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ABSTRACT

As societal attitudes toward fossil fuels shifts, commuter railroads may be coming under
increased scrutiny for their contribution to greenhouse gas (GHG) emissions. This analysis
explores new possibilities created by battelgctric locomotives (BELS) in conjunction with
partial electrification for emoute recharging in electrified territory. We propose a systemwide
network approach that starts with one or more substatiagegraphically strategic locations,
thenelectrifying just enouglfor sufficient electrical chargevith BELs running off the wire in
nonelectrifiedareas. As 25,0000lt alternatingcurrent substations generally hael8~26-

mile reach considerable po#zlities exist for newstart electrifications.This is significantly

more costeffective than a traditiona@pproactthatelectrifiesone corridor at a timeAlthough
BELs are in technical development, and certain implementaktiatlengs remains on comuter
railroads we believe BELSs required to enable this type of electrificadi@within reach of
currentbattery technology.

Drawing onexamples irBoston, Philadelphia, Chicagand Minneapolissix strategies
are outlined(1) minimizing electrification costs byelectrifying radial commuter netwasirom
a centrallylocated substatiorf2) for systems with longer routassing BELSs to extenthe
central substatians 1, (8) axtehdingnew electricservice beyond existing electrifications
with BELSs, (4) using BELSs to create new transgional servicegb) co-locating railroadowned
feeder lines with utility infrastructure such as electric transmission +gfhigy to maximizethe
geographic reach alupplysubstationsand (6) providing chargingads in certain limited
situations Preliminary ridership, energyufficiency and lifecyclecost analysewereperformed
to show the feasibility of BEL technology in conjunction with a substdiasedsupplyside
approach talesigningelectrificationprojects

Keywords: Commuter rail electrification supplysubstationsbatteryelectric locomotive,
chargein-motion
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| NTRODUCTION

As societal attitudes move away from fossil fuelfawvor of carbonneutral renewable energy,

commuter railoperatorsare respondhg to these concerndn 2021, Met r a, northeast ¢
commuter railroadssued a request for proposals for batfgoywered locomotiveslj. The

California Department of Transportation has ordered &tadlerhydrogen-powered multiple

units for use on the San Joaquinite @) . Al t hough halted in 2022,
Rail Road and Alstom were actively developing a retrofit battery package for existing electric
multiple-unit (EMU) cars 8).

Electrification, already undergoiregmild renaissance in the early’2&ntury, merg a
closer look and not just for environmental reasons. Advances in battery technology are leading
to a paradigm shifivithout precedenin the history ofrailroad electrificatiorthatshouldgreatly
reduce the capital cost of new installations.

Modern batterselectric locomotives (BELSs) with an energy capacity ofmeawatt
hours(MWh) wereannouncedn 2021(4). The authorhavepreviously demonstratg®) thata
four-unit consist of these BELs are capable of hauling ftdigimsof up to 8,000 tonfor 230
mainline miles unassisted, potentially enablingcontinuous electrification of major freight
lines. When combined with eroute charging on highkioltage alternatingurrent (AC)
catenary, BELs potentiallgffer a rewolutionary technology for commuter naibdslooking to
reduce diesel traimiles for greenhousgas (GHG) emission and climatelated reasons.

ConceptuallyBELsresemble existing duahodeAC electriddiesel locomotivesalready
operatingon one majocommuter railroad (Figure ,1¢xcept that their ofivire power comes
from batterieswhich are charged up while under the wire.

Figure 1. NJ Transit duamode locomotive entering Convent Station, 20Ban Railer photo
(CC BY-SA 4.0).

Source: https://commons.wikimedia.org/wiki/File:AL#5DP_Convent_Station.jpg
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Although early 28-century electrifications used lower voltages, geegraphiceach of
25,000Volt (25kV) AC electrification at 6MHertz (Hz) commercial frequencyeates new
possibiities in combination with rapidideveloping BEL technologyOur research suggests
that BELs cawork with alreadyexisting electrificationgnvolving lower voltages, but the
greatereach of 25kV enables longer electrifications to be powered dreesingle substation,
which in turncanreduce infrastructure costs extend the reach @lectricservice. BELs
themselvedurtherextend the range of electric service by runningvafe beyond the electrified
trackage.

No BELs have been specifically buitir commuter service as of this writing. But given
stateof-artin battery technology driven by the automotive fiel(6)d and successes of current
freight-oriented prototyp®8ELSs, vendorshauld be able tadevelop BELs suitable for commuter
serviceshouldan appropriate specificatidreissued Severalkconceptual desigrareadyexist
e.g.,(7). This paper describes how this technology, when fully proven, could be used.

Our approach to electrification planning is to electnfisierinnersuburban sgments,
supplemented with BELs or ttary EMUs for outerguietersegments, offering a cestfective
path forward. Preliminary analyses conducted for this effort show that once produced, BELs
should have the range needed to extladtricservice to exiban areas and beyond.

This concept combines traditional electric operations with BEhdhave been
previously discussed at a conceptual le8ed(p. 168). It had been previously explored with a
hydrogen fuekell stackin conjunction with dybrid powertrain £0), prior to highcapacity
batteries becoming availabl®r evi ous wor k on a concept ter med
with very shortive-wire segments and gapklj applied to reducing GHG emissions from
passenger rail with duahode desel locomotivesl@) was found to be unworkable due to failure
to consider feeder wire and substation related isdu4gs I(ocation of electrified track mileage
required to advance such a concept was recently subject to an optimizatiori Sfudgded,
Deutsche Bahn may be close to implementing such a concept in Schitsatigin (L6) with
minimum electrified segments of several hundred metres.

This study is distinct from previous work in several significant wayar approach
keeps the electrifiedegments contiguous to the maximum extent possibked on the
maximum reach of 25kV supply substatioreg;ognizing that substations are a major part of
electrification expense. We utilize BELs in place of diesel-duadle units to operate through
undectrified territory, thereby achieving 100% GHG elimination at the point of use, rather than a
partial solution.Finally, and perhaps most importantly, we sketch out what practical designs on
U.S. systems might look like using case studies on existidgaposed U.S. commuter and
regional rail systems, thereby advancing itieabeyond the conceptual stage.

Context of Climate Change
Human activities are estimated to have caused between 0.8°C to 1.2°C (1.4°F to 2.2°F) of global
warming above préndustial levels, ands likely to reach 1.5°®efore2052 (L7). Thus, he
United Nations Intergovernmental Panel on Climate Change (IR&@Cgalled for a 40%
reduction of GHG emissions by 2030 to avdidnate consequences associated a&iterage
warmingof greater than 1.5°CSome industry groups describe zerar bon r ai | as a
by 2050 (.8).
Diesellocomotivesemit GHGs and contribute to climate change. As automobile and bus
fl eets are hybr i dieavicodmentabrguemierasa favorioffdieselstoweretd o day 6 s

7
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commuter rail will become harder to sustain. To reduce dieselriéds, operators must either
cut service or replace diesels with .GRG-emitting propulsion technologies.

Research Objectives

This paper offers a higlevel, first-cut feasibility analysis for BElenabledcommuter rail
electrification. It aims to: (a) identify existing commuter rail services that could be electrified for
climate change action; (b) show how singiédstation configurations in combination witkIBs

could make electrification less costly than conventional designs; and (c) show that-tM/4.8
BELs have the range to perform all but the most demanding duties in typical commuter and
inter-regional services, if enough of the core network is elestfifi

Limitations of This Research

Our researckloes not address such implementation issues as upgrading electrical grids for
climateneutral power generation, or infrastructina@sed sitespecific restrictions (equipment
weight, length, special requiremenetc.). Nor does it evaluate mode shift alternatives (e.g.,
from diesel trains telectricbuses), offer ridership forecasts, or address the longstanding debate
between locomotives and EMK9). It also does nadeterminevhether railroads are more
GHG-efficient with electrification than with alternate fuels such as hydrogenyestigate
environmentatoncernsabout thefabrication andlisposl of batteriesor theconsequences of

miningthe necessargemipreciousmetals However liquefied naturh gas ( LNG), fAgen
locomotivesando per ati ng di esel | ocomoti ves -neuralihybr i
options B).

Norishi s paper a fAbusiness caseo for commute
commuter andhtercity passenger radlervices require operating support, andh support isot
generally driven by energy costrom a returron-investment perspective, the balance of
electric power versus diedakgely dependen assumptions about relative energy costs.

Perhaps mosinportantly, this research does not consider track ownership, jurisdictional
issues, or other institutional matters. It is assumed that solutions can be found, as in
Massachusett®0), New York, Virginia, Florida, California, and Ontario.

For generabackgroundon railroad electrificationreaders are referredttoe extant
literature(21-26) on designalternativesZ7), traction power supply2g, 29), and alternatives to
diesel tractionq pp. 135177).

HISTORICAL REVIEW OF NORTH AMERICAN ELECTRIFICAT IONS
In the early 28 century, railroads that could afford the substantial expense electrified spme or
occasionallyall of their suburban servicés solve specific operatinigsues where steam was
unworkableor inadequat€30, 31). These situations wolvedlong tunnels, underground
stations, sustained grades, inciegsrain throughputhrough faster handlingeneral economy
of operation (particularly in conjunction with intercity passenger and freight traingprand
elimination offossitHuel locomotive smokéor civic improvement purpos€82). Interestingly,
thesereasondor electrifying remairvalid.

ThepostWorld War Il emergence of dieselectric locomotive (9, 33) transformed
North American railroads and redudibe@ operating advantag of electric traction. Mechanical
engineers and manufacturers quickly settled on dedsetrics as the motive power of choice.
Dieselelectrics, being essentially electric locomotives with-sefitained diesel generators,
combined the geographic Ribility of steam with the high torque of electric locomotia4).
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Pushpull operationwith diesel locomotives and cab catarted on the Chicago & North
Western in 196@35) and quickly spread to other commutailroads This made diesel
locomotivesas easy to use in commuter service as EMUSs.

Re-electrificationsand otherenewalsf alreadyelectrified commuter rail linesffered
the first tentative signs of reinvestment in electric traction infrastructegeral re
electrifications switched ovdrom direct current (DC) or loMrequency AC to commercial
frequency, 66Hz AC (36):

New Jersey Transit, Morris & Essex Lines, from 3,000V DC to 25kV Acs1501984
Metro-North Railroad, New Haven Line, from 11kV AC,-B& to 12.5kV AC, 6eHz,
1986

1 Agence Métropolitaine de Transport (Montréal, Québec), EMoxtagnes Line, from
2,400V DC to 25kV AC, 6/Hz, 1995

T
T

First-Wave Electrification Renaissance

Adding to the extent afxistingelectrificatiors was a logical followon to renewals of older
installatons. ThreeNew Yorkareacommuter railroads added significant extensiorexisting
electrificationg(19822002) Several newstart installations, att 2%V AC, followed

1 Amtrak Shore Line Route, Boston, Massachusetts to New Haven, Connecticut, 2000
1 Ferrocarril Suburbamde la Zona Metropolitana del Valle de México, Mexico City, 2008
1 Regional Transportation District, Denver, Colorado, 2016

Two other properties are in the process of electrifying at this writing:

9 Caltrain, San Francisco to San Jdsalifornia
1 GO Transif multiple lines Toronto, OntaripCanada

Figure 2shows the Caltrain electrification, which uses hardware typical of modern
electrifications.
Two unsuccessful proposals and a third yet in play were also part of this first wave:

1 In 2012, an otherwispromising plan to electrify three commuter rail lines in Montréal,
Québec, Canada failed when the freight railways, which own the tracks, announced their
opposition to electrification.

T I'n Chicago, Met r a, ne raitroadk @rssidezed electlifying some i s 0
or all of the Rock Island District (which Metra owns and operates) in 2018. The
interesting aspect was not that Metra found the costs exceeding the benefits, but that this
proposal failed to advance by only a dmaargin.

1 Finally, in Boston, as of late 2022 the Massachusetts Bay Transportation Authority
(MBTA) appeared to be ready to proceed with electrifying the Fairmount Line, which
serves an urban corridor and provides an alternative to the Northeast Coaidbne
between Boston and Readville, Massachusais (

This early 2 century renaissance occurred against a backdrop of rising commuter rail ridership
betweeril983 and the start of the COVHDI pandemic in 202@8). At first glance, the
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pandem c 6s effects on ridership might i mply an
electrification. Recent controversies about electrification co3® &nd batteryelectric
tractionds appl i c46 basdd ontgyestiorablepasggimehavg untherr a i |
confused mattersBut a second wave of interest in electrification may be imminent as ridership
recovers, led by increasing unease about GHG emissions and their impact on climate change.

Figure 2. Section of completed Caltrain electrification work at Californiedwe, Palo Alto,
California, 2022. Dick Lyomhoto (CC B¥SA 4.0).

Source: https://commons.wikimedia.org/File:Caltrain_electric_infrastructure in_Palo_Alto.]

Current Approaches to Dual-Mode Motive Power
Amtrak is currently procuring Siemens Charfgeeomotives mated to Auxiliary Power Vehicles
(APVs), which draw power from overhead catenary and could optionally be fitted with batteries
(4). MetroN o r t h érde ¢grrocaremerfd2) may include an option for battetgnders that
would supplypowerto adjacent locomotives.

Responding to these market demar@ismens is reportedly designing a version of the
Chargellocomotive (designated M4ARMC) with Lithium-ion batterieshat could operate in
battery and diesel modes, recharging fraffroadpowersourcesvhere available When this

(

e



O©CO~NOOUOTPA,WNBE

Partial Electrification Strategiefor Allen, Lu, Trout
DieselCommuterRdi6s Cl i mate Chall enge and Aurelius

locomotiveis built, it could providethe capabilityfor a demonstratiopassengeservice that
would span existing electrified and neflectrified territories.Although hese approaches
involve diesel locomotivesvhich might, as an option, lgovided with energy storage capacity
rather than BES, thisrepreserga significantfirst step toward reducing diegehin-miles.

Further Electrification Renaissance?

Until recently, new standards (Tier 2, 3, and 4) restggpiarticulate and noxious emissions

from new and rebuilt diesel locomotivgts, 9 pp. 123133) hadseeminglyraisedthe threshold

for justifying electrification, but concern about GHG emissions may have the opposite effect of
making electrification moreesirable.

Currentalternative fuels and propulsion technologies have their limitations. Hydrogen
lacks the concentrated enempgnsityof fossil fuel, and even under the best of circumstances is
likely to underperform relative to dieselloiodiesel 21 pp. 1811). ThusGO Transit
considered but rejected hydrogen power as being inadequate for its busy and growing system
(44, 45). In 2022, Metrolink converted from fosdilel diesel to a renewable diesel fuel (RD99)
refined entirely from modern carbgre., carbon other than that contained in fossil fu€l®)
the extent thaRD99production remove€0, from the atmosphere, overall net reductions of
65~90% of carbon emissions might be possih@®, put it does not entirely eliminate GHG
emissionsTodayd6s concern with reducing the carbon
likelihood that the environmental benefits of commuter rail electrification (powered from
carbonneutral sources) will be fully appreciated.

The secondvave electrificatiomenaissance is likely to take two forms. One is
conventional electrification using overhead catenary syste&@S) as in Denver, San
Francisco, and TorontoThe second involves the emerging technology of bagiestric
locomotives (BELS).

STRATEGIES FOR COMMUTER RAIL ELECTRIFICATION

We propose some strategies and ideas to minimize both capital and operating elestisic#d
commuter rail service ithe context ofeducingGHG emissionsusingexamples fronBoston,
Philadelphia, and Chicagd able 1 summarizes the strategies discudsextin Because partial
electrification requires approaches that diffezaty from thosehithertoused for conventional,
continuous electrification, thegaradigmshifting strategies arexamined first Following these
strategies is more technicatliscussion othe method used

Key to these strategies is a supphented approach to electrification. drclassical
servicecentric approactsponsors decideahatservices should be electrified, and given that
scope, railroad engineering departments determined what infrastructure was needed to
implement the project. Instead, we stand this logic on its head. Starting with a strategically
located substation, we ask how much of the network can be electriftedMight affect such
operating matters as storage yards, crew basedy@tgiven the significant range of 25kV
electrification from supplgubstationsgesigners should have considerable flexibility to identify
solutions.

For this analysis, we assuththat on shared freight/passenger corridors, catenary
electrification can cexist with doublestack container trains, or freight trains can beorged if
necessary. As it should be possible to operate electric locomotives at speeds up to 100 mph with
wires dimensioned for doublack container traingl{ pp. 23), such clearances would not be
problematic for commuter rail operations.
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Table 1. Summary ofartial electrificationstrategies

Strategy Description Case Study Opportunities for Use
1 Take Advantage of Commutq Boston Northside | New-start commuter rail electrification where the
Rail 6s Star N network has a central terminal and multiple
branches extetilg up to 25 miles frona central
yard or station
2 Use BatteryElectric Boston Northside |Networks with a central terminal where multiple

Locomotives to Extend Reac
of Central Electric Substation

branches exten#5~50 miles out, especially if
exurban areaseek new ocontinued service

3 Extend Service Beyond Philadelphia Existing electrified networks where exurban
Existing Electrfication with | Readingside services were previously discontinued, but
BELs localities now seek service restoration or extens|
4 Create Tranfkegional Mid-Atlantic Connecting two or more electrified commuter ra
Services Spanning Electrifie Regional Network \ net wor ks where a fAgap
Zones Using BELs exists in the areas between them
5 Take Advantage of Go Chicagoland New-start commudr rail electrification where the
Located Infrastructure North and West | network extends more than 50 miles from the
downtown, or where ridership density on one or
morelinesis so high that a straigielectric service
is warranted on them, and adjacent branciies
extensionsre in relativelyclose proximity
6 Charging Pads Regional Services|Isolated, very long lines where a single charge f

Terminating in
Smaller Locales

downtown cannot reliably carry the train through
the final destination, and/or shore power may be
needed at the outlygy yard to maintain charge
during weekend layovers

Whereelectrifiedlineswith lower wireshave flat junctions with other railroadshort
gaps may be needeih the catenary wireto accommodate freighitaing particularly if double
stack containerains use the intersecting lin€This situatio already exists othe Northeast

Corridorin southwestern Connecticutherethere is a short gap in the wires when crossing the

Cobmovable bidgeover the Mianus Rivey We have previously provide&) alist of next
steps necessary to prove out that catenary electrification eaxistavith doublestack freight
trains in North America.

We now turn to the strategies themselves.

Strategy 1: Take Advantage ofC o mmu t e r StaR Metwbrk Bopology
Classiccommuter rail networkradiate from alowntownlocation in all directionstypically with
ashared train servicing facility nearbilodern 25kV AC, utilityfrequency, autotransformer
fed systemm have a maximum range of 226 miles from supply substatiofigp to52 miles
between substationgjepending osuchfactorsasdesign and power drawCommuter rail
power requirementareon the lower end aheoreticalcatenarycapacity thereby maximizing
substatiorrange. This range allows the e t w dighesddensity segments to be covered from
onesingle,centrally locatecdupply station This is especially true dtrunk line runs several
milesfrom downtownbefore splitting into branches, or if the servicing facilitioisateda few
milesout



Partial Electrification Strategiefor Allen, Lu, Trout
DieselCommuterRdi6s Cl i mate Chall enge and Aurelius

Figure3 shows the hypotheticaltent ofelectrificationfrom one supply substatiowith
3tobaut otransformer paralleling substations on
rail system.All core suburban marketsrhich encompadme segments servin83.6% of total
ridershi@ see Figurel, and Methodology A belo@ canbe covered from a single substation at
theBoston Engine TermingB.E.T.). Any operatimsbeyond the electrified zorveould require
connecting service Some parts are at the far erfdtee 25kV transmission range and may
experience lowvoltage conditions under certain circumstances.

Admittedly, a singlesupply configuration has reliability consequenceswever, those
effects can be mitigated by multiple utility feeds at the ceftcation, and BELs or interim
10 electredieselduatmodelocomotives for some services. Additional feeder locatomght
11 eventually come online for reliability enhancement and as electrified services expand beyond the
12 suburban core. But as a startecti@cation system, this is a highly cestfective
13 configuration.
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Figure 4. CommuterRail ridershipstatistics for Bostorshowing wsualization byline,
station, andmileage

Data from Massachusetts Bay Transportation Auth¢4iy.

Strategy 2: Use BELs to Extendthe Reach ofBasicElectrification
Theremightbe markets beyond the 18~&86le radius thataire important for ridership,
operational, or jurisdictional reasonidigh-capacity BELs can serve these markets seamlessly,
even withou25kV wiresreaching important suburban terminals like Haverhill and Fitchburg
Figure5 shows the approximate maximum BEL ranges beyond the hypothetical core
25kV network, based on theanging time available between entering the electrified zone
inbound and leaving it on the next outbounddrigee Methodology B, belawWe only need to
build the minimum electrification necessary to keep BELSs sufficiently charged to reach outlying
terminalsand return to the electrified zone. Therefore, less electrification is needed than in
Figure3, particularlywhere we know services on a specific braiscinlikely toextend beyond
the current terminalé with Rockport, at the end of a peninsula).

11
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Figure 5. Boston Northsid€ommuterRail network casestudy: centralsupply substation
strategy withbattery-electriclocomotives (Strategy 23howingminimum necessary
electrification at 25kV withone singlesupplysubstation athe Boston Engine Termal.

Another advantage of this setup is that branching may occur near the maximum range of
a single 25kV substation (e.g., Newburyport and Rockpdtiese branches necessarily increase
electrification costs because infrastructure is lessaftsttive on lowerdensity
segments BELs respond to this challenge by serving loensity areas without having to
install and maintain expensive catenary infrastructure.

Some outer terminals, where many communities have sought commuter rail since 1981,
extend well beyond the extent otirrentdiesel service Although funding and governance
matters remain yet to be solved, BELs combined with a central supply substation could extend
service well beyond boundaries formerly thought possible or desirable. ud@eaatlying
jurisdictionsbenefit from BEL service extensions, commuter rail agencies may well expect these
outer areas thelp pay for the core electrificatign

This approach also allows more frequent EMU or electric locomotive service on the
highestdensity segments, assuming sufficient track and yard capacitieop@nating plan
assumptions (Table 2) include 100% electric services to Reading, Lowell, South Acton, and
Beverly Depot, supported by new yard tracks at Lowell and near Salem. Furthewiitbe
neededo definitively establish operating plan alternatives tleaisible infrastructure expansion
could accommodate

12
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1
2 Table 2. Operating anderviceplan detailsfor Boston Northsideasestudy (Strategy 2)
3

Line Service Plan
Fitchburg BEL expresses to Wachusett, electric local trains to South Acton. Trains to be crewed from Fitg
South Acton, and B.E.T. BEL trains to be stored at WachuBédttric South Acton service to be
thinned out in the late evening and sets combined aiéhright outbound EMUSs to Lowell for
storage.Sets to be deadheaded back to Boston for early AM EMUSs to/from Acton.

Lowell BEL expresses to Manchester NH, electric local trains to Lowell. Trains to be crewed from
Manchester, Lowell, and B.E.T. Traittsbe stored at Manchester and a new yard at Lowell.
Haverhill BEL expresses to Exeter, NH to run via Wildcat Branch, electric locals to Andover via Reading.

Electric trains will be stored at Reading in an expanded Reading Middle facility. BEL traiirsueo
to be stored at Bradford. Trains to be crewed from Bradford, Reading, and B.E.T. Regional tral
operate with limited stops within the commuter zone.

Newburyport/ BEL expresses to Newburyport/Rockport, electric local service to BeDepot. Trains to be crewed
Rockport from Newburyport, Rockport, Beverly Depot, and B.E.T. Trains to be stored at Newburyport,
Rockport, and a new yard built within the Sal®mabody Link righbf-way.

With Strategy2, most core suburban markets (line segssarving/6% of total
ridershi@ see Figure, Table 3 and Methodology A belowd) can be covered from a single
substation at the Boston Engine Terminal (B.E.3hpwn in Figure'.
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Figure 6. Distanceridershiprelationship foBoston Northsideasestudy (Strategy 2)
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1
2 Table 3 Electrificationperformanceametrics for Boston Northsideasestudy (Strategy 2).
3
Ridership
Receiving Line
Weekday | Electric % % % Length Miles %
Line Ridership | Service Electric BEL Shuttle (Miles) | Electrified | Electrified
Fitchburg 17,480 12,210 70% 30% 0% 53.7 25.3 47%
Lowell** 21,046 21,046 100% 0% 0% 55.5 25.5 46%
Haverhill** 14,026 9,940 71% 29% 0% 50.4 22.8 45%
Newburyport 16,679 10,963 66% 34% 0% 36.2 18.3 51%
Rockport 12,367 8,129 66% 34% 0% 35.3 18.3 52%
Boson North 81,598 62,288 76% 24% 0% 231.1 110.2 48%
4
5 Note: ** The Boston North ridership statistics given here assume Alternative E (Bjguith no additional
6  passengers on the New Hampshire extensions. In all likelihood, the ridership counts omethand Haverhill
7  Lines would be higher by 2,000~3,000 daily trips each due to the increased patronage from the extensions.
8
9
Figure 7. Boston Engine Terminadlso known ashe Commuter Rail Maintenance Facility, a
possiblesite fora 160 MWsupply substatiarNick Allen photo (CC BY:SA 4.0).
Source: https://commons.wikimedia.org/wiki/
File:MBTA_Commuter_Rail_Maintenance Facility aerial.jpg
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Figure8Bs hows an arti st dosmuweBBlLs @eratingonrchgmmg wh at
mode might lookike; a BEL-hauled train is passing an electric multiplgit near thesupply
substation at B.E.T. The cabless booster behind the locomotive provides necessary energy
storage.

Figure 8. Batteryelectrics on the Boston Northsidi@es;artisté conception by dhnG. Allen.

Life Cycle Cost Analyses

We performed a hypothetical lifecycle cost analysis of Strategies 1 and 2 (Methodology C,
below), compared with a more conventional strategy of electrifying the entire network with
straight electric locomotives, to different exten®ased on our assumptionsetresults show

that BEL-enabledsingle substatiordesign (Strategy Xave 25%~44% in total ownershipsts,
with the range dependeain how far commuter services extend beythredelectrified zone.

BELs can extend the range of a single cestitgl substation from 18~26 miles to about 50 miles
from downtown, sufficient for all but the most dispersed regidghigure9 summarizesur

findings.
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Figure 9. Summary ofifecycle costanalysisfindings for Boston Northsideasestudy.

Adapting BatteryElectric Locomotives

Battery prototypes existing in 2022) ride on two threexle radial trucks, weigh 215 tons (36
tonsper axle), and store 2.4 MWh of energy. Specification details forgemdration 7.2 MWh
BELs are unclear at this writing9), although being designed primarily for freight service, they
might be quite heavy. This configuration is not optimal for cant@mservice, due to weight
limitations on some commuter trackage, and because dhtedrucks may not ride well at
commuter train speeds.

Commuteroperations wittBELs normallyrequire locomotives to be charged while under
catenary. Although most conuter runs do not require 7.2 MWh of energy, it is typically
necessary to chargerates of around.2 MW to pick up sufficient charge while power is
available. As griescale batteries typically have a C/4 charging (af enough cells need to be
carried to provide charging bandwidth. Future battery technologigistimprove on these
capabilitieg51).

With current technology, &zexpect 4.8 MWh BEL couldbe carried on two twaxle
trucks using a F-40-type chassisFor our simulations, we have assed this configuration,
with the necessary chargibg@ndwidthbeing provided by twd.8 MWh BELs with1.2 MW of
charging capacity each. Where they are situated in the consist does not affect the calculations.

We assumed this hypothetigaB-MWh BEL weighs 148 tons, the maximum weight
generally allowable on two twaxle trucks, althougfurtherdesignwork may result irhigher
energy capacities or lighter axle loadhese assumptiorase intendedo show what should be
possible assuming currenmt neasfuturetechnology

Various ideas have been proposed for realizing such a hypothetical 4.8 MWh BEL. One
idea that went to the conceptual design staggifvolves reclaiming retired-B0 locomotives
andretrofitting batteries within the space formerlycapied by the prime mover. In fact, this
appears tte the approach taken by the current Metra procurerhenfother idea involved

16



O©CO~NOOITE,WNE

Partial Electrification Strategiefor Allen, Lu, Trout
DieselCommuterRdi6s Cl i mate Chall enge and Aurelius

reclaiming retired AEM7 locomotives and attaching an adjacent tender for battérededating
these proposals, whiahill require prototypinglies outside of the scope of this research.

Strategy 3: Extend ServiceBeyond Existing Electrifications With BELs
The kenefits of BELsarenotlimited to newstart electrifications.Theycan alscserveareas
heregoforewithout commuter rail service due to low ridershignsity, andexpand into new
territory without extending electrification

Diesel servicen Philadelphia@ sommuter rail systerandedn 1981for severakeasons,
including lack of funding, theeed forelectricpropulsionthrough the Center City tunnetkich
openedn 1984 replacing the abovground Reading Terminglandalack of diesel
maintenance facilitiedue totheinstitutionaldisaggegation of commuteandfreight service
(53,54, 55 p. 63. However communitieformerly servedhave long expresseddesire for a
return of rail service.

Markets Reached

We performecdconceptuatalculations describedn Methodology B, beloywto determinghe
maximum rangéor BELsbeyond existing electridations bagd onreasonable assumptions

about consist sizeThe key markets of PottstovandQuakertown Pennsylvanizand Bound

Brook, N.J, for connectiongo New York, could be served by BELsinningroundtrip service
between these key destinations and Phifadal30" Street(Figure 10). However, the extended
markets of Reading, Allentown, and Newark (Ncajld not be reachddnot because of

insufficient battery capacity, but because trains would not spend enough time under the wire to
recharge.

Implementtion Issues
It might be necessary to reinforce electrical supplies, particularly on {Reaxing Company
(RDG) lines(29), to meethe power draw needsf BELs (which could peak at 5.0 MW per
pair).

Structural engineering studies would determind! iindrastructure elements, particularly

the19921 993 repl acement for RDGOs 9th Street Vi a

accommodate the weight of BELs as presently envisiagigdlar questions were previously
raised regarding duahode equipmen®6 p. 4).

Lithium-ion batteriesan catch fire as a result of mechanical abuse like impact and
puncture, or electrical abusach avercharging57). They can release toxic gases when
burned, with the specific compounds released dependent on battery chésjstCertain
chemical reactions in battery fires are not yet fully underst®adteries are normally designed
with redundant cooling systems to prevelmainr e a ¢ t i o thermatranbwased tihat ¢
cause fires to burn out of contrahdchargemanagement systens prevent overoltage
conditions(59).

Special techniques in firefighting are required to contatidry fires whichgenerally
requires a large volume of water sprayed over a long pefiod New York City Fire
Departmentthrough the U.S. Fire Administratiolaspromulgatedyuidance on these
techniqueg60). Although this is a relatively new field, the experience from the automotive
sector suggest overall risk gasoline firesarenearly two orders of magnitudegherthan
batery fires(61, 62). Realworld BEL operating experience is necessary to understand the risks
and develop best practices.
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The Center City Commuter Connection (lierurban tunnels) has special fire
protection requirements. Inadequate ventilagemoriginal desigrcurrently restricts diesel
operations. What restrictions might apply to BELs would have yet to be determined, although
we assume for this strategy that BELs could be operated through the tunnel.

Matters of this naturarecommonlyasso@ted with adopting new technologies. With
the right incentives, sponsors, operators, and vendors will work together to solve them.

. : . . Bound Brocz’lg,o
Philadelphia Regional Rail Network ,
Approximate Maximum Extent of Improvements to Range of Current R4
Electrified Service Using Battery Electric Locomotives (BELS) R4

’
Q Quakertown R4
\ /7
\ ’
1 l’
4 ]
\ I
/
’ 1
\ ]
Pottstown \\ I
s Lansdale West Trenton
AN
\
\
! i ——  Legend
\ Norristown ege
N ——

/ Existing Electrification
’

Jenkintown . .
’ Battery-Electric Traction

4

NorthBroad St.
Philadelphia

Figure 10. Philadelphia Readingidecommuterrail network casestudy: extension ofexisting
electrificationusing BH.s (Strategy3).

Strategy 4: Use BELSs toCreate Trans-Regional Services Spanning Electrified Zones
Servicesin Philadelphiehave beemthroughrouted betweernd pointon the former Reading
and PennsylvaniRailroad (PRR}idessince1984 P R R &tensve electrificationoffersBELs
additional charging time. We performed further computat{dethodology B and found that
longer charging timewould enable BELgo reachother keyinter-regionalmarketsbeyond the
normal commutershedRegionalservicessuchas Harrisburg West Trentori Newark (N.J.)
(H-W-N), Newark (Del.) to Allentown via Lansdalend New York to Reading via Norristown
aretechnicallyfeasible(Figure 11).
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Admittedly, these services are very speculatiVee rightof-way north ofQuakertown is
today the Bucks County Rail Trail. However, as society works towards reducing GHG

emissions, lines now seen as insufficiently promising may come into focus as we look for further

ways todivert trips from private automobilefRecentdieselrail planning studiebave been
conducted forll these corridorg56, 63-64).

Legend —— Newark, N.J

A Charging Phase Allentown .. Bound Brook L
", Dischargng Phase o**

/ HarrisburgNewark, N.J. . J

/ Newark, DetAllentown \OQuakertown -

/ New YorkReading OReading :'"

Harrisburg e, Olic.)ftstown ' La\r/]\;fﬁgremorl':

>

v, . Norris- Trenton

 town
Thorndale

Mid-Atlantic Inter-Regional RaiNetwork
Possibilities foElectrified Servicadtilizing
Dua4.8MWh BatteryElectric Locomotives
(BEL}in PuskPull Configuration

Newark, Del.

Figure 11. Mid-Atlantic InterRegionalrail networkshowingBEL services (Strategy4).

Operational Logistics

In addition to jurisdictional and institutional issuesgiktical complications also come into play
with transregional services. NV-N servicewill likely be New York-oriented in market terms,
but operationally it must be Philadelptiased unless the Raritan Valley Line (between Bound
Brook and NewarkN.J.)is electrified Early morning tripdo Newarkwill originate from
Philadelphia rather than Harrisburg, which will requre.6 MWh BEL seto befully charged
overnightfor each train Advanced operational skills and perhaps computerized dispatching
tools areneeckdfor the movement bureau, to keep track of each BELtartharge levels,
ensuing that batteries are not depleted in service.

Duringthe summers of 1992 and 1993 wiilea9th Street Viaduaivas beingebuilt on
the Reading sidaliesel trans were operated via freight lines from Wayne Juncticheédower
(Amtrak) level of30" StreetStation, Philadelphigia Zoo interlocking55 pp. 7679). This
would not work for commuteservice(Strategy 3ecause there would not be enoggharging
time under the wires. But for regional servi¢&srategy 4)this route could be revived by
reinstating a track connection at Z(&%).

Figure RPs hows an ar t iistdar@gonat BEhsoeemting aver exsting
electrified infrastructure. Laking north along the Reading mainline approaching Wayne
Junction, a MidAtlantic train is coming off the wire to take an unelectrified line to reach the
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lower level of 30th Street Statiorlectric multipleunitswill continue tgorovide most
commuter sevices.

Figure 12. Mediumdistancebatteryelectricsoperating oveexisting electrification
infrastructure in Philadelphiar t i cencept®on by dhnG. Allen.

BELs needot charge umnly on catenary segmesibwned bytheir service sponser
Transregional services transcend jurisdictional boundaries ancbaeptuallydesignedor
BELs to haveenoughrange to make services feasible. Agreemeiitsbe needed for electric
power charges, perhaps with auditableuss meters on BELs that shevhose units are
consuming how much power on which railroadhere, when, and for what purpose (e.g.,
propulsion, battery chargingr regeneratg power to the wirgs Back offices would then settle
the charges via billing mechanisms like those forkinge rights mechanical assistanand
equipment leases.

Strategy 5: Take Advantage of CeLocated Infrastructure
Stratey 2 works well for BostonNorthside But what about | arger sys
where the distances between downtown terminalsreosd outer yards exceed the reach of a
downtown substation?

To explore this issue, we first sought to prioritize lines in terms of current ridership, and
thenfollowed the supphbased strategy to situate substations for maximum covetagelevel
data on ridership and passengeiles are shown ikigure 14(ab) (66 pp. 44, 4749). Table 4
ranks Chicagods commuter | ines dJmyespeirocueer shi p i
mile) to identify promising opportunities. For comparison, the Ele€irstrict (electrified in
1926)is alsoincluded
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