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1 INTRODUCTION

The firstrequirement for the study is thorough understanding of the physical characteristics
of the locomotives and their respective routdgom this, the equipmentan be specified and
the requirements for the surroundinipfrastructure determinedThis section wilbutline the
key characteristics of the locomotiveshe routes they are assignedo and the types of

hydrogerhybrid powertrain technoloigs that will bementionedin this report.

1.1 LOCOMOTIVESTUDIED IRREPORT

Figurel: TRANSARIass 2300 Locomotive at San Antdfiébor(courtesy oiGIZ

Two types oflocomotiveswere selected for this report. Bottvere constructed by General
Motors ElectreMotive Division (EMDand arebased on the same chassis type with the same
traction motors The difference between the two classes is the size of the prime mover fitted
to the locanotives. TheSD39 s fitted with a 2300hp (1720kW) engirend theSD40 s fitted

with a larger, 3000hp (2240kWijeselengine.

The SD39 locomotivescan be coupled to increase range and tractive effort along certain

routes. The locomotives runnirige central zoneoute have been modelled as doing so.

This report will produce a concepydrogen power solutionhat fits onto theexistingchassis
of both locomotives. Whilst fitting the locomotives with a hydrogeybrid traction system will

remove a significant source of carbon, particulate and other harmful emissions, it is intended
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where possiblefor the modificatiors to alsoimprove the capability of the locomotives to fulfil

the duties assigned to them.

The process for producing a mathematical model of each type of locomotive is disdnssed

Section2 in this report.

1.2 ROUTEMODELLED ISruDY

Two routes have been analysecentral zone and centra south zone The first route runs to
the south of Santiagavhile the second route runs furthesouthern The location of both

routes is shown in thégure 2

Google Earth

Figure2: Location of Modelled Routes in Clideurtesy of Google Earth)

Trains on both routes run loaded to the respective freight terminals at each port and return
empty back to their origin locations. Thiaforms the specification of hydrogehybrid
locomotives for use on these lineEhe elevation profiles of both lines are showmnfigures3

and4:

Figure3: Elevatiorprofile ofcentral zone routécourtesy of Google Earth)
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Figure4: Elevatiorprofile of central- south route(courtesy of Google Earth)

The process for modelling both routes will be describe@dntion?2.

1.3 HYDROGEKYBRIPOWERSYSTEMS
Vanguard Sustainable Transport Solutions have experience of designing, building, testing and
operating hydrogerhybrid power systemgalso known agpowertraing from the UK based

HydroFLEX 1, HydroFLEX 2 and HydroShunter train development projects.
A hydrogen hybrid power system consists of 3 main elements:

1. Hydrogen fuel cells
2. Hydrogenstoragetanks

3. Traction batteries.

Figure5: HydroFLEX, the UK's First Standard Gauge Hydrogerfchwaitesy of VSTS)

The tiel cells convert hydrogen from a storage system and oxygen from the atmosphere into
electricity and water (as both steam and liqudter). No combustion is involved in the power
generation process, it is purely chemical, thereforehaomful particulates are produced from

the fuel cells. Fuel cells are also typically quieter than a comparable internal combustion
engine, thus providingadditional health benefis to train crews and a reduction in noise

pollution around yards and depots.
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Hydrogen is produced bihe process of electrolysidf renewable electricityis usedto split
water into its constituent hydrogen and oxygen, no carbon emissions are produced, thus giving

an important climatechangereducing benefit to the adoption of thtechnology.

|

Figure6: The Fuel Cell Inside HydroFLEX 1 During(Baiittesy of VSTS)

Hydrogen has impressive energy storage density by weight. However, the energy storage
density by volume is pooAs a resulttechnology must be used to either compress and/or
liquify the hydrogen to store meaningful amounts within the space constraints of locomotive

or multiple unit carriage.

This report will be based on equipment used to store hydrogen at a pressure of 350 bar normal
working pressurg a pressure commonly used on hydrogen powered buddswever,
developments are being made ihe creation and use ohigher pressure, cryogenic and
cryogeniecompressed hydrogemeaning thathis study should be considered as the baseline
for what can be achieved with hydrogen storage on a freight locomaiieg existing, proven

technologies
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Figure7: 4x Compressed Hydrogen Storage Tanks Inside Hydrofidtdsy of VSTS)

The traction batteries discussed within this report are based uponlitheim-ion traction
batteries used on the HydroFLEX 2 traanlegacy project which involveashembers ofthe

Vanguard Team who have contributed to the contemitshis report

The purpose of the traction batteries is twofatdo be discharged to provide peak power at
times of high demand, and to harvest energy from regenerative braking of trains. This use suits
the characteristics dlithium batteries, which are typically very power dense in terms of mass
and volume, but not very energy dense when compared to the energy stored in hydrogen both

in terms of mass and volume.

Figure8: The HydroFLEX 2 hydrogen train at C@éagtesy of VSTS)
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1.4 REPORMETHODOLOGY

The way in which the studies for this report have been performed begins with the selection of
the vehicles themselvedlypically,the vehicles selected for the study are identified by the
owner/operator. In the case of this study the locomotives have been selected by Chilean

freight operators TRANSAP.

Once the vehicles have been identified, data is gathered oiir theysicality, operational
characteristics, antheir respective du cycles This allows virtual models of the vehicles and

their routes to be createdand representedin the form of a raw datset upon which

simulations can be performed.

2 KSy G4KS Nr¢g RIGEFE aSté Kra 0SSy ONBIFGSR FyR 3N
Single Train Simulator (STS) softwdrem this, using calculations explained in section 2, the

STS will generate a summary of requirements necessary for the vehicle(s) to achieve, or

exceed, their duty requirements using hydrogen as the primary fuel source.

Theresultsfrom the simulations are analysed anglevantconclusionsfecommendatiors are
made based on the realorld experience and judgement of the Vanguard Engineering Team.
These conclusions and recommendations @@ordedwithin a report which is supplied to the

customerr & | gl @& 2F O2yFANNAY3I 6KSGKSNI I | @8RNRISYy

The report is also generated in accordanséh = I y3dzZ- NRQa L{hdnam I OONB

Management Systemqthe formal procedure for which is outlined below.

[Space Deliberately Left Blank]
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|

| Rejected

Draft Report Generated for
Client Feedback/Approval

l Approved

| Rejected

Final Report Generated for
Client Feedback/Approval

Approved

Work Package
Complete

Projectis received following the Sales Process.

A summary of the Project Scope is created in the Project Brief which is handed
over to the nominated Project Manager.

An Introductory Meeting is held to introduce the key Project Stakeholders to
the Vanguard Team. Initial queries are discussed ahead of Project Kickoff.

The Project is considered live and the Programme of Works started.

An internal review of the Project Documentation is held between the Projects
and Engineering teams to determine the data required from the Client.

The data required for the Work Package is requested from the Client.

Onreceipt of the requested data, itis interpreted and analysed by the
Engineering Team to ensure there are no further clarifications required from
the client or omissions in the data.

A Summary of the data received from the Client is generated by the
Engineering Team. Itis sent to the client for confirmation via email that the
data on which the report will be based has been interpreted correctly.

On approval of the Project Data from the Client, the contents of the report is
generated by the Engineering Team. This can be information such as, but not
limited to, route simulations, calculations and concept drawings.

When the draft report is complete, it is sent to the client for feedback usually
accompanied by a presentation to ratify that the contents of the report is
what the client is expecting.

On approval of the draft report, subject to any further amendments, the
report is formally issued at RevO.
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2 ROUTESMULATION

Once the raw data for theocomotives and their routebas been gathered and approved, it is
used to run virtual simulations of the trains as they would opem@teheir assigned routes
Many of the variables that need to be considergten converting a diesetlectric vehicle to

run on Hydrogen are determined ®stablishing theway in which the trains perform along
their respective routes. As such, it is this stage of the study that generates the information

needed to begin to truly understand whether a hydrogen conversion is feasible.

Hydrogenhybrid powertrains bring design challenges when compared with -mdarid

systems.

Theenergy storagdattery element of the powertrain must store enough energy to complete
the required journeys without running out of charge while being small enough to fit on the

vehicle in terms of weight and space.

The hydrogen element of the powertrain is similarly challenging to design as the stardge
take up a large amount of spaceherefore,there must be confidence that enough hydrogen

can be carried onboard to fulfil a useful amount of work.

Simulating the duty cycles that the train is expected to fulfil before stadimgfuturedesign
developmentallows for the fuel cellbattery, and hydrogerstorageelements of the design to

be balanced correctly for the best possible results in use.

2.1 THESNGLERAINSMULATOR

As coveredin a separatereport focused ondecarbonising transport in Sub Saharan Africa
(Calvert, et al., 2021}he Single Train Simulator (STS) is a software simulation tool developed
by researchers at the Birmingham Centre for Railway Research and Education (BCRRE) for
evaluating the energy consumption of railway tractiofhis can be calculated for many
different types of traction, \th outputs ranging from kWh for lineside electrification
simulations, kilograms of hydrogen and battery final state of charge for hydrbglerid trains

or amount of diesel consumedlso measured in kilograms

The ST$ based on the first principle of longitudinal dynamics and the energy conservative
principle. The longitudinal dynamics are expressed in the form of mathematical formulae
which, when combined, form a simulation model. The model is then used to predict the
motion of a train under a set of conditions, namely gradient, train mass, friction and traction

force applied.
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STS first computes the traction ford@ required to fulfil a given acceleration profile using

the formula:

0t a4 o 4o ole

@ is train massgH» B0 dis the summation of frictional forces arid Qs gravitational pull.

The acceleration profile is derived fom a given velocity profil®.

After obtaining the traction force required to fulfil a trip, STS then computes the energy
required by the respective traction system. STS uses powertrain efficiency curves that are
custom to the selected traction technology to provide more accurate energy estimates. The

energy required at each step is computed using the formula:

=
I_‘__IJ
[

wis the distance for which a specifiévis applied and-A & (G KS L2 gSNI NI Ay Qa
energy consumption is then computed by adding the consumption of all steps. The energy

calculation only accounts for traction requirements and does not account for hotel loads.

The STS is highly flexible by allowing the user to specify the railway route and the parameters
of the train simulated, and modular enough to accommodate various traction systems both
conventional and hybrid. The statd-charge — of the energy storage device of hybrid

powertrains is modelled using the formula:
- R
" o
"(s battery current and is battery capacity. Battery current is computed using battery voltage

and traction power.

2.2 THESNGLHRAINSMULATORMETHODOLOGY
Five main elements go into the production of a route simulation using the Single Train

Simulator:

Route Length
Station locations

Route Timetable

A w0 N PF

Speed Limits

PAG170f161

ST



Deutsche Gesellschaft
fr Internationale
Zusammenarbeit (GIZ) GmbH

5. Elevation Profile

In terms of sourcing the above information, it is possible to source the route length and station
locations from a map survey or from reference material produced by the raiflag.oute

information produced and used in the simulat@rincluded in thisection

Speed limits can be found in reference materials produced by the railway operator. The
modelling of speed limitsstopping locations and dwell times in this report was achieved by
analysing GPS data sent to the project teamTRANSAF-rom this data the speed and

elevation profiles of the routes were determined.

PN e
NRP—ry R e, e T SN ,‘ e T e e A S S
1) s el Ve \/ e’ \ AN ”‘\\ . | \/ oS
f U = \J =
e \f
g |
T

Figure9: GPS Datécourtesy of TRANSAP)

2.3 MODELEDROUTECHARACTERISTICS

The extrapolated characteristics of the routes are includedppendix H The Single Train
Simulatormeasures speed in kilometers per hourgasures train stopping times in seconds
and can either accemradientprofilesas avalue of meters gained or lost every 1000mbgr
inserting the elevation abovaea level of key points along the route. Both methods of

inputting gradient data have been used in the simulation files of this report.

2.4 MODELEDTRAINCHARACTERISTICS

The trainseachhave simulation profiles created using the data returned to the project team by
TRANSARt should be noted that theauxiliary loadoutlined includes the additional power
required for the operation of auxiliary components that viiécome part of thenew hybrid
traction system, including, but not limited to, hydrogextraction fans, hydrogen fuel cell
freeze protection, hydrogen fuel cell cooling system, battery thermal management systems,
electrical converter cooling systems, hydrogen fuel cell air compressor. It also considers all

existing components that will be retained.

2.4.1 TRAINRESISTANCE MOTIONCALCULATIONS
The train resistance to motion characteristitave beencreated as a function of theross
sectionalarea of the train, the number of powered and trailing axles on the train and the
weight of the train to determine the Davis variables B\ and Cin accordance with the

methodology described iIMREMA Manual for Railway Enginegri(l999) As has been
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discussed in section 2.1, the Davis Equation is a key component to the equation used in the
{¢{Qa OFIfOdAIGA2ya 2F GNIAY Y2iA2yI akKz2gy oSt 2;¢

0+ 14 F te o ole

The determined Davis equations for ttrain configurations are as follows:

Tablel: Resistancéo motion valuesusedin singletrain simulator (courtesy of VSTS)

SDB39 Unloaded| SDB39 Loaded SD40 Unloaded SD40Loaded

Powered Mass (t) 232 232 120 120
Powered Axles 12 12 6 6
Unpowered Mass () 944 3136 1200 3200
Unpowered Axles 128 128 178 178

Davis A 19.9 36 23.7 36
Davis B 0.39 1.11 0.4 1.11
Davis B 0.0096 0.0096 0.0096 0.0096

2.5 MODELLEBIYDROGERIYBRIIBYSTEMHARACTERISTICS
After conducting a series of simulationswiis discoveredthat it is theoreticallypossible to
operate thecentral zone route usingtwo SD39 locomotivescoupedtogether, eachfitted with

600kW of fuel cell power and 440kWh of battery capacity.

Thecentral-south zone route required more fuel cell power to ensure thamh adequate state
of charge remained within the battery, therefore tH&340 locomotive required 800kW of
installed fuel cell power was required along with the same 440kWh battery used in the

previous simulations.

2.6 ROUTESMULATIONRESULTS

The primary aimgor the route simulationsare to determine the key requirements forthe
specification of thenydrogen fuel celk; battery hybrid powertrain.The simulator models the
behavior of the battery and hydrogen fuel cell over th@enroute, this allows thepower
output of the hydrogen fuel cell anblattery capacityto be determined.Using simulations to
specify the components is an essent@l verifyingthat the final powertrain configuratiocan
perform adequately along alihe selected routes. Another key element determined by the
simulation is theotal amount of onboard hydrogen fuel storage, asdbsequentnumber of

individual hydrogen storage cylindeesquired for integration into the vehicle
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The route simulation results adketailedbelow. All raw simulation output graphs are shovim

Appendices A, B and C
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2.6.1 (C=ENTRAZONEROUTERESULTS

The settings for theentral zoneoute simulation both uphill and downhill are shownfigures D and 11.

1. Set vehicle characteristic

Train selection Train properties
Mainline Tare mass (fonnes / trainset) Maximum soeed tkm / hi Rotational inertia
Medro G944 105 o002
|Cistomized rain
|- Max motar nower (kWi Mumber of runs Passenaerireiaht load
S s — Traction 3206 9 0
EGDO 3:;’;;"“ Max tractive effort (kN Max accelerating rate (m/ Max brakina rate (m / s*2)
fi] 6428 05 13
o
.= 200
E Davis coefficients
E g A 2] ¥
0 50 100 19.9 0.29 0.0093
Velocity (kmih)
2-1. Set traction system
Traction system mass
System selection (tonnes) Train awadliary power (kW) M2 tank capacity
Hydrogen hybnd ol 232 112 554
Electrical system configuration
: . o : Tractian current distribution Return current distribution
Substation nominal voltage {V  Substation inner resistance resistance (ohm / km) resistance fohmid lan)
780 0.02 18e.6 15e-6
Battery system configuration Fuel cell system configuratii Diesel system configuration
Battery capacity (kWhj Battery C-rate Fuel cell max power (kW) Max diesel engine power
820 3 1200 1200
Battery system FC power
FC power level 1 rabe (%) FC power kevel 2 rate (%) FC power level 3 rate (%) FC power level 4 rate (%)
10 50 an 95
3. Set route
Route model 600 =60
W
120 km/h test line — E
180 km/h test line E 400 T 40
250 kmvh test line: I = g
350 kmn/h test ling 2 =
= 200 =20
Altitude Corvert  Reverse fé
—_— o o
F 4. START SIMULATION ! 0 50 100 150 [+} 50 100 150
Distance (km) Distance (kmi

2-2. Extra sefting

Initial battery SoC
an
Max battery charoe power (KW)
1760
TBC

TBC

TBC

TBC

2

3

3

2

TBC
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Output
Eﬁn' Train rajectory | |
= _u == == Linospaed limits
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= 2000+ 1
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FigurelO: Centralzonereturningroute simulation settings (courtesy of VSTS)
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1. Set vehicle characteristic

Train selection Train properties
Mainline Tare mass (tonnes / frainset)  Maximum soeed (km / Rotational inertia
Medro 3136 108 0.02
[Customized frain
|- Max motor nower (kKW MNumber of runs Fassenoerfreiaht load
S 500 — Traction 3206 | 1 o
E o g:::'r‘“ M tractive effart (kN Max accelerating rate m/  Max brakina rate (m / s*2)
L 6428 0.5 13
I Davis coefficients
= o A ;] ¥
0 50 100 26 111 10,0096
Velocity (kmvh)
2-1. Set traction system
Traction system mass
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Electrical system configuration
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Substation nominalvoage (V. Substation inner resistance resistance (ohm / k) resistance {ohm / km}
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Battery system configuration Fuel cell system configuratii Diesel system configuration
Battery capacity (kWh) Battery C-rate Fuel cell max power (kW) Max diesel engine power
880 3 1200 1200
Battery system FC power
FC power level 1 rate (%) FC power level 2 rate (%) FC power level 3 rate (%) FC power level 4 rate (%)
10 12.5 15 17.5
3. Set route
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Figurell: Centralzoneorigin to destinationroute simulation settings (courtesy of VSTS)
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The results for theentral zone route areshownin figure 2. As the train has two locomotives,
the results for both the whole train and each locomotive are shown on the mepiesented in

figure 12.

Full Train

Destination 75kg (37.5kg/loco) (Downhill)

&

—

Empty Train
(Uphill)

255kg

(127.5kg/loco) Origin

Figurel2: Centralzoneroute Hydrogen Consumptiddap (courtesy of VSTS)

Immediately, it is apparent that there is a great disparity in hydrogen consumption for each leg
of the journey, over three times more hydrogen is required to pull the empty wagons back to
the origin of the route The reason of this can be explained by the ability for the hydrogen
hybrid traction system to harvest and -tse energy from regenerative braking. This

representedin figure 13.

[Space Deliberately Left Blank]
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Figurel3: Downhillresults Qrigin todestinationcentral zoneroute fully laden courtesy of VSTS
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Fuel cell output graph
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Figurel4: Uphill resultgDestination toorigin central zoneroute unladen courtesy of VSTS
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Fgure 13 shows the downhill loaded route fromOrigin to Destination of theentral zone.

Figure % isthe uphillreturn journey of the empty train

As can be seen, the fuel cell output is much lower for the downhill journey as the battery is
chargedwith energy harvestedfrom regenerative brakingSo much regenerative braking
energy iscreatedthat the batteries end up fully charged between kilometres 75 and 120.
Therefore the fuel cells could, in theory, be switched dffring this time Auxiliary equipment
could, in theory, be powered solely from the battery and the excess amounts of available
energy would have to be discharged through the braking resistors as is current prasitige

dynamic braking.

On the return journeythe fuel cell output is much higheithe fuel cellsmust operate at
maximum power for most of the trip to maintaian adequate battery state of charge
although there are periods where energy is harvested into the battery during regenerative

braking This phenomenon is shown in the overall energy grafipsres b and 16 overleat

[Space Deliberately Left Blank]
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Figurel5: Origin todestinationcentral zoneroute energygraph (courtesy of VSTS)
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Figurel6: Destination toorigin central zoneroute energygraph (courtesy of VSTS)
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It should be noted that thdigures shown for regenerative braking are the maximum amount
of theoretical energy available from regenerative braking. This includes the energy that would

have to be managed by dynamic or friction braking if the traction batteries become full.

As can be seen, minimal amounts of energy are harvested from regenerative braking on the
uphill leg fromdestination toorigin in thecentral zone route. However very highamounts of

energyare available on the downhill run of the full trafrmeans of energy storage is available.

This section has shown a simulated predictionenergy that could potentially be harvested
during braking. To confirm and correlate this simulation with realitycdtuld be possible to
recordand logthe actual amount ofenergydissipatedduring dynamic braking by measuring

the current flow to the dynamic brasand using the&known resistance ofte dynamic brakes
These values could then be compared against the regenerative braking forces outlined in this

study.

2.6.2 (CENTRAESOUTHZONEROUTERESULTS
The results for the legs of the journey fraonigin to destination of thecentral ¢ south zone

route are shown on the mapepresented in figure 1

Intermediate point 92kg

2" intermediate point

29kg
73kg

Full

Destination (Downbhill)

Empty
(Uphill)

Origin

Figurel7: Origin todestination of thecentral ¢ south zoneroute hydrogenconsumptionmap (courtesy of VS)S
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It isimmediately notable that thenydrogen consumptiomesultsfor each directiorbetween
origin to destination of thecentral ¢ south zone route are very similarAn inspection othe

graphsshown in figure 18 and 19 for this section of route explains why this is the case
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Figurel8: Downhill results@rigin tointermediate point of theentral ¢ south zoneroute fully laden courtesy of VSTS
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Figurel9: Uphill reslts (Intermediate point toorigin of thecentral ¢ south zoneroute unladen courtesy of VSTS
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Figure B shows thedownhill leg and the empty return journey is shown figure19. It should

be noted that the fuel cells spend most of their time at or just above half of the available
power (800kW) on the downhill leg, whilst the fuel sedpend most of the journey at full
output power during the uphill legthe overall energy consumption on the initial part of the

route (as the train is building speedan be seeelow in figures 20 and 21 overleaf.

[Space Deliberately Left Blank]
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Figure20: Origin tointermediate poinbf the @ntral ¢ south zoneroute energygraph (courtesy of VSTS)
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Figure2l: Intermediate point toorigin of thecentral ¢ south zoneroute energygraph (courtesy of VSTS)

As can be seelin figures20 and 21, regenerative braking energy significantly reduces the required hydrogen consumption on the downhill leg.
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As the section betweemtermediate point anddestination of thecentral - south zone route is
mostly flat, the hydrogen consumption for the full train is much higher than for the empty
return trip as there are few opportunities for harvesting regenerative braking energy on the
journey. This can be seen in the distance domain energy diagshaven in figures 2and 2.

Note that whilst the energy traces are very similar, significantly more energy is expended on
the full trip than on the empty return train.

PAG360f 161



Deutsche Gesellschaft
fr Internationale
Zusammenarbeit (GIZ) GmbH

Energy (kWh)

600

500

400

300

200

100

-100

Cumulative Energy Graph
T

T

Net work done by traction system
= === \Nork done overcoming resistance
= = Kinetic energy

Potential energy

Regenerative energy

Gross work done by traction system

5 10 15 20 25
Distance (km)

30

Figure22: Intermediate point tadestination of thecentral ¢ south zoneroute energygraph (courtesy of VSTS)
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Figure23: Destination taintermediate point of theentral ¢ south zoneroute energygraph (courtesy of VSTS)
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3 BALANCIN®PERATIONAREQUIREMENTS ARRCKAGING

On completion of the simulations, a set of output data is generated which determines the
minimum specificatiorfor the hydrogenhybrid power train.Reviewing and manipulating this

data allows the Engineering Team to identify equipment for the conversion and determine
how it is housed in the locomotive or whether additional space is required beyond that already

available.

The purposeof this sectionis to introduce the physical characteristics of the locomotives and
establish a suitable combination &ky componentgo fit within the givenspace This then
informs the foundationsupon which aconceptdesigncan be discussedn the subsequent

actions following the releasef thisreport.

An assessment of available equipment has been made ianttbtailed insection 14 of this

report.

3.1 PHYSICADESCRIPTION OF TBEOMOTIVES

The SDB39 and SD40 locomotives areboth North American style hood units. They have a

single cab, positioned towards one end of the vehicle, with a short hood extending in front of

the cab and a long hood situated behind tbah For the rest of this report, the end of the
t202Y20A0S 6A0K GKS &aK2NI K22R gAff 0S NBETSNNS
SYR 2F (KS t202Y20A0S 6A0GK (KS f2y3 K22R gAff

locomotive.

Superficially, thesB39 and SD40 are very similar. As statqateviously the primary difference
between thetwo locomotivesis the size of the prime mover (a-t2linderType 645 engine in
the SD39 and a 16cylinder Type 645 engine in th&DB40). There istherefore, a disparity in
power between the two classes. Themparativemass of each locomotive is converse to the

power. TheSD39weights 131t, whereas the more powerfaD40weights 120t.

CNRY ¢w! b{! t Qahe prigiel rBoMd/ eqtiipmBrit i8 In amder the long hoodn

both locomotives It is therefore assumed that the equipment in this area, including engine,
generators, compressorand fuel tanks will be removed from within the long hood as part of
a hydrogenconversion Therefore, the traction equipment will be sited in this area in the

concept design.
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As there is only a toilet and sand storage in the short hood, it was decided that this space will
not be used for any hydrogen traction equipment and will be left in its previous configuration

such that crew welfaréacilitiesareretained.

As both locomotives share the same chassis and have almost entirely the same amount of
bodywork, the concept hydrogen hybrid traction system that has been produced in this report

would be equally applicable to either model of locomotive.

3.2 KEYMETRICS OHELOCOMOTIVES

An assessment of the power, overall maasd mass of key components within both types of

locomotives is shown itable 2.

Table2: TRANSABcomotivekey metrics(data courtesy of TRANSAP)

TRANSAPRocomotives
Manufacturers Designation SD39| SD40
Power (kW) 1725 2250
Mass (t) 131.5 120
Engine Mass () 12.8 16.5
Main Generator Mass (t) 7 7
Diesel Fuel Capacity (L) | 5455 9092
Diesel Fuel Mass (t) 4.6 7.6
Mass Less Removed
Equipment (1) 107.1 88.9
Mass of Removed
Equipment (t) 24.4 311

Includedin the table are figures for the mass of the engines, main generators and the volume
and mass of diesel fuel carried by each type of locomotive. This data has been used to
determine a baseline figure of the mass of the equipment that will be removed from the
locomotives, to allow comparison between the predicted mass of the hydrbgbnd system

andthe mass of the equipment removed from the locomotive.
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3.3 BENCHMARKYDROGERYBRIEQUIPMENTELECTION ANRATIONALE

For this study, it wagdeemedappropriatefor the configurationusingthe leastequipment to
successfullyun onall routesto be establishedDoing this means that allspectsof the vehicle
and routerequirements aremet as aminimumby one systemThis approaclensures thathe
system asdescribedis also the most economicah the longterm as it will besimpler to
maintainand more space efficienthan developing multiple, different system8ontingencies
(explained in tables1& 12) are factored into the calculations behind the equipment selection

to ensure the locomotives aguaranteedcapable of meeting their specified requirements.

Sincethe 600kW fuel celvith 440kWh battery option waprovenonly to be suitable forthe
central zone route in a SD39 locomotive it could notbe suitable fora train runningin the
central ¢ south zone route Therefore the 800kW fuel celvith 440kWh battery option has
beennominated for thebenchmarkconcept desigrio ensurethat all routesare operabledy a
SD39 or SB40locomotive

3.3.1 BENCHMARKUELCELLSELECTION

¢KS TFdzSt OStt aStSOGSR FT2NJ dzaS Ay GKS 02y O0SL
WhilstVVanguarchave worked withmany fuel cells produceldy many different manufacturers,

this fuel cell wasselected as enough information is available open source from the
manufacturer to produce &uitable concept. This model of fuel cell has been selected as a
benchmark due to itsphysical characteristics being freely availab(®allard, 2022) Key

informationabout the Ballard FCMoveHD+ can be found in t8ble

Table3: Ballard FCMoveHDkeytechnicainformation (data courtesy of BallarBower Systems

Net System Power 100kw

Idle Power 9 kW

Dimensions (I x w x h) mm 1056 x 630 x 650

Weight 260 kg

Certifications ISO 6462:20091 ISO 6463:20111 ISO 23273:2013
Operating Temperature -30°C¢ +50°C

Humidity Tolerance* 30-95% relative humidity

*pbased onmodels similar to the FCmoveHD+
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Figure24: Ballard FCmoveHD+ 100K@burtesy of Ballar®ower Systems

3.3.2 FRUELCALBENCHMARBATTER®ELECTION
The benchmark simulatiordeterminedthat a battery capacity of 440kWh suitable fouse in
SD39 and SB10locomotives. This would entail a battery with twice the capacity of that fitted
to HydroFLEX Zhe battery in question uses battery modules produced by Hoppackevas
integrated into the vehicle by GemiRail.

Figure25: HydroFLEX 2 Departing Glasgow During COH26220kWh Battery is locatbeéneath this carriage
(courtesy of VSTS)

As the dimensions and mass of the lithiimm 220kWh battery fitted to HydroFLEX 2 are
known to the authors, it is considered that this would form a suitable placeholder for a
concept level desigriThe choice of this battery in this report has been determined as this is a

benchmarking exercise. Othsuitablebatterieswill be detailed irsectionl14.

Table4: Batterymodulespecificationgdata courtesy of VSTS)

Equipment L (mm) | W (mm) |H (mm) | Mass (kg)
440 kWh Energy Storage System 4400 2600 730 3230
Battery Module Converter 2090 880 610 640
Battery Temperature Management Syste| 1310 1020 310 150
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3.3.3 QUANTITY ORYDROGESIORAGEREQUIRED
The hydrogen storage requirements for each locomotive can be determined by analysing
results of the route simulations. The results froBection2Qa | aaSaavySyd 27

requirements is reproduced beloin figure 2.

Full Train

Destination 75kg (37.5kg/loco) (Downhill)

%

Empty Train
(Uphill)

255kg

(127.5kg/loco) Origin
Intermediate point 92kg
2 intermediate point
11kg ke 73kg
Empty

Full

Destination (Downhill)

Empty
(Uphill)

Origin

Figure26: Route Map Comparisquoourtesy of VSTS)

Communications witfRANSARave detailed thathe fuelling point for the central zone route
is at origin and the fuelling location for the central ¢ south zone route is at second

intermediatepoint. Theround-trip fuelling requirementgper locomotiveare as follows:

Table5: Hydrogerconsumptiontable (courtesy of VSTS)

Round Trip Hydrogen Consumption

Origin todestination of the central zone route 165 kg
Secondntermediate point toorigin of the central ¢ south zone route 158.4 kg
Secondntermediate point todestination of thecentral ¢ south zoneroute  226Kkg
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3.3.4 HYDROGESTORAGHECHNOLOGY ARRQUIPMENEELECTION
The hydrogen storage technology that will be considered is compressed hydrogen tanks that
are able to storehydrogen at a normal working pressure 860 bar. These tanks are
commonly used in hydrogen powered buses. Therefore, this type ofisgmoduced in large

numbers and siswidely available.

It should be noted that whilst the normal working pressure of the tanks selected is 350 bar, the
pressure in the tanks wijlin practice exceed this durinfuelingdue to the temperature effects

of the rapid compression of gas within the cylind&€he tanks used for this study are rated
only for use aa maximum of 35(ar. Advancements in technology mean that 700 bar tanks
may soon be a viable option for this application, however, at the time of writing, 350 bar is the

accepted norm for railway use.

Figure27: Luxfer Type 3 hydrogen tank®unted to the roof of a bus before being harvested for the HydroShunter
project Note, the frost on the first and third hydrogen tanks has formed because they have jusebeshrapidly.
(courtesy of VSTS)

Four different types of compressed hydrogen tank exist. These are listed irétable
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Table6: Type 34 characteristicgcourtesy of VSTS)

Materials Features Application

Typical Pressure (Bar) Gravimetric density (wt%)

For industrial, not
| All-metal construction Heavy, internal corrosion suited for 175-200 1-1.7
vehicular use
All-metal hoop- Heavy, short life due to internal Not suited for
Il wrapped composite Y . . 263-300 2.1
. corrosion vehicular use
cylinders
Fully wrapped Lightness, high burst pressure, nq Suited L(;reveh|cular
1] composite cylinders permeation, galvanic corrosion ) . 350-700 More than 5
. T : ) 25-75% mass gain oV
with metallic liners between liner and fibre Land II
Alcomposie | Permenton tough iner, g | L0"9e e tan Typg
v -~ rmeatlon through finer, high Il 350-700 More than 5
construction durability against repeated chargin
Simple manufacturability (no creep fatigue)

Only type 3 and type 4 tanks are suitable for usdaomd based mobile machinery. Therefore,

both types will be investigated in the concept design.

The two types of tanks that will be modelled are the Luxfer W322N tiijganks and the

Hexagon Purus Model G type tanks. Information on bothtypes oftanks is availablenline
(Luxfer, 2022jHexagon Purus, 2022)

Table7: Comparison of Type 3 and 4 tarfksurtesy of VSTS)

Comparison of Type lll and IV Tanks
Tank Name Luxfer W322N Hexagon Purus Model C
Tank Type Il v
Tank Length (mm) 3165 3190
Tank Diameter (mm) 415 430
Hydrogen Capacity (kg 7.8 7.5
Tank Liquid Volume (1) 322 312
Empty Tank Weight (kg 141 101
Combined Tank and Fug
Weight (kg) 148.8 108.5
Weight Ratio (%) 5.53 7.43

ForbenchmarkingModel G tanks will be used in the concept design lagsuhe benchmark
type of tankas it is slightly larger than the W38%e lll tank. The mass implications of using
each of the types of tanks will be discussegharately

An explanation of why the larger tanks have been selected for this study is outlined in section
3.4.2.
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3.4 HYDROGENDCOMOTIVEONCEPT

A concept level design has been produced by Vangsavn in figure8.

Integrated Fuel Cell

8x100kW Fuel Cells Cooling Systems _Cooling System
B > \ o /" Radiotor Space

- T
= O
Natural Ventilation [1] g
Bodyside Louvres : 1 :’ £
= | O
. =] — al’: \
18x322 Litre Hydrogen Vi == ——
Storage Tank Pack ) A
Front Fuelling PaneV “
36x322 Litre Hydrogen/ ~ 440 kWh Lithium—lon Rear Fuelling Panel
Storage Tanks Battery Pack
Cooling System
Fuel Cell DC/DC /Rodiotor Space ation Contre et High—Voltage
Converlers / raction Control System- /Junction Box
I
/41 Reor Fuelling Panel
/
Bottery Therma ¢
Management \
System Front Fuelling Panel—"| X
/ ) A S—
Bottery Module 7 7 Air Compressor
Converter _ B -
Traction Control System ntegrated Fuel Cell/ Fuel Cell DC/DC./ raction Motor
Cooling System Converters Blower

Figure28: Concept design for hydrogen powe@d39/ SD40locomotivegsee appendix item G for full size image
courtesy of VSJS

3.4.1 TECHNICAEXPLANATIORFCONCEPDESIGN

Theoutlined hydrogenhybrid traction system concepises

1 8x100kW fuel cells
1 1x 440kWh traction battery
1 36x 322L hydrogen storage tanks
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Space claims for othemcillary equipment is modelled and labelled on the drawdhthe end
of the rear hood. This includes thair compressarassociated air tanks artdaction motor

blower.

It should be noted that the existingpmpressor onboard the locomotive is engine drivas.
the engine is being removed, an alternative solution must be found. It is suggistedn
electrically driven solibn is used as a replacementither a new electric compressor or

driving the existing compressor with an electric motor

As can be seen, following the removal of the engimain generatoy and other ancillary
equipment, most of the newly free space has been claimed by two rafts of hydrogen storage
tanks, comprising 18 tanks each, for a total of 36 hydrogen tanks. Fuel cells and fuel cell
auxiliaries are locatedt the top of this spaceThe hydrogen tanks are located as close to the
center of the locomotive as possible for crashworthiness reasons. This will allow either end of
the locomotive to crumpleto the maximum amount possiblen a collision before

compromising thentegrity of the tanks andeleasinghigh-pressurehydrogen

To allow enough space to locate the fuel cells above the tanks, the dynamic brake equipment
has been relocated to where the engine cooling radiators are on an unmodified locomotive. It
is deemed necessaryo retain the braking resistors as they will allow dynamic braking to
continue if the batteries become futif energyfrom regenerative braking and thusre no

longer receptive to the energy producedowever,as the braking resistors ar@solikely to

get hot, itis farsafer to relocatethem away from any potential hydrogen venting zortes

lower any risk of ignition in this way

The space beneath the frames where the fuel tank is located on the original locomotive has
beenused to accommodatéhe traction batteriesThere is enough space in this area tdtig
benchmarkd440kWh battery.

SAE J2600 standafdellingreceptacles are to be fitted at either end of the locomotive. This
will allow for the receptacles to be accessedfbglling equipment located on either side of

the track by passing thieiellingnozzle across the gap over thenterof the vehicle, as well as
allowingfuelling from wagons that the locomotive is coupled. tbhe SAE J2600 standard is a
widely used, and globally recognised technical standard, applying to fuelling connectors,
nozzles, and receptacles for hydrogen vehicles with onboard gaseous stGagpliancevith

this standard is recommended for any hydrogen railway vehicle, ensuring compatibly and
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providing additional passive safety measures during refuetlipgrations. Givera maximum

working fuel pressure of 350 bar, the J2600 H35 pressure class is applicable.

It should be noted that any nehydrogen specific equipment (such as pneumatic hardware)
has been modelled in this reportto offer lifferf A 1S 2LISNI GA2y 2F (GKS f202)
state following the conversion. Additional equipment can be added for redundancy if deemed

necessary at the detailed design stage.

[Space Deliberately Left Blank]

PAG480f 161



fr Internationale

giz

Deutsche Gesellschaft

Zusammenarbeit (GIZ) GmbH

3.4.2 (CONCEPDESIGNMASSCALCULATIONS

The mass of equipment to be addedn be found iTable8.

Table8: Mass othydrogenhybridtraction systems(courtesy of VSTS)

Mass of HydrogerHybrid Traction System

Type of Hydrogen Tank

Individual Fuel Cell Mass (kg)
Traction Battery Mass (kg)
Individual Tankass (kg)

Number of Fuel Cells
Number of Traction Batteries
Number of Tanks

Mass of Fuel Cells (kg)
Mass of Traction Battery (kg)
Mass of Tanks (kg)
Mass Allowance for FC Auxiliaries (K
Mass Allowance for Tank Frames (k

Total Mass of Equipment Added (kg

Total Mass of Equipment Added (t)

3 4
260 | 260
8030 | 8030
148 | 101

8 8

1 1
36 | 36
2080 | 2080
8030 | 8030
5328 | 3636
2080 | 2080
5328 | 3636
22846 | 19462
22.8 | 195

The mass of the traction battery includes the framework and packagid00% mass

allowancehas been added tthe massof the fuel cell auxiliaries and tanksto represent the

supporting frameworkTheresuling masses ar@2.8t for a hydrogeshybrid traction system

equipped with type 3 tanks and of 19.5t for a traction system fitted with type 4 tanks.

The mass figures for traction systems fitted with both types of tanks are shown in relation to

the mass calculations conducted in a previous section in $&ded 10.

Table9: Hydrogerhybrid locomotivemasscalculations (Type 3 Tanksourtesy of VSTS

HydrogenHybrid Locomotive Mass Calculations (Type 3)
Type 2300 | 3000
Original Mass (t) 131.5| 120
Mass Less Removed Equipment (t) 107 | 88.9
Mass of Type 3 Traction System (t) 228 | 228
Mass ofHydrogen Locomotive (Type 3) (t) 130 | 111.7
Mass Difference to Original Locomotive (t) -1.6 -8.3
Mass Difference to 150t Allowance (t) -20 | -38.3
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Tablel0: Hydrogerhybrid masscalculations (Type 4 Tanksourtesy of VSTS

HydrogenHybrid Locomotive Mass Calculations (Type 4)
Type 2300 | 3000
Original Mass (t) 131.5] 120
Mass Less Removed Equipment (t) 107 | 88.9
Mass of Type 4 Traction System (t) 195 | 195
Mass of Hydrogen Locomotive (Type 4) (1) 127 | 108.5
MassDifference to Original Locomotive (t) 4.9 | -115
Mass Difference to 150t Allowance (t) -23.4 | 415

When compared with the original mass of the locomotives, both traction systems come in
lighter than the original mass. This ranges from only 1.6t lighter than original for a type 3
conversion of &D39locomotive to11.5t lighter than original for a type 4 conversion o8&

40 locomotive. Therefore, ballasting the locomotive might be required to return a hydrogen

hybrid conversion to its original mass

Given the need to retain as much mass within the locomotigepossiblefor maximum
adhesion to the rail, it is recommended that type 3 tanks be used in a locomotive conversion

as themetalbasedtype 3 tanks are heavier than the composite based type 4 tanks

Both locomotive typegnd up significantly below the 150t mass limit of tentral zoneroute.
As such, a different configuration of hydrogkybrid powertrain would be required to

increase the available adhesive mass of a locomotive for use on this route.

3.5 HYDROGESTORAGEONCEPTONSIDERATIONS ANPERATIONAREQUIREMENTS

Asmentioned the locomotive concept features 36 type 3 or type 4 tanks. This results in an
overall hydrogen capacity of 280.8kg using type 3 tanks, or 270kg when using type 4 tanks.
Consideringhe need for a minimum amount of pressure to be held in the tanks to operate the
fuel cells, this results in there being approximately 264kg of usable hydrogen available from a

type 3 based locomotive and 255kg of usable hydrogen in a type 4tsdd locomotive.

As mentioned, the max round trip requirements for ttentral zoneline werel65kg perSD39
locomotive and226kg per full round trip fromsecond intermediate point ofcentral ¢ south
zone to destination using aSD40. Therefore, it istheoretically possible for an adequate
amount of hydrogen to be stored in the outline ofSB39 or SBP40 locomotive using either
type 3 or 4 tankswhilst still allowing fora small amount oShunting and other operations at
0KS GNIAyQa RSadGAylIGAZY
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4 MECHANICAL ANDECTRICAEQUIREMENTS

This section will assume that the locomotives are fully fueled before each mainline trip. This
assumption will then be used to inform fuel requirements for edeklling point and thus
determine the hydrogen supply infrastructure that will be needed to support operations of

hydrogen trains on both routes analysed.

4.1 ROUTEHPERFORMANGREQUIREMENTS

4.1.1 CENTRAZONEROUTE
It has already been established thdte central zone route can feasibly be operated with a
locomotive fitted with a hydrogen fuel cell hybrid system with 600 kW of fuel cell poixér
kwh of battery storageind 11,592litres of storage fol277 kgs of hydrogenAs described in
section 3, the fuel cell stacks and associated cooling systems will be mounted above the
hydrogen storage tank assemblies, with the traction battery mounted on the locomotive

underframe.

Destination 75kg (37.5kg/loco) (Il;l:)l‘lNT::;::)
O

—

Empty Train
(Uphill)

255kg

(127.5kg/loco) Origin

Figure29: Simulated hydrogen fuel consumption for each route se¢tionrtesy of VSTS)

Figure 29 shows the locomotive hydrogen consumption for this route, withnsumption

figures listed for representative freight flows in each direction.

Data has been provided in tablEl below to include a 50% contingency supply for any

additional movements outside of the routes themselsach as shunting and other depot
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based activities)An additional 15kg allocatiohas also been addei prevent fuel cell stack

starvation(the fuel cellbackpressure should ndiall below 20 bar)

Tablell: Summary ohydrogenrequirements; Centralzoneroute (courtesy of VSTS)

H2 Consumed | Contingency H2 el Total H2
to prevent fuel .
Route on route per Supply at 50% . required per
loco (kgs) er loco (kgs) SElEEEL loco (kgs)
9 P 9 per loco (kgs) 9
OriginA
Destination 165 82.5 15 262.5
(return)

262.5 kg of onboard hydrogen storage per locomotive can be achieved in the space available.
Operationally, this configuration would complete a round trip withaefuelling, reducing
operational and logistical complexity, and significantly reducing cost, as onlyefuling

depot would be required.

4.1.2 QENTRAL SOUTHZONEROUTE
It has already been established thidte intermediate point toorigin of the central ¢ south
zone route can feasibly be operated with a locomotive fitted with a hydrogen deé} hybrid

system with 800 kW of fuel cell power and 440 kWh of battery storage.

Intermediate point 92kg

— 2" intermediate point

94kg 73kg

Full
(Downhill)

Destination
Empty
(Uphill)

Origin

Figure30: Simulated hydrogen fuel consumption for each route se¢tioartesy of VSTS)

Figure 30 shows the locomotive hydrogen consumption for this route, with consumption

figures listed for representative freight flows in each direction.
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Data has been provided in tabl2 below to include a 50% contingency supply for any
additional movements outside of the routes themselves (such as shunting and other-depot
based activities)An additional 15kg allocatiohas also been addei prevent fuel cell stack

starvation(the fuel cell baclpressure should not fall below 20 bar).

Table12: Summary ohydrogenrequirements; central ¢ south zoneroute (courtesy of VSTS)

H2 Consumed | Contingency H2 Aeliof) 2 Total H2
to prevent fuel .
Route on route per Supply at 50% . required per
loco (kgs) er loco(kgs) SElEEELE loco (kgs)
9 P 9 per loco(kgs) 9
Second
InlirEelEe 158.4 79.2 15 252.6
point A Origin
return trip
Second
intermediate
point 121 60.5 15 196.5
A Destination
single trip
Destination A
SEEOE 105 52.5 15 172.5
intermediate
point single trip

Consideringefuelling at destinationand secondintermediate point the maximum hydrogen

storage requirement for théntermediate point tooriginroute is 252.6 kg per locomotive.

This arrangement requires two differentfeelling sites on the route and would likely require

an adjustment in the railway timetable to allow for locomotivéuglingtime.

While the former method of railway operations involvedfuelling locomotives atsecond
intermediate point of thecentral ¢ south zone, this is not possible with a gaseous hydrogen
storage solution in the locomotive space available. However, the use of hydrogen storage
tender, would allow the former method of operations to be maintaineduedling only at
second intermediate point of thecentral ¢ south zone. The use of only one figelling site

would likely lead to an overall reduced system cost and would retain existing timetables and
avoid operational complexity. However, for the purposes of the electrical and mechanical
integration of the hydrogen hybrid system into the locomotive, it is assumed that only 252 kg

of hydrogen storage capacity will be provided, requiring additiogfalelling
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4.2 MAJORCOMPONENREQUIREMENTS

Table 13 provides they key requirements for the locomotives on both routes studied. These
figures are then used in sectidi®, where a supply chain study is undertaken to determine

how these engineering requirements can best be achieved using products and components

currently available commercially.

Tablel3: Comparison of key requirements for each studied réedeartesy of VSTS)

Centralzone origin A Centralg south zone
Destination origin A Intermediate point
Al Z‘;)C;g?yBa“ery 440 kWh 440 kWh
Hydrogen Storage Capacity 262.5 kg 252.6 kg
Fuel Cell Power Required 600 kW 800 kW

This supply chain study produces a Higtel bill of materials, with rough order of magnitude
costs, for major components. Given the similarity in the hydrogen storage requirements
between the locomotives for each route option (262.5 kg, 252,6 kg), it is suggested that a

single hydrogen storage solution is found across both locomotive options. This solution can be

found in section® and 14.

[Space Deliberately Left Blank]
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5 MECHANICANTEGRATION

The succesof convertingany vehicle to run on an alternative fueliesd heavilyon how the
new componentsrepladng the old onesinterface withthe those which need to remain.This
section focusses on the mechanical integration of the new sysieto the existing
locomotives It describes theinterfaces required from the mechanical elements of the

hydrogen hybrid power system.

Figure 31 provides ahighlevel overview of how the key elements of a hydrogen hybrid
traction system could be packagedwithin the SD40 locomotive. The diesel internal
combustion engine, alternator, diesel fuel tank, traction motor blower, oil systems and fuel
systems have been removed to allow the new equipment to be fitted. The short hood,
containing thelavatory, has not been modified. The overapproach to this exerciseas been

to retain as much existing equipment in the locomotive as is possible. This reduces costs, but
also retains key operating characteristics of the existing locomotive, such as driver visibility in

both directions a walkway on both sides of the locomotiaad the overall locomotive weight.

In the long hood, a subframe used to mount the gaseous hydrogen storage tanks, hydrogen
fuel cells and associated cooling will be positioned in the approximate location of the internal
combustion engine. A key requirement of hydrogen systems is that thepasitionedin a
compartment and be physically separated from any equipment not essentially related to
hydrogen systemsthis is sothat the hydrogenstorage compartment can be adequately
ventilated and free from any sources of ignition. For this reason, it has been necessary to
relocate the dynamic braking system towards the rear of the locomotive. While it is
understood that the relocation of this unit will incur increased design and manufacturing

complexity, significantly less hydrogen storage space would be available if this was not done.

It is also essential that modifications are made to the bodysides around the hydrogen
compartment. Hydrogen systems are designed around the philosophy of being ventilated as a
passive safety measure. Therefore, the hydrogen compartment should feature louvres in the
walls, as well as forced ventilation fans that operate in the event of a hydrogen leak being

detected.

The hybrid traction battery will be mounted on the underframe of the locomotive, in the space

previously occupied by the diesel fuel tank. It will be mounted using a fabricated steel frame.
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Previously, both the traction motor blower fan, and the air compressor for the braking system
were mechanically driven directly from the internal combustion engine. Given the engine is
being removed, alternatives must be sourced. It is proposed dnatlectrically driven brake
compressor, such as those used on electric and modern diesel locomotives, is used. A traction
motor blower fan and motor will beised andselected such that the cooling effect is matched

to the previous equipment. Both these components will be electrically powered and relocated

towards the rear of the locomotive.

[Space Deliberately Left Blank]
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Figure31: 2300/3000 Hydrogen Hybrid Locomotieeurtesy of VSTS)
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5.1 KEYINTERFACES

For the purposes of integrating the required elements of the hydrogen hybrid system into the

2300/3000 locomotive, it has been assumed that the major components have been selected

based orthe supply chain study recommendations (see sectidh These major components

are 7.79 kg of Hydrogen at 350 bar gaseous hydrogen storage tadi$) kaVh lithium-ion
battery pack and 100kW fuel cell stacks.

| Lz |

=~

SR

Figure32: Key mechanical interfaces into the hydrogen fuel stéoigrtesy of VSTS)

Figure 32 shows the location of mechanical interfaces involved in the integration of the

hydrogen fuel cell stacks:

Interface 1

Gaseous hydrogen fuel is supplied to the fuel cell stacks at a pressure of 8 bar. The fl
mechanicallyinterface with the hydrogen storage system via stainless steel pipework
various fittings and valves as bar of the hydrogen system. The hydrogen is regulatec

from a pressure of 350 bar to the fuel supply pressure (8 bar).

Interface 2

The fuel cells are mechanically mounted to the hydrogen systemdramig within the
locomotive body. It is likely that there will be a requirement for asiliration mounts

between the frame and the fuel cell module.

Interface 3

Coolant must be constantly supplied to the fuel cell stack when in operation, with the
a coolant pipe. This coolant will be provided at a target temperature from the fue
cooling modules (containing radiators and fans), which are mounted above the fue

modules.

Interface 4

Coolant must be constantly removed from the fuel cell stacks when in operation. T
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achieved using a coolant pipe, completing the coolant circuit.

AR Ry

Figure33: Key mechanical interfaces into the hydroggorage tankgcourtesy of VSTS)

Figure 33 shows the key mechanical interfaces involved in the integration of the gaseous

hydrogen storage tanks. The hydrogen storage tanks are fixed to #rasub within the

locomotive structure, with each tank supported at each end. All fuel connections are also

made at the tank end. This sdilame should be designed and tested to various load cases, to

ensure structural integrity is preserved in a crash or collision event. This is particularly relevant

where the integrity of hydrogen storage cylinders and hydrogen pipework are critical in a

collision or crash event.

The key mechanical interfaces involved in the integration of the hydrogen tanks are:

Interface 1

During rduelling gaseous hydrogen is supplied to the tafilom one of two locomotive
refuelling panels. Hydrogen supplied through the receptacle into a ‘pigissurefuelling
line, through a check valve and coalescing filierremove moisture and oils from th

hydrogen. The highressurefuellingline is then connected tatank end valve manifold.

Interface 2

Thermal Pressure Relief Devices (TPRDs) are fitted on the end of each hydrogen
tank. In the event that the temperature around the TPRD rises above a setpoint (i.e.
event of a fire), the TPRD opens and vents hydrogen to atmosphere. To facilitate th
TPRDs on each end of every hydrogen storage has pipework directed upwards, out t

of the locomotive.

Interface 3

For hydrogen to be fed towards the fuel cell stack modules, there is a fuel line betweg¢

storage tank end valves. Fuel is regulated down to a pressure of 8 bar in this fuel supy
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then fed into the tanks via the tank end valve manifold.

Interface 4

The tanks are mechanically mounted to frames at each end. These frames are, i
mechanically mounted to the chassis frames of the locomotive. It should also be note
as per figure8l, tanks extend into the space previously occupied by the internal combu

engine sump. Therefore, the tank supporting frame should be designed to facilitate this

-,

)

==
&

Figure34: Key mechanical interfaces into the hybrid traction bat{egurtesy of VSTS)

Figure 3 shows the locations of key mechanical interfaces involved in the integration of the

hybrid traction battery

Interface 1

The battery will be mechanically mounted to the underframe of the locomotive, in the g
previously occupied by the diesel fuel tank. The practice of suspending traction batter

the underframe of trains is an increasingly common and proven atkth

Interface 2

The battery pack will be connected to the Battery Thermal Management System, BTN
connections for coolant flow. The BTMS is located within the body of the locomotive
figure 31), and therefore coolant connections are required. This represents the mechg

connection for a coolant pipe delivering coolant to the battery module.

Interface 3

This represents the coolant pipe of the return circuit, delivering coolant from the ba|
module to the BTMS
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6 HB.ECTRICANTEGRATION

Similar tothe mechanical components, all electrical systeramainingin the locomotives

must interface correctly with those of the new hydrogkybrid powertrain.

This sectiowill review the current electricatonfigurationof the SD39 and SB10 locomotives
and, based on that reviewan electrical conceptvhich istheoretically suitable forconversion

to operation using a hydrogelmybrid power systemcan be drafted

The SDB40 locomotivewill be usedasthe examplethroughout this sectionThe SBD39is similar
in terms of electrical equipmentherefore solutions for the SD40 will, subject to future

detailed inspectiondye compatible witithe SD39 also.

6.1 EXISTINEECTRICAYSTEMSUMMARY

TheSD40is a 2238kW diesdlectric locomotive with 6 model D77 DC series wound axle hung

traction motors driving 6 pairs of wheels. There is a main generg@toodel AR10g D14,

consisting of a traction alternator (model AR10) with rectified output and a companion

FE GSNYFG2N) 6Y2RSt 5mMn0 o ¢ K® BB42/0peratofsManual, y I dzE A f
5th Edition, 1978)

Power from the diesel engine is applied to the main generator. The DC output of the traction
alternator with integral rectifier assembly is transmitted to the traction motors by means of
heavyduty power contactors and gang operated switchgear. The companion alternator drives
the traction alternator field windings through a controlled rectifier, so that the power output
of the main generator is maintained by varying the level of excitation current in the traction
alternator field windings. The companion alternator also provides three phase AC power for
the radiator blower motors, the filter blower motor and various control circuits. The rotor field
of the companion alternator is excited by low voltage current which it receives from the

auxiliary generator(© SD462 Locomotive Service Manual)

The DC auxiliary generator delivers nominally 74 volts DC for control circuits, battery charging,

lighting, and companion alternator rotor field. The auxiliary generator output is regulated to a

stable voltage independent of engine speed, which varies according to required output power.

The locomotive is equipped basically with the 10kW auxiliary generator, but the power

demands of special equipment may require the use of an 18kW or 24kW three phase
FfGSNYFG2N) 6A0GK FdzZ&t 61 @S NBOGATFTASNI aasSvyofteée

DC generator output voltage is achieved by varying the field excitation of the auxiliary
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generator using module VR10. If an 18KW or 24kW alternator with rectifier is required, then
the output of the alternator is maintained to provide a rectified voltage of 74 volts DC using

module VR 13 to adjust the alternator field curre@. SD4602 Locomotive Service Manual)

The peak output voltage of the main generator is 1250V and the peak current is 4200A. These

do not occur simultaneousl© SD462 Locomotive Service Manual)

The throttle handle has nine detent positions: IDLE and 1 through 8 plus a STOP position. It is
Y2PSR FNBY ™M G2 y G2 Ay ONEB(cashbsesShocmoie SenidS SR | YR

Manual)

At low locomotive speeds, the traction motors are connected to the traction generator in
three parallel strings of two traction motors in series. Transition occurs at higher speeds to
O2yySOiG GKS NI Ol A@®pBDARA decanalive SewiceVdaiudl) LI NJ f £ St €

For dynamic braking, the traction motor fields are connected in series with the main generator
output and the motor armatures are connected to heat dissipating resistor grids and fans. The
braking grids are cooled by an exhaust blower to prevent overheating. The blower motor is
O2yySOGSR | ONRPaa | LIRNIDAGZ Wocothdtive Befe MaNdallid y 3 I NR R
important to note that this type of braking is normally described as rheostatic braking, to be

distinguished from regenerative braking, which the 3000 locomotive does not provide.

The dynamic brake handle has ten detent positions: Off, Setup and 1 throu@h $D4062
Operator's Manual, 5th Edition, 1978)he position adjusts the field current in the traction
motors from the main generator to achieve different dynamic brake ra{@&.SD462

Locomotive Service Manual)

The 3000 locomotives as used by TRANSAP SA in Chile has extended Range Dynamic braking.
(GP4@ Converted to SD4RI, 2004 &1 AIK oONI 1Ay3I STF2NI Ad YIAyY
LRNIAZ2ZY 2F GKS ReYyFYAO 0NI | AYy@®SB49ALRGEMotive f 202 Y2

Service Manual)

There is a model MS420 storage battery, with a nominal voltage of 64V with a capacity of
420Ah.(© SD462 Locomotive Service Manual)

A diagram of key components used in the locomotive traction system is shown in $§ure
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6.2 HBHECTRICAIDNCEPT FO#/ DROGENYBRIDPOWER

The required output of the new traction system is 3000hp (2238kW) fo6MB&0 locomotive.

The concept described in this report retains as much of the existing equipment and controls as
possible, while using hydrogen as an energy source and a battery to provide variation in load
power in a series hybrid configuration. An alternative, not considered in this report would be
to convert the locomotive to modern AC motor control. This might result in savings in space

but at considerable change to the existing locomotive.

The DC series wound motors have a maximum voltage of 1250V and a maximum combined
current of 4200 amps. The combination does not occur at the same time as the power is
limited to 2238kW. The fuel cell size determined by route simulations in seZi®800kW. It

can be expected that a 10% drop in power will occur during the lifetime of the fuel cell, so the
end of life power is 720kW. The system will be designed with the new power level of 800kW
and it will be assumed a fall in power of 80kW in 2238kW can be tolerated during the lifetime
of the fuel cell. There can be expected to be a similar fall in battery power, perhaps resulting in
an overall fall of 10% power at combined end of life of battery and fuel cell. The end of lives
may not occur at the same time in which case the reduction in power from new would be less
than 10%. Alternatively, the size of the battery could be selected to allow reduction in power

of the battery and fuel cells but still allow full power at battery/fuel cell end of life.

The auxiliary (nomotive) power in sectio2.4is quoted as 132kW. It is assumed that a major
part of this power is for field excitation of the main generator in the current locomotive with
the rest for fans and pumps, most of which are used on the internal combustion engine. The
dynamic brake blower motors are s@bwered from the brake grid resistors as shown in
figure 36, therefore they are not part of the 132kW. It should be noted that Ballard fuel cells
have integral compressors powered from the fuel cell stack itself, so the remaining balance of
plant is coolant pumps and radiator fans, both of which have equivalent equipment used for
the internal combustion engine in the current locomotive, so it is reasonable to assume that

the auxiliary power load will be much less than 132kW.

To minimize the size of the battery, the combination of fuel cell power and battery power will
provide the peak power of the locomotive. The proposal is to implement a DC chopper using
an inductor/capacitor input filter, Silicon carbide (SiC) MOSFET device with flywheel diode to
provide power to the traction motors or to the traction motor fields only, when dynamic

braking is requiredTominimize DC to DC converter equipment, it is proposed to use a battery
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voltage which is sufficient to power the chopper at all states of charge (SoC) of the battery and
to only use a DOC converter to increase the voltage of the fuel cell to the battery. The initial
estimate of the battery voltage required for this arrangement is 1600V at full SoC. This allows
for a fall in battery voltage while still providing the full motor voltage of 1250V. The highest
motor voltage occurs at low motor current in any case. The battery would need to provide at
least 1438kW (=223800). A discharge C rate of 3.3 is required from the 440kWh battery

modelled within this study to produce this amount of power.

Further work is required on modelling the system to check that 1600V is a suitable DC bus

voltage and the battery C rating which can be applied to this application.

The proposed power supply for the traction motors is shown below in fi§GreThis would
replace all components on the left of figuB®, except for the MS420 storage battery, but
would retain all the traction motor components and associated brake grids and contactors on
the right side of figure6.

[Space Deliberately Left Blank]
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Due to the similarity between th8D340 and SEB9 locomotives, it is recommended thatED
39 modification would be achieved in the same manner as has been discussed within this

section.

As the 1720kW prime mover power output of til39 is lower than that of theSD40, less

fuel cell and battery power output is required at peak demand.

By using the same method described in section 3, it can be determined that the required
battery peak output is 920kW for a train fitted with 800kW of fuel cell output (172@kW
800kW) or 1120kW for a 600kW fuel cell output (1120&\BO0KW). This results in a battery
size requirement of between 307kWh to 374kWh for the two fuel cell sizing options. Utilizing
the 440kWh traction battery will give a maximum power output of 1920kW for a 600kW fuel
cell system or 2120kW for a 800kW fuel cell system.

6.3 CONTROCONCEPT FO#YDROGENYBRIDPOWER

The control concept would replicate the existing control system to provide similar

performance characteristics and minimal change. It will be necessary to examine the working
of each individual existing control module to see what can be retained, what can be omitted,
for example module VR10 (or VR13), and functionality that needs to be added in the form of a

microprocessor controller.

7 MAINTENANJEEQUIREMENTS

A hydrogerhybrid drivetrain requires different maintenance protocols to that of a diesel
powered one. In many ways maintenance activities are simplig@amlined,and made
cleaner and more sustainable. This section provides an overview of the key differences in
maintenance requirements of the locomotives in their current configuration versus when they
have been converted to run on hydrogen. The expectations of maintenance crews is also
detailed in the following sections to allow the operator management to assess workforce

capacity requirements.

All maintenance tasksutlined in this sectiorare indicative ofthe expected maintenance
patternsfor a hydrogen hybridocomotive andare not exhaustiveMore specific maintenance
activitiesare also subject to the individual manufactusef key elementsas dictated by the

result of a fully detailed design
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7.1 RUELCELLSTACKMAINTENANCE

There are several maintenance tasks associated with ensuring the safe and reliable operation
and longevity of the hydrogen fuel cell stack. Talfldists these maintenance tasks, alongside

the frequency with which they should feerformed

Tablel4: Maintenance tasks associated with the hydrogen fuel cell g@mktesy of VSTS)

Task Frequency
eI EnEEs [2sls 2 6 1 3.5 5.5 After a collision
Weeks | Months | Year| Years | Years or fire event

Inspect system coolant level and coolant . . . .
resistivity o ' : : ' n
Inspect the Hydrogen Purge Solenoid Valve i i n i i n
Inspect the Fuel Cell Stack for any hydrogen _ N ‘ ‘ _ N
leakage due to gas cresser within the stack ' 5 : : : 5
Check hydrogen supply pressure to the Fuel C _ ‘ ‘ _
ensure that it is within specification ' o : : ' o
Inspect and clean the coolant strainer i n i i i n
Inspect and replace the process air chemical a _ N ‘ ‘ _ N
particulate filter ' 5 : : : 5
Replace thédydrogen Purge Solenoid Valve i i i n i n
Inspect the hydrogen recirculation pump and _ _ _ _
replace it if necessary ' ' ' ' n o
Inspect the hydrogen pressure regulator and _ _ ‘ ‘ N N
replace it if necessary ' : : : 5 5

7.2 COMPRESSHi)Y DROGESYSTENMAINTENANCE

There are several maintenance tasks associated with ensuring the safe and reliable operation
and longevity of the hydrogen fuel supply system and storage cylinders. Talikis these
maintenance tasks, alongside the frequency with which they shouldodréormed The
9dzNRB LISHY FNI YSE2N] T2NJ KERNR3ISYy 7TFd5f OStt aea

<

limits the life of cylinders based on filling cycles, or 20 yeavkichever is soonest. Therefore,

a method of recording the number of fill cycles must be employed.
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Tablel5: Maintenance tasks associated with the compressed hydrogen storage and supply (&gateasy of
VSTS)

Maintenance Task

Task Frequency

3
Months

3.5
Years

20 After a collision
Years or fire event

Clean all hydrogen pipework

i n

Undertake a complete visual inspection of the fuel supply systen

Replace the hydrogen fuel supply coalescing filter

General, visual inspection of Tank End Valve

Detailed inspection, ante-certification, of Tank End Valve

Undertake a complete visual inspection of the fuel storage tanks

Replacement of Hydrogen Fuel Storage Tanks

7.3 HYBRIDRACTIOBATTERIEEAINTENANCE

The lithiumion hybrid traction batteries are largely maintenance free, with only minimal,

periodic, inspections and checks. These are shown in fi#ble

Tablel6: Maintenance tasks associated with the hybrid traction bat(egurtesy of VSTS)

Task Frequency

Maintenance Task

3 Months

3.5 Years

After a collision or fire event

Complete an external visual inspection of the battery
casing for obvious mechanical damage

Check that key parameters within the battery

management system software are within specification

7.4 MAINTENANGEGENERAL NOTE

It is anticipated that this maintenance regime for the hydrogen hybrid traction system requires

significantly less personnel maintenance hours required than foretkisting diesel prime

mover. This is aided by the lack of moving parts within the hydrogen hybrid traction system,

and the complete remove of the oil system. Where heavy maintenance is required, this is likely

to be the complete replacement of a selbntained component (e.g. fuel cell stack, electrical

unit), although this is expected to be infrequent.
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8 PRODUCTFECYCLE

This section will provide an insight into the overall longevity that can be expected from each
element of a typicahydrogenrhybrid traction system. There are numerous factors that may

affect the longevity of any piece of equipment or system including, but not limited to, the way
in which maintenance procedures are performed, environmental conditions and storage as
well as realworld vs. designed operational demands. As such, the following information is to

be treated as indicative only.

8.1 HYDROGESTORAGHANKYIFECYCLE

European UniorfEU)commission regulation EU No. 406/2Q10mplementing regulation for
regulation EC79) specifies that the service life of gaseous hydrogen storage cylinders should
not exceed 20 years. The regulation does give scope for manufacturers to specify a reduced
service life, however, the recommended gaseous storage cylinders, have a manufacturer rated
service life of 20 years. After this-§8ar use cycle, the locomotive will require completely new

hydrogen gaseous storage cylinders.

8.2 HYDROGENUELCELLSTACKUFECYCLE

Given the lack of mechanical moving parts, hydrogen fuel cell stacks can be extremely durable,
with a long effective service life. Where fuel cells are operated within manufacturer specified
parameters (including an adequate cold stapt procedure, sufficient cooling, current draw
within limits), fuel cells can have long service life, with over 25,000 operating hours stated by

manufacturerg.

8.3 HYBRIDIRACTION BATTHR¥ECYCLE

Large, lithiumion batteries for use as the primary energy storage system in railway traction
systems have an expected life of 5 to 8 y8atdowever, where a battery is part of a hybrid
traction system, the depth of discharge (working battery states of charge) is considerably
smaller than if the battery was used as part of a battenyy system. This operation at a

shallow depth of discharge will considerably extend the life of the battery.

L https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2010:122:0001:0107:EN:PDF
https://www.ballard.com/aboutballard/publication_library/producspecificationsheets/fcmovetm
specsheet

3 https://www.railwayage.com/passenger/yeoanrely-uporHithium-ion/
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The degradation of batteries over time typically results in a reduced overall storage capacity,
with batteries in batteryonly vehicles being replaced at 75% as the storage capacity is often
critical in these applications. However, where a battery is part of a hybrid system, overall
capacity is not critical. Therefore, it is expected that the batteries in the hydrogen hybrid

locomotive, will have a significantly longer life tha §ears typically expected.

8.4 EQUIPMENTWARRANTIES

Equipment warrantieshould benegotiated with the respective suppliet the point ofsale
Integrating such equipmentinto a custom hydrogerhybrid powertrain means it is
recommended thatither extended warranesor service level agreemestare integratednto

the sale of the equipment by the manufacturerwhen it is ordered.Typically supplier
warranties range from between-2 years depending on the equipment applicatioowever it

is best to try and agree warranty terms/service level agreements that are as close as possible
to the intended design life to ensure the correct levels of support are provided by the supplier

throughout the life of the vehicle.

O FUELLINGNFRASTRUCTUREQUIREMENTS

The success of a hydrogen powered train seris@ntirely dependenton the availability of

fuel. Giventhat the use of hydrogen as a motive power is still in its infarereful
consideration towards identifyinga reliable source of hydrogen must lgiven before
operating any hydrogerpowered vehicle.Hydrogen trainsalso require approximately ten
times morehydrogen than most other fuel cell powered land vehicks: context, HydroFLEX

2 has storage for 277kg of hydrogen, whereas buses are currently on the market that only
store 27kg(Wrightbus, 2022)so considerations should be made when sourcing hydrogen

based on this increased demand.

Thissectionwill use the previously determined requirements for each journey to calculate
daily hydrogen requirements for each routélsing this information a concept logistics
network can be determineddemonstrating the different options available for providing the

required quantities of hydrogen.

PAG720f161



4

Deutsche Gesellschaft
fr Internationale
Zusammenarbeit (GIZ) GmbH

Figure37: Vanguard Sustainable Transport Solutions Refueller Filling HydrbiitBXlydrogencourtesy of VSTS)

9.1 FRUELLINGTATIONHYDROGENEMAND

The daily hydrogefuelling requirement is calculated by multiplying the amount of hydrogen
required at eactuellinglocation per train by the number of trains per dagfore multiplying

by a further margin to ensure sufficient capacity in timegofeaseddemand.

It is assumed that 2 trains per day operate on each of the routes, and a 50% margin will be
added to the raw fuel requirementsThis igo ensure thatdemand abovehe expectedlevel
can be satisfiedand to allow for reserves of hydrogen to be built up following any supply

disruption

Using the data gathered previous sectionsvith the rules stated above gives resutfsown in

table 17 for hydrogen requirements at each of the origin station of trains on the routes

modelled
Refuelling requi caleulator
Train hydrogen B
Total daily hydrogen Total final hydrogen
Location Destination location requirements per trip | Number of trips per day fy hyd Fuel reserve margin hydroge
(ke) requirement (kg) requirement
Central zone origin entral zone via destination| 330 2 660 50% 990 |
Central - south 7 Central - south ,
B - intermediate point via 226 2 452 50% 678
intermediate point . i
destination
Central - south
Central - south
. intermediate point via 1584 2 3168 50% 475,2
intermediate point e
origin
Central - south i diate point total 3844 2 7688 50% 1153,2
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Tablel7: Fuellingrequirementscalculator (courtesy of VSTS)
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9.2 HYDROGESUPPLYDPTIONS
The hydrogen supply options that will be considered are:

Delivery to site in gaseous form
Delivery to site in liquid form
On site electrolysis

1
1
1
1 On site cracking of ammonia

These will be investigated in turn:

9.2.1 OFFSTEHYDROGERRODUCTIQNDELIVERDTOSTE INGASEOUBORM
The compression and storage of gasedyslrogenA & RS&AONAOSR | a GidKS
SFaASald YSGK2R 2ZMuhamma,B2Y)@hild theRvblr2tBeyténsity of the
hydrogen transported as compressed gas is less than transport as ammonia or in cryogenic
liquid form, the equipment required to handle compression (boosters and-pighsure

hydrogen pipework and tanksy simpler and lower cost

Hydrogen can be effectively transported in tube trailers or tube containers. These consist of
multiple hydrogen cylinders bundled together to maximise hydrogen carried for volume taken
up by tanks. These either amtegratedinto an HGV trailer chassis frame or fitted within an

ISO container frame.

All types of compressed hydrogen tank have been used in tube trailers. Traditionally type 1
and 2 tanks have been used for transport of between 400 to 550kg of hydrogen at pressures
between about 200 and 250 b#Aliquo, 2016) but given the increase in demand for large
quantities of hydrogen at high pressure type Ill and IV trailers are being developed that can
operate at up to 500bar to store up to 1100kg of hydrogen within the tube trailer footprint
(Enerdata.net, 2021)

9.2.2 OFFSTEHYDROGERRODUCTIQNDELIVERDTOSTE INUQUIDFORM
It is possible to change the state of hydrogen from gas to liquid by cooling to cryogenic
temperatures (less tharR253 degrees Centigrade) and both uncompressed and compressed
form. It ispossible to transport cryogenic hydrogen in road tankers with a capacity between
40,000 and 60,000 litrq®KHA)

Multiplying the capacity of the tankers with the density of cryogenic hydrogen (70Rgjives
a hydrogen capacitigetween 2836 and 4254kg per cryogenic road trailer.

Whilst vastly more hydrogen can be stored and transported in liquid form when compared to

compressed gas, there are hazards involved in the use of hydrogen as a cryogenic gas. These
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have been assessed by the Health and Safety Executive (HSE) and are elaborated within a

published position papeiHealth and Safety Laboratory, 2010)

9.2.3 ONSTEHYDROGERRODUCTIOQPTIONSH ECTROLYSIS
Unlike diesel fuel, which tgpically delivered to railway depotsa roador railtankertrucks or
wagons it is possible to generate hydrogen at the point of use. This can be practically achieved

via electrolysis of water or by cracking of ammonia.

The most common method of osite hydrogen production at present is electrolysis. This
process is the opposite of fuel cell operation, in that electricity is used to split water into
hydrogen and oxygen, instead of hydrogen and oxygen combining to form water and

electricity.

Existing electrolyser projects can be used to determine the required footprint for an
electrolyser system. Green Hydrogen Systemenufacture a 450kW alkaline electrolyser
system that can produce 194.5kg of hydrogesr daypackaged within a 20ft container body
(Green Hydrogen Systems, 202The containers contairboth the electrolyserand the
ancillary equipment such as thermal management and gas compression boosléss.

electrolyser containers from the refereneell be used as a metric in the further comparisons

9.2.4 ONSTEHYDROGERRODUCTIORQPTIONSCRACKING GRVIMONIA
Ammonia cracking involves splitting ammonia molecules into their component nitrogen and
hydrogen atoms via a process of preheating ammonia supplied in liquid form at 8.7 bar at 20
degrees centigrade in a heat exchanger, vaporisation and then cracking in a catalytic reactor at
a temperature of 550 degrees Celsius. The production of 460kgydrogen per dayequires

3.75t of Ammonia per day.

The use of ammonia for hydrogen production on site allows thoe transportation of the
ammonia feedstocko site in liquid form in ISO tank containers. A 20ft tank container can store
25t of ammonia(Tullyn, 2018) Given the maximum weight of the 20ft tank container
(32700kg), only one full tank container could be carried per delivery truck. Therefore, a single

truck delivery could provide enough ammonia to support 3000kg of hydrogen.

Whilst the feedstock for osite hydrogen production from ammonia cracking requires the
feedstock ammonia to be delivered to site and stored in tank containers, there is an advantage
to doing so as more hydrogen can be stored in less space when in the form of liquid ammonia,

stored at 8.7 bar at ambient temperature, than as compressed hydrogen gas.
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9.2.5 SUMMARY OHYDROGERUELLIN®PTIONS

The hydrogen delivery and generation capacity of all the hydrogen delivery technologies

discussedire compared inable 18.

Tablel8: Hydrogersupplyoption calculator(courtesy of VSTS)

Refuelling Option Analysis

Technology Type of Equipment Hydrogen per Delivery/

. 250 bar Tube Trailer 550kgper truck/wagon

Gas Tube Trailer 500 bar Tube Trailer | 1100kgper truck/wagon

. Small Trailer 2836kgper truck/wagon

Cryogenic Tanke Large Trailer 4254kgper truck/wagon

Ammonia Cracking Ammonia Tanker 3000kgper truck/wagon
Electrolysis | 20ft Electrolyser Containgrl94.5kggenerated per da

These figures will be used in the next section to determine how much equipment and how
many deliveries of hydrogen are required to sustain a hydrogen train service on the routes

investigated.

9.3 HYDROGENELIVERY-ENERATIOREQUIREMENTERLOCATION
Using the figures ascertained for hydrogen requirements at daeling site and the amount
of hydrogen that can be delivered or generated by each form of technology, 1&dhows

the frequency of deliveries of hydrogen or ammonia or number of 20ft electrolyser modules

required to provide the requisite amounts of hydrogen at each location.

Tablel9: Hydrogersupplyrequirementscalculator(courtesy of VSTS)

Daily hyd
Refuelling ary .y rogen ) Delivery frequency/equipment
. requirement Technology Type of equipment .
location required
(kg)
250 bar tube trailer 2|Deliveries per day
Gas tube trailers |500 bar tube trailer 1|Delivery per day
Central zone e Small trailer 3|Days between each delivery
origin Cryogenic tanker |Large trailer 4|Days between each delivery
Ammonia cracking |Ammonia tanker 3|Days between each delivery
Electrolysis 20 ft electrolizer container 5|Containers
250 bar tube trailer 2|Deliveries per day
S — Gas tube trailers |500 bart!Jbe trailer 1|Delivery per day :
. 1153,2 Small trailer 2,5|Days between each delivery
zone origin . : :
Cryogenic tanker |Large trailer 3,5|Days between each delivery
Ammonia cracking |Ammonia tanker 3|Days between each delivery
Electrolysis 20 ft electrolizer container 6|Containers
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9.4 POTENTIAEXISTINGIYDROGESUPPLYOPTIONS

Communicatiorwith TRANSABNd GIZ have given indications as to sources of hydrogen close

to both routes. These are detailed below:

9.4.1 CENTRAKONEROUTE
Communications with GlBAave indicated that hydrogen generations plants are located at

Concémand Graneros.

The plant atConconis operated by Linde and the hydrogen plant at Granéosperated by
Air Productslt has been indicated to the project team that there is surplus hydrogen available

from these plants.

9.4.2 (ENTRAL SOUTHZONEROUTE
The Air Products facility akirquén is located approximately 5&m from the second

intermediatefuellingpoint of the central ¢ south zoneroute.

Communications with GIZ have indicated that there is not spare hydrogen generation capacity
to provide for hydrogen trains from theirquénplant, however it is worth monitoring the
plantQda OdzZNNBy > LI I yySR I yR ¥FdzidzZNB 2 dzi Lldzi | a

10 TRAININGREQUIREMENTS

To ensure smooth operation of the trains following a hydroyghrid conversion, it is
important to make allpersonnel aware of any changes that may affect how they are
accustomed to working with/around the locomotives. The following sections provide
information on what the drivers anthaintainersof the trains can expect to differ from how

the trains are currently configured.

10.1 DRIVERRAINING

Subiject to detailed desigr, is assumed that, as far as reasonably possible, the experience of
the locomotive driver will remain close to the previous locomotive. The air braking system will
remain unchanged, and the dynamic brake will charge the battery, or function through the
existing resistor bank. This process will be managed through software, with no driver input.
The power handle/throttle will remain, and will achieve the same function, and control

granularity as previously experienced by the driver. Drivers should be trained in basic fault
finding and rectification procedures associated with the hydrogen hybrid power system, as

well as emergency response procedures associated with the hydrogen and battery system.
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10.2 MAINTAINERRAINING

Hydrogenfuelled trains provide a significant change for maintenance staff previously trained
in maintaining dieseluelled trains. While the maintenance personnel demand is likely to be
lower than requirement for the existing locomotive, the hydrogen hybrid power system will
require maintenance staff with additional skills. A good working knowledge of the behaviour
and dangers of gaseous hydrogen is required for all staff. Additional skills required will be
competency in the installation, faufinding, and maintenance of hydrogen fuel pipework and

working around highvoltage battery systems.

11 FACILITWPGRADES

In addition to a robusfuellinginfrastructure, onsite maintenance/storage premises need to be
considered to ensure probletinee operations following a diesel to hydrogagbrid
conversion. This section will explain the upgrades/alterations typically called for when keeping

a hydrogen powered train.

11.1 HYDROGEREFUELLINBACILITIES

As trains are constrained by the limits of the lines on which they operate, lineside hydrogen

refuelling arrangements must be made.

During the early phases of testing a hydrogen train it is common that temporary fuelling
arrangements are made. Examples of this are the cryogenic refuelling trailer provided to
support Alstom iLint testing in Germany, temporary gaseous hydrogen deliveries provided to

the Long Marston test track to support HydroFLEX testing in England.

When a fleet becomes more established, permanent facilities can then be established as the
guaranteed largescale offtake of hydrogen will justify the investment made in the facility. This
has recently been achieved at Bremervorde in Germany. 16 iLint trains will be serviced at this

site, which can produce up to 1600kg of hydrogen per day.

Fuel provision should be considered at the earliest stages of any hydrogen train project.
Location, hydrogen generation or delivery methods and space claim of the site must all be
accounted for. A detailed hypothetical case study for a method behind which this can be

achieved has been produced by the UK Rail Safety and Standards Board.
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11.2 MAINTENANCERAINSTORAGEACILITIES

The introduction of hydrogen fuelled trains into an indoor maintenance depot introduces
additional risks to operation. These risks are primarily a result of hydrogen hazards, such as a
hydrogen leak and subsequent ignition. Figd Workshop Arrangements for Hydrogen
Trains, shows several key passive and active safety measures. It should be noted that these
hazard management strategies are supplementary to the additional safety measures onboard

the locomotive, and in operating practice.

The depot structure should be equipped with hydrogen detectors and a hydrogen extraction
system. The hydrogen extraction system should be positioned at highest point in the roof of
the structure, as this is where vented hydrogen is likely to congregate. The lower explosive
limit of hydrogen in air is 4% hydrogen is detected at 1% in air, the hydrogen clearance fans

will operate, and exhaust the air inside the structure. This gives a significant safety factor in the

hydrogen concentration before there is a risk of explosion.

Within the EU, legislation governing the use of explosive and flammable gases is referred to as
ATEX legislation, specifically Annex | of Council Directive 99/92/EC. The term ATEX is derived
from part of the French title of 99/92/EC, ATmosphédplBsive, and is commonly used to

refer to this framework. Under this framework, the depot building will be classified as a zone 2
area, as an area in which an explosive atmosphere consisting of a mixture with air of
dangerous substances in the form of gas, vapour or mist is not likely to occur in normal
operation but, if it does occur, will persist for a short period only. In zone 2 areas, all electrical
equipment, and sources of ignitior.{.,sparks) should be rated for operation in an ATEX zone

2 area. While Chile does not fall under EU legislation, it is recommended that this (or similar)
framework is adopted, or a specific risk assessment is completed for the depot space in

relation to equipment as sources of ignition.

All depot lighting will be rated for operation in a potentially explosive atmosphere, as well as
being suspended from the roof structure, such that any hydrogen will collect above the light.
This arrangement is common practice is maintenance sheds for hydrogen fuel cell road
vehicles and is shown in figu8. If an inspection pit is used for locomotive servicing and
maintenance, this should feature a hydrogen detection and forced ventilation system to

reduce the risk of hydrogen collecting in confined spaces.
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Alongside the detection of the presence of hydrogen in the maintenance structure, a system
for the detection and mitigation of hydrogen fires should also be installed. This is commonly

introduced in the form of standard industrial heat detection and a sprinkler system.

As far as is reasonably practicable, the use of tools likely to cause sparks and hot works such as
welding and grinding should not be carried out within the same area as fuelled locomotives are

stored. If hot works are required on a locomotive, this should individually risk assessed.

11.3 SPECIALIEEQUIPMENT

Alongside additional tools and equipment required for the maintenance of hydrogen hybrid

trains, it is likely that additional PPE is required:

1 Anti-static overalls. These are work overalls designed and specified for environments
where static buileup, leading to sparks, is not required.
1 Portable Hydrogen Detectors. These are small devices to be worn by personnel where

there is a possibility of hydrogen release, such as during refuelling or maintenance.
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12 OPERATIONAEECURITY ANRAFETYREVIEW

Any new form of locomotive or method of working can pose a significant risk to safety during
installation, operation, and removal. In thisase the most significant change to the
operational safety is the use of hydrogen as a fuel. This introduces some additional risks in
areas such as locomotive refuelling, maintenance, and emergency procedures. However, the
use of hydrogen as a fuel also reduces some risks associated with harmful greenhouse gas and

particulate emissions.

A risk register, containing significant risks associated with the operation, refuelling and
maintenance of the hydrogen hybrid locomotive, and measures taken to mitigate these risks

can be found in tabl@0 below.

Legal and homologation requirements are described in sedtgn

[Space Deliberately Left Blank]
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Table20: Hydrogerhybrid locomotiveriskregister(courtesy of VSTS)

Identified
Hazard / Cause(s) Consequence(s) Overview & Mitigations
Precursor
. . . | Hydrogen fuel has an extremely low molecular density (10 times lower than
Pooling of Hydrogen, causing personnel risk of:| _. o ; L : . )
. : . . air), as such when it is vented into air it quickly disperses and rises. Ventila
- Absence of provision of an - Displacement of oxygen in containment area, . . ) )
, ) - . to disperse any leaked Hydrogen is designed as follows:
escape route' for leaked or - Asphyxiation of operating staff : . .
- : - The high pressure and low pressure sides of the system incorporate leak/
pooled hydrogen (e.g. Roof - Asphyxiation of maintenance staff, detection
'overhang'), - Escalation of fire risk, . . . . . .
. . S - Hydrogen detectors will be installed inside the locomotive which will be
- Inadequate design of - Escalation of explosion risk .
Inadequate checked as part of train prep.

ventilation of
containment
zone

containment area,

- Inadequate containment of
individual systems.

- Clearance fan does not operatt
when required due to design or
fault

- Clearance fan is not effective i
the clearance of hydrogen

- Fatality

Pooling of Hydrogen, causing equipment risk of
- Damage to locally ventilated equipment
(increased exposure to hydrogen in atmospherg
- Embrittlement,

- Equipment failure (e.g. air intake on fuel cell),
- Increased likelihood of ignition/fire event,

- Escalation of other hazards.

- The fuel cell has its own internal ventilation system within its containment
- In the event of the emergency stop being operated, the power is maintaing
to the clearancdans to provide forced ventilation in the locomotive.
Ventilation fans should be provided anywhere Hydrogen is likely to accumu
in the event of a leak, including both the fuel cell compartment and the
hydrogen storage tank compartment.

Hydrogen detectors will require periodic testing and duplication (redundanc
in design and possibly diversity in supply. It is probable that the chosen deg
will be new to the rail industry.

Containment
zone (ATEX
zone) fails to
contain
Hydrogen

- Containment zone not
adequately sealed,

- Containment zone damaged
(e.g. inadequate / future
maintenance),

- Containment zone fails in
service (ie inadequate structural
integrity),

- Operators violate containment
zone (ie open lockable door or
hatch during service),

- External event breaches
containment zone (e.g. vehicle
fire).

Pooling of hydrogen in necontainment zone:
- Exposure to ignition source leading to explosic
- Asphyxiation (outside containment zone).

Hydrogen related equipment will be located within ATEX rated zones
(Dangerous Substances and Explosive Atmospheres Regulations 2002) to
that all equipment within these zones meet the necessary spark/ignition
requirements. These zones will ATEX zone 2, i.e. A place in which an explq
atmosphere consisting of a mixture with air of dangerous substances in the
form of gas, vapour or mist is not likely to occur in normal operation but, if it
does occur, will persist for a short period only. All staff areas of the locomot
(such as the cab) will be n@XTEX zones,laiing safe separation between
equipment and staff.

Hydrogen detectors will be located within these designated ATEX zones, a
as in non ATEX zonesdetectany leakage of Hydrogen and compromising o
ATEX zones. These detectors will be perioditadied,and their integrity
reported to the driver as part of train preparation.
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Inadequate
hydrogen leak
detection

- Inadequate detection system,
- Air compressor unit draws in
hydrogen before it can be
detected by the detection
system,

- Poor locations of detection
units,

- Inadequate system venting,

- lll-defined response including
actions, roles and responsibilitie
- Hydrogen detectors fail to
detect released Hydrogen

- Failure of Hydrogen detectors
- Hydrogen detectors are
switched off

- Hydrogen does not flow
through gutters as designed

- Hydrogen concentration does
not activate sensors

- Hydrogen collects in areas

without Hydrogen sensors

Pooling of Hydrogen, causing safety risk of:

- Displacement of oxygen in containment area,
- Asphyxiation of operators (2 operators present
infaround containment area),

- Asphyxiation of maintenance staff,

- Escalation of fire risk,

- Fatality

Pooling of Hydrogen, causing operations risk of
- Damage to locally ventilated equipment
(increased exposure to hydrogen in atmospherg
- Equipment failure,

- Increased likelihood of ignition/fire event,

- Escalation of other hazards.

Hydrogen detectors are to be positioned throughout the locomotive within
ATEX and neATEX zones to achieve the most reliable detections, this inclu
above the Hydrogen cylinders and fuel cell assemblies.
The hydrogen detection system is linked into the emergency shut down sys
The sensor systems are designed to register at very low levels of hydrogen
concentration to enable the systems to trigger andtép at a concentration
level of 1%. This is below the 4% level where hydrogen can become
combustible. The fuel cell compressor inlet does not take its air supply from
containment area and is therefore protected from hydrogen intake.

Due to the low density of Hydrogen and therefore its rapid dispersal rate, it
not considered credible that the draw from the air compressor would preve
leaked Hydrogen from being detected by the Hydrogen detectors.
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Release of
high-pressure
gas from
hydrogen from
storage system
and network

Potential big volume release of
high-pressureHydrogen from
Hydrogen cylinders, e.g. due to;
- Cylinder rupture

- Cylinder corrosion

- Failure of TPRD (limited to one
cylinder)

- Failure of support frame (see
specific hazard)

Potential small volume release
of high pressure Hydrogen from
Hydrogen cylinders, e.g. due to:
- Failure of hoses/connections,
- Failure of/damage to pipework
- Failure of valves,

- Damaged/inadequate seals,

- Overpressurisation of cylinder

Human exposure to high pressure jet which isn’
visible, causing:

- Major Injury,

- Fatality.

Equipment exposure to high pressure jet which
isn't visible, causing:

- Damage to equipment,

- Rupture of containment area.

Hydrogen leakagesee related hazards for
possible escalation.

The hydrogen storage system contains highly flammable hydrogen gas. Th
stored at up to 350 bar in the storage tanks, and under normal circumstanc
released to the fuel cell stack via a regulator. Tilgg-pressureareas of the
system essentially comprise of the refuelling system and the Hydrogen cyli
connections within an ATEX rated zone 2 containment. For refuelling hazar,
see appropriate section. The Hydrogen cylinders are manufactured by Luxf
Gas Cylinders and uses a proven design to minimise any potential causes
leaks. Ithe cylinders have been manufaced in compliance with EC79, there
are significant passive design safety measures required. The tanks are sing
piece aluminium, wrapped in carbon fibre. This construction has very good
corrosion resistance and impact resistance.

The pressure inside the cylinders is controlled by the system and can be
manually checked by a pressure meter on the outside of the cylinders. In th
event of over pressurisation of the system, or other related faults, the
Hydrogen can be vented via an emergency vent to atmosphére tanks are
also equipped with thermally reactive pressure relief valves that vent the ta
to atmosphere when temperature exceeds the threshold. These pressure re
valves are specified, installed and tested to the EC79 standard. They consi
quartzoid bulbs that are located within in the tanks that burst at 110°C thus
allowing the pressure in the tanks to evacuate to atmosphere.

Maintenance of the cylinder will be conducted in line with the manufacturer
specifications and will include checks torrosion and other degradation on
the cylinder and associated connections.

Release ofow-
pressuregas
from Hydrogen
storage
output/Fuel
Cell

Low pressure output pressurisey
to 16.5 bar, potential release
through:

- Fault in pressure relief device,
- Rupture of flexible hoses

- Failure of/damage to pipework
- Failure of valves,

- Failure of support frames (see
specific hazard)

- Damaged/inadequate seals

Human exposure to low pressure jet causing:
- Minor Injury,
- Major Injury

Equipment exposure to low pressure jet causing
- Corrosion (long term).

Hydrogen leakagesee related hazards for
possible escalation.

Thelow-pressureareaof the system is essentially the fuel cell and its
connections within an ATEX rated zone 2 containment. For the fuel cells se
appropriate section. The Hydrogen cylinders are designed to comply with t
requirements of EC79 and feeds high pressure tddhepressuresystem
through a pressure regulator, at-ZA1bar. This regulator is specifigdstalled,
and tested to be compliant with EC79. The system also includes a filter to
prevent contaminates from affecting the function of the valves and systems

The fuel cell low pressure connections are monitored by a leak detector in t
regulator which uses flow rates. If a leakletected,then the fuel cell will shut
down and stop the low pressure flow. Leaks can also be identified by the
Hydrogen gas detectors in the fuel cell and surrounding area, upon detectiq
Hydrogen (when levels exceed 1%), there is an automatic emergency shut
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Thelow-pressuresystem in the fuetell isfully enclosed within sealed
secondary containment, the containment vents through the exhaust system
directly out of the vehicle.

Hydrogenleaks
due to failure

of Hydrogen
system
components
(e.g. tank end
valves,
regulator
system, TPRDs|

- Inappropriate gas output
pressure,

- Uncontrolled gas output,

- Rupture ofhydrogen cylinder
(overpressure),

- Inadequate maintenance,

- Damage during delivery or
installation.

- Inadequate design/build,

- Water ingress

- Inadequate maintenance,

- Corrosion of electrical
connections.

- Mechanical failure

- Non detection of latent faults

- Cause of other hazards (releasehagh-pressure
gas, release of hydrogen etc).

The regulator system, electrical end valves and TPRDs are part of the Luxf
provided high and low pressure design, compliant to EC79.

The regulator automatically cuts the flow if it reaches a state of-over
pressurisation. The main failure mode of the regulator is caused by
contamination of Hydrogen which is considered in a separate hazard. To
mitigate this, the system is installed with a coalescing filter (to remove
oil/water) and on each valve there is also a particulate filter. If the regulator
fails in an open position, this will be identified by the flow valve if a leak occ
and can be addressed by the stop valve at the fuel cell. If the regulator failg
shut position, then the system will be unable to provide a Hydrogen feed to
fuel cell and this will be notified to the train operator. Maintenance of the
regulator will be conducted in line with the manufacturers specifications.

The electrical end valves are electrically supplied by the system (fuel cell a
battery combination). If electrical supply is lost, the valves 'fail shut' as a sa
condition. This is indesndent of the emergency release vent. Testing of all
connections will be included in the installation validation procedure which ig
undertaken by competent staff. Maintenance of the end valves will be
conducted in line with the manufacturers specifications and include checks
corrosion.

Tank valves are required to close under certain circumstances but are othe
undetected in their availability, therefore these could fail to control other
hazards (e.g. pipe rupture) if there are underlying undetddaults in these
components.
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Hydrogen fire

- Release of Hydrogen and
ignition sources present

- Inadequate safety system
response

- Exposure to external fire

- Auto-ignition of Hydrogen due
to friction (see specific hazard)

- Further escalation of other hazards (see specii
hazards),

- Hydrogen cannot (easily) be extinguished

- Ignition of hydrogen which cannot be put out b
conventionalfirefightingmeans, stemming from
ignition source present

- Ignition of hydrogen via leak/release and lack ¢
visible flames as hydrogen does not produce a
visible flame

- Traction system shutdown (if both Fuel Cell an
Battery system are affected) so that locomotive
cannot move to a safe location.

- Reputation damage

The Hydrogen tanks are equipped with thermally reactive pressure relief va
that vent the tanks to atmosphere (outside of the vehicle) in the event of a f
around the tanks, quartzoid bulbs burst to release the Hydrogen via a vent
to the outside of the vehicle. These pressure relief valves specified, installe
and tested to EC79 standard. When Hydrogen is released, either via syster
response or fault, electrical end valves close to prevent further release of
Hydrogen, and train estop is activated (see related hazards). Emergency
response hazards are also dealt wsétparatey.

Train
vents/releases
Hydrogen in an
unsuitable
location:

- ignition
sources present
-in an enclosed
location
(tunnel,
maintenance
shed)

- Hydrogen release due to
inadvertentfailure operation of
Hydrogen system components
(e.g. TPRD, valves, etc)

- Inadvertentoperation of low
pressure pressureelief valve

- High Hydrogen level in exhaus
- No prevailing wind to disperse
Hydrogen into air

- Future ignition sources may lead to
fire/explosion (including after locomotive H2
release event)

- Risk of further hazard escalation

- Risk of asphyxiation

- Risk of Hydrogen pooling

Hydrogen could potentially be released from the locomotive due to emerge
venting (i.e. TPRDs) or in the Fuel Cell exhaust. As the fuel cell exhausts is
monitored to be less than 1% isolated Hydrogen (and will shut down if this i
exceeded), it is considered negligible with respect to this hazard as trace
Hydrogen would have quickly disperse within @therwise there should be no
intention to manually vent the system (e.g. via a button), as unless releaseq
to fire, the safest place for the Hydrogen is within the tanks. This hazard
therefore primarily considers intentional/stem response venting of Hydroge
in an unsuitable location.

Hydrogen fuel has a relatively low molecular density (~10 times lower than
as such when it is vented into air it quickly disperses and rises. The exhausg
vents out through a location to be determined to the exterior of the vehicle.
This is adjacent to the cooling system fans, which provides a positive air flo
away from the vehicle and thus prevents recirculation into the vehicle. The
exhaust vent is above head height on the outside efttiain and access will
not be possible to this area in operation. The exit point is sufficiently far fro
other vehicle inlets. Therefore given the dispersing nature of Hydrogen in a
and the position of the exhaust, it is not considered credible that Hydrogen
exhaust fumes may renter the vehicle.
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The project should utilise the research undertaking by the Hyturreject
which recognises that there is an extent to which Hydrogen leaks can be
prevented, and that should they occur within a tunnel, then appropriate
preparation and focus needs to be considered for emergency response.
Practically, it would not be a case of installing Hydrogen detection systems
throughout infrastructure, as this would not be robust enough to detect all
leaks and the presence of Hydrogen (e.g. that collected within voids or
brickwork).Additionalrisk assessments would be required, considering the
length of tunnels along the route.

Ignition sources
in locomotive

Various equipment from the
base vehicle could include:

- Contactors in drivers desk
cupboard,

- Electrical equipment,

- lighting

This is in addition to equipment
added suclas:

- Traction batteries,

- Hydrogen fuel cell,

- Other electrical equipment,

- Equipment exhausts,

- Static generated between
items.

- Switches

- Ignition of leaked or pooled hydrogen,
- Fire event,

- Fatality.

- Asphyxiation

Hydrogen related equipment will be located within ATEX rated zones to eng
that all equipment within these zones meet the necessary spark/ignition
requirements. These zones will ATEX zone 2, i.e. A place in which an explq
atmosphere consisting of a mixture with air of dangerous substances in the
form of gas, vapour or mist is not likely to occur in normal operation but, if it
does occur, will persist for a short period only. All staff areas of the locomot
(i.e. cab) will be a neGATEX zone, allowing safe separation between equipm
and staff.

All electrical equipment (e.dights, terminals, cables) will need to meet the
necessary ATEX requirements. Hydrogen cylinders and Fuel Cells will nee
assured to the specified level of containmeRtirthermore the vehicle will
need to be risk assessed for potential ignition or spark sources, witbrall
functionalnecessary sources to be removed. See specific hazards for vehig
earthing and bonding requirements.

Existing depot
areas and
activities are
not compatible
with Hydrogen

- Wheel grinding cannot take
place on vehicle as per existing
arrangements.

- Necessary exclusion zones
cannot be achieved.

- Evacuation procedure is not fit
for purpose.

- Emergency services provisions

- Sources of ignition for Hydrogen
- Unable to carry out maintenancetivities

Depot suitability needs to be risk assessed to ensure compatibility with
hydrogen locomotives. The Operator will need to decide whether the train
should be empty before entering the depot. Depot may need upgrade to en
safe storage of Hydrogen containing equipment, for example ATEX rating,
Hydrogen detection and Hydrogen extraction systems.

Depot evacuation procedures to bgdated andwill need to incorporate
exclusion zones and considerations for emergency services. Depot may ne

4 https://hytunnel.net/?page_id=31
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are not adequate.

- Depot not compatible with
Hydrogen train.

- Adjacent maintenance
activities create sparks (welding
grinding, electrical machinery)

- Some depot sheds have
existing gas heaters.

- Sparks from 2vay radios and
mobile phones.

upgrade to ensure safe storage of Hydrogen containing equipment, for exal
ATEX rating, Hydrogen detection and Hydrogen extraction.

Moving train
emitting
minimal noise
on approach to
depot, freight
yard authorised
walking route
crossing

-'Hydrogen powered train
quieter than diesel locomotives
and the existing locomotive

- Depot, yard staff does not heal
train and crossed when unsafe
to do so

- Collision with train resulting in workforce fatalit
and minor damage to train

Thisisa risk already dealt with, due to shunting / coasting movements with
minimal generation of noise within the depot environment. Audibility of train
should not be the primary control for protecting depot staff on crossings. Tq
addressed by depot risk assessment and change management arrangeme
line with their Safety Management System. Depot protection systems for
movements toconsiderack of audibility of hydrogen trains.

Failure of fuel
cell

- Internal ignition of hydrogen
gas,

- Internal production of sparks,
heat or fire,

- Overpressurisation of air,
hydrogen or coolant,

- Failure of air compression
system,

- Over current

- Failure of coolant system.

- Inadequate design of Fuel Cell
and related systems

- Damage during installation

- Incorrect manufacturer used
for installation

- Physical damage to fuel cell

Consequences to safety including:

- Hydrogen leakage

- Displacement of oxygen in containment area,
- Asphyxiation of operators,

- Escalation of fire risk,

- Fatality.

The fuel cell and associated equipment will be installed in accordance with
manufacturer's installation procedure, using specific lifting points designate
the manufacturer. The use of cranes and other specialised equipment will b
controlled to minimise the effects of loading on the equipment during

installation. Transport and delivery of components will be controlled by the
approved suppliers. First Article Inspections (FAI) at the time of delivery an
subsequent condition assessments will be carried out on the components.

The fuel cell integrated control system controls @iressure of the Hydrogen
fuel and shuts off the supply if the hydrogen is epeessurised. Hydrogen fuel
is fed through ATEX rated areas which are not exposed to potential
spark/ignition sources. The Fuel Cell system also monitors temperature, vo
and current to ensure that inputs/outputs remain at a safe level. There are
Hydrogen detectors within the fuel cell, and external detectors will be instal
within the ATEX rated fuel cell containment. If Hydrogen leaksletexted,
then this will triggerman emergency stop and fuel cell shut down.

The compressor is part of the fuel cell design which is compliant to the
principles of EC79. The fuel cell control system can detect failure modes in
air compressor and will shut off the air supply if it is outside acceptable
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tolerances. The fuel cell air compressor is controlled by the control system
automatically supply the necessary air to the fuel cell module, the amount @
which will depend on the current being drawn from the fuel cell. The
compressor prevents the entrance of contaminants into the air supply throu
particulate and chemical filtration at the intake. The fuel cell control system
can detect the temperature of the compressed air and will shut off the supp|
it is unsuitable. Ambient air temperature istnexpected to cause this hazaad
the maximum operable temperature of the fuel cell&degrees celsius

The fuel cell is managed by a control system that monitors parameters suc
system temperature and pressurisation. Where overheating cannot be
mitigated by the cooling system, the control system will shut down the fuel

Inadequate
isolation of
supply to Fuel
Cell during
maintenance

-Gas valve remains open when
intended to be closed during
maintenance

- Generation of undesired voltage during
maintenance could lead to HV electric shock
(fatality/major injury)

- Potential release of Hydrogen

During operation the fuel cell will be locked within its own containment
enclosure which disallows staff to get in close proximity. Maintenance of the
fuel cell will be conducted in line with the manufacturers specifications, this
include adequate isolation of the system and discharging of residual voltag
Isolations will also be mandated where maintenance is occurring in close
proximity to the fuel cell. After system shutdown, high voltages may remain
the fuel cell stacks for a length of time. During this time the stacks present :
shock hazard and maintenance actidtishould not be performed. Residual
reactants (oxygen and hydrogen) within the fuel cell module may cause the|
cell output voltage to rise unexpectedly.

Typical mechanisms for isolating train systems do not apply for hydrogen
locomotives. This would normally consist of engine isolation or pantograph
down, however the inclusion of Fuel Cells and Batteries means that hidden
energy can be stored up. Fuel Cell will therefore require full discharge befo
maintenance activities can commence (even smatisants of Hydrogen can
generate power). It is expected that the Fuel Cell would not be worked with
(i.e. Line Replaceable Unit), however this will apply anywhere between Fue
Cell/Battery/voltage limiter and Dc/Dc converters (e.g. at connections to
electrical cubicle).

Electrical hazards are to be labelled on/in the fuel cell by fluorescent yellow
'ELECTRICAL HAZARD' |abéterwise,compliance to group standards
required, to ensure separation, compartmentalisation and warning signs.
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Inadequate
operating
condition of
base vehicle

- Deterioration of base train
during train downtime,

- Inadequate recommissioning
activities,

- Inadequate maintenance,

- Inappropriate maintenance
regime for vehicle in modified
state

- Inadequate replacement of
deteriorated components,

- Lack of preservice inspections,
- Unable to remove new system|
to complete major maintenance
tasks when they are due.

- Reduced effectiveness of equipment and train|
- Failure of train.

The base vehicle will undergo a robust recommissioning process which will
include checks of major and minor systems including:

- Full brake test,

- Compressor checks,

- Traction Motor examinations,

- Cab door examinations,

Train isstabled
in unsafe
location

- Stabling location has ignition
risks in proximity, or could be
susceptible to vehicle strikes
(road or plant).

- Stabling location is enclosed
exasperatinghe consequences
if a Hydrogen leak occurs.

- Train is stabled near other
trains in unsafe way (e.g. large
collection of Hydrogen storage).
- External operators operate
other trains in vicinity of the
hydrogen locomotive and may

not be aware of its risks.

- Damage to equipment
- Risk of ignition (fire/explosion)

Restrictions on stabling locations will need to be agreed with the operator a
suitably risk assessed. Factors such as proxtmitgighbours ignition risks,
other vehicle emissions etc need to be considered.
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Unsafe
refuelling
operation

- Refuelling location not
appropriate

- Rupture of hoses draped
between vehicles,

- Service provider receptacle no
compatible

- Refuelling station pressure is
not compatiblewith train.

- Overpressurisation of cylinders
- Refuelling service provider not
adequately competent,

- Refuelling service provider not
adequately risk assessed
refuelling process/activity,

- Unauthorised persons in close
proximity to refuelling
operation,

- Hydrogen leakage,

- Fastfill operations generate
heat of 6570°C,

- Inappropriate earthing of
refuelling van and vehicle
(static).

- Insertion of refueller/defueller
nozzle into incorrect port

- Incorrect fuel used (e.g. Diesel
- Refuelling causes static
discharge

- Refuelling occurs with train
systems active

Consequences to safety including:

- Fuel leakage outside vehicle,

- Tripping hazard,

- Exposure to high temperatures (e.g. rupture of
hydrogen cylinders),

- Serious injury.

Consequences to operations including:
- Unable to refuel vehicle,

- Damage to refuelling interface,

- Reputation damage.

Refuelling will be carried out when the locomotive is stabled and safely
shutdown. No other activities may be carried out when refuelling is taking p
and no personnel must board the locomotive during refuelling. No mobile
phones or other electronic equipment, smoking or naked lights shall be in tf
vicinity of the refuelling activity As such an exclusion zone should be put in
place during refuelling and warning signs erected around the refuelling poir|
Spark free tools shall lEways usedluring refuelling.

There may be a requirement to bond the internal pipework to misergpark
risk.
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13 HOMOLOGATIOREQUIREMENTS

Given the relatively recent adoption of hydrogen as a motive fuel, the governance of its use
within rail vehiclegs alsostill developingwith specific homologation requirements stileing
drafted in many countries. The following sections are a summary of the maswvant
standards andguidance relating to hydrogen powered rail vehicles currently available for

projects such as this one

13.1 HYDROGEBYSTEMS

Hydrogen in Chile iegulated as a fuel under the Ministry of Energy and the Supstitency
of electricity and fuels (SEC in Spanisbutside the presence of any locally published
standards specifically relating to the storage and use of hydrogen as a fuel for rail applications

it is highly recommended to aS€C if this project all need it authorization.

In the absence of any standards or regulations specifically relating to hydrogen systems within
trains, it is recommended that the project complies with standards under the European
Community typeapprovals framework. Under this framework the primary pieces of legislation
relevant for the introduction of a hydrogen propulsion system are EC 79/2009, and EU
406/201, the associated implementing regulation. While the legislation is primarily aimed at
hydrogen powered motor vehicles, there is precedent for the use of ECaypeval for the
hydrogen system in isolation in a rail vehicle. The Alstom Coradia iLint hydrogen train used this
approach to gain authorisation for the hydrogen system, then safe integration of the hydrogen
power system into the train and the wider rail environment was completed using the Common
Safety Method Risk Assessment as described in 402/20138E€ion 13.3 describes the

standard European and UK approach for approving the use the hydrogen fuel cell trains.

However, given that EC tygpprovals are only formally applicable to projects within the EU, a
project outside of the EU can voluntarily conform with EC 79/2009, presenting a Technical File
to a Notified Body against Hydrogen Legislation. This approach was used for the HydroFLEX 2.0
project, where the project voluntarily conformed to the EC tgmprovals framework for the

hydrogen storage and propulsion system.

In July 2022, the European Commission made the decision to withdraw EC 79/2009, and
European type approvals for hydrogen vehicle systems and each installed components will be
based on United Nations Regulation No. 134. However, UN R134 has a significantly limited

scope when compared to EC 79/2009. For example, while EC 79/2009 considers pressure relief
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valves, pressure regulators, hydrogen filters and removable storage system connectors, these
elements are omitted form UN R134. It is therefore recommended that any rail project

voluntarily adopts and retains EC 79/2009 as the basis for compliance and components
selection. The majority of gaseous hydrogen storage tanks available for use in vehicles have
been designed and tested for compliance with EC79 or R134. Adherence to either standard

represents a safe framework for the use and approval of hydrogen cylinders.

Notably, two standards are being developed for publication by the International
Electrotechnical Commission (IEC) specifically for hydrogen fuel cell systems for use in trains,

they are IEC 63341 Wwl A f ¢ | &¢ RbllintydftoskOAuel del sysiems for propulsien

tF NG mY CdzSt OStt L2 g8WI AR &I & RUindtyaRTFue@ckl2 D o n m
systems for propulsiost  NIi HY | @RNR3ISY &aG2Nr3IS a2adsSyQo Li
and publication, these standards will be adopted for new rolling stock projddiese

standards are due to be published in January 2025.

13.2 BATTERY ANR ECTRICAYSTEMS

IEC 62928&ailway applications. Rolling stock. Onboard lithiom traction batteries is an
international standard published by the International Electrotechnical Commission, IEC. It
specifies the design, operational parameters, makes safety recommendations and type tests
for onboard lithiumion traction batteries for use in railway applications. Battery systems
described in IEC 62928 are used for the energy storage system for the traction power of
railway vehicles such as hybrid vehicles as defined in IEC -628B€ 62864 defines and
provides a framework for series parallel hybrid traction systems in railway vehicles, shown in
figure 44. Given the hydrogen fuel cell is to feed into a parallel hybrid system, with a lithium
ion battery provided as the energy storage system, it is recommended that the project is
compliant with IEC 62928 and IEC 628%4lock diagram of a series hybrid system is outlined

in figure 2 of section 4.1.2 &EC 62864.: 2016.

13.3 BUROPEARPPROACH

Under the European Community tyjag@provals framework, the primary pieces of legislation
relevant for the introduction of a hydrogen power system are EC 79/2009, and EU 406/201,
the associated implementing regulation. While the legislation is primarily aimed at hydrogen
powered motor vehicles (for use on roads), there is precedent for the use of E@pppeval

for the hydrogen system in isolation in a rail vehicle. The Alstom Coradia iLint hydrogen train

used this approach to gain authorisation for the hydrogen system, then safe integration of the
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hydrogen power system into the train and the wider rail environment was completed using the
Common Safety Method Risk Assessment. However, given that E@ppmevals are no
longer applicable following the UKs withdrawal from the EU, a UK project can voluntarily
conform with EC 79/2009, presenting a Technical File to a Notified Body against Hydrogen
Legislation. This approach was used for the HydroFLEX 2.0 project, where the project
voluntarily conformed to the EC tymgprovals framework for the hydrogen storage and

propulsion system.

However, the safety measures in EC 79/2009 have not been proven in a railway context.
Therefore, if these standards were to be adopted as codes of practice for rail, it is likely that
technical changes, or guidance notes are created for the application of these standards in a
railway environment. Given the relative novelty of hydrogen powered trains, there are other
significant gaps arising from the use of hydrogen as a fuel in a rail vehicle. Some major gaps are

considered below.
1 Applicability of EC 79/2009 to rail vehicle crashworthiness

The standards for the typapproval of the hydrogen power system (EC 79/2009 and
EU 406/2010) are only applicable to road vehicles. However, EC 79/2009 and EU
406/2010 are being used as the primary source of requirements for the hydrogen

power system by rolling stock manufacturers.

baGrofteéz Iy lylrteaira 2F GKS Sy3aaAySSNAy3a gl
hydrogen components and systems designed to use compressed (gaseous) hydrogen

FYR GKSANI Ayadlfttlraazy 2y KeRNRISYy LRESNBR
requirements found in a relevant standard relating to passive structural safety, such as
wkAfgl& DNRdzL) {GFYRFNR Daw¢umnn WwlkAf +SKAO
'Y YR [h/t!{ {ZLO2WRAAIISY F yRO2D1AaSYISNR Ay
the nature of crash and collision scenarios experienced by trains when compared to

road vehicles. This analysis would also provide assurance the design parameters of the

hydrogen system against forces and vibrations applied during normal rail operations.
1 Applicability of EU 406/2010 to the location of hydrogen systems in rail vehicles

The standards for the typapproval of the hydrogen power system (EC 79/2009 and
EU 406/2010) are only applicable to road vehicles. Therefore, EU 406/2010 does not

contain any requirements relating to the safe positioning of the hydrogen storage and
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propulsion system within a rail vehicle. This is especially relevant given that the
hydrogen system may be positioned such that hydrogen is released into a part of the
GSKAOE S 200dzLIA SR 08 cldlpkedoBigha BHédk the ag@edgatel y 3 0 | f
used in the construction of trackwork becomes a projectile due to the forces of passing
trains, has also been identified as a hazard for hydrogen systems placed on the

underframe of a railway vehicle.

Given that EU 406/2010 only provides highel requirements for the positioning of
hydrogen propulsion and storage systems and does not consider the potential for
WFfeAy3 olffladiQr GKS NBfSIasS 2F KERNR3ISYy
and other hazards specific to a rail environment. Therefore, the requirements of EN
406/2010 should be assessed, considering the positioning of hydrogen systems within
a rail vehicle. It is likely that the additional process of the Common Safety Method Risk
Assessment (required in the UK and EU) would identify and provide a process for
mitigation of these hazards. However, it is preferable for these requirements to be
captured within the EC 79/2009 and EU 406/2010 framework already in use. A review
of the engineering requirements for the safe positioning of hydrogen systems within a
rail vehicle should be carried out and compared to requirements found in EU
406/2010.

1 3.4. Hydrogen emergency response standards & considerations

HyResponse D6.3 includes guidance on the strategies and tactics to be deployed by
emergency services for the management of hydrogen accidents associated with
hydrogen powered road vehicles. Currently this guidance does not include any specific
information on hydrogen powered rail vehicles. The emergency response
requirements within HyResponse D6.3 do not consider any likely accident scenarios
within the rail environment, including the release and ignition of hydrogen in enclosed

structures following rail vehicles collision or derailment.

Therefore, the emergency response guidance within HyResponse D6.3 should be
reviewed to consider its suitability for application to the rail environment. Of note
should be the implications of a hydrogen accident within an enclosed structure, such
as a tunnel, under a bridge or in an enclosed station. Direct engagement with first
responder organisations and railway infrastructure managers should also be

considered during the development of a hydrogen powered rail vehicle will also elicit
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suitable rail specific emergency response arrangements. This should particularly
consider the procedures for the electrical isolation of any infrastruchased

electrification (overhead line equipment or conductor rails).
1 Applicability of safety integrity levels to hydrogen propulsion systems in rail

There are no specific rail requirements relating to the appropriate safety integrity level

(SIL) for a hydrogen power safety instrumented system (as defined in EU 406/2010).
CKSNBF2NBEsS GKS FLILXAOLoAtAGE 2F 9b pAamMHD
arAdyrfttftAy3a YR LINRPOSaaAy3a aeaidSvyao {FSdae
should be considered for hydrogen power safety instrumented systems, given hazards

and accident scenarios associated with hydrogen storage and propulsion systems.
1 3.7. Applicability of EN 45544 to hydrogen trains

Given the nature of possible hydrogen accident scenarios with a rail environment,

alarm setting values will need to be proven to provide a suitable intervention point

before hydrogen concentrations reach a lower explosive limit. Although alarm setting

gt dzSa F2N) KeRNR3ISy RSGSO0GA2Yy INB &ALISOATASR
Electrical apparatus used for the direct detection and direct concentration
measurement of toxic gases afill LJ2 tadéB @lTies do not consider likely accident

scenarios in a rail environment. Therefore, alarm settings may be inappropriate for the

purposes and warning and escalation traincrew and passengers of an escalation of

hydrogen pressures in particularly vulnerable rail environments such as in tunnels.

Alarm setting values used in EN 45544 should be reviewed against foreseeable
operational and accident conditions of a hydrogen powered train. Suitable alarm
setting values should be selected such that the identification of a hydrogen hazard is
made clear to traincrew at a suitable intervention point before a realisation of a
hydrogen accident. The HyTunnel project will provide specific data and models for the

accumulation of hydrogen in tunnels.

The FCH2RAIL (Fuel Cell Hybrid Power Pack for Rail Applications) project has conducted an

extensive study and gap analysis of the legislative framework and technical stendériss

S https://verkehrsforschung.dir.de/public/documents/2022/FIRST_LEGISLATIVE_GAP_ANALYSIS.pdf
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primarily considers the framework from the Europgagrspective bushould be considered in

the development of any local guidance or framework.

[Space Deliberately Left Blank]
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14 SUPPLYHAINSTUDY

It is prudent to consider the sourcing, costing and timescales involved with the equipment involved with a diesel to hipgtbogklocomotive conversion
well in advance of starting the detailed design phasswfh aproject. If the desired materials and components are out of budget or cannot be sourced
within the timescales stipulated by the project, alternatives should be souglatitennativeactions taken accordingly. This section of the study will create a

high-level bill of material$o provide an insight into the types of equipment available for the conversion and their respective advantages and digagvanta

14.1 BILL OMMATERIALS

Using the outputs of sectiord, 3, 5and 6, a highlevel Bill of Materials (BOM) has been creatddtailingrecommendations for the fuel cell stack, gas
storage cylinders and traction batteriédeecommendationshighlighted in green)Alternative hardwareoptions havealso been includedThe BOM also
includes the quantity of each component requiradd a justification as to why certain components were chosen over otfibis.BOM applies to both the
SD39and SB40locomotives.

Table21: Recommendedquipment &suppliers(courtesy of VSTS)

Item - ltem Qty. Recommended oy .
No. Item Description Category | Required alternative? el
LuxferW322H356 Gas Prov_en equipment used by VSTS in previous prOJe(m‘f_.-the-shelfs N
solution so good spares availability and shorter lead times. The addition
1 Stor H2 Type Il storage 36 Recommended . . .
cviinder cviinder weight of a type Il cylinder (when compared to the equivalent type 1V
y y cylinders) does not significantly affect the weight of the locomotive.
Hexagon Purus Gas . Not previously used by VSTS but suitable on paper. Type IV cylinders of
2 | Cylinder Designation|  storage 33 Alternative present a higher cost then type Ill cylinders. However, type IV cylinders
I Type IV cylinder cylinder significantly lighter than the equivalent type IIl. Therefore, if it is expecte
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that the weight of the hydrogenhybrid powerpack will exceed the weight
of the existing equipment (internal combustion engine, generator etc.), ty
IV cylinders should be considered.

NPROXX H2 Storage Gas _ Not previously used by VSTS, higher and longer mst_allatlon costs plus
3 . storage 1 Alternative bespoke system so higher overall costs. Type IV cylinders often present
Solutions Tank Raft . . )
cylinder higher cost then type Il cylinders.
Item - ltem Qty. Recommended o} L
No. Item Description Category | Required alternative? Uil
Ballard Power Systemgroduce proven equipment used by VSTS in
Ballard Power : . , )
previous projects. The FCmowdD+ Rooftop configuration of fuel cell
Systems 100 kW Fuel Cell ) . . . ;
4 8 Recommended | stacks provides a powedense solution, allowing easier packaging of fuel
FCmoveHD+ Stack ) ) . :
cell stacks and associated cooling systems within the locomotive body. |
Rooftop module -
also offers a peak fuel efficiency of 57%.
. VSTS are familiar with fuel cell stacks produce@liynmins Cummins' large
Cummins 90 kW : . . . .
5 HVPM(-HD90 power Fuel Cell 9 Alternative fuel cell stacks (including the HD90) typicalberate at a high efficiency
y P Stack (59%). There is also significant precedent for the use of Cummins fuel ¢

module

rail applications.
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Plug Power 125kwW
ProGen P125 modulq

Fuel Cell
Stack

Alternative

VSTS are familiar with fuel cell stacks produced by Plug Power in the Prf
range. ProGen fuel cell stacks have the significant advantage of featurin
fully integrated cooling system, reducing system complexity, and simplify
the process of integrating the fuel cells. P125 modules have a peak effic
of 50%, lower than competitors. Therefore, it is recommended that 8 P1!
modules are used, meaning a total fuel cell power of 1 MW. Each P125
module will then be deated to operate at 80% power. This will result in th
modules operating closer to the peak efficiency and proiogghe life of the
module.

Hoppecke 220 kWh
7 lithium-ion battery
composition

Traction
Battery

Recommended

VSTS are familiar with the Hoppecke range of railway traction batteries.
individual 200 kWh battery packs, totalling 440 kWh have been selected
the individual 220 kWh module has been approved for use under IEC 62
Railway applications Rolling stock- Onboard lithiumion traction

batteries. It is likely that a single 440 kWh module could be created,
however, it is likely that this approval process would need to be repeateq
incurring an additional time and cost penalty.

Akasoll11 kWh
8 lithium-ion battery
composition

Traction
Battery

Alternative

Akasol lithiumion batteries have precedent for reliable used in hydrogen
fuel cell hybrid trains, and presents an option that is approved to IEC 62
4 individual 111 kWh cell compositions would be used, created a total of
kWh of battery capacity.
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14.2 HYDROGESTORAGHANKS

14.2.1 LUXFER
Table22: Luxfer GStor H2 Type Il cylinddi@pensource data courtesy of Luxfer
Part number psrsg\;ﬁfe e || PETES T \)lvmitri:a ca;:';city NEE:S
(bar) (mm) r (mm) (kg) L (kg) mount
LO28H355 350 730 281 17 29 0.7 No
LO28H3&N 350 730 281 17 27 0.65 Yes
LO34H35 350 830 281 19 34 0.82 No
LO39H35 350 926 281 21 39 0.94 No
QO042H35 350 740 340 26 42 1.01 No
QO052H35 350 875 340 29 52 1.25 No
QO095H35 350 1458 340 48 94 2.27 No
VO68H35 350 850 400 36 68 1.65 No
VO74H35 350 900 400 39 74 1.79 No
W150H35 350 1614 415 73 150 3.63 Yes
W205H35 350 2110 415 95 205 4.96 Yes
W322H35 350 3165 415 138 322 7.79 Yes
MO53H70 700 1161 332 61 53 2.15 No

The Luxfer &torH2 range of hydrogen storage cylinders have a significant history of use in a
railway environment. The HydroFLEX project used Luxfer storage cylinders extensively, with
HydroFLEX 1.0 using 4 x W205H35 units, and HydroFLEX 2.0 using 36 x W322H35 units. Luxfer
G-Stor H2 cylinders are fully complaint with the EC/79 type approval framework.

8 https://luxfercylinders.com/products/alternativduel/g-stor-h2-hydrogencylinders
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14.2.2 HEXAGONRPURUS

Table23: Hexagon Purus Type IV cylind@sensource data courtesy of Hexagon Pufus)

. . Overall .
Cyiinder Designation| £ 9 Ia\iv fg?(r:]%bar) diar(r?gtt;d(iwm) 'z:?nt;‘ Wgﬁ'rﬂd(i;) vo\llﬁgr(L) caHg:;?? ?I?g) nl:l:lf:t Approval

A 250 503 2342 04 350 6.3 Yes TPED

B 250 654 2413 147 581 10.4 Yes ABS/US DOT
C 250 653 4419 267 1170 21.0 Yes ABS/US DOT
D 250 653 5689 342 1544 27.8 Yes ABS/US DOT
E 300 509 2342 112 350 7.4 Yes TPED

F 318 503 2342 04 350 7.8 Yes TPED

G 350 430 3190 101 312 75 Yes EC79/HGV2
H 350 430 2110 67 103 4.7 Yes EC79/HGV2
| 350 509 2342 112 350 8.4 Yes ECT79

J 381 509 2342 112 350 9.0 Yes TPED

K 500 520 2357 180 333 106 No TPED

L 700 332 921 33 36 14 Yes EC79

M 700 440 1050 59 76 31 Yes R134/HGV2
N 700 530 2154 188 244 9.8 Yes EC79/HGV2
(@] 700 705 2078 272 457 18.4 Yes R134/HGV2
P 900 515 2783 365 254 12.4 Yes PED/US DOT

7 https://hexagonpurus.com/owsolutions/hydrogersystems/hydrogerype-4-cylinders
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Hexagon Purus provide a significant range of hydrogen storage cylinders for use in heavy
vehicles. There islso precedent for the use of Hexagon Purus cylinders in a railway
SYOANRYYSyilGo | SEIFJ2y KI #S 0SSy asStSOGSR (2 adzw
multiple unit train, VittalOneél y R { G Rf SNR& FdzSt OStf f@lRWQal NI J
Coradia iLint uses-TORE hydrogen tanks supplied by Hexagon E¥péraw Hexagon

Purus), providing 90 kg of Hydrogen storage pertHne cylinder composition was produced

by Wystrack. WystrachGmbH has now been fully acquired by Hexagon Pdrliable?*

shows the range of cylinders available, alongside any approvals for each cylinder.

14.2.3 NPROXMK2 STORAGEOLUTIONS
NPROXX provide a range of type IV hydrogen storage tanks and roof mounting system to be
used on Siemens Mireo Plu*Ht Is therefore assumed that NPROXX cylinders are certified for
use in a railway environment. Details and technical specifications of NPROXX hydrogen storage
for use in mobility are not publicly available. However, consideration should be given to

NPROXX due to their previous and continued use in a railway environment.

8 https://hexagonpurus.com/news/hexagepurusselectedby-talgo-for-first-zero-emissionrhydrogen
train-in-spain
%https://hexagongroup.com/news/hexagepurusto-supplycompositehigh-pressurecylindersfor-the-
developmentof-the-first-hydrogenpoweredcommutertrain-in-the-u-s

10 https://iwww.railengineer.co.uk/hydraicomesof-age/

11 hitps://www.urban-transportmagazine.com/en/hydrogefuel-cellszero-emissionpassengetrains/
12 hitps://www.wystrach.gmbh/en/products/wytanksystems/

13 https://ml -eu.globenewswire.com/Resource/Download/574b3a6&®347f2-b551-b1cf2c949901

14 https://fuelcellsworks.com/news/nproxxievelopsadvanceehydrogentrain-tank-mountings/
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14.3 HYDROGERUELCELLSTACKS

14.3.1 BALLARBOWERSYSTEMS

Table24: Ballard Power Systems PHMIcells(opensource data courtesy of Ballard Power System)

Model Nezk'?/:/’;"’er 'd"ik'\al\‘/’)""er Weight (kg) | Current (A) Drgn‘é‘:t(""\%e Length (mm)| Width (mm) | Height (mm)
FCveloCithD 30 0 125 0-300 85- 180 900 480 375
FCveloCit4D85 85 4 256 10-284 | 260-419 1130 869 487
FCveloCitiD100 100 6 280 10-257 | 357-577 1200 869 487
FCveloCiHD6 150 } ; : : : i i
FCmoveHD 70 8 250 20-240 | 250-500 1812 816 415
FCmoveHD+Engine Bay 100 9 260 20-360 | 280-560 1056 630 650
FCmoveHD+ Rooftop 100 9 260 20-360 | 280-560 1996 802 440
FCwave 200 30 875 2x300 | 350-720 1220 738 2200

Ballard Power Systems are a significant developer and manufacturer of proton exchange membrane, PEM, hydrogen fuel, qelhstaibk in the area of

heavyduty transport. There is also significant precedent for the use of Ballard fuel cells in rail vehicles. For example, BRalaCifHD100 was used

on HydroFLEX 1.0 and The Arcola Energy/University of St Andrews Class 314 passenger train retrofit project utilis&® kiilis€anoveiD fuel cell.

15 https://iwww.ballard.com/fuekcelksolutions/fuetcellpower-products/motivemodules
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14.3.2 PLUGPOWER

Table25: Plug Power PEKuel cells(opensource data courtesy of Plug Powvi€r)

Model | Rated Net Power (kW) Idle Power (kW)| Weight (kg)| Current (A) DC voltage range (V) | Length (mm)| Width (mm) | Height (mm)
P15 15 - 248 - 80 OR 280430 985 674 567
P30 30 - 240 - 280-430 OR 500750 1341 833 415
P85 85 - 240 - 280-430 OR 500750 1005 700 400
P125 125 - 350 - 280-430 OR 500750 1400 700 400

Plug Power Inc. are an American company, primarily developing Proton Exchange Me(®&®hkydrogen fuel cell stacks, with products aimed at the

mobility and backup power markets. In 2020, Plug Power introduced 125 kW Progen fuel cell engines for heavy trucksaihehlygypplications’

The HydroFLEX 2.0 train utilises 4 x P125 fuel cells, providing a total fuel cell power output of 500 kW. However gdhaameability and useful service

life of the fuel cell stacks, the HydroFLEX 2.0 project took the decisiorraialéhe maximum output of each fuel cell from 125 kW, down to 100 kW. This

strategy enables a 400 kW total fuel cell output that is expected to remain constant throughout the service life of the train

16 hitps://www.plugpower.com/fuetcellpower/progen/
17 https://lwww.greencarcongress.com/2020/02/2020028ugpower.html
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14.3.3 QUMMINS(FORMERIMYDROGENICS)

Table26: Cummins HEuel cells (opersource data courtesy of Cummits)

Model Rated Net Power (kW) Peak Efficiency (% Weight (kg)| Current (A)| DC voltage range (V Length (mm)| Width (mm) | Height (mm)
HD 8 8.5 51 52 0-380 20-40 379 406 261
HD 10 10.5 53 47 0-425 24-48 408 406 261
HD 15 16.5 53 55 0-425 32-64 494 406 261
HD 30 31 59 72 0-500 60-120 719 406 261
HD 45 45 59 95 0-450 88-180 848 406 255
HD 90 93 59 360 0-500 180- 360 1582 1085 346

Hydrogenics was a manufacturer of PEM fuel cell stacks and electrolyser stacks. In 2019, Cummins Inc. acquired a Rejorityystagenics, and

branded all former Hydrogenics products as Cummins.

¢tKS ¢g2NI Ra FTANBRGO KE@RNRBISY FdzSt OSft f-mduhtedl 200 WA BEWI fuelN2ll Eofpositioh Built 2o @ & 33/KA/ RE R A |
HyPMt-HD30 power modules by Hydrogeritcgow Cummins). It should be noted that the HD 90 fuel cell is simply a composition created using three

individual HD 30 modules, with common manifolds and connections.

18 hitps://www.cummins.com/newpower/technology/fuelcell
19 hitps://www.urban-transportmagazine.com/en/hydrogefuel-cellszero-emissionpassengetrains/

PAG1080f 161



4
Deutsche Gesellschaft

I Z fr Internationale
Zusammenarbeit (GIZ) GmbH

14.4 TRACTIORBATTERIES
Individual traction battery arrangements are not detailed here as batteries can be configured
using standard cells by battempanufacturers and cell integrators into whatever arrangement

is desired by the customer and specific project.

14.4.1 AKASOL
AKASOL provides the lithidgion traction batteries for the Alstom Coradia iLint, with two
battery systems providing a combined capacity of 220kWh, withRat€ of C3° Each 800 V
battery system has 111 kWh, with a mean discharge of 225 kW, and a peak discharge of 450
kw21

14.4.2 HOPPECKE
Hoppecke provided the traction battery system for HydroFLEX 2.0. It has a capacity of 220 kWh
and has a discharge rate of up to 400kW. This system was integrated into the train, by Gemini
Rail Services, who provided auxiliary battery functional equipment, such as the battery thermal
management system and battery module converter. Hoppecke are also the main battery

supplier for VivaRail Litin their D Train family.

14.4.3 MITRAQBOMBARDIEROWALSTON!
The Bombardier Talent 3 electiattery hybrid unit has four traction lithiusron MITRAC
batteries with a total capacity of 300 k\A*h

14.4.4 DENCHI
HydroFLEX 1.0 utilised two 42 kWh Denchi lithiambattery packs?

14.4.5 RoLLSRoYCEMTU
As part of the MTU EnergyPack arrangement, there a selection @p@ibved large lithium
ion traction batteries are available from ReR®yce/MTU for use in hybrid drive systefhs.

Batteries are available in configurations with storage up to 122.4 kWh.

20 https://www.akasol.com/en/newsakasolalstomorder

2! https://www.urban-transportmagazine.com/en/hydrogefuel-cellszero-emissionpassengetrains/
22 https://www.hoppecke.com/en/news/vivaraiind-hoppeckelongterm-supplyof-batteriesfor-class
230s/

2 https:/fwww.toi.no/getfile.php?mmfileid=52027

24 https://link.springer.com/content/pdf/10.1007/s4053021-002569.pdf

25 https://iwww.mtu -solutions.com/eu/en/products/raifproductslist.htmlI?wcmmode=388
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14.5 COSTINGS

In 2022 thenominal cosof each component part of the system as described by this study is as

follows:

Table27: Costingsummary (courtesy of VSTS)

Hydrogen Storage Fuel Cell Stack Lithium Traction
Battery
Price per unit $2,700 per kg of | $2,500 per kW ofuel $600 per kWh
stored hydrogen celloutput power capacity

$756,000 (based on $1.5million for a

. . 600kW system
Total for project storage for a nominal $2m for an 800KW $264,000
280kgs)
system

The figuresin table Z are indicative only and do not include costs suchbas not limited to,
Project Management, detailed desigiravel/accommodation plant hire, commissioning,
control systemslesignandsupply shipping feefsluties andwarranties.A nominal provision of
between 25% and 50% of the total vatLfeom table 27 should be made to account for these

additional costs

15 TRANSFORMATIGNAN

Based on the data limited to that on which this reportstten, a toplevel transformation
plan can be found in figurd4. A more detailed transformation plan would be drafted on

completion of detailed design when every aspect of the design has been established.
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[i] Task Name ‘j Duration Start Finish Predecessors I Work a |1st Quarl 2nd Qua \ 3rd Quar{ ath Quarl 1st Quar\ 2nd Qua\ 3rd Quarl 4th Quarl 1st Quarl 2nd Qua \ 3rd Quarl 4tk
0 [3a)re| m| alm|sulsul al s | o] n]o|salre] ] | m[sulul a] s |0 | o|salee] m] [ |suls| ] s | o]
1 WP1 Project Management and Mobilisation 520 days Wed 01/03/23 Tue 25/02/25 0 hrs I 1
2 |E Project Start 0 days Wed 01/03/23 Wed 01/03/23 0hrs 031/03
3 Project Mobilisation 2 wks Wed 01/03/23 Tue 14/03/23 2 0 hrs
4 Ongoing Project Management 102 wks Wed 15/03/23 Tue 25/02/25 3 0 hrs
5 WP2 Detailed Feasibility 55 days Wed 15/03/23 Tue 30/05/23 O hrs L |
6 Route Review 3 wks Wed 15/03/23 Tue 04/04/23 3 0 hrs
7 Simulation 3 wks Wed 05/04/23 Tue 25/04/23 6 0 hrs
8 Equipment and Packaging Study 4 wks Wed 26/04/23 Tue 23/05/23 7 0 hrs
_9 Base Concept Chosen 0 days Tue 23/05/23 Tue 23/05/23 8 0 hrs 033/05
10 Design Brief Created 1wk Wed 24/05/23 Tue 30/05/23 9 0 hrs
11 WP3 Concept Design 50 days Wed 31/05/23 Tue 08/08/23 0 hrs LI |
[12 ] Concept Design 10 wks Wed 31/05/23 Tue 08/08/23 10 0hrs
13 Concept Design Finalised 0 days Tue 08/08/23 Tue 08/08/23 12 0 hrs +.-08/08
14 WP4 Detailed Design 100 days Wed 09/08/23 Tue 26/12/23 0 hrs
15 Detailed Mechanical Design 20 wks Wed 09/08/23 Tue 26/12/23 13 0 hrs
16 Detailed Electrical/Concept Design 20 wks Wed 09/08/23 Tue 26/12/23 13 0 hrs
17 Major Components Ready for Procurement 0 days Tue 19/09/23 Tue 19/09/23 1555+6 wks 0 hrs ©-19/09
18 Design Ready for Manufacture 0 days Tue 26/12/23 Tue 26/12/23 15,16 0 hrs *26/12
19 WP5 Standards Compliance 120 days Wed 15/03/23 Tue 29/08/23 0 hrs 1
|20 | Standards review 20 wks Wed 15/03/23 Tue 01/08/23 3 ohrs
21 Recommendations for project 4 wks Wed 02/08/23 Tue 29/08/23 20 0 hrs
22 WP6 Procurement and Build 235 days Wed 20/09/23 Tue 13/08/24 0 hrs
23 Major Component Lead Times 24 wks Wed 20/09/23 Tue 05/03/24 17 0 hrs
24 Sub-Assembly Build 12 wks Wed 24/01/24 Tue 16/04/24 23FS-6 wks 0 hrs I
25 PMU Assembly 16 wks Wed 17/04/24 Tue 06/08/24 24 0 hrs l
26 Locomotive Modification 15 wks Wed 27/12/23 Tue 09/04/24 18 0 hrs
27 QA Approval 1wk Wed 07/08/24 Tue 13/08/24 25 0 hrs
[ 28 | PMU Ready for Testing 0 days Tue 13/08/24 Tue 13/08/24 27 Ohrs *13/08
29 WP7 Testing and Commissioning 115 days Wed 14/08/24 Tue 21/01/25 0 hrs I'I—I
[30 | Initial Static Testing (load bank & locomotive test 6 wks Wed 14/08/24 Tue 24/09/24 28 0 hrs
31 Integration with Locomotive 2 wks Wed 25/09/24 Tue 08/10/24 30 0 hrs
32 Dynamic Testing 15 wks Wed 09/10/24 Tue 21/01/25 31 0 hrs
33 Testing Completed 0 days Tue 21/01/25 Tue 21/01/25 32 0 hrs 012 1/01
34 WP8 Commercialisation and Next Steps 510 days Wed 15/03/23 Tue 25/02/25 0 hrs r 1
I Marketing 102wks | Wed 15/03/23 Tue 25/02/25 3 0hrs
36 Development Plan 15 wks Wed 14/08/24 Tue 26/11/24 27 0 hrs
E2 Lessons Learnt from Build 3 wks Wed 22/01/25 Tue 11/02/25 33 0hrs
38 Next Steps 4 wks Wed 22/01/25 Tue 18/02/25 33 0 hrs
39 WP9 Project Close/Reporting 25 days Wed 22/01/25 Tue 25/02/25 0 hrs
40 Final Reporting 5 wks Wed 22/01/25 Tue 25/02/25 33 0 hrs
41 Project Closed 0 days Tue 25/02/25 Tue 25/02/25 40 0 hrs + 25/02
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16 SUMMARY

Based on the findings within this repoit has been determined that it theoreticallypossible

to power a SB39 or SD40 locomotive using hydrogenas a fuel The reliability of these
conclusions heibeendeterminedbased on the accuracy of the data provided, the availability

of equipment at the time of writing and the judgements mauleing to+ I y 3 dzI Nd@a NI | f

experience with diesehydrogen conversions.

Notably, it was discovered thatespitethe limited space available within the locomotive body
between 270kgand 280kg of hydrogerould be carried onboard, of which betweerb2kg to
264kg would be usable whilst preserving the minimum pressure in the tanks needed to
operate the fuel cellsThis, crucially, could be achieved using readily available equipment

already proven for use within rail vehicles (at the time of writing).

Alongside methods of integrating the new technology with existing technology within the
locomotivesand following closer inspection of the locomotive control systeitisas also been
establishedthat there should be minimal changes to thevay in whichthe locomotivesare
operated and even potential reductions inthe maintenance activitiesrequired for the

locomotives(andresultantcostsavings.

Finally,subject to closer inspectiothe consideration of hydrogen supplies (both existing and
conceptual)has been deemed sufficient for the operation of a hydrogen powered freight

service across the given routes.

16.1 RECOMMENDATIONS

It is recommended that out of the two routes and locomotives investigated ctmral zone
route and theSD39 locomotive is the most suitable for the adoption of Hydrogddybrid

technology. The main reasoning for this is as follows:

1. A SD39 locomotive on thecentral zone line will require25% lessnstalled fuel cell
power compared to &D40 conversion for thecentral ¢ south zone route (600kW vs
800kW)

2. Twice as much hydrogen can be carried in each train as two locomotives are used
instead of one. Theoretically, two round trips could be achieved by a train powered by

two SD39locomotiveswithout fuelling
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3. The Air Products facility at Granerisslocated only 17km away frothe central zone
route’s originfuelling point by road. Thus, a source of hydrogen is potentially available

close to the route.

16.2 NEXTSTEPS

All outputs fromthis initial feasibility studyare the result ofremotely gatheringand processing
information around the locomotives, their respective routes and thature of the

environments in which they are used supplied by the operator

Before any definitive conclusions over whether to perform digsel to hydrogertonversions
are made, groposal for the detailedlesignwork and execution ofthe worksmust beagreed
upon to enable all partieduild upon the foundations laid by this repoand facilitate the

conversion(s) to the satisfaction of all parties involved

This would most likely involve a site visit from Vanguard to thoroughly survey the locomotives

in question in addition to commercial discussions with GIZ and TRANSAP.
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APPENDIA: ORIGIN T®ESTINATION OF TBENTRAZONEROUTERESULTS

1. Set vehicle characteristic

. . 2-2. Extra setting Output
Train selection Train properties B
Mainline Tare mass (tonnes / trainset) Maximum speed (km / h) Rotational inertia Initial battery SoC = e i ‘ i ‘ ‘
Metro ) 3136 105 0.09 80 Eﬁﬂ L Train trajectory
e Max motor power (KW) Number of runs Passenaerffreiaht load Max batterv charae power (KW) %‘ U = = Line speed limits
o ———————————
= 600 Traction 3206 1 0 1760 3 o0 - : ‘ ' ‘ :
S 400 ges‘:t:"m Max tractive effort (kN Max accelerating rate (m / Max brakina rate (m / 542) TBC >0 2000 4000 ‘fr[_’UD BZDD 10000 12000 14000
veral
E G428 05 13 ime (seconds)
[ = P - — T ‘= m— T
-% 200 i i TBC % 0 Traction Power
8 Davis coefficients :f_z Braking Power
F— A B = 24
0 50 100 26 1.1 0.0096 TBC g6 | . | . | . E
Velocity (km/h) 0 2000 4000 6000 8000 10000 12000 14000
2-1. Set traction system = Time (seconds)
Traction system mass TBC = 5000F T T T T |
System selection (tonnes) Train auxiliarv power (kW) H2 tank capacity = Cumulative Energy
==
1000 1
Hydrogen hybrid v 232 112 554 TBC %
~ 0 . . . . . .
Electrical system configuration ”ﬁ, 0 2000 4000 6000 8000 10000 12000 14000
= " S - Traction current distribution Return current distribution o] Time (seconds)
Esalonon Rl ol GEl S ihstation ,'"!19[\[99'513"59 resistance (ohm / km) resistance (ohm / km) ([EC '5 100 T !
780 002 1866 1508 b
TBC @ 50 ]
Battery system configuration Fuel cell system configuratii, Diesel system configuration 5] | . . . . .
§ Max diesel engi > 0 2000 4000 6000 8000 10000 12000 14000
Battery capacity (kWh) Battery C-rate Fuel cell max power (kW) ax diesel engine power TBC % Time, Seconds
880 3 1200 1200 m
Train iournev time (s) Train kinetic enerav (kWh) Diesel consumption (ka)
Battery system FC power TBC
FC power level 1 rate (%) FC power level 2 rate (%) FC power level 3 rate (%) FC power level 4 rate (%)
10 125 15 175 TBC Substation enerav usace Substation inner loss (kWh) Transmission efficiencv (%)
3. Set route
Route model 0 =60 TBC )
sy = Transmission loss (kWh) Hvdroaen consumoion (ka) Batterv consumotion (kWh)
160 ki cet e g < o amems
o e 15
350 knvh fest line E g (BERIRE, il
Customized line = -400 220
< g BB Simulator control
Altitude Convert  Reverse @
500 > SIMULATION FINISHED.
4. START SIMULATION | 0 50 100 150 0 50 100 150 . ! r | 7 [ | |
Distance (km) Distance (km)
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