmission.

Figure 15 Engine speed dependency versus vehicle speed dependency under all condition
modes by notch
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On higher maximum speat higher performance DHMUg.g. Class 180 and 186gre
isalsothe optionof adding a simple-8peed mechanical gearbdx the fluid coupling
part of the transmissiomhichis only usedin fluid coupling mode, which enablesthe
more efficient fluid coupling to be used over aei range of train speedsThis would
reduce thelowestspeed thefluid couplingcan operateat from typically above 665%
of the maximum train speed to around 50% of the maximum train spdeda result,
overall transmission efficienayould be increasd by reducing torque converter mode
use Thisapproachis illustrated inFgure 16 where there are two fluid couplingnges
and two transition speedsWith all fluid couplingransmission elementénd thefixed
gear ratio elements of mechanical transmissioti®re is a fixedatio between engine
and train speedgassuming no wheel slip or wheel slidae)dthe gradient of the grey
linesin Figure 1Geflect the net ratioof allthe fixed gear ratios in thedansmission and
final drive gearboxes on the axle&s the grey tieson the chartgepresenttheseratios,
they would always intersect the origin of thehart if the lines were extended.

Figure 16 Engine speed dependency versus vehicle speed dependendpith T312type
transmissionsvith two fluid coupling rangesreated by adding a simplespeed
mechanical gearbox to the fluid coupling part of the transmis&@used in Class

180 and 185)
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5.4 Dieselmechanical transmission rolling stock

For dieseimechanical rolling stock a diesel engine primarily drives a gearbox with 6 or 7
rangesand fixed gear change pointghich, in the same way a®r hydraulic
transmissionthendrives a final drive gearbox to turn the vehicle whedart of the
mechanical power generated drives an air compressor to maiaiapressurefor

braking and suspension systeanrsd an alternator which provides electrical power for
train heating ventilation and akconditioningand lighting as well as radiator cooling

fans.

The lowest 'gear' in thBMMU gearbox is always a torque convertor but unlike
hydraulictransmissiorit is only used between 0 and 20 mph in the Classchs2(or 15
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mph in the case of the new CAF Class 195/196) and is much better optimised to a
smaler operating range at low speeds th&or hydraulictransmission Above 20 mph
five or above 15mph sixfixed mechanical gear ratios are uded Classes 172 and
195/196/197, respectivelySome mechanical gearboxes have the ability to select
neutral andhence allow coasting (e.Glass 195/19897). Other DMMUSs do not have a
neutral option (e.gClass 172dndso do not allow coasting in idlehichresultsin

higher fuel consumption and emissions

An example of aypicalmechanicatransmissiorwith six fixed gear ratios and ttability
to coastexample is shown iRigure 17 As withanhydraulic transmissiothe torque
converterallowstransfer of engine torque to the wheelgith no linkage between
engineand trainspeed but with the enginerpm in each notclbeing relatively fixedh
non-transient conditions Similar to the fluid couplingn DHMUSs, irthe fixed gear ratio
elements of mechanical transmissions there is a fixed ratio between engine and train
speedwhich is the sameof all nonidle notchesf the gearbox has the coasting
configuration(as illustratedn FHgure 17) The noncoasting optionis illustrated inAgure
21. In order to prevent constant gear changing if the traitoisnaintain a speed
approximatelyequalto the transition speed between gears, diftart set transition
speed are usedf the train is accelerating or decelerating ath@seare maked on
Fgure 17 in red and hle arrowsrespectively.
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Figure 17 Example showing engine speed and vehicle speed relationship for a DMMU

Train Speed
A

Max train speed (new wheels)
6™ gear — all notches exc. idle

th .
57 gear —all notches exc. idle

Accelerating transition speed
4 Decelerating transition speed

Idle —» || 4" gear —all notches exc. idle

d )
3" gear —all notches exc. idle

d .
2" gear —all notches exc. idle

; 1" gear —all notches exc. idle
—!
[|

—

Torque Converter
— RPM varies by Notch

> Engine RPM
Engine peak

Max. engine RPM
torque RPM ax. engine

The gradient oachgrey linereflectsthe net ratio of all the fixed gear ratios in the
transmission and final drive gearboxes on the akbeshat gear Reduction of the
wheel diameterither though vearor wheel turning tomaintain wheel geometrvill
alsoalter theoverall gearing ratios and introduce variability in practiGae grey lines
on the charts represent these ratiamdwould always intersect the origin of ttexes on
the chart if the lines were extendeas illustrated by the green arrows kgure 18.
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Figure 18 Example showing engine speed and vehicle speed relationship for a DMMU

Train Speed
A

- Manx train speed (new wheels)

th .
6" gear —all notches exc. idle

th .
57 gear —all notches exc. idle

Accelerating transition speed
Decelerating transition speed

th .

4" gear — all notches exc. idle
d )

3" gear —all notches exc. idle

d .
2" gear —all notches exc. idle

; 1" gear —all notches exc. idle
|
[|

Torque Converter
— RPM varies by Notch

> Engine RPM
Engine peak

Max. engine RPM
torque RPM ax. engine

In the higher gears the engine operatestie range between engine peak torque and
maximum engine rpmin first and second geafat the lower train speeds for those
gearg the engine operatebelow the peak torque point under non transient conditjon
an operating condition that does not occur titydraulic transmissionsrhis situation

is illustrated inAgure 19 by the two black ellipses.
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Idle —» ||

Engine operating
below peak

torque rpm

Engine peak
torque RPM

[
!
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Figure 19 Example showing engine speed and vehicle speed relationshipitdMU

Max train speed (new wheels)

th f
6" gear — all notches exc. idle

th .
57 gear —all notches exc. idle

Accelerating transition speed
Decelerating transition speed

th .
4" gear — all notches exc. idle

d )
3" gear —all notches exc. idle

d .
2" gear —all notches exc. idle

t .
1* gear — all notches exc. idle

Torque Converter
— RPM varies by Notch

Engine RPM

Max. engine RPM

In older mechanical gear box desidasy Class 172here is no ability tauncouple the
engine fromthe fixed gear ratiogo coastin a similar manner to all other existing

DHMU/DMMU transmissionsHencethe engine at idlewill have the same engine rpm
to train speedelationshipas the other notchesThis § also the case in newer hybrid

rafts when the combined alternator/traction motor is being usémt regenerative
brakingandthe engine has not been switched ofoth situationsareillustrated in
Fgure . As regards emission testingis mearsthere is a far wider set of idle engine

speed (rpm)that need to be considered.
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Figure 20 Example showing engine speed and vehicle speed relationshipitdMU

Train Speed
‘k g

- Max train speed (new wheels)

6 gear —all notches inc. idle

5% gear —all notches inc. idle

Accelerating transition speed
Decelerating transition speed

4 gear —all notches inc. idle

3" gear —all notchesinc. idle

2" gear - all notches inc. idle

A

1* gear —all notches inc. idle

O s ——
Idle —» Torque Converter
— RPM varies by Notch
> Engine RPM
Engine peak )
torque RPM Max. engine RPM

5.5 Addressing transients

In rail, transients are a minimabntribution tooverall emissions whecompared to

other sectordor examplefor roadvehicles sincechanges in power demand are far less
frequentin rail. However, some transiergngineconditions are potentiallgignificant

for stationand depotemissionsand overall emissiagat thosespedfic locations For
example whenengines have been idling for several minutdse effectiveness of SGR
reducing NOxemissiondalls offafter an extended period in idl@as the exhaust
temperature istoo low for the SCR to operateConsequentlySCR may be ineffective in
high notches as a train accelerates out of a station because the exhaust temperature is
not yet high enough.

Forsimplicity,mosttransient conditionsare excluded from thel'esting Protocdbecause
of the minimal impact they have on total emissionhe two most relevantransient
conditionsthat have potential localised emission impact (e.g. at stations) because of
their specific significance to exposure in fixed location, caaduresgd with using
simplescenarios rather than fixed test pointze:
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1 Cold, warm and hot star@missiors will be higher than normal idlafter
extendedrunning)

1 The coolingf the exhaust systerandits effect onemissionsafter the engine
changeto idle as the rolling stock coastisrakes to a hajtandthe engine
remairsrunningat afixed locatione.g replicating the approach tand arrival ira
station. In rolling stock fitted with SCR abatement systemsNi@x levels will
initially be lowerthan long term steady statadle in the firg few minutes but
after the engineand exhaust systerstarts to significantly cool the emissiewill
increase A keyaimof the Testing Protoca$ to measure the dynamics of this
increase in emissiornse gererate system design data in early testing and
transferrable lessonef systemeffectiveness after installationThis is also
relevant for locomotive testingsamost locomotivedavedcool dowrt idle modes
after extendechigh powerrunningwith different conditionsi 2 ay 2 NXY I £ ¢ 2 NJ af 2
idle modesand this is the only way to replicaieK S ¢ 022f R2g6y ¢ ARES Y2

These scenargare easy to include in engine emissions testirgpnsideration is given
during the planning of the sequencing obtgoints; recommendations agrovidedin
Section 6.2 ofhe Testing ProtocolHowever other locationspecific understanding can
be adequately developed usimata from individual mode test pointsFor examplefor
the initial acceleratiorout of a staion, a suitableproxycould be developethy using a
representative sequencef test pointswith time weighting ofthe test pointdata. For
certain rolling stock tedifferent operators driversreceive different trainingpn which
notch to use folinitial acceleration It will therefore be better to use amodelledproxy
for total emissiongbased on mode test points and relevant drive cycle weightitingg)
can be adaptd by an operator, rather thana specifc fixed testingscenariowhich may
not be relevant to some operators
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6 Relevantdata byrollingstockclass

6.1 Data requirements

Development of the mode test points for specific rolling stock necessitated compilation
of relevant data as shown in Taldéelow. Sources incded previous RSSB projects,
certain data obtained from industry stakeholders during this profecg. additional

OTMR data for certain classes, improved auxiliary load datd)audio monitoring of
engine speeds during this project.
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Table 2Data availability by rolling stock class
Rolling stock Transmissi OTMR and Notch For hydraulic / ECU ECU data Using Exhaust Annual
class on type drive cycle rpm and mechanical fitted? readily down- audio temperature mileage
grouping analysis power transmissions loadable? analysis data data
available? settings only: notch- approach available? available
available based torque ? ?
(electric and power
transmiss | settings/curves
ion available?
only)?
150, 153, 155, .
Hydraulic Yes Yes No n/a Yes Y
156 Some
158, 159 Hydraulic Yes Yes No n/a Yes Yes Y
165, 166 Hydraulic Yes Yes No n/a Yes Some Y
168, 170, 171 Hydraulic Yes Yes Yes No Yes Yes Y
172 Mechanical Yes Yes Yes No Yes Some Y
175 Hydraulic No No Yes No Yes Some Y
180 Hydraulic Yes Yes Yes Yes n/a Some Y
185 Hydraulic Yes Yes Yes No Yes Some Y
220, 221, 222 Electric Yes Yes Yes Yes n/a Some Y
66 Electric Yes Yes Yes Yes n/a Yes Y
68 Electric Y passengeonly) Yes poth) Yes Yes n/a No Y
70 Electric Yes Yes Yes Yes n/a Some Y
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6.2 Audio data collection for this project

The majority of theealworld engine conditiordata requiredto develop the Testing
Protocolwasalready available from earlier RSSB proje@t$here no ECU engine speed
datawere available, audio monitoring has been usékhis has been particularly useful
for filling gaps in datafor exampleClassl75. ForClass 68comotives irfreight service
an alternative approach has been usgtichinvolved using proxy data in addition to
some nevly provided summary engine performance monitoring data

T2 LINE RdzOS | yamétioy das geployadhittidrew uporwell-established
techniques already used in the vehicle sector, in partidoyeformula 1 racing teams
Detailed engine running condition data dasst exist for the majority of older rail
engines, and therefore audio monitoring of the exhaust soundidegn used in
combination with GP8me, speed and locatiodata. This audio monitoring provides
two typesof data:

1 The dominant audio frequency provides an insight into the engine rpm for live
data analysis with a high degree of accuracy

1 The relative audi power ofthe dominant frequency can be used to indicate the
engine power or notch settingThis is done as a combination of live and post
processing

The main exhaust frequency is a function of the time difference between successive
cylinderexhaust valve openirggn each exhaust manifold.qg.:

Estrok 1 60[RPM]
Egppy = fo(Hz) x =22 x X X k
RPM fO ( ) 2 Ecyclinders 1[Hz|

Where
Erem=the engine speed (RPM)
fo=the dominantfrequency of the exhaugtz)
Estoke =Whether the engine is 2 or 4 stroke
Eyinder=the number of engineylinders

k=exhaustgeometry factor (usually 1 e.g. for inlineinder with single
exhaust manifold)

All engineswith data gaps prior to the project and which weherefore studied using

audio monitoringare straightsixengines witha single exhaust manifoldror4-stroke

straightsixengines witha singleexhaustmanifoldthe engine rpm is twenty times the

main frequency, e.df the engine is runningt 1,800 rpm, the frequency is 90 .Hz
60[RPM]|

4 1
ERPM =f0(HZ) XE Xg Xm Xx1-=> ERPM = fo(HZ) x 20
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This also applies tihe main frequencyrom twin manifold V12engines (whereeach
bankof the engineeffectively behavingdentically to astraightsixwhich also have
higher twin secondary frequencies if the two exhaust streams then merge

For thedetailedaudio monitoring code wasdevelopedand hasheen used foboth live
andpost processingf high-quality audio. This was run on a laptop (with high quality
external microphone) while seated in the passenger compartment in DNRyhon
codewasused to combinghe audio processing and GPS data streémmarovide
concurrentfundamental audio frequengyime, speed and location informationThe
audio processing usafiscretecosinetransform using either live and/or post processing
to output the engine speedDatawere collected every 1/19 of a second to align i

the corecordedGPSocation and speedata streams Audio notch analysis can be
performed in post processing and audio volume calibrated for notch settings at certain
locations The onboard in journey audendconcurrentGPS data was augmentedth
datafrom phone appghat provide fundamental audio frequency analysis datéll

other data gaps e.g. engine idling rpm in stati@aign not measuring onboard

Thisaudiodataandtime, speed and locatiomformation was tha aligned with the

rolling stock and route combinations for which /@R data was already available to

improve engine power and notch setting understandiggK N2 dz3 K G KA &X +y &GSy 3A
was produced along with the necessary weightings

To provide an examelas to the kind of detail that can be achieved using this technique,
Figure21 below demonstrates the relationship between engine speed and train speed
for adass 18@rain travellingfrom Kings Cross to Yorkachdot on the chart

represents 1/10" of a second There ar@ver 100,000 dots overatin the chartand in
some places the are manyhundredsof dotsoverlaidon top of each other A strong
enginetrain speed dependency can be observ&kriods of idle can be identified by the
vertical line at 800 rpmTwo fluid coupling modes occur, identifiable by straight lines of
positive gradientvithin the green/orange ellipsdéa Figure21. Fluid couplingiseoccurs
between theenginepeak torque rpm and the maximusnginerpm. The toque

converter is in operation when engine speed is aroui®@ rpm(when not control
system limited at low speedwhich isidentified with the red ellipsavithin Figure22).
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Figure 21 The relationship between engine speed (rpm) and train spegah) for adass
180 train travelling between Kings Cross and York.
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Thisaudio monitoringdata collection has confirmed that most ndgie engine use is in
engine runningonditions with typically lower g/lkwWh NOx and Rivhissionfactors
This is a result dhe waythe DHMUtransmissios with torque converterand fluid
couplingsare configuredwith higher powettypicallybeing supplied undecleaner
running engine conditionsNon-idle engine use effectively occurs above peak torque
speed resulting in lower emissions in terms @k@gv/h and therefore contributing
positively to ra® overall emissions picturd-or example, for DHMd&nginespeeds are
typically greater than 2800 rpm At highertrain speed (while influid coupling mode)
therpm is proportional to train speedAt lowertrain speeds, typicallless tham5-60
mph (depending orrolling stocl, the torque converters utilisedand therefore rpm is
largely notch dependentlt is worth noting that tlis recordingwasmadeon an
intermediatevehiclewithout an air compressor so the idle speed tends tacbastant
andlower than on other vehiclswhere compressors are fitted

Atthe lowesttrain speed where torque conveers are particularly inefficienengines
can often spply more powerandtorque than thetorque converter is designed foOn
older DMUsthis isue isoften addressedia driver trainingvhich varies by operator
(e.g not to use more than Notch 4 ord less than 145 mph). Gh somemore modern
DMUsthe issue is addressetdth logic builtinto the control systemgsas is the case with
Clas€l80s Inthat caseaudio monitoring can help understarbw this control logic is
setup. The impact of the contrdbgiclimiting power at low speedss illustraedin
Figure 2 by the red ellipse.
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Figure 22 The relationship between engine speed (rpm) and train spegah) for adass
180train travelling between Kings Cross and York.

In the torque convertercase, the total rpm range is less than 2pf at the high top

end of engine speedas reflected irHgures 1721. Similarly, for DMNUs low speeds of
less than 12 mph also utilise the torque converteith rpm similar to DHME In higher

speeds above 12 mph in gear, rpm is then proportional to train speedch gear By
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mostlyavoiding the worst operating conditiorisr emissionsavhen the rail engine is not

idling (although not intentionally)the emissions in terms of Wh ae comparatively
lower for rail enginesthan forthe equivalent enginén road transportuse

One of the key stepisto then create a detailed drive cyclmsed orthe engine rpm
(from the audiomonitoringfrequency), engine notchrain speed(from the audio
monitoringrelative amplitude, train speed data from GPS apdor OTMRlatafrom
other previous trip 6r understandinggapsin engine behavioymiding interpretation of
notch settingsand total drive cycles beyond the periodariboard audio recording
These can beombined to create a trip drive cycs shown irHgure 23 where therpm
data is bucketed into 56pm increments Over ths particuér trip drive cyclethe total
transient conditions are ~5%gcontained withinthe red and blue rectanglesyhile 95%
of the engine running is undetable operating conditionsThe proportion of running
under stable operating conditioriacreases whewgonsideringhe running conditiosin

the OTMRdatafor this section othistrip versuswider extended runnindincluding ECS

moves and time in depdtThis iespeciallyirue for idle while interminus stationsand
depots as thesdocationsare underrepresented in the proportiocovered byaudio
monitoringfor this project
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