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EXECUTIVE SUMMARY

TheNorth Carolina Department of Transportatigail Division (NCDOT) has responsibilitfor
the Piedmontpassengerrail service between Raleigh and Chrotte, NC. Standard train
configuration is two locomotives in a pydlll configurationwith three to fourailcars depending
on daily ridership demands. NCDOT plans to switch to a locomptigcab control unit (CCU)
pushpull configuration by mieR021 Counties along the route wagpeeviously inEPA air quality
nonattainment statusCombustion of diesel results BPA regulatedpollutantsas defined in
40CFR1033NCDOT has the desire to reduce their environmental infpaict rail operations,
specifically emissions impacting air quality. Previous projects included the extensiug tést
biodiesel andrial installation of aftertreatment systems to the existing locomotivesdiace
exhaust emission pollutants.

Hydrogenfuel cell propulsiontechnology k n o wn a affergithegodsibity td eiminate
all harmful emissions from operations as théaust is water, primarily in vapor formand
thereforeis consideed a zereemissionoption. NCDOT commissioned the Cem for Railway
Research and Educatid@RRE) at Michigan State UniversityMSU) to asgss the technical
feasibility of a hydrogen fuel ceppowertrain for the Piedmont service and estineatergy as well
as emission impacts through the respective supmyndor diesel hybrid and hydrail options
Hydrogen is an energy carrier and, therefoan be produceffom many different feedstosk
including fossil fuels, biomass, and electricityth varying impacts on emissions and energy
consumption.

The authorautilized modelling tools teestimatefeasibility, energy and emissions impactsrF

train operations th€RREsingle train siralator was adapted and modifiddr the supply chain
well-to-wheel (WTW)assessmenthe Greenhouse Gases, Regulated Emissions, and Energy Use
in TransportatiofGREET)model wasemployed.

Route and train informatiomvere required inputs as well as efficiency maps for all major
powertrain components, such as traction motgemerator, igsel engine, and fuel cell system.
Where data was not available from NCDQdre-existing data in the modelling tools and
information from literaturavas utilized. A traction motor mapas developed at MSU.

The train configurationwith a dieselelectric locomotive and CCWwias usedasthe benchmark

The simulatowasvalidated with recorded data made available from NCPg€ulation results
werewithin acceptable margins compared wigcorded datdn total 25 train configurationseve
modelledincluding battery hybridsand nine hydrogen production pathways evaluated in addition
to the conventional diesel supply chain.

Primary results were that diesel hybrid options have the potential to reduce emissions and energy
both from operabns andon a WTW basis. However, implementation of the reqummegbulsion
components in amxisting diesel locomotivés likely not possible due to space and weight
constraintsConversion of £CUto houséatteries ohydrail componentappears to befaasible

choice. Zero-emissions cannot be achieved with a diesel hybrid as hydrocarbon combustion
continues onboard thenmodified diesel locomotive




A hydrail solution is feasible as it is likely that all powertrain components coutistaledon a
locomotive or convertedCU. Refueling afterone roundtrip would be necessary if a single
locomotive plus unconverted CClttain configurationwere adopted while it is likely that two
roundtrips could be completed if a locomotared converté CCU or two locomotiveption would

be implementedContinuing to follow existing protocols of plugging in trains every night upon
return to Raleighlwould reduce overall energy consumptibiatteries were also rechargdche
lowest energy reductioof feasible solutions was 14% for the diesel plus battery option. Lowest
energy reduction faheevaluated hydrogen optiong&as19%, resultingfrom afuel cell powertrain
without batteried the locomotive would haul a train with a roperating dies€ls a emergency
backup)on the other endlhe highest energy reduction of all evaluated optiod8%s achieved
with a single locomotive fuel cell hybrid plugin powertraptions with a single locomotive and
CCU configuration have higher energy reduction paredto a singldocomotiveand converted
CCU options However the difference in energy reductibetween these optiomssmall

An option where the powertrain is distributed across two vehigldg only feasible option for
hybridization with a diesd locomotive andvould makdamplementation of &uel cell system (FCS)
and hydrogen storage tangéasier as more space is availalid aeight constraints are reduced.
All hybrid options perform better than the corresponding version withbatterywhile all plugin
options offer the highest reductewithin a powertrain categorfor the fuel cell hybridptions,

a reduction in output from theowerplantdownsizing)has been considered witie objective of
reducing the number of fuel calystemgo make more volume available for hydrogen storage and
reduce capital cost. The impact on energy reduction from downsizing is small.

Operational risk could be reduced through an implementation prdagréetter understand and
gain operating expemee with the newtechnology.An option would be to install the new
powertrain components the CCUs andoperatingdiesel plus converted CCUrains until
confidence with the technology is sufficient fidly retrofit diesel locomotives with hydrail
powertraing thereby achieving fulkereemissiontrains. Thisprocedureis a standard practice
when introducing new technology to an existing service.

The recommendedhydrail configurationfor the Piedmont servicevould be the two locomotive
(i.e. converted CCUsfuel cell hybrid downsized plugirhased onease of implementation,
refueling frequencycapital costand energy and emission reductions. Such a configunrataid
probablyconsist of twaconverted CCUseach wittB00kW FCS power, a 135KWh batteryand
200kg of hydrogen storagelf hydrogen storage were approximately doubled, it is likely that
refueling after two roundtrips could take place rather than after one. Options aréamttraction
motorsperconverted CCU or four traction motors peneerted CCU if power were limited during
accelerationA version where all eight wheelsets of ttanverted CCUsarenot limited in power
was also evaluated and would lead to an approximatetyid@tejourneytime decrease for a one
way trip, but energy reduction wouldrop from 45% t®8%.

The highest energy and emission reduction on a WTW basis are achieme@lectrolysis at the
refueling site would take place and the electricity would be prodengcely from norcarbon
sources, suchsarenewables (e.g., hydro, solar, wind) or nucleaisting hydro powerplants are
approximately 110 miles from a likely refueling location. For renewable hydrogen production from

-iv-



electrolysis ata central locationvith 110mile deliveryto the refueling ise, emission and energy
decrease are only marginally affect@tien transportation is as a gda®r the liquid hydrogen
optionemission reductions are also only slightly affected but energy consumptioninanelase
by a small margin. Electrolysugith electricity from the SERC grid, of which North Carolina is a
part,would likely lead taincreases irenergy consumptigrgreenhouse gas and in some case
particulate matter emissions WTW basicompared to the dieseénchmarkThis option should
only be used if a substantidecarbonization of grid electricity would oc@as long asheprimary
objective is to reduce WTW emissio@urrently,most of thehydrogenis produced from natural
gasin the U.Sthrougha process called steam methane reforming (S&4fl)this option would
lead to emission and energy reductiagngroduced athe refueling siteand lower reductions if
delivered Production from biomass leads to similar results as SMR buthigtier energyand
emission reductions.

The results from the analysis show thatiesel plus battery train configuration would result in
energy and emission reductions, antyalrail option could be implementeon the Piedmont
corridor, which would offer energyreducton and zero emissioria operationsOn a WTW basis
emission and energy reduction are possibith several production pathways and a 100%
renewable optiorcould potentially be implemented phased technology adoption would be
possible withthe first phase being a diesel locomotive with battery CCU. At the same &me
proof-of-concept hydrail locomotiveould be constructed twalidate simulation results aridst
and demonstrateasibility in actual operation.
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Introduction

1 INTRODUCTION

The Piedmont passenger rail serveomnectsRaleigh, NC, and Charlotte, N&hdis maintained

by the North Carolina Department of TransportafioRail Division (NCDOT). NCDOT seeks to

reduethe environmental impact of its operations, particularly exhaust emissions that impact local

air quality, as well as overall Greenhouse GaBlG) emissionsSNCDOT also wishes teedue

energy consumptigrbecomea rail technology leader, demonsgtath e St at eds ¢ o mmi
innovationandtechnology capabilities, and highlight opportunities for further development.

In this report the authors assesvarious low and zereemission powertrain technologies and
associated energy supply chainat may be suitable for the Piedmont sereicdme et NCDOT 0 s
goals. Atechnical feasibility studwtilizing simulatiorbasedmodellingwas conducteavith an

emphasis on hydrogen fuel cell technologies applied to railway vehicles (hyi@nbination

with batterybased onboard energy storagéiese optiongio not require continuous wayside

power infrastructureuch as overheamntact systemghile eliminating harmful emissions at the
point-of-useand enable a relatively long range of travel before refueling is required due to the high
energy density of hydrogen.

The Center for Railway Research and Education at Michigan Btatersity (CRRE) is the
leading North American academic researelource with expertise in levand zereemission
railway propulsionNCDOT appointedCRRE to researchnd evaluate technical feasibility and
performance of severgdowetrain configurationsor the Piedmont service. CERconducted
similar researchdr the San Bernardino County Transportation Awitly (SBCTA) in California
(MSU CRRE & BCRRE, 2019)ith a focus on a multiptenit passenger rail vehiaterer a shorter
route, which highlighted technical hydrail feasibilityHowever, the Piedmont service
characteristics differ significantly to the SBCTA case, bdowpmotive hauledhaving higher
power requirements, and operating over a much longer, nohieh required an additionatudy
considering these parameters. Nélvelessgeneral technology feasibility has been shown in the
SBCTA feasibility studyand through various prototypes acdmmercial service operation of
multiple-units in Germany Currently, the Piedmont service would be the hydrail project with the
highest power requiremenand longest operating ra,ttherefore, offering the potential to
demonstrate the technology on a larger scale.
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1.1 Scope and Limitations

In the presented research, the autleweduatedseverapowertrain configurations coverimgesel,
hydrogen fuel celbnd hybrids of these with battery technology where components are either
installed in a single locomotive or split between two locomotiees on either end of the train.

In addition, a welto-wheel (WTW) analysis was conductéa estimate the total energn
emission impact of varioutiydrogen supply optionsThe Greenhouse Gases, Regulated
Emissions, and Energy Use in Transportat@REET) model was employed to estimate
emissions and energy requirements.

Power and energy geirements were determined usingiagle train simulatiomodel This also
identifiedrelative size of majopowetrain components, such asergy storage systenigel cell

system ECS, and hydrogen storage tanksquired forthe Piedmont service andspective

powertrain A comparison between different options was then posaidehighlevel technical

feasibility could beassessedo nsi der i ng NCDOT$asadcabwantrobursttThel o ¢c o mo
focus of the technical feasibility was atilizing existing equipment where possible.

Neither physical plantnor component testingras part of the projectResults vere determined
through single train computer simulation. Results emeh#ng d components in terms of volume
and massVirtual integration of the new drive trains into the existing locomotive shedinmputer
aided design@AD) or through engineering drawinggs not part of the work to be performed.
Component selection and performance diatageneric and not linked to a manufacturer
Information vassourced through literature and existing data in the simulator. Spsepjier
product data may vary compared tdhe generic characteristicdmulated Data provided by
NCDOT was utilized wherever possiblghis project el not include simulation verification with
experimental test but use of measured dateereavailable, vas utilized tocompare simulated
resultsof the benchmark dieselectric configuration witlthe provided data to calibrate the model.

The mmpto-wheel energy consumptioesulting from the single train simulatievasthe basis
to estimate poinbf-use emissionwell-to-pump and WTW energy and emissions. The data,
including decrease iGHG emissiongor low- and zereemissions motive power options reflect
currentfuel sources that could become less pailytover time thereby impacting the overall
WTW supply chain. This is largely depdent upon factors such #se original production
feedstock,and electricity productionNo actual measurements energy and emission audits
where part of the work but the authors relied primarilyegisting data in the GREET model.

All the workwas conducted throuditerature review or modelling with information obtained from
NCDOT, literature, or preexisting data in the modeling topkherefore all results are estimates.

No detailed powertrain desigim optimization of thgpowertrains and assiated components has

been performeds the objective of the work as to assess overall technical feasMdity.detailed

work is required to design a prototype locomotiwel the results contained in this report ban

used as a start. Commercial calesations regmding price of energy and components have not
been considered in any detail and only been incorporated through the potential of smaller
powerplant in terms of power due to the current price differential between batterieeboell
systemand the assumption that lower energy consumption from operations is desirable as less
diesel, hydrogen, or electricity would have to be purchased. A more detailed economic feasibility
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study would be required to compare the various energy supply optioiise value of emission
reductions.

1.2 Structure of Report

Following this introduction, the report covetise backgroundto the researcltonsisting of
information regardinghe Piedmont servicecluding equipment currently usedn overview of
thecurrent U.S. rail system energy ussgulated emissiomesulting from railway operatiohjgh-
level information on GHGsfinishing the section with briefly highlightingrgvious NCDOT
efforts to reduceemissions Nextan introduction to hydrogen and épplicationto railways is
providedi a true zero emissions option whfre hydrogen supply chain is powered fully b
renewablesThe report then continues with a description of the methodosggloyedto
detemine both energy requiremengsimulation) for train operationand the tool utilized to
estimatesupply chainenergy and emission impadfSREET, using industry specific data23
primary powertrain configurations were assedeachwith their applicableenergy production
method while severalhydrogen supply options were considered for the applicable cases.
productionmethods Next, smulation results ar@reseted anddiscussedefore finishing with
conclusions includingey findings andecommendationetailed results are pvaed in the
appendix for reference.
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2 BACKGROUND

In this section, the authors provide information about the Piedmont sstartieg with the route

followed by the current equipment employeefore providing an overview of U.S. rail energy
consumption and emission regulatidie section finishes withsummary f NCDOT6s pr ev
efforts to reduce emissions.

2.1 Piedmont Route Information

Kingsport s mnvine Chesapeaki
: Y >
_Johnson City ‘Henderson & Elizabeth Gity
‘. B Winston Sa]%peensboro Burlington e
2 i i
b Blue Ridge ra?gg% . . Rocky Mount Edenton

Statesville Thomasville Car\.Calaleigh
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c Kannapsli oL Sanford 7
BQ’ o Goldsboro Swan Quarter
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: ? Charlotte Fayetteville Nl
artanpur - ¢ Ve
penville - i 9 2l Monroe Rockingham River
’ Rock Hill ) Jacksonville
i Laurinburg Lumberton
_Anderson &) W

Figure 2-1: lllustration of the Piedmont Route
(Harris, 2019)

The Pielmont service corridor is a 3#mile (~278kilometerg oneway rail line with two terminal

stations (Raleigh and Charlotte) and seven intermediate passenger rail sidi®nsute is
illustrated inFigure2-1. Table2-1Each roundtrip is 88 miles(~560route kilometersand aone

way trip takes 3 hours and 10 minutes including nine total siop$ocation of the stops and dwell

time is preented inTable 2-1. The Piedmonserviceis marketed by AmtrakCurrent service
frequency is three southbound and three northbound trains spread across the peak travel hours of
the dayPlans exist to increase daily service frequency by adding an additional roundtrip.
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Table2-1: List of Stationd.ocations and Dwell Time fa Roundtrip

Station km miles I;)we!l 417

in minutes
RALEIGH 0 0 2
Cary 14 9 2
Durham 42 26 2
Burlington 97 60 1
Greensboro 132 82 2
High Point 154 96 1
Salisbury 210 131 1
Kannapolis 235 146 1
CHARLOTTE 278 173 50
Kannapolis 321 200 1
Salisbury 346 215 1
High Point 402 250 1
Greensboro 424 264 2
Burlington 459 285 1
Durham 514 319 2
Cary 541 336 2
RALEIGH 560 348 2

Maximum train speed on the route ismph (~127 km/h)average speed is 63 m{tL00km/h),
andit is possible that in the future the maximum line speed will be raised to 110-tkiphkm/h)

in places plus potential for additional stopsie speed limit and speed profile of the train are
presated in theSimulation Results and Discussisection.Topographic elevation changes result
in several gradients along the rguteth illustrated irfFigure2-2.

Gradient and Altitude vs Distance

- Gradient [%] — Altitude [r

| Mol M f”.w mw\

37 75 112 149 187 224 261 299 336 373 411 448 485 523
Distance [km]

Figure 2-2: Gradient and Altitude Changeof the Piedmont Route
starting at the reference point of Raleigh
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Gradients have a significant impact on the resistance to motion enaolbte the train and
therefore significantly influendgaction and braking requiremermtsequipment operated over the
route.

2.2 Current Equipment on the Piedmont Route

The Piedmont servicas provided by locomotiwhauled trains that typically consists of a
locomotive,three orfour intermediatepassenger and luggagarsdepending on daily ridership
demandsand asecond locomotiveNCDOT has a fleet o$ix F59PHand two FSPHI diesel

electric locomotives rated at 2.2MW (~3000HR)train of the described configuration operates

in pul-pull mode where thkeadlocomotive pulls the train ipachdirection,astandard passenger

railroad operating practicén Figure2-3, exampl es of NCDOTO6s F59PH |

Figure 2-3: F5 DieselElectric Locomotive Employed on the Pied
(Hoffrichter, 2013 2019

A F59PH has aveight of approximatelyl23t and ha a fuel tank holding approximately800
gallons (6800 liters) as povided by Harris from NCDOT The powertraincontributes
approximately 42(ElectroMotive Diesel, 1994)o the total

Diesetelectric locomotivesemploy a diesel combustion engigennected toa generatoito
produce electricitghat is utilized in traction moterto drive the wheels in truck assembliEise
current NCDOT locomotive flees utilized DC traction motonererecent locomotives typically
employ AC motorsin Figure 2-4 a block diagram of a dies@lectric powertrain withmAC
traction motor is deicted. All major components and their respective efficientgps or curves
were considered in the train simulatigmoviding the pumjio-wheel part of the work.
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Figure 2-4: Block Diagram of a DieselElectric Powertrain with AC Traction Motors
(Hoffrichter, 2013)

Passenger cargypically three or fou{depending on demand) each trainprovide pace for
luggage and have seats for customers. Ptatbe cars for lighting and climate control is provided
by the locomotive usually referred to as auxiligrirotelor head end powgHEP) NCDOT 6 s
locomotives have a separate HEiBselgeneratosset that cannot be used for tractidime cars
arepulled or pushed by the locomotive acahnot provide traction required for motion, which
distinguishes them from multiplenits. In Figure 2-5 photos of the passengears employed on
the Piedmont are depicted.

Figure 2-5: Exterior Photos of Passenger Car¥Jsed of the Piedmont
(Hoffrichter, 2013)

Cabcontrol units are norpoweredvehiclesthat offera cab forthe engineer and allow control of
the locomotive on the other end of the train s i mi | a r Non-Bowehketh Contok Wdnis
Easierand fasteoperation aterminalsis possible with this arrangemead the need to move the
locomotive to the new head end the train is eliminated while avoiding tmequirement of a
second locomotive on the train. Cabntrol unitsare converted from locomotivewhere the
powertrain at theend of its servicefle, is remove while driving controls retained.
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Figure 2-6: Cab Control Unit
(Hoffrichter , 2018)

Cab control unit§CCUs) offer NCDOT the opportunity to utidie the space previously occupied
by the dieseklectric powerplanfor components of aalternative powertrain, such as fuel cell
systems or batterie¥he volume availablén a CCU is approximatel$2.5n? if one of the two
walkwayswould be eliminated~41n? if both walkwayswere retained) determined by initial,
high-level measurements camcted by Harris from NCDOT and Hoffrichter from CRREhe
weight of a CCU is approximately 82enabling a41t powertrain if a similar weight to the
locomdive is the target, andpowertrainweight of yp to 48t would be possiblé the maximum
operating &le load on the rout®f 32.5t would fully utilized, according to Harrisbut a lower
weight would be desirahle

A further advantage of converting existing CAbl¢he potentidl lower cost compared to a new
locomotive In addition,redundancys introducedas twopowered vehiclesiould be present on a
train; this is particularly udel if a new technology would be testad the impact on the service in
case of a malfunction woulak limited.

2.3 Overview of Current Energy Useand Emissions inthe U.S. Rall
System

The two primary power provision options for railwage wayside electrificatioror on-board
generation. Wayside electrification, often simply referred to as electqojres continuous
infrastructure on the righdaf-way to supply electricity to the traiithis istypically through either
overhead wires or through groutelel third rail, the latter popular in subway systefmodern,
alternating current (AC) overhead caat system is shown Figure2-7.
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P -

5 i % o :
Figure 2-7: Wayside Electrification with an Overhead Contact System irDenver
(Hoffrichter, 2 016)

In the U.S., orboard power generation is typically achieved with a diesel engine conneeted to
electricitygenerator. Theesultingelectricity is subsequently used to operate traction mokars.

powertrain igdiesetelectic, often simply referred to as diesshdused n NCDOT6s | oc omo
Figure 2-4 illustrates a diesetlectric powertrain with a thrgghase generator and thyplea®

traction motors, representing a typical modern arrangement for passenger and freight motive power
vehicles in North America.

Energy consumption from dieselectric motive power dominates in the U.S. while the remainder

is provided by electricity fronwayside infrastructurORNL, 2019) Electric motive power is
primarily utilized in urban railways, such as the LYNX system in Charlotte, NC anelbiggity
passenger oper at i o rEastGuidoh(Waskingtdnm2CrtaBogios, MN)o r t h
In Figure 2-8 the energy consumption of the railway system in the U.S. is illustratetthe
dominance of diesel can clearly be seen.




Background

ELECTRICITY ELECTRICITY ELECTRICITY
OIL PRODUCTS (FOSSIL) .(NUCLEAR) .(REMEmBLr_} .BloFUELS
600
]
--
- -
500 = n
400 B e
-
300
200
100
0
Oﬂumenwhwmoﬂunenwhwmo-—uﬂne_ﬁ
o 0 0 00 0 a0 0 Q0 0 0 0 Q00 Q0 Q9 dodddd
LR R EEEEEEEEEE-EEEEEEEEE-E-E-E-R-
A ddHH A A NN N NN NN NN NN NN NN N

Figure 2-8: Railway Energy Consumption in Pegjoules in the U.S.
(IEA & UIC, 2017)

Wayside electrifiation eliminates emissions at the pewftuse but requires extsive
infrastructure with associated significant capital expenditure. The overall environmental
performanceis dependent on the source utilized for electricity generatiower emissios
compared to diesatan be achieved primarily renewablesare the sourceor an increasés
possibleif coal is the primary source. Continuous wayside electrificatidikety economically
unfeasible for the Piedmont service due to the high capital expenditareinfrastructure
installation along the righdf-way. Thereforethis option has not been considered further in this
study.

During kraking phases of the train, enengystbe dissipatedAll trains have a mechanical braking
system, vinerebrake pads or shoes ampplied to the wheel or a brake disantrolled through
pneumaticconnections along the train with air provided by the locomofivaalternative method
is the utilization of the traction motors as generatdrsre the resulting electricity is converted to
heat in resistor grids, known as dynamic brakiWgth appropriate technology, most of the
generated electricity from braking can be stored onboard of the aairoption known as
regenerative brakindgrigure2-9 illustrates the theoretical potential faegenerative braking at the
wheels as depends on stopping frequency and sipead.be seen th#te stopping frequency has
a large impacthan the speed of the train.
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Figure 2-9: Potential for Regenerative Braking at the Wheels
(Shaofeng Lu et al., 2008)

On-board energy storage systems (ESS) enable capture of erengying from braking,
particularly on downhill segments amthen approachingtation stopsthis energy can then the
employed in the next acceleratipphase decreasing the primary fuel requirem&heé route
charactesticsof the Piedmont servideatureelevation changes amsgveral stopwith relatively
high-speedoperation, therefor@otential for regenerative braking is peas Installation of a
batterybased ESSvould enable regenerative braking acieéate a hybrid powertraiwhere the
primary power plant would be either the diegeheratoiset or a fuel cell system. A further apt

is installation of the ESH a CCU, effectively creating a battery locomotive if traction motors are
added,both optiors areconsidered in the conducted wotk additionto charging the batteries
through braking energyhey could be charged from axternal sourcéhrough a connection to
the velicle, creating a plugin versigrwhich has been evaluated as part of the study. Several
possibilities for charging equipment could the installed, such as charge bars, wireless power
transferor connection with a cabléssessing the feasibility and appropriateness of the various
charging infrastructure options are outside the scope of thiy st should be evaluatad
NCDOT wouldchoosea plugin solution.
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The spacan a CCUcould also be eployed for an entire alternative powertrain consisting of
hydrogen storage, fuel cell system, and traction motors with the potential option of adding batteries
creating a hybrid powertrain. In the conducted work, both optimisding a plugin versioare
considered to estimate the impactemergy consumption and emissson

More detailed information about the modelled options is provided iRdine@rtrainTechnologies
section.

2.3.1 Air Quality-ImpactingEmissiors

The combustion of hydrocarbons, suchcaal, diesel, and natural gas resultseimissions that
impact air quality andyreenhouse gas (GHG) emissioiitie U.S. Environmental Protection
Agency (EPA)regulates the allowable emissioresulting from hydrocarbon combustion on
railway vehicle§EPA, 2016) Standardgor exhaust emissionsave become progressively more
stringent, and the latefsr railway motive power vehicles is Tiere#fective for locomotives built
from 2015 onwardsThe applicable EPA standardseflected in 40CFR1033are depicted in
Figure2-100.NCDOT 0 s Idec@matRds currently achieve a Tier 0+ stand&tdrris, 2019)

Locomotives: Exhaust Emission Standards

D Cycle ® Ti Year © HC' NOx PM co Smoke Minimum Useful Life Warranty Period (hours /
uty-Cycle 1er ear {g/hp-hr) (g/bhp-hr) (w/bhp-hr) | (g/bhp-hr) | (percentage)™ | (hours !/ years / miles) " years / miles) "
Ter0 | oot 1.00 95[ABT] | 0.22[ABT] 50 20/40/50 | (7.5xhp)/10/750,000 °
1093 (7.5 x hp) / 10/ 750,000 °
Tier 1 055 7.4 [AB 022[AB 22 25740150
2004 @ [ABT] [ABT] 7F5xhp)/10/-
Line-haul 2005-
Ter2 | 2% 0.30 55[ABT] | 0.10*[ABT] 15 20740150 (T5xhp) /101
2012-
Tiers | 2012 030 55[ABT] | 0.10[ABT] 15 20740150 (75xhp){ 101~
Foderal Tierd | 2015+9 0.14 13[ABT] | 0.03[ABT] 15 - (75xhp)/101- 113~ Usaful Lif
Tier 0 12%3’ 210 11.8[ABT] | 0.25[ABT] 8.0 20/40/50 | (7.5xhp)/10/750,000 °
2002- _ )
Tert | 200% 120 1.0[ABT] | 026[ABT] 25 25740150 (T5%hp)/101-
Switch Tier2 225?05’,, 060 81[ABT] | 013'[ABT] 24 20740750 (7.5x hp) /104 -
Ters | 2 0.60 50[ABT] | 0.10[ABT] 24 20740150 (T5%hp)/101-
Tierd | 2015+ 0.14] 131[ABT] | 003[ABT] 24 - (75xhp)/101-

Figure 2-10: Locomotive Emission Standards
(EPA, 2016)

California has ambitions to reduce emissions beyond the Tier 4 standard and deadlotrest
progressionreferred to as Tier 5, illustratedigure2-11. Currently, this proposed standard is

under consideration by the ER#Adthe suggested implementation datsuld be2025. In

addition to theemissions regulated in the previous Tj&$G have been addeddaa provision

for zereemissioncapabilitieshasbeen ntroducedDe f i ni t i on of MfAdesignatec
quality is not yet defined. It could cover all ERAnattainment or even EPA maintenance areas,

in which case most, if not all, of the Piedmont corridor would be affected.
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Potential Amended Emission Standards for Newly Manufactured Locomotives and
Locomotive Engines

NOx PM GHG HC
Tier Proposed T Proposed
Year of Standard | Percent | Standard | Percent | Standard Standard Effective
Level 5 2 Percent Percent
Manufacture | (&/bhe- Control (g/bhp- | Control [gfb;p- Controlt (g/bhp- Controf? Date
hr)t hr)t hr)t hr)

0.2 99+ <0.01 99 NA 10-25% 0.02 98
5 2025 2025

With capability for zero-emission operation in designated areas.
Figure 2-11: Potential Tier 5 Emission Standards Applicable to Railway MotivePower as
Proposed by California

(Nichols, 2017)

A trend to reduce emissions further, even beyond Tier 5, could be implied with the goal of some
states, suchs California, to reach zemmission railway operatiourrent locomotives produced

do not meet this standard, hence the focus on & zereemission technologie®ICDOT has

the desire taignificantly reduce emissiongith the poential implementatio of zereemission
technologywhen feasible

2.3.1 Greenhouse Gas Emissions

Combustion of hydrocarbons wittxygen (or air) leads to carbdmased emissions, suchasbon
dioxide, which contributes to the greenhouse effect. Scieritishd eridence suggestinghat
utilization of hydrocarbons by humgaand the subsequent release of GH&Sgading taclimate
changeesulting from global temperature ridB@CC, 2020)More details abougcienceof climate
change can be found publications of the Intergovernmental Panel on Climate ChédRg§&C,
2020)

There are several GHG%heir relative impact on the climate can be illustrated by the metric
Global Warming Potential (GWREPA, 2019) The primary GHGs related to transportation
activity are the following compounds:

9 Carbon dioxide (Cg), which represents the baseline GHG with a GWP of 1. The
compound results whelnydrocarbonsare combusted, which is the case dresel
enginesaandpowerplants thately oncoal, naturabas,or petroleumamong others.

1 Methane (CH) is the primary component in natural gas. Ilts GWP is 28 to 36.
Met haneds war ming i mpaclasdingadbos adeqadetbat r el a
this fact is considered in its GWP score. Methane is also a precursor to ozone, another
GHG, and this factor is also reflected in its GWP sdgiethaneis commonly used
in electricity generation and as fuel in some transportation applications.

1 Nitrous Oxide (NO) is one of many bproducts of combustiowith air, such as in
diesel enginesnd its GWP is 26298 times of CQ orapproximately ten timesat
of methane.

Modal shift from road to rail redusenergy consumption and emissions from the transportation
sector even if current diesel technology is employed. Efforts to introduceoforereemission
motive power options will increase the railvadtage and are necessary for the mode to remain
competitivegivenlower emission optionemergingn the road sector.
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2.4 Previous NCDOT Efforts to Reduce Emissions

The Piedmontravelsthroughmary counties thatvere registered by the EPA foon-attainment
of air quality standards the pas{EPA, 2020) As a public entityNCDOT has a desire to limit
their impact on air quality from rail operat®and to achieve that objectjubeRail Division has
previously examined use afternative fuels for railway motive powétfforts included testing of
biodieselandblends of petroand biediese] including B20 biodiesewhich demonstrated up to
a 60% emissions reduction©D, HC, PM2.5vith limited impact orNOx when these fuelwhere
tested in three Hservice locomotivegFrey, Graver, & Hu2016; Harris, 2019Additionally, an
EPA certified (JRPSK0710B0001)BlendedAfter-TreatmenSystem(BATS) was implemented
andimproved emissions from Tier O+ to Tier 3+ with Tier 4 upgrgaaaned for future systems
(Harris, 2019) Figure 2-12 illustrates theresults of the BATS testing in relation to the EPA
emission standards.

0.4

0.35

Unregulated

03

0.25
Tier 1

Tier O
0.2

PM (g/bhp-hr)

0.15
Tier 2 & Tier 3

0.1

Py BATS
0.05 Tier 4

Tier 5 (proposed)

0 2 4 6 8 10 12 14 16
NOx (g/bhp-hr)

Figure 2-12: EPA Tiers and NCDOT Demonstration Project Performance
(Cook, 2016 as quoted in Harris, 2019 EPA, 2016; Nichols, 201y

Previous efforts of NCDOT have shown commitment to reduce emissionglangness to trial
new technology.A combination ofoptions including BATS, biofueland a plugin hybrid
powertrain are likely to result in significant emission reduction but will not lead to a&pr@ssion
option. Thereforejnvestigation ofhydrogenas a potential fuel foNCDOT 6 s r a iisl
warrantedand complements previous efforts.
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Introduction to Hydrogen Rail Technology

3 INTRODUCTION TO HYDROGENRAIL TECHNOLOGY

This section descrilsehydrogencharacteristicend hydrailapplications. It includeproduction,
storageand transportatigrhydrogenfuel cell systerafollowed by an overview of batterieAt
the end of the sectippxamples ohydrail vehicles are provided.

3.1 Hydrogen Characteristics

Hydrogen (H) is the most common element in the univesisela common element on Earth,
occurringin compounds such as tea (H:O) and hydrocarbons such as natural gas or petroleum.
To obtain pure hydrogen, thssociatedompound must be splitherefore, His an energgarrier

(or vector) rather than an energgurce similar to electricity in this respect. As an energyrier,

it can be produced from many feedstocks enabling aamaission energy supply chain.

Hydrogenis a colorless, odorless gasambient temperatusndthe lightest elementt has the
largest energy density by mass, ~120MJ/kg low heatalge, of any fuel but low volumetric
energy densityThus it requirescompression or liquification to enable storage densities that allow
practicaltravelranges for vehicle applications. One kilogram of hydrogenahsimilarenergy as

a gallon of diedeHydrogen is not &HG and will escape into the atmospharel eventuallyo
spacedue to itsbuoyancy Hydrogencombustion with air results in water and small amounts of
NOx. The latterwill be avoidedwhenhydrogen is used in fuel csll

Hydrogen is an attractive option for an alternative fireteit does not contain any carbon
Whenutilized in fuel cellsit avoids all harmful emissions, has a relatively high energy density,
and can function as larggeale storage. Currently, hydrogsrused in many industrial processes,
such as petroleum refining and fertilizer (ammonia) production and is available asrdigaisl

for commercial purposes

3.2 Hydrogen Production

Hydrogen, asnenergy carriergcan be produced from many different sas;dllustrated irfrigure

3-1. Currently, the most common feedstock in the U.S. is nagiamMWater and natural gasea
reformed to create hydrogen and £O@his method is known as Steam Methane Reforming
(SMR), alternativelygas derived from biomass could be employed as a substitute for natural gas
SMR has been considered as part of the evaluation.

Anotheralternative rethod is electrolysis of water, where water is split into oxygen and hydrogen
with an electric current, the opposite proctsa fuel cell.Electrolysis is attractive as electricity
from renewable power sourcesnuclear power stationsould be used fanydrogen generation,
avoiding emissions from productiomth the possibility of an entirely renewable energy supply
chain. Electrolysisvhere power is provided by the grid and an option wherelysoénewable
sources are utilized are included in the study.
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Algae: Methods for utilising Gas: Natural gas or bio-gas are Qil: Hydrogen is produced with
the photo-synthesis for hydrogen sources with steam steamn reforming or partial
hydrogen production reforming or partial oxidation oxidation from fossil or
renewable oils

Coal: With gasification
techinology hydrogen may
be produced from coal

Wood: Pyrolysis technology
for hydrogen from biomass

Alchohols like ethanol and methanol
derived from gas or biomass - are
rich on hydrogen and may be
reformed to hydrogen

Power: Watrer electrolysis

from renewable sources

Figure 3-1: lllustration of Feedstock for Hydrogen Production
(IEA, 2006)

A hydrogen productionption from biomaskasbeen evaluated as part of this study and could be
anattractivepossibilityas renewable sourcesuld be utilized, which may have a positive impact
on emissionsMore detail on hydrogen production methods can be fouttkifPhD dissertation

by Hoffrichter (2013)

There are twossibleproduction locations for hydrogeonsidered in this studgither a unit is
constructed at the refuelingesand hydrogen produced locatiyhydrogen is produced at a central
location and transported to NCD@dcilities. Evaluated asite optimsincludeSMR, requiring a
gas supplyandelectolysis, requiring a higkpower electrical supplyhile both require watel
hydrogen would bsourced from a central location, delivésynecessary and would most likely
occur by truckas a liquid or in gaseous form, both options were considdgettogen production
locations in the U.S. ahown inFigure3-2, and it can beeen thathereis no major production
in North Carolinacurrently, requiringransportation from owbf-state However, it ispossiblethat
North Carolina couldtart producindiydrogenif the NCDOT opportunity was realizedhecause,
for instance both the Raleigh and Charlotte railyara® in close proximity to nuclear power
plants, and hog farms (methane) and fertilizer production are major industries in eastern North
Carolina and coultde sources of hydrogen.
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Figure 3-2: Current Hydrogen Production Locations in the U.S.
(Satyapal, 2019b)

The various feedstocks and associated production methods have different impacts on hydrogen
cost and environmental performance. Selection of appropriate hydrogen production pathways and

sourcingw i | |
required.

depend

on

NCDOTOG s

0 b jaerdtradenfts are likedyv ai | ab

3.3 Hydrogen Transportation, Distribution, and Storage

Hydrogen is produced as a merchant gd to customershrough various methods, primarily
dependent o the quantities requiredhe most commonptions are described in this section and
several on the technologies employed for the transportation of hydrogen lsoube autilized for
onboardstorage tanks on a locomotive.

In Figure3-3 the volumetric andjravimetric energy density efirious fuels and storage devices

is depictedThe topright corner repreens the highest energy density by mass and volume while
thebottom left corner represents the lowdistan be seen that liquid hydrocarbon fuels have the
highest energy densityherefore requiring the least amount of space and are the lightdkt of a
options. Batteries are at the opposite end with a relatively low energy density by mass and volume,
thusbeing relatively heavy and requiring a significant amount of sippeecéypical rail application.
Hydrogenhas a lower energy density than hydrocarbonsighter than batteries, and if the mass

of the diesegeneratosset is consideretbtal weight of the powertrain between the diesel and
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hydrogen option is similar. Nevertheless, hydrogen requires approxin3adetiynes the volume
for the same amount of ey stored as dieselThis higher volumerequirementaffects
transportation vehicle desigmelivery frequency, and onboardosage systemsUnlike the
automotive industry, rail applicationare less constrained bweight or space NCDOT
locomotivesare lkely to have adequate volume availalfi¢he diesel powertrain were removed
to accommodate fuel cell systentsydrogen storagand batteries This makes hydrogen an
attractive option for rail compared to utilization in rea@sed modes of transportatioamck as
automobiles and trucks.

12

[
(=]

Energy Density by Volume (MJ/I)

Ethanol

Hvdrogen Methanol
(700 bar}
Top performing Hydrogen DOE target (700 bar}

bdtlt‘rlﬁ‘& (R&D)
CNG (200 bar)

Hydrogen (350 bar)
thhlum Batteries
Lithium Titanate Oxide (LTO)

0 2 4 6 8 10 12 14
Energy Density by weight (MJ/kg)

Figure 3-3: Energy Density of Various Fuels and Energy Carriers

including tank system weight and volume and accounting for typical powertrain
efficiencies(Hexagon, 2019; IEA, 2009; Johnson Matthey Battery Systems, 2017)

The relatively higrenergy density of hydrogen per mass and production dapdimm electricity
make the element a suitable option for lasgale energgtorageseerigure3-4, which is required
if more renewableare to be pamf the future elecicity grid.
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Figure 3-4: Large-Scale Energy Storage Options
(Satyapal, 2019a)

The illustration also providesnformation about the suitabilitpf ESS options that could be
considered for rail applicationsighlighting thatsupercapacitors would heseful forhigh power
provision for short periods of time, whilbatteries ould providepower and energy over medium
time periodsbut their weight presents a challenge @Ggeare3-3) while a hydrogen systenould
provide relatively high energy storaged powerwhich is required for the Piedmont service.

3.4 Hydrogen Transportation, Distribution and Storage

Hydrogen isutilized in large quantitiesfor industrial processe Thus, most hydrogen is
transported, for the entire distance or in part, through pipeMibsrehydrogen is required in
lessemuantities not justifying a pipelinetransportation by trucils usedGillette & Kolpa, 2008)

3.4.1 Pipeline

Individual large-user industriakitesare often linkedby pressurizedjas pipeline networks, see
Figure 3-5, and there are approximately 1,600 mileswdrogen peline in the U.S(Satyapal,
2019b) Pipelines have a share of more than two thirds of the merchant hydrogen transportation
market. Pipeline transport of hydrogen has been practiced since the 1930s in G@vindery
2009)and is nowcommon in may countries, including the U.S
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Figure 3-5: Example of Pipdine Networks in Industrial Areas,
H2 pipeline shown in red(Miller et al., 2009)

About 16,000km (~10,000 milespf hydrogen pipeline exists globallgndmanyhave alength
up to 400km (~250 miles)n severalparts of the worldMost of theexisting hydrogemipelines
have a diameter dfOOmm (~4 inches)with operating pressure up to 16ar(Perrin, 2007)

The transportation capacity of pipelines carrying chemicals, such as hydrogen or natural gas is
significant Figure 3-6 illustrates a 60MW capacity for a standard AC high voltage system and

an appropriately sizethydrogen pipeline. Centralized hydrogen production and distribution to
major customerthrough pipelines, as currently practiced in the pelremical industry, could be
employed for railway applications where existing production facilaresinrelative proximity to
refueling sites.




Introduction to Hydrogen Rail Technology

High Voltage Pylon, 220 and
380kV AC. 60 metres high.

|
SRS TR VAR AN AR /A
Hydrogen Pipeline: 7
0.4 metres diameter
Figure 3-6: Energy Transport of 600MW each.
Drawing to scale.(Tetzlaff, 2008)

Figure 3-6 showsthat the impact of a hydrogen pipeline may be lower than an electrical energy
transportation system and that urgteund installation is possible.

Traditionally, hydrogen pipelines are constructed of steel, but more recently, composites are being
adopted within industrial plants. At a given pressure, hydrogen has abethiroihef the energy

density of natural gasut flows about three times as fast as natural gas at the same pipe diameter
and pressure. Therefore, hydrogen pipeline sizes and requirements are similar to natural gas pipes.

The following examplen Southern Californiallustrates central hydrogen pduction capacity,
pipeline transportation, and railway refueling:

Vehicle Projectd§ HydrogenHybrid Switcher locomotivein collaboration with BNSF railway,
wasdemonstrateérom fall 2009into 2010 Hydrogen for the trials was supplied by Air Products,
which operates several SMR plants in Los Angetamected to a pipelindistribution network
petroleum refineries, sdagure 3-5. The hydrogen supplier stated that about 2% of the current
production capacity itheLos Angelesareawould be sufficient tduelapproximately200switcher
locomotives, and that a connection to the pipeline network would be pogdibile.time, the cost

for hydrogen from the pipeline was betweeni 8erkg of Hz (Miller et al., 2011) while retalil
diesel costs were $3 perUSgallon (EIA, 2013) Thus, hydrogen was available at lower prices
compared to diesel on an energy content basis.

The example shows that hydrogen production and distriquéisrcurrently employed by the
petrochemicalindustry could be adapted forailway requirementsand thathydrogen can be
available at competitive prices in specific circumstances.

-21-



Introduction to Hydrogen Rail Technology

For railway refueling sitef industrial areagonnection by pipeline to hydrogen producers seems
the most suitable optionThis might notalways be possible or economical, especially for
demonstration projects or a small fleldb major merchant hydrogen production is located close
to the Piedmont codor and therefore a pipeline connection is unlikely and not considered further
in this studyHowever other distribution methods currently employed to supply smaller quantities
of hydrogen to customer®uld be suitable for NCDOT.

3.4.2 Transportation as a Gar Liquid

Hydrogen, like other chemical fuels, can be transported in its storage medium on the road,
railways, or boats. The main states in which hydrogen is currently stored to be transported are: (1)
in gaseous form and (2) in liquid state. Anotheiapis onsite generation of hydrogen at vehicle
refuelingstations as already described in the hydrogen production section. Hydrogen can be stored
and hauledn cylindersat differentpressure. Depending on the hydrogen quantity required, the
gas tanks hee different sizes, ranging from about one meter to truck trailer leRgéissurized
hydrogen is often transported in a 200 bar tube trailer, 200 bar to 480 bar cylinder bundle, or a 500
bar dualphase tankefWilliamson, 2011)described in more detail in thaquid sectionof this

report The200bar tube traileused for refueling of the Vehicle Projects / BNSF probEoncept
locomotive isshownon the leftin Figure 3-7, and amobile refueler used for &l cell trucks is
shownon the rightBoth might be options for NCDOT.

Smartfugl®

Hydrogen

e I@

Figure 3-7: Hydrogen Distribution and Storage|as Tube Trailer
200 bartrailer on the left and450 barmobile refueler onthe right (Hoffrichter , 2009 2019

Cylinder bundles usually consist of several individual gas tanks, a single steel bottle, installed in
a hydrogermproof-of-conceptocomotive,is shown inFigure3-8. Cylinder bundles on a trailer are
shown inFigure3-9.

i i‘;;
| |

Figure 3-8: 200bar Compressed Hydrogen Cylinder Installed in a Hydrogn Locomotive
Courtesy and Copyright Jonathan Tutcher, 2012
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Figure 3-9: Trailer With Compressed Gas Hydrogen Cylirders in Bundles
(Perrin, 2007)

Hydrogen gas trailerasually have a capacitpf 180kg to 540kg (Air Products, 2013; Perrin,
2007) Transportation on the road as a pressugseds primarilysuitable for relativelyow daily
energy requirements to reduce delivery frequesya feasible delivery option for NCDOQT
transportation as a gas has been considered in this study.

Hydrogen can be transported in its liquid statguiring low temperatures e253°C ¢423°F) and
thereforesuperinsulated trailerA significant amount of energyf about 30% to 40% is lost in

the liguefaction of hydrogefiEA, 2006) having arimpact on the overall supply chain, which has
been considered in this studyquid hydroged s a d vsatqldargergerergy densipervolume
compared to compressed hydrogen: A supsulated truck can transport up 4¢000kg of
hydrogen as a liqui¢Air Products, 2013)more than six times the quantity of a compressed gas
trailer allowing fewer deliveries and enablingore economicakransporation over longer
distancesA liquid delivery trailer connected to vaporizer located in a 40ft container combined
with some highpressure intermediate storagedepicted inFigure 3-10, as used to refuel
hydrogen multiple unit train in Germariyelivery as a liquid is a feasible option for NCDOT and
has been considered in this study.

Figure 3-10: Liquid Hydrogen Trailer
(Hoffrichter, 2019)
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Most hydrogen stored elmoard vehicles has been in pressurized cylinders. Therefore, conversion

from liquid to gas form is necessary; a process that can take place at the fueling point/filling station

or in case of a duglhase tanker, on the vehi¢khluwalia, Wang, & Kumar,2012) Ai r Pr oduc
dualphase tanker delivering hydrogen to a filliigteon is shown irFigure3-11.

e
! » n i N>
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- — |

Figure 3-11: Dual-Phase Tanker Deliring Hd'h;‘?(h) a Filling Station
(Williamson, 2011)

Hydrogentransportation andistribution processes anell-establishedDelivery as a gas or liquid
are suitable options for NCDQdgether with onsite generation. Delivery is the most likely option
for a prototype locomotive application.

3.5 Hydrogen Storage

Hydrogencan be stored in a variety of states and the employed method is usually dependent on
the quantity of storage requirethe primary two options for vehicle applications are storage as a

gas or as a liquid, very similar to the hydrogen transportation gptiescribed in the previous
subsectionAll full-scalehydrogenpowered railway vehicles to datave employed stage as a

gas usually at 350bar and this would be the most likely option for NCDHdJher pressure gas
storage, typically at 700bar is oftesed in cars and some trucks, and this could be an option for
NCDOT. Lower pressure is preferable due to being technically less compldeweedcapital
requirements. Storage as a liquid would be a possibility if relatively large quantities of hydrogen
would be requiredbut this option is technically complex and has a relatively large energy penalty

as described in the previous subsection, therefore, the authors deem it less suitable for the Piedmont
serviceandis not considered further in this repdvtore detail orhydrogen storage as a liquid can

be found in Hoffrichte(2013)Shoul d | i qui d storage be ,thencessar
amore detailed analysis would have to be conducted

3.5.1 Common Gas Pressures for Vehicles

Hydrogen is always produced as gas, as shown idyiedgenProductions section, and therefore,
storage in its gaseous form is an obvious choice. The low volumetrsitydeh hydrogen at
atmospheric pressure requires compression to achieve acceptable tank sizes. Common pressures
are 200bar, 350bar, and 70®ar (Hexagon Lincoln, 2017; IEA, 2006; Williamson, 2011)
generalthe move is towards higher pressures, ando&d0s currenthfavoredby the automotive
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industrydue to space constrains while 3&) is the preferred choice for heavy duty applications,
including railwaysHowever, at these high pressures hydrogen sidrithe ideal gas region and

a rise of pressure from 3B@r to 70ar increases the energy content in the tank I 5&ather
than 100% and anadditional 10% of energy is required to compress tob&d0compared to
350bar(Hansen, Sato, & Yan, 200l(BorNCDOT6s appl i cat i o baroption i s
would be employed due to the price and energy advabtagé0bar is a possibility if available
volume would be &hallenge. In the study, hydrogen quantity is presented in kilogsaragher
storagepressure would be possible.

3.5.2 Hydrogen Tank Materials

Hydrogen tanks are traditionally manufactured from steel, and for lower pressures, uppéo, 200
it is still the most common cylinder mater{@Vinter, 2009) seeFigure 3-8, butcomposite tanks
are more commoat higher pressure and their weight advan{éiga, 2006. An illustration of a
typical composite tank designed for onboard usage is shovagure 3-12, while examples
installedin a truck are depicted irigure3-13 on the leftand onthe rightmounted on a train.

Impact-resistant dome Manual valve or electrical valve or in-tank regulator

= Light-weight
= Energy absorbing
= Cost-competitive

Compressed H,

Polymer liner Carbon-fiber reinforced shell Reinforced external protective shell
= Light weight = Corrosion resistant (acids, bases) = Gunfire safety
n Corrosion resistant = Fatigue/creep/relaxation resistant = Impact safety
[hydrogen embrittiement) = Light-weight » Cut/abrasion resistance

n Permeation barrier
= Cost-competitive
Flexible in size

Figure 3-12: Schematic of a Typical Compressed Hydrogen Gaomposite Tank
(IEA, 2006)
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Figure 3-13: 350bar Hydrogen Tanks
Left in a truck, right on a train (Hoffrichter, 2019)

The majority of railway vehicles powered by hydrogen, either as demonstratorseanvice,
utilize compressedas storage, typically at 350bar. It is likely that a hydrogen solution for
NCDOTwould also employ compresseds sbrageat that pressurasthetanksare commercially
available and already used in otlmailway applications For thisinitial assessmenthe authors
assumedhat approximatelp4kg (~800kWh)of hydrogen could be storage in one cubic mater

a weight of32(kg based ora commercially available tanfdexagon Lincoln, 2017)However,
other tank arrangements might be possible enalolee hydrogen storage in the same space at
lower mass and a more detailed assessment wouldjbeeckduring a design phase for a proof
of-concept vehicle.

3.6 Hydrogen Safety

The properties of hydrogen are different to commonly used liquid fuels, such as gasoline or diesel,
and some of these properties make it safer than the conventiongdRagl$997) sud as being
norttoxic and not resulting in toxic emission if combusted in air (i.e., no toxic smoke). The low
radiant heat of burning hydrogen can also be an advantage as fewer areas are directly impacted.
Additionally, hydrogen is the lightest element,rsfggantly lighter than air, leading to relatively

quick dissipation in case of release.

However, some of the properties require additional engineering controls for its safe use. The wider
range of flammable concentrations in air and relatively lowimminergy result in easier ignition
compared to conventional fuels. Adequate ventilation and leak detection are essential in a safe
hydrogen system design. Flame detectors are required as hydrogen burns nearly invisibly. In
addition, some materials inclung) certain metals can become brittle when exposed to hydrogen

for long periods of time. Appropriate material selection for hydrogen pipes and storage tanks is
necessary. Hydrogen can also leak into other pipes, so hydrogen pipes should be installed above
others to prevent this occurring.
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Similar to natural gas, hydrogen is colorless and odorless making it difficult for humans to detect.
It is possible to add an odorant, as the industry does for natural gas, however this contamination
tends to damage fuetlls and is therefore not a feasible mitigatiorN@DOT. Instead, hydrogen
sensors have been used by the hydrogen industry for decades with success.

Hydrogen gas is typically stored and dispensed at very high presssicksscribed in the previous
subsectionswhich poses its own hazards. Careful design, certification, operation and inspections
of vessels and dispensers used for hydrogen systems must be implemented. The Society of
Automotive Engineers (SAE) has developed standards for hydrogen stordgdispensing
equipment in automotive applications and these may be appropriate for use in a rail environment.
Additional knowledge transfer can occur from bus applications and operation of the trains in
Germany.

In many applications, including in railly vehicles, hydrogen is typically stored as a gas instead

of a |l iquid. As such, hydrogen fuel s propert
to diesel.Hydrogen requires a much higher temperature before autoignition occurs and higher
coneentration in air, as compared to diesel fuel. On the other hand, hydrogen requires a lower
energy of ignition than does diesel fuel and has a wider range of composition in air in which it will
burn. Hydrogen has been assessed as being safer comparealite (faaj, 1997)

Due to its buoyancy, hydrogen tends to burn straight upwards if the leak has little pressure,
otherwise, in the direction of the occurring leak. This characteristic can be used in risk mitigation,
for example, through installation of tanksdi@signated areas that are wedhtilated in the upward
direction and flame detectors.

In both production and storage, proper ventilation will support in mitigating hydrogen safety risks.
Ventilation is especially important as hydrogen can permeate sotme materials that it may be
stored in, for example, higstrength steel is subject to embrittlement. However, many other forms
of steel and aluminum are unlikely to be affected given typical operating conditions, therefore
appropriate material selectias essential. Embrittlement can lead to hydrogen escaping its
container, and this means mixing with air. Limiting the rates and amounts of escape is a priority
to keep the gaseous mixture below the flammability limits. Once a significant release occurs,
avoiding sources of ignition will become key, as any explosion that could result is more dangerous
than the more straightforward release of a hydrogen flame. More information on the optical and
thermal sensors involved in flame detection can be fousTbéts website(Pacific Northwest
National Laboratory, 2019)

As with any fuel, periodic inspection and leak testing, will also be necessary. Leak testing is more
complicated for a gaseous fukan a liquid fuel. In addition, ensuring that venting is both large
enough to relieve pressure yet small enough t
crucial in design risk mitigation.

Dispensing of the fuel involves most of the samks as the other aspects of hydrogen fuel
handing, while also requiring regular inspection of the component parts, emergency off switches,
and leak checks immediately prior to refueling. Leak check detection is often automated as part
of the standard inallation of hydrogen sensors at refueling equipment.
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Currently, hydrogen is safely used as a transportation fuel in several different applications, for
example, cars and forklifts. In the forklift case, operation is usually in enclosed facilities and the
associated risk are managed. Further improving the safe use of hydrogen in partially enclosed and
indoor facilities is subject of ongoing research. Initial findings by a group at the Sandia National
Laboratories suggest that aiming some air flow at theckeetwhile under repair (though this could

also apply to refueling), even if the facility is fully enclosed, would greatly reduce the risk of flame
occurrence.

A fully enclosed area is likely not ideal for hydrogen refuelivigle for maintenance work a
partially enclosed area would be adequatéenstallation of appropriate ventilation systerfer
NCDOT, fueling outside would be recommersiimilar to the current practice of diesel refueling.
During the refueling station implementation process, it isgestgd to incorporate national
standards developed by the National Fire Protection Association (NFPA). The NFPA 2 Hydrogen
Technologies provides information relating to installation and han@RéA, 2019)

In total, there are now 4Qplic hydrogen refueling stations located in the YSatyapal, 2019a)
the majority located in California. Experience with these stations will increase knowledge about
safely handling hyabgen with subsequent improvements in safety.

For NCDOT it is likely thatsomenew methodsnd preeduresto handle hydrogen safely are
required,but these are not likely to be particularly costly nor technologically Rewexample,
pressuresensors and leak detectors, along with related warning systems, will be necessary since
hydrogen is an odorless and colorless gas.

Information on hydrogen safety is readily available and the Department of Energy has set up the
HoTools website for educatal purposegPacific Northwest National Laboratory, 2019he
website includes a link to a hydrogen incident database. The site also provides information
regarding safe hydrogen handliagd equipment implementatidfor a more technical appraisal

of the risks associated with hydrogen for a given production and refueling site, the Department of
Energy has also set up a risk assessment n{@deldia National Laboratories, 2019)fore
information on the model, including instructions on how to access it, can be found at reference
provided. Information from this tool coultk incorporated in a detailed risk and mitigation design
analysis.

Currently, SBCTA is going through the process of introducing a hydrpgesred trainin the

U.S., which requires engagement and permission to operate from the Federal Railroad
Administraton (FRA). If NCDOT would implement a hydrogen solution there might be
collaboration options with SBCTA and some of their learning and engagement with treo&lRA

be incorporated in the project.

In will also be necessary to inform the public about apen of a hydrogempowered trainDue

to the publicbés relatively |l imited experience
understanding of its role in the Hindenburg d
public acceptance Bdeen challenging, with concerns that the fuel is more dangerous than widely

used fuel sources. But different risks are not necessarily greateamsgks/drogen can be safely
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employed in a rail application. Public education and outreach will be reqpired to full
implementation

A more detailed safety analysisgarding NCDOTSs case will have to be conducted as part of a
proof-of-concept or protiype vehicle, includingssessment of refueling procedures tredRail
DivisionGs available facilities.

3.7 Fuel Cell Systems

Fuel cellsconsist of electrochemical devicebavefuel, such as hydrogeis combined with
oxygento produce electrigit heat, an@éxhaust in the form of wateWhile there are many ways
to construct a fuel celthe most popular way for vehiclesthe proton exchange membrane
(PEM), alsoknown aspolymer electrolyte membrarfBOE, 2016) Their efficiency,Jow
operating temperatay startup capabilitiesandrelatively long operating lifetime make them the
preferred optiorior almost all vehicle operationmcluding dl railway applications to datén
illustration of the operation of a PEM fuel cellpsvidedin Figure3-14.

PEM FUEL CELL
Electrical Current
Excess e- -1 Water and
Fuel Heat Out
8- ﬂ-
—_— o e f —
' e HQD
Ha| | e
09
H+
Fuel In r . 3 AirIn
A.nudef I \Cathu«de
Electrolyte
Figure 3-14: lllustration of a PEM Fuel Cell
(DOE, 2011)

The process a PEMhas three primary stagéSchlapbach, 2009)

=

Hydrogen enters the cell at the decside where the hydrogen molecule is split into atoms.

2. An anode catalyst separates the electrons from the atom creating hydrogen ions, which pass to

the cathode, whereas the electrom®/e across an electric circuit to arrive at the cathode.
3. Oxygenfrom air is directed to the cathode, where it combines with the hydrogen ions and
electrons to form water, which then leaves the cell.
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For vehicle applicationsseveral cellsare combined in a stack to produce the required power.
Hydrogen,air, and thermaimanagement componenteferred to as balana#-plant, combined

with one ormore fuel stacks createfael cell system(FCS),also referred to a module, and the

generic components are illustraiad=igure3-15. In heavyduty applicationspower output levels

are typically30kw, 50kW 80kW, 100kW, and 200kWWMore power can be obtained by combining
severaFCS, whicwoul d be requiredonfor NCDOTG6s applica

System
puel Celt SYEET freg,

Pawer Pawer
Digtribution Conditioning
Sub-syslem Sub-system System

(FCSS)

{PDS) {PCS)

Water

Electric
UL ==
Prer

Figure 3-15: lllustration of the Componentsin a Fuel Cell System
(SAE International, 2011)

Figure 316 shows train and truck FCS modules in use.

w % ‘v ‘/f o il v : y s Sl 3 S,
Figure 3-16: Examples of Fuel Cell Systemsdrain module (left) and truck (right)
(Hoffrichter, 2019)
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In addition tohaving pure water as exhaust, therefore eliminating allpallutant and GHG
emissions, FCS typically have a higfficiency over the entire operating range, as illustrated in
Figure3-17.

Fuel Cell System" Efficiency?
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Figure 3-17: lllustration of Fuel Cell System Efficiency Curves in Light Duty Vehicles
(Wipke et al., 2012)

Theinformation presented iRigure3-17 was obtained frorthe operation of FCS in caishowing
varying perbrmance according to vehicle and FCS manufactiirean be seen that sorakthe
tested systems never drop below 5@ffticiency andfurther that the highest efficiencies occur at
partial load Efficiencies of heawduty systems are typically a few percentage points lower than
for light-duty applicationstherefore the curve is included for illustrative purposes @iyitinuel
research and development eff@ts increasing the efficiency of FCS in bttpes of applications.

In generalthe dficiency of FCS is higher than for comparable diesel engerator set, as
illustrated inFigure3-18. Only indicative values are showsmore precise dataas not available
in the public domain
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Figure 3-18: Indicative Heavy-Duty Diesel GeneratorSet andFCS Efficiency Curves

The higher overall efficiencypf FCS enables a reduction in energy consumption along with
allowing for less ofboard energy storage with comparable range to a gasoline or diesetvehicl
Efficiency curves for botlieselgeneratoiset and FCS have been included inghepto-wheel
analysis as part of tlegmulation Lifetimes of heavyduty FCS have exceeded 30,000 hg¢krsly,
2019) and these are still in operation. Similar systems would be utilized in railway vehicle
applicationsFor this assessment, the authors assume th&S module could provide 2@W

while requiring a space @.7m? with weight of 550kg, actualpower output, size, and weight
vary with manufacturer and the assumed values are indicative.

3.8 Battery TechnologyOverview

ESS enabke capture of regenerative braking as describedhanBackgroundsection while
allowing the possibility to operate the primary powerplant in its mostiaiticegion both
reducing energy consumption and resulting emissiBageralESS systems areopsible but for
NCDOT the most appropriate is a batteption. Batteries are electrohemical devicesvhere
electric ty 1 s chemically 0s geableeopgtionsare Svaifalgd and fors e
NCDOT a rechargeable option would be requitadividual battery cells have a low voltage and
are typically comimed into lage arrangements and combined with thermal and power
management to create a battery syst8averal different chemistries are availabiéh varying
pefformance regarding charge and discharge capabiliRd4te), lifetimegenergy density, safety
and cost. The choice is usuallyradeoff between these primadeterminantsA comparison of
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energy densityor various chemistriess illustrated inFigure3-19, while the main characteristics
of several lithiumion options are show ifable2-1. More detailed information about batteries
can be found in the battery guide Jghnson Matthey Battery Systems (2017)
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Figure 3-19: lllustration of Various Battery Chemistry Energy Densities
(Johnson Matthey Battery Systems, 2017)

There has been a progression in energy density thitbegievelopment dithium-ion
chemistries compared to more traditional options, such asa@dd\evertheless, thenergy
density, particularlfhe specific energyoften prohibits sufficient energy storafgpe longrange
railway applicationsas already illustrated iRigure3-3.

Table3-1: Characteristics of Main Lithiurtlon Battery Chemistries

Main Li-ion cell variants

Call laval Cell lavel Approx. Typical nominal  Typical
cpecific energy anergy dencity  Typical power cafaty thermal  potential temp. range Year of introduetion
(Whykg) (WhT) (Crate)  runawa; y onzet v) (ambient) inte market
Lco [ im2a0. 200 640 | 10 | 150°C 6 201060°C | 1991
NCA (EV) 130-240 | 490-670 | 2-3C 150°C 36 201060°C | 1999
LFP (EV/PHEV) 90-150 190-300 | 3 cont 21056 32 -20t060°C | 1996
10C pulse
LFP (HEV) 70110 10070 | 20Gcent | 59pec 3.2 3010 60°C | 1996
40C pulse
3C cont 5 o
NCM (EV/PHEV) 100-200 | 260-400 | 3¢S0 210°C 37 20t060°C | 2008
NCM (HEV) 70100 | 150-200 | 1OC cont 210°C 37 201060°C | 2008
40C pulse
LTO 90130 | ro 230 | 198 cont i 24 3010 75°C | 2008
60C pulse susceptible
LMO (EV/PHEV) 150-240 | 240-360 | 310C 250°C 3.8 204060°C | 1996
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In hybrid applications, where batteries are either charged periodically from wayside infrastructure,
such as the QLine streetcar system in Detroit, or are combined with a primary power plant, such
as in hydrail multiple unit§MSU CRRE & BCRRE, 2019)}these ESS have besuccessful in
reducing energy consumption and providing autonomy from continuous wayside infrastructure.
Most railway applications that have a powertrain with substantial batteries employ {itmum
technology exampleinclude Alstom iLINT with lithium nickel manganeseobalt oxide (NMC

or NCM) (Akasol, 2018) TIG/m streetcars utiling lithium ferro phosphate (LFRRead, 2019;
TIG/m, 2020) andsome Siemens trainsng lithium titanate oxidel{TO) (Reidinger, 2018)

When analyzing different forms of battery technology, multiple factarst be considered when
makinga decision based on the use caseekamplethe energipowerdensity relates the volume
and mass of a battery to thespective outputhe power rate of a battery determines how quickly
a battery can be dischardelargedo allow a locomotive to accelerate and how effectively it can
charge from regenerative braginSafety is also a major concern on locomotives as overcharging
or a damaged battery can bring harm to those on b®aedFRA has published a report about
battery utilization for railway vehicles in the U.@rady, 2017) Other factors include volume,
weight and cost of a battery system.

The battery type assumed in this studyLTO due toits superiorsafety characteristics
performanceincluding a large temperature range of operatiod charge/discharge rateand
lifetime (Brady, 2A.7; Cowie, 2015; Johnson Matthey Battery Systems, 2@13)ikely for these
reasons that thishemistry is increasimg utilized in railwayvehicles in both passenger and freight
(Barrow, 2019; Reidinger, 2018; Zasiadko, 20T®)e main downsideto LTO are a lower energy
densityand a higher priceompared to ther chemistriesin this initial assessment, the authors
assumed that between 1K&h/m® to 230kWh/m® at a mass of 1.4t to 2t could be stored in a
battery(Akasol, 2018; Altair Mno Technologies, 2016; Johnson Matthey Battery Systems, 2017)
the more conservative values were utilized for the firstsassent.Other chemistries might be
suitable for NCDOTO6s applicat itgoawoaldbdpad@&da ect i o
more detailed vehicle design for a pradfconcept / demonstrator locomotj\another possible
option would be NMC due tauperior weight and price considerations compared to.LTO

3.9 Examples ofHydrail Vehicles and Related Projects

The information presented in this sectibustrates that hydrogen fuel cell or hydrogen fuel cell
hybrid powertrais can be implemented irailway applications Several relevant examples are
presented but not all previous projects are covet¢der heavyduty applications would also
provide information about technolodgasibility, which can be found ipublications of the
Department oEnergy specificallytheFuel Cell Technology Office. Regulegporting is provided
about busegEudy, 2019)and carqdKurtz, Sprik, Ainscough, & Saur, 201 Avhile information
about trucks and rail applications is to be publigmmhDr. | s a a csetatiorflsaéc, 209)
provides hydraiktudies in a U.S. context whikereport published by SBCTEMSU CRRE &
BCRRE, 2019provides details for a multiplenit case.
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3.9.1 Commercially Available Vehicles

Currently, there are only a few hydrail vehicles that are offered commercially or are in service
operation. The most significant is the AlstomNOl multiple unit train which has been in

service in Germany since 20{&Istom, 2018) The train consists of two passenger cars with a
hybrid powertrain whee the PEM FCSprovides a combined power of 400kW while the NMC
batteries offer 450kW enabling a maximum speed of 140km/h (~87mph). A range of up to
1,000km (~620 miles) achieved with approximately 180kg to 260kg of hydrogen. Refueling
takes about 15mirkigure3-20 depicts the train.

—

®)5540 A SV

Figure 3-20: Alstom Corodia iLINT
(Hoffrichter, 2019)

Theproject was successful for Alstom, with several orders pending in Germany, the UK, the
Netherlands, France, among othén addition, other major manufactures are developing similar
vehicles, such aSiemens and Stadler.

CRRE is offering hydrail streears / light rail vehiclesn China Development started at the
beginning of the last decade with trialsQingdao andrangshan(Barrett, 2017) Commercial
operation started in late 2019/early 2020 in Foghetro Report International, 2019y hein-
service vehicle is depicted Fgure3-21.
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Figure 3-21: CRRC Hyd}l treetcar in Foshan
(Metro Report International, 2019)

The CRRE trams have a maximum speed of 70kririph) and will operate on a 17.4km long
line; eight have been ordered.

TIG/m is a manufacturer aftreetcarsn Chatsworth, CAand the company offers sqdbwered,
zerocemission vehicles. Among the powertrain choices are hydrogends with PEM fuel cells
and LFP batterieRead, 2019)The company has sold hydrail streetcars to Aruba, Dubai, and
Qatarand offers hatage and modern style optiortsxamples of TIG/m trams are depicted in
Figure3-22.

‘“Fig-u're -22. TIG/m Streetcars
Heritage style on the left, modern style on the right
(Read, 2019)

The company offergarious powetevelsand options that are fully battery operated. The
powertrain selection is dependent on the dgie of the vehicles.

All vehicles that are currently in service or are commercially sold are of a multiile
configuration and operate at significantyle r power t han. TieCl@s&stTvéhicles er v i
is the iLINT and components could likely be scalded to meet the requirements of the Piedmont
service.
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3.9.2 Prootof-ConceptDemonstrator Vehicles

Several proofof-concept or demonstrator hydrail vehicles hiagen constructeand a selection
is presented here.

Vehicle Projectstogether with BNSFin a project funded by th®epartment of Defense
demonstrated a switcher locomotive tile Los Angeles areen 2009201Q The locomotive
weighed 130and stored®8kg of hydrogen in 350bar tankseak power ol.5MW was provided
by a240kwW PEM FC&onsisting of two modulesandleadacid batteriegMiller et al., 2011)
The project demonstrated that a locomotive option is feasible with hydrail techriéigpgre3-23
depicts the locomotive and FCS.

Wi

Figure 3-23 Vehicle Projects and BNSF Proofof-Concept Switcher Locomotive
(Hoffrichter, 2009)

In 2012, a team at the University of Birmingham developed, designed, and construtitst the
practical hydrogeipowered locomotive in thgK, called hydrogen pione¢€oombe et al.,
2016)and Hoffrichter was the systems engineer for the projée.locomotive had a PEM fuel

cell and leaehcid battery and could be operated from a metal hydride or compressed g#s tank.
was a scaled version of a ksiized locomotive and demonstrated that the hybrid powertrain
concept with a hydrogen FCS is technically feasible project started development of further
vehicles in Europe and a ftdtale demonstrator multiplenit train, called Hydroflexwas
constructed in 201Hydroflex has a PEM fuel cell and lithiuiwn batteriesBoth are depicted

in Figure3-24. More details about the Hydreg Pioneer can be found(Andreas Hoffrichter,
2013; Andreas Hoffrichter, Fisher, Tutcher, Hillmansen, & Roberts, 2014)
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mm:h,\‘dmgen.bham.ac.uk]
www.fuelcells.bham.ac.uk

| ig-24: Hydrail Proof -of-Concept Vehicles in the UK
Hydrogen Pioneer on thdeft in 2012 Hydroflex on theright in 2019
(Hoffrichter, 2012, 2019)

In Japan multiplaunit proofof-concept vehicles where constructaad demonstrated in028.
Japan East Railwa|Kawasaki, Takeda, & Furuta, 2008d a project and the Railway Technical
Research Institut€yamamoto, Hasegawa, Furuya, & Ogawa, 2018) a project. Both were
successfuland employed PEM FCS ardhium ion batteries.Neither entered commercial
operation but recentlyapan East Railwastarted a project forreew hydrail train(Railway Gazette
International, 2019)

3.9.3 OngoingProjectsn North America

In North Americaseveral hydrail projects are ongoing. The most advaate&d-car multipleunit
produced by Stadler fd8BCTA. The train will be a hybrid with a PEM FCS and lithitiom
batteries, most I|ikely LTO. More information
andin associated repor(MM, MSU CRRE, & SBCTA, 2019; MSU CRRE & BCRRE, 2018)
Canada Metrdinx in Toronto has a program to electrify part of their operations and hydrai
technology is being considered instead of conventional wayside electrifi(@tt#M Hill, Ernst

& Young, & Canadian Nuclear Laboratories, 2Q18)itial feasibility of hydrail has been
suggested in the report. This application would be similar to the Piedmont apowgh
locomotivehauled trains would be useBurther initiatives arengang in British Columbia,
where Prof. Lovegrove is leading two hydrail projects, one involves the conversion of a switcher
locomotive and the otherlongerterm project, involves a multiplenit passenger train
(Lovegrove, 2018)A prototype hydrail speeder is currently being construatedpplication for

funds to convert the switcher have been submitted.

The previous exampledemonstrate that hydrail technology is in principle feasible for the
Piedmont service. Howevat is necessary to consider the Piedmont service context in mtaie d

to estimate if the technology would be suitable. The first step in a technical appraisal is often
modelling to determine the most suitable options before construction ofgdfroohcept vehicles.
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In the next section, the authors describe the modedipproach employed in this study, followed
by the considered train configurations, and the results of the simulation.




Methodology

4 METHODOLOGY

The primary objective of thistudy is todeterminethe technical feasibility of a zemmission
powertraininstalled in the existing locomotives or CCUs or bdtb evaluate possible options,
theenergy consumption and power requirements of various companastbe established with
thepremise that the exiting performance of the dies¢ettric locomotives can leatched ocould
be exceededlhe first phase of such an undertakingnisdelling ofconfigurations which would
be followed bythe construction od proofof-concepbr prototype vehiclethe latteiis beyond the
scope of this studyA further part of this study was to estimate #émergy and emission impacts
of amotive power changgroughout the respective supply chadoth employed modelling tools
are described in more detail in this section.

4.1 Single Train Simulator

Single train simulatior{STS) has been utilized in this study &stablishtankto-wheel energy
consumption, journeyrie,and to sizenajor components regarding power and enegjyshas
been employed extensively the pasto estimate the impact of powertrain changasailway
vehicles(A. Hoffrichter, Hillmansen, & Roberts, 2016; S. Lu, Hillmansen, & Roberts, 2010;
Meegahawatte et al., 2010; Winnett et al.; Zenith, Isaac, Hoffrichter, Thomassen, & Nwfer
2019) It is a frequently utilized tool by railway vehicle manufacturethe development of new
vehicles and to ensure thaturrent vehide options in their portfolio meeperformance
requirements ovegxisting routes.

The STSutilized for this project wadeveloped at CRRE in collaboration with the Birmingham
Center for Railway Research and Edumaand the WMGat the University of Warwicklit was
constructed oivell-established toolat these institutions andodified tomodel the varioudiesel,
hydrogen fuel cell, and battery hybrid optiomtevant to the Piedmont servideesults of the
simulation represent an estimdteenable thevaluation of various optiorend offer asuitable

tool in the development procebat simulations remain an approximation and construction of a
prototype or proebf-concept vehicle with associated instrumentation to validate performance is
still required, especially if new technology such as hydrogen fuel cells and batteries are combined
for such an unprecedented rail application as the Piedmont service.

The simulator discretizes distanaghere the route is divided into sections, e.g.,-mweter
segments, and thrmovement of thérain along the routess modelleduntil it reaches the terimus
to complete theimulation The next step iabackwardfacing quasstaticoumpto-wheels PTW)
model to determine the requiremeatyarious powertrain componerasnsidering the duty cycle
resultingfrom service provision over ti@edmont route.

Speed limits,gradient profile,and stationlocationsand service specifications such dssired
journey time and dwell times at stations are requinethe simulationFurther, characteristics of

the train and & major powertrain components are nsaegfor the®TW portion of the simulation.

The researchers made every effort to obtitaand accuratelytilize that informationfor the
simulationbut some asumptions and estimates where nevertheless necessary. An example is the
assumption thahe train would travel as fast as allowable along the route and that all drivers would
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handle the operation of the train in the same mameillustrationof the moelling process to
obtain atwheels walues of energy consumption ahthking energyas well as journey time is
provided inFigure4-1.

/ Infrastructure // Vehicle // Driver style /
[ [ I
1

Initialise data

< st

Solve egn of motion

<7 >

Output data

Figure 4-1: Flow Diagram of the Single Trains Simulator
(Hoffrichter, 2012)

The characteristics of the major powertrain components féftiéarealsorequired. These were
obtained from literature, provided by component suppli@rgstimated by the research team.
Specifically, atraction motor efficiency was not available ateleloped at MS|employingthe
process describeid the indicatedsubsectiorbelow. Some manufactures providednfidential
data and therefore only indicative values are presented in this report.

4.1.1 Traction Motor Map Development

The F59PH locomotives employed on the Piedmont service have DC traction mators. A
efficiency map was rtavailble for modelling, therefore the authors used the facilities at MSU to
create an electric motor mafin induction motor was chosen as most modern locomotives have
these installeénd NCDOT might consider an upgrade. However, the work remainsifvBI
motors would be retained.

Induction motors are a low cost, mechanically robust and mature technology. They have high
overload capabilities and are more power dense than DC n{@ecker & Boggess, 1990)
Induction motors are also capable of group drives; a single inverter can drive more than one motor.
These motors have replaced DC motorsién locomotives over the past fevechdes and are
projected to continue to dominate in this industry for another ddddategh et al., 2020yhile
permanent traction motorsight be introduced in specific applications such as high speed trains
Figure 4-2 shows the torque speed curve of a typical induction macliiireld oriented control
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provides full torque at zero speed, quick acceleration and deceleration as well as smooth operation
over the wide speed range.

5 Torque speed curve of induction motor

45 r

L

0 500 1000 1500 2000 2500 3000 3500
Rotor Speed (rpm)

Figure 4-2: Example Torque Speed Curve of arinduction Motor
(Foster, 2020)

Motord f i ci ency is merely the ratio of owRBput to
and Ryss are efficiency, output power, input power and power loss, respectiMedye are five

comnon sources of power loss in motoosimic core, friction, windagand stray losse©hmic

losses are a result of current in conductive materials. Core losses have two components: hysteresis
and eddy current losses. Core loss is dependent upon the mextatirggp point and quality of the

electrical steel. Friction losses are due to the force required to overcome drag and are proportional

to the operating speed. In an-agoled motor, windage losses are caused by turbulence in the air
acting against rotatio Stray losses include everything else. For this work, windage, friction and

stray losses are neglected.

- (1)

An equivalent circuit showmiFigure 4-3 describes a single phase of a thpbase induction
motor, including ohmic and core losses. Here,aRd R are the stator and rotor resistances,
respectively. Xand X are the stator and rotor leakage reactancess e magnetizing reactance
and R is the core loss resistance. SBpis the difference between the actual motor speed and the
synchronous sed, described in (2). Torque is described in (3) where Pg is the portion of the

power converted to mechanical power, represented by losses across redistance

P — (2)
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A §Rc %ij gﬂg%

Figure 4-3: Induction Motor Equivalent Circuit of one Phase
(Foster, 2020)

Y o— 3)

The maximum torque was determined from the tractive effort demand estimation of the
locomotive. The maximum linear speed of the locomotive and the geawveaigaised to calculate

the required speed range of the motor. Torque and speed requirements, together with the available
DC voltage, were used to identify an AC induction motor. The parameters of this neoéoised

to populate an analytical model of theotor in MATLAB. The efficiency was calculated for
operating points. The core losssnegligible. The resulting efficiency map, showrFigure4-4,

was included as abk-up table in the simulator.

Traction Motor Efficiency Map Efficiency [%]
11100 — 100
8880 190
6660 180
4440 170
E 2220 160
Z
g 0 i 50
g
2 -2220 40
-4440 30
-6660 20
-8880 10
-11100 0
0 12 25 37 49 62 74 86 99 111 124 136 148 161 173 185

Speed [rad/s]

Figure 4-4: Traction Motor Efficiency Map
(Fosterand Madovi, 2020)
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4.1.2 Simulator Validation

Some recorded data from NCDOT was available, such as the speed over thedtnitd diesel
fuel consumption fom roundtrip. This data was used to validate the simulation resdiish is
illustrated with the speed profile along the rout&igure4-5.
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Figure 4-5: Simulated Train Speed Compared toRecorded Speed
for a One-Way Journey Raleigh to Charlotte

Comparing the data iRigure4-5, thesimulated performance of a singteeomotive trainand the
recorded speed profg@are similar and thdifference betweerhe datads within the boundaries of
variations in driving styleFurther, the overall fuel consumptioesulting from the simulatioaf
approximately 640 gallonsvas similar to theNCDOT provided dieselfuel consumptionof
approximately 650 gallonsTherefore, the simulationprovide a reasonableestimate of
performance and energy consumptiand thempact resulting from a powertrain chawpn be
equally estimatedenabling a comparison between the different technologies to taksibility
assessment

4.2 GreenhouseGases Regulated Emissionsand Energy Usdan
Transportation (GREET) Model

The GREET model is a tool to estimaeergy consumption and emissiohvehicle and fuel
combinationsconsdering the entire energy supply chaliypically, a full fuel life cycle analysis
is split into two parts: (gumpto-wheel and (b) welto-pump(or tankto-wheel and wetto-tank)
and the combination is referred to as a weNvheels (WTW) aalysis The first part considers
the powertrain technologies and duty cycles while the secongrnpartes information about the
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fuel production and deliveryThe GREET model was dedeped by Argonne National
Laboratoriesoperated the UChicagwrgonne and isupdated and maiatned bythat organization

of behalf of the U.S. Department of Energyrgonne National Laboratory, 2019igure 4-6
shows a higHevel illustration of the GREET modelell-to-wheel cycle Additional information
about GREETis available of the Argonneebsite(Argonne National Laboratory, 2019 this
study, theenergy consumption of the fir&TW, part was determined with STS as describe in the
section aboveThe GREET model was then applied to estineatessions resulting from fuel
combustion on the vehicle in the diesel casesra®dutilized fothe supply bain impactspump
to-tank (WTP), for energy and emissiongpacts for diesel, hydrogen, amdectricity. Some
modifications to the GREET model where necessary to account fap#dogfic NCDOT case
WTP energy is consumed, and WTP emissions are genedatedg the process of resource
extraction, transportation of the resource to a processing facility/powerplant, fuel
refinement/conversion/power generation, and delivery or transmission of the final fuel product to
the point of use or vehicle fuel tank(8)more detailed description about timethodology utilized

for this study can be found in the PhD dissertation of Raphael (lsaac, 2019)
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(GREET 2 Series)
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RECYCLING OF MATERIALS

w
P
o
>
o
-
w
ol
w
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WELL TO PUMP -

Figure 4-6: lllustration of Well -to-Wheel Cycle
(Argonne National Laboratory, 2019)
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5 POWERTRAINTECHNOLOGIESAND HYDORGEN
PRODUCTION

In this section, the authors describe the varittas; configurationsincluding the different
simulated powertrains as well as thesessed hydrogen production pathwewsle providing
information about the assumed electricitydg

5.1 Powertrain Options

All modelled configurationave at least one locomotjalounge car wish has baggage storage
and booth seating for passengers, tmde passenger caihe motive power provision options
vary between a single locomotive and arpomwered CClandtwo locomotives, one on each end
of the train For most optiongour axles argpowered to compare the results with the benchmark
single locomotive optionln the cases of single hydrog&stomotive,the impact of hauling a
separate diesel locomoéthat is not operating for reddancy purposes has been included in the
modelling.

For both the diesel and hydrogen optiohgbrid powertrains have been considered in the
simulation with batteriemstalledeither inthe same motive power vehicle as the primary power
plant or in a separate converted C@atteries with a.TO chemistry have been modellbdt
others such as NMC would be a possibifity implementation The hybrid optionshave wo
variants one where all the power required to charge the batteries is ptdovyddhe poweplant
and the second is a plugin viers, where the batteries are recharged after each rounthp.
depthof-discharge has been limited to ~50% as a primtysafe operation and reaching a
satisfactory lifetime of the batteries

Power output reductiomersion for the fuel cell hybrid omins were modelledwvith the objective

to reduce the number of required fuel cell systendetwease capital cost and provide additional
volume for hydrogen storag&he hydrogen options also include a version where the powertrain
is split betweenvto locanotivesor between a locomotive asdnvertedCCU providing additional
volume to install equipment.

Fuel savings for any particular journey can be realized through efficient driving. Many railroads
deployed driver advisory systems that provide enginegrsinformation to balance fuel usage

with schedule requirements. This has not been taken into account in this study as the emphasis was
on the comparison between different powertrains.

In a later phase of the project, optimization of component gizkgling energy efficient driving

could be undertakerio find the most appropriate combination for NCDOT, however this was
beyond the scope of this comparative study, which aimed to determine technical feasibility and
provide a comparative assessment betweany potential powertrain options.

Results for each modelled option are provided in the Appendix along with an illustration of the
train corfiguration Examples of train configurations are showrrigure5-1. A summary of the
train characteristics is provided Trable5-1.

-46-



Powertrain Technologies and Hydorgen Production

DieselElectric Benchmark
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Figure 5-1: lllustration of Train Configuration Examples
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Table5-1: GeneralCharacteristicof the Modelled Trains

One
Single Locomotive
Single Locomotive Two Hauling a
Locomotive Hybrid Locomotives Diesel
Weight in t 472 517 613 656
Resistance to Motion
Parameters
Ain kN 5.787 6.042 7.103 7.346
B in kKN/(m/s) 0.139 0.152 0.180 0.193
Cin kN/(m/sy 0.03 0.03 0.03 0.03
Power at Wheels in
KW 2000
Maximum Speed in 79
mph (km/h) (227)
Maximum
Accelertion and 0.6

braking in m/$
BatteryCapacity in -
kWh (if a hybrid)

2,700

Resistance to motion parameters where not available and have been estimated with the Canadian
National formula AREMA, 2018)and PRIIA specificationsThe aerodynamic component in the
resstance to motion parameters is the same for all configurations as the awbhorecthe same

general aerodynamic shape as the current talrybrid locomotiveconfiguration is heavier than

a conventional with an impact on ttesistance to motion parameters, which can also be observed

for the other two configurations.

All two locomotive options arevaluated with the premise tHaur traction motors are installed

or operated to provide comparative results to the diesel bemkhrain.Additional motors could

be installed, which would have an impact on acceleration, speed, journey time, and energy
consumption. This impact has been evaluated fooptien withtwo locomotivesanda hydrogen
downsized hybrid plugipowertrainto illustrate the effect on energy consumption.

5.2 Hydrogen Production Alternatives

Hydrogen production methods were described irlritreduction to HydrogeRail Technology
section A summaryof the considered options this studyis provided inTable5-2.
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Table5-2: Hydrogen Production and Delivery Options

SMR Yes Yes Yes
Electrolysis usin
grid (gllectricitygJ VS Ve Ve
Electrolysis using
100% renewable Yes Yes Yes
electricity
Biomass No No Yes

TheU.S. electric gd is divided into severaiegions to ensuneliability and North Carolina is
part d SERC, seéigure5-2. In these regions, the sharetloé variouduel source for electricity
generation varyand theproduction mixused for the welto-pump assessmeistillustrated in

Figure5-3.

FRCC (3)

TRE (10) 7

A |

weq HICC(4)

ASCC (2)

Figure 5-2: Regional Reliability Corporations for the Electric Grid in the U.S.

(UChicago Argonne & Argonne National Laboratory, 2019)
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Other, 5.0%
0il, 0.2%

Natural Gas, 26.1%
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Figure 5-3: SERC Electricity Production Mix in 2019
(UChicago Argonne & Argonne National Laboratory, 2019)

Electricity production in the SERC regioseeFigure5-3, relies significantly on fossil fushith
coal and natural gas contributidgmost a third There is also a subsiigal contribution from

nuclear powerNo r t h

Car ol i na 0 sakdthisyewerrsauce \eableGH@-frea nt s

option. The high fossil fuel contribution, particularly codlas an impact on WTW emissigons

which becomes patrticularly clear for the hydrogen electrolysis options, regardless of onsite

production or deliveryHowever, it is expected thatscietallevelshift from coal to other sources,
such as natural gas and renewables will gdtaving a positive impact on emissiomkis shift is
driven by price differences between the power sources and societal expectati@tide

emissions.

There are several hydneower plants in North Carolinan relatively close proximity to the
Piedmont corridorOne to theoperators, Ontario Power Generation, expressed and interest to
produce renewable hydrogen at these facilittesfurther hydrogen production methages
biomassas a feedstock and initial conversations of NCDOT wibtantial provider have started.

A 110mile delivery distancevas estimated for the biomass and renewable hydrogen options,
basedon the possible production locations.

Currently, there is ntarge scalemerchant hydrogen production in North Carolipat significant
production potential exists due to current indestin the statésee sectiol.2above). Currently,
delivery would have to occur from eaf-state for the SMR options and the default distdoce
delivery as aifjuid in GREET of 800 mileswas usedn the assessmefiyChicago Argnne &
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Argonne National Laboratory, 2018nd the same distae applied for tinsportation as a gas
This delivery distance woulénable sourcing from neighboring states that have merchant
hydrogen production.
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6 SIMULATION RESULTS AND DISCUSSION

Compaative results fom the assessment are provided in this segtitiite more details about

any single train configuration are provided in the appendix.

6.1 High-level Technical Feasibility

Technical feasibility was primarily dependent on the ability of the powertrain to provide the

needed power and the space and weight constraints of the @&talled energy results are
presented in the Appendi$imulations were conductex$ a trip from Raligh to Charlotteand

back

The most challerigg configuration $§ where the entire powertrain has to be installed in a single

locomotive as all the weight of the components has to be carried by the four whantbe¢he
components have to be installedhe volume available on one vehicle.

The options withfiTwo Locomotivesd

ncl ude

configurations

wher ¢

hauled for backup, (b) the powertrain is distribuaedoss two vehicles, one locomotive and one
converted CCU or two conved CCUs. In both cases under option (b), the total of eight traction
motors could be operated at a maximum of half their possible power, thereby being equivalent to

the characteristics of four traction motors. The last modelled options (c) have two lvesnoot
converted CCUs where all eight traction motors operate at their full capacity.

Hauling an additional locomotive for backup fakmited impact on energy consumptias can

be seen irFigure6-6. A diesel hybrid in a single vehicle is not feasible due to the volume and

weight constraints. A battery would require a substantial volume and siddificant amount of
weight, neither of which can likely mEcommodted. Therefore, a two locomotive solution would
have to be implemented. Neverthelessgle locomotive diesel hybrigptions are included in the
energy and emission analysis for comparative purpbbgb:level space and mass feasibility for
the fuel cdloptions is showin Table6-1.

Table6-1: Feasibility of Single Locomotive Fuel Cell Options

Powertrain Volume in m3

Powertrain Weight in t

Configuration Two Same as
Walkways Walkway Feasible Locomotive Feasible
Available in CCU 41 - 41 -
Fuel Cell 34 Yes 15 Yes
Fuel Cell Hybrid 49 Yes 47 Yes
Fuel Cell Hybnd 45 Yes 46 Yes
Plugin
Fuel Cell l_—|ybr|d 48 Yes 46 Yes
Downsized
Fuel Cell Hybrid 44 Yes 44 Yes

Downsized Plugin
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As can be seen froifable6-1, the fuel cell option is feaddwhile the hybrid options apossible

if one of the walkwaysvereeliminated or the volume of the CCU otherwise expanded, such as
raising the roof lineThe impact of the battery weight can be seen inhilerid options and all
would be heaviethan the current locomotivdhe same weight as a current locomotive might be
achievable if the mass of ngowertrain components of the converted C&idld bereduced.
Sufficient energyhydrogen or batteries or bottjuld be carried onboard thenverted CCUor

one roundtrip before refueling and recharging would be necegsavg.locomotive optionvould
likely allow refueling after two roundtrips as more space amight would be available on the
train. Battery size could be reduced if charging were possible after-aayngourney reducing
implementatiorcomplexitysubject to operating requirements

The tractive effort, resistance to motion, and resulting force for acceleration is illustrated in

Figure6-1 and it can be seen that the maximum speed the train caall ieapproximately
83mph (433km/h).

Tractive Effort,Resistance,and Acceleration

23— 11 LS O . . . . ]
—Total Tractive Effort ]

228 [ —Resistance H
N Force Available For Acceleration|]

202

Tractive Effort [kN]
Y & B o 3
= =) ¥ ~

(2]
ey

N
(5]

o

0 13 27 40 53 67 80 93 107 120 133 147 160 173 187 200
Speed [km/h]
Figure 6-1: Tractive Effort, Resistance, and Acceleration Force for a Single Locomotive
Configuration

Figure6-2 illustratesthe impact of adding four traction motaperating at full capabilitylt can
be seen that the maximum tractive effort doubled and that the train coutéaawapproximately
108 mph @73 km/h). The additionatractive effort combined with the relatively small impact on
resistance of the second locomotifgg converted CCU)eads to maximunvalues for both
acceleration and braking to (1®s’, which has a positive impact on journey time but veith
energy penaltyAdditionally, there is a positivempact on regenerative brakinghere thefull -
powereightmotoroption enables morenergycapture, as illustrated in the Appendix.

The speed profile compared to the line speed liarita single locomotive train is depicted in
Figure6-3 with the corresponding running diagram illustrate&igure6-4. The train reaches the
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line speed limifrequentlyand acceleration and braking phases are shoutmost aredifficult
to identify. Dwell time at station stops can be seethirunning diagranfigure6-4, by the flat
section. The 5@nin dwell in Charlotte is easily visible.

496 Tractive Effort,Resistance,and Acceleration
"""""" | L . L L L
[ —Total Tractive Effort ]

—Resistance H
Force Available For Acceleration|]

446 |-

397

347

Tractive Effort [kN]
- - N N
L w0 Y [1=]
[{=] co [+ =]
T T T T

[{=]
w0
s

0 13 27 40 53 67 80 93 107 120 133 147 160 173 187 200
Speed [km/h]

Figure 6-2: Tractive Effort, Resistance, and Acceleration Force for a Two Locomotive
Configuration with Eight Traction Motors

177 Traln Speed Profile vs Dlstance
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Figure 6-3: Simulated Speed Profile of a Single Locomotive Option over a Roundtrip
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Running Diagram vs Time
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Figure 6-4: Simulated Running Diagram of a Single Locomotive Optiorover a Roundtrip

The simulatedoneway journey timdgrom Raleigh to Charlottépr a configuration with a single
locomotive and a CCls three hours and three minutesile the addition of a locomotive.g.
hauling a diesel locomotiveyould extend the journey by five minutdsboth locomotivegor
converted CCUsyvere poweredvith eight traction motorsperating at full capabilitya journey
time of two hours andifty -threeminuteswould be achievedyiving areduction of10 minutes
compared to theingle locomotive optionfr eight traction motors operating at half capability)
To achieve that reduction, additional energy is regiillustrated inFigure6-6.

6.2 Pump-to-Wheel

Energy consumption and emission resulting from operation are presented in this section as a
comparison to the dieseledric benchmarksingle diesel locomotive with CCUPDetailed
results for any individual option are presented in the Appendix.

The hydrogen fuel cell options would not have any harmful emissions as part of operations and
therefore offer a 1006 reduction. The impact on emissions from the diesel hybrid options is
illustrated inFigure 6-5. Emissions from electricity production to charge the plugptions are
considered as part of tNeéTP analysisA discussion of the diesel options is provided inftell-
to-WheelEnergy and Emission Impacsubsection.
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Figure 6-5: Impact of Diesel Hybrid Options onEnergy and Emissions from Operation

In Figure 6-6, the energy reductionesulting from operations compared to the diedettric
benchmark is illustratedAll options offer reduction potentialt should be noted that while the
single locomdve options offer the highestductionthese are the most difficult to implement due

to weight and space limitations, and are not feasible for the diesel hybrid cgrtidace shown

for illustrative purposes onhBignificant reductions are possibletlvseveral configurations, in

the 50% rage, which could have a positive impact on operating cost as long as hydrogen is
available at a competitive price.

Splitting the powertrain between two different vehicles has no major ingra&nergy and
subsequeremissionsvhile hauling an additional locomotiysuch as a diesel, has a minor impact
compared to a CCU option. This is expecteaddition of a comparatively small mass does not
impact railway energy consumption significantly due to physical characteristics suchfia®s the
interface between the wheels and the Bokh primary fuel consumptioreductioni.e., diesel or
hydrogen, and impact @nergy required for battery chargiare illustrated. The highest energy
reduction potentialvas achieved with a fuel cell hybrid plugin optioas expectedbecauseahe
FCS can operate in its most energy efficient regibile batteries can be charged from the grid.
Reducing the number ofFSand resulting power output hasnorimpact o energy consumption
but would enable capital cost reduction and easier powertrain implementation.
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Figure 6-6: Energy Reduction Gompared to the Diesel Benamark

A further observation is theelatively significant impact on energy reduction potential if both
locomotives would have powered wheelsets (ormht traction motors would operate at full
power if implemented)A tradeoff would have to be made laten a faster journey time and
impact of energy consumptioiven the current line spegdhe additional capabilities afight

traction motors per traioffer limited journey time improvement$herefore, if a CCU would be
converted to a locomotive, careful consideration should be given before all wheelsets are powered.
A further possibility would be to limit the power during traction phasesitiize the capabilities

of all motors for braking, which would likdy lead to energy improvemenasid smaller journey

time reduction

Thetwo-locomotiveoption with four powered wheels@ir eight operating at hatfapability)and

a fuel cell downsized hybrid plugin powertrain appears to be the sambfe optionReasons for
this assessment arestlveight and volume constraint$a single locomotive and tligh potential

to refuel after two roundtrips compared to pite highenergy reductiopotential;and the capital
cost decrease opportunity relation to a fulpowerFCSoption. A motive power vehiclef this
two-locomotive optiorwould haveapproximatelythe following major component800kW FCS,
a1350kWh battery200kg of hydrogen storageand two traction motor®r four traction mots
operating at halpower) Doubling ofthe hydrogen storage capacity would likely enable refueling
after two roundtrips instead of oriReduction of the battery size might additionddgpossible if
rechargng could occur after a onewvay journey, impacting ease of -tward equipment

-57-



Simulation Results and Discussion

implementation anatapital cost.Addition of two traction motorgo a total of fourwould be
possibleenabling more regenerative brakibgt traction power should be limitéd not negate
thatimpact a tradeoff with capital expenditure would be necessary.

6.3 Well-to-Wheel Energy and Emission Impact

In this section a comparison of théTW impactrespective to the benchmark diestctricis
presentedWell-to-pump emissionareshown inthe Appeadix together with detailed results for
each configurationFigures have been produced fall dieselpowered options, the single
locomotive fuel cell options, and for th&o locomotive fuel cell hybrid downsized plugin version
to illustrate the impact.

Diesel hybrid options offer noteworthy reductions in WTW energy and emissions, as illustrated in
Figure6-7. Only the two locomotive options are feasible, and the plugin version performs better
than the diesel and battery locomotive option. A large proportion of the emissions occur during
operationdue to diesel combustion on the locomotive and-eenssions cannot be achieyedr

is an emissiotiree energy supply chain possible with current technology for the diesel options
Conversion of a CCU to hold a battahereby forming a diesel hybrid tnaconsistwould be a
suitable option to reduce air pollutamaisd energy consumption

N
w

Diesel and Battery Plugin

[
h|| |‘ ‘

Diesel and Battery

L

[
(=]

Diesel Hybrid Plugin B

Diesel Hybrid

=
||ﬂﬂ|| “ |

o
(9]
=
o

15 20 25 30 35
Change in %
(Positive Denotes Reduction)

HCO EWPM10 ©PM2.5 ENOx HGHG MEnergy
Figure 6-7: Diesel Hybrid Options WTW Energy and Emission Impact

Thenext graphs show the impactsfigle locomotie hydrogen fuel cell options on a WTW basis
Figure6-8 illustrates the energy impact, followed Bigure6-9 showingGHG emissions, impact
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on criteria pollutants are presentedrigure6-10 to Figure6-13. All emissions would occur as
part of the energy supply chain as hydrogen options areepeission during operation.
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All options and supply chain pathwalesad to a reduction in NOx and CO whilee impact on
energy, GHG, and PM are dependent on the patlaweyincreases are possildR reduction is
important,especially at the point of usas the EPA usethis pollutant to calculate largecale

health benefit¢Harris, 2020) Thus an option with a positive PM reduction is desirafilee fuel

cell hybrid pluginoffers the highest reductions as expected from the operational results, while the
fuel cell ogion offers thdowest reductionsf all considered hydrogen configurations

The high contribution of fossil fuels in the electricity naixectly affectsGHG and PM and has
an impact on overall energy consumption. This production option should be avoiged the
electricity mix will become substantially less carbon intensive.

The best emission and energy reductions can be achieved with electroly$B0&menewable
electricity mix as expected. There is a small difference between onsite production and delivery in
therenewable electrolysis optistut transportation of hydrogdms a minimal impaabver the

short distances consideredklivery as a gasffers higher reductions than as a liqudde to the

high energy penalty for liquificatiof:rom a practical implementation perspectibhe, delivery by

truck option might be especially attractive during the demonstration and early implementation
phasesvhen onlya few hydrailvehiclesare in useNCDOT would not need to consider building

an onsitehydrogen production plant unéllater phase when comfortable with hydrail technology.

Hydrogen production from SMR offers substantial reductions in cripadiatantsand the onsite
option offersthe highestThe biomassption is alsattractive with reductiongypically between

SMR andelectrolysis with100% renewable electricityResults for the two locomotive options
follow a similar pattern as WTW emissions are dependent on energy consumption resulting from
operatios. The options of a single locomotive hauling a diesel faver energy and emission
performancewhile the two loomotive hydrogen options with four traction motdos eight
traction motors operating at half their capabilithove similar but slightly less energy
improvement both illustrated irFigure 6-6, with the corresponding impact on the supply chain.

An example of the WTW impact of a two locomotive opt{either four traction motors, or eight
traction motors operating at half their capabilig/flepicted irFigure6-14.

The preferred train configuration and powertrditom the operational and implementation
perspective adescribedn theHigh-level Technical FeasibilitandPumpto-Wheelsection was
the two locomotive fuel cell hybrid downsized plug. In Figure 6-14, the resultsfor that
configuration ardlustrated.
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Figure 6-14: Two Locomotive Fuel CellHybrid Downsized Plugin WTW Energy and
Emission Impact

The general pattern across treious hydrogen supply options is the same as for the ftbler
cell configurations. The best emission and energy reducticmachieved with onsite electrolysis
with a 100% renewable electricity mix, followed by the delivery options with that production
method.Both SMR options offer reductions in all categongsile the biomass optioperforms
better than the SMR delivery pathwaiydrogen production through elediysis fromSERCqgrid
electricity is theoption with the lowest reductions and increases in WTW energy and GHG
emissions and, therefore, should be avoideléss the carbon intensity of electricity production
can be substantially reducdeor the SECR eleailysis pathwaysonsite electrolysisperforms
best, followed by delivery as a gaghile delivery as a liquid offers thewest emission reduction

in NOx, PM2.5, and C@ombined with an increase in energy consumption, GHG, and PVi&0.
high carbon contenin the electricity production mix combined with the energy demands for
liquification are the primary causes for that result.

NCDOT may wish to consider a phased approach towards powertrain conversion to reduce
implementation risk, become more comforeabith new technology, or due to budget constraints.

A possibility would be to replace one of the diesel locomotives in the current consist with a
converted CCU housing a battery, therefore creating a diesel hybrid train consist. In the next phase,
the batery CCU could be upgraded with hydrogen fuel cell technology. Subsequently, the
remaining diesel locomotive would be replaced with a hydrail vehicle.
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Overall a hydrailoption is feasible anaffers zereemissions resulting from operation with the
potential to reduce WTW energy and emissidepending on the hydrogen production pathway.
Given NCDOTO6s ambi t imaybe a costffettiyedattaforivards reduecet i o n
emissions, ideallycoupled with renewable hydrogen productithit a biomass or natural gas
optionwould also result immission and energy reduction in many train configurations, including
the preferred optiofrom an operational and implementation perspective.




Conclusion

7/ CONCLUSION

The two incumbent powertrain technologies for railway motive power in the U.S&leteic
where power is supplied through continuous wayside infrastructure and-eleselc where
power for the traction motors is produced onbotrd latteiis the dominant in North America and

the option used by NCDOT. Combustion of hydrocarbons, including diesel, leaxisatiost with

air pollutants and GHGs. The Piedmont service raitecated in counties that have previously
been in air quality noattanment and NCDOT has a desire to reduce, ideally eliminate, emissions
from their rail operations if technically and economically feasible. Previous efforts didhe
Division in that directionncluded testing of biodiesel and installation of aftertraaimsgstems to

the existing locomotivedNew technologies such as diesel battery hybrids and hydrogen fuel cells
offer the potential to reduce energy consumption and emissions, the latter avoiding harmful
emissions completely at point of use. Additionatlydrogenenables significant decreasies
emissions throughout the energy supply chilire conducted workomparedechnicalfeasibility

of diesel battery hybrids arftydrail technology for the Piedmont service.

Diesel battery hybrids andyfirail vehicleshave been successfully demonstrated in locomotive
applications and are operating in service as multiple unit configuratibtosever, mither
technologyis currently in operatiorf o r a service wi taid, tie@fOr& T 6 s
assessmentf technical feasibility is necessarywenty-three train configurations have been
modelled as part of the studygngingfrom a dieselelectric benchmarkhroughdiesel hybrid
options to various hydrapowertrains.Plugin variantswere part of the inveéigation, i.e.the
batterysystemcan be charged from the gadter a roundtripAs an energy carrier, hydrogen can
be produced from many different feedsteakd nineproduction pathwaykave been considered
in this analysisSingle train simulation andell-to-wheel assessmertbols were employed to
assess feasibility andhdicate options suitable for the next pha®) which could include
construction of a demonstrator vehisleKey findings and recommendations are provided in this
section.

7.1 Key Findings

A diesel hybrid option offers reduction in energy consumption and emissions both in operations
and throughout the supply chainstallation of the required battesystemin thesame vehicle as

the dieselgeneratosset is not feasible due to the volume and mass implicabiohsonverting a

CCuU to house the battesystemwould be possibleoffering reductions.

Hydrail technologyhas been in commercial operation in multiple tr@iinsin Germany for over

two years. The assessment finds that hydrail technakdgasiblefor implementation on the
Piedmont corridor. Sufficient power can be provided by either a fuel cell powertrain or a fuel cell
hybrid powertrainto meet speed erptations and journey time=itting a CCU with a new
powertrain to create a locomotiie probably a costffective option.The volume available in a
CCU could likely accommodate all required equipmantl hydrogen storagérefuelling after

one roundtrips possiblehowevera more detailed desigissessmentould be requiredkesults

from the assessment indicate thatitogen storage at 3%@r is feasible but pressure could be
increased tallow installation with a smaller volume requirement if necesdaistributing the
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powertrain across twlocomotiveqor converted CCUspne on each end of the train, wolikely
enable a refuelling frequency after two roundtrfpgourney time improvementf@pproximately
10 minutescould be achieved if all eight axles oe#evehicleswould be powerednd operating
at full capacitybut energy reduction compared to ttenchmarkvould be lowetthan with other
options a decrease of approximatel8% for thehydrogenhybrid option and 28% for the
respectiveplugin versionFrom this initial assessmernhe two locomotivéor converted CCUSs)
fuel cell downsized hybrid plugin wittour traction motorgor eight traction motors operating at
half capability)appers to behe most preferable for the Piedmont service, consideraight and
volume requirements, refuelling frequency, number of F&f8l energy and emission reduction
potential.

A phased technology implementation approach could be conside@D@T, where a CCU is
converted to battery and operated with a diesel locomotive in a consist creating a diesel hybrid
offering energy and emission reductions. Although this may be suitable approach from a budget
and funding perspective, it is not the bagtion for longterm emissions reduction. However, the
converted battery CCU could be further modified by installing a hydrogen fuel cell system with
associated tankalternatively, if budget and propensity to take risk is ataigle, a hydrogen fuel

cell hybrid powertrain could be implemented in the CCU from the outset thereby eliminating
harmful emissions at the point of use.

Energy reduction from operatiomempared to the dieselectrichenchmarkange from 15% to
48%, the lowest decrease achievathwhe diesel and battery option and the highest with the
single locomotivgor converted CCUJjuel cell hybrid pluginThe two locomotiveor converted
CCU)options offer an approximateo to three percentagmint lower reduction compared to the
singlemotive power vehicle variants bemable easier implementation and the possibility to refuel
after two roundtrips instead of one. Thkely preferred option of NCDOT based on this
assessment would offe4&% energy reductioim train operation

Of thenine considered hydrogen production pathways, the highest energy and emission reductions
are achieved with onsite electrolysis supplgda 100% renewable (or carbbmee) electricity

mix, followed closely by the same production method at a centraldacatd hydrogen delivery

as a gasvhile delivery as a ligid would result inenergy increases but emission reductitime

lowest reductios andincreases in WTW energy requirements and Gi$Gvell asPM in some
configurationsare the result if hydrogen would be produced by electrolysis from SERC grid
electricity. Onsite production performs better than central and deli8WR offers reductions in
emissions and energy imost casesvith the onsite option performing better thanidesly.
Production of hydrogen from biomass and delivery diaslar results as SMR but offers higher

GHG and energy reduction.

7.2 Recommendations

Hydrail is feasible for the Piedmont service based on the criteria assessedvorkh The likely
best trainconfiguration for NCDOTfrom an energy and emission reduction perspectivibe
option with two locomotives (or converted CCHE) employing ahydrogenfuel cell hybrid
downsized plugimpowertrainwith four traction motorgor eight traction motors operatiag half
their capability) The rationadfor that choice is a combination gfpace and weight consideratipns
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likely making implementation of a hydrail powertrain easier, ghabable refuelling frequency

after two roundtrips instead of orthe high eneagy and emission reduction potential, and¢bst
reduction possibilitiethrough fewer FCS requiremeanlf charging after aneway journey would

be possible, additional component size reductions with asso@agtdsavings are likelyTo
address possible technological concern and funding availability, batteries could be added to a CCU
to provide a diesel battery hybrid train consist offering energy and emission reductions.

Following this technical feasibility study @tonomicand life-cycle costassessmerdf a hydralil
systemfor the Piedmont servicghould be conductedThis would enable NCDOT to choose the
most appropriatowertrain and hydrogen delivery pathwagmmensurate with their criteria
Tradeoffs between emission rediart, energy savings from operatigrspital investment, and
operational expenditure will have to be maahel could be identified ithat project.

Construction of a proebf-concept vehicle is recommendedvalidate simulation results and
demonstrate feasibilitgn the actual route, as any modelling offers estimates dhéy/ primary
powertrain components of suclkehicle(converted CCUgouldbean 800kW FCS, a 1356Wh
battery with plugin capability,200kg of hydrogen storage, and two traction motos four
traction motors, cost permitting) would represemnemotive power vehiclef a two locomotive
(or converted CCUtLonsist train. Refueling afteme roundtrip should be achievable with this
design.Additional hydrogen storage might be required for redundancy purpboseste detailed
design would have to be part of the project, which wamdble componensize and fidrogen
storage quantitpptimization

If a hydrail systemwere implementedand WTW emissionseductionwere prioritized then
production via electrolysis froran electricity mix consisting df00%renewablesources should
be chosenfor this case, hydgen poduction could either be onsite@sewhereanddeliveredto
the fueling stationover a relatively short distancEMR, the most common current hydrogen
production pathwaypffersemission reductions on a WTW basigh hydrogen deliveretb the
refueling station rendering this option likely for a demonstration project.

In summary a hydrail option is feasilda the Piedmont service and suitable to achieve emission
reduction goalsvhile also decreasing energy consumption in train operatio@extphase a
proof-of-concept or demonstrator should be constructed and tested.
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9 APPENDIX

9.1 Regenerative Braking lllustrations

Tractive and Braking Effort of a Single LocomotieTwo Locomotives with Eight Traction
Motors at Half Capability

Power Profile at Wheels
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9.2 Speed Profile for Train Configuration with Two
Locomotives and Eight Traction Motorsat Full
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Train Speed Profile vs Distance
177 LSRN L L O . ., . . 0 0 0 L L A
[ ‘—Line Speed Limit —Train Speed Profile|]
159 | ]
142} 1

124? I
106 1

Speed [km/h]
w [3,] =~ co
(3] w - 7<)
T T T T
| | | |

-
(=]
o T T

L PR R VI B PRI B P I VRN ANNI! EEI P Y TR AR M BTN MRS W M -
37 75 112 149 187 224 261 299 336 373 411 448 485 523 560
Distance [km]

(=]

9.3 Well-to-Wheel Results

O Trailing Wheelset Battery
Charger .
Diesel

. Powered Wheelset

Powered Wheelset

—not utilized
I Power Plant
— full size Passenger Car
B B seeeee/ /7 horia
Iy PowerPlant PassengerCar | (Power Plant
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Figure 15: Legend for Appendix Graphs

All optionswith two locomotives (or converted CCUS), unless stated, illustrate four powered
wheelsets, which would be equivalent to eight powered wheelsets operating at half capability.
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9.3.1 DieselElectric Benchmark

Diesel
Power Plant Diesel Input and Electric Power Output|— pqyer-piant Output

_ 6000 7
3

X

= 4000 - 7
0

3

0

- WWMWWWM WMWW WWWUWW |

0 d
—Power at Wheels
—Power-Plant Output
Total Power Inputs and Power Qutputs | traction Motor Output
T T I I T T

_ 2000 f 1} WA? A 1
S
= |

[ L L = -
g O W r

s

0
% 2000 -

! | | | ! ! ! !
0 50 100 150 200 250 300 350 400 450

Time[min]

79




Appendix

9.3.1 DieseE |
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9.3.2 Diesel Hybrid
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Di

esel

Hybrid (contdd)
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9.3.3 Diesel Hybrid Plugin
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