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ABSTRACT 1 
As societal attitudes toward fossil fuels shifts, commuter railroads may be coming under 2 

increased scrutiny for their contribution to greenhouse gas (GHG) emissions.  This analysis 3 

explores new possibilities created by battery-electric locomotives (BELs) in conjunction with 4 

partial electrification for en-route recharging in electrified territory.  We propose a systemwide 5 

network approach that starts with one or more substations in geographically strategic locations, 6 

then electrifying just enough for sufficient electrical charge, with BELs running off the wire in 7 

non-electrified areas.  As 25,000-Volt alternating-current substations generally have an 18~26-8 

mile reach, considerable possibilities exist for new-start electrifications.  This is significantly 9 

more cost-effective than a traditional approach that electrifies one corridor at a time.  Although 10 

BELs are in technical development, and certain implementation challenges remains on commuter 11 

railroads, we believe BELs required to enable this type of electrification are within reach of 12 

current battery technology.   13 

 Drawing on examples in Boston, Philadelphia, Chicago, and Minneapolis, six strategies 14 

are outlined: (1) minimizing electrification costs by electrifying radial commuter networks from 15 

a centrally-located substation, (2) for systems with longer routes, using BELs to extend the 16 

central substationôs reach, (3) extending new electric service beyond existing electrifications 17 

with BELs, (4) using BELs to create new trans-regional services, (5) co-locating railroad-owned 18 

feeder lines with utility infrastructure such as electric transmission rights-of-way to maximize the 19 

geographic reach of supply substations, and (6) providing charging pads in certain limited 20 

situations.  Preliminary ridership, energy sufficiency, and lifecycle cost analyses were performed 21 

to show the feasibility of BEL technology in conjunction with a substation-based, supply-side 22 

approach to designing electrification projects. 23 

 24 

Keywords: Commuter rail, electrification, supply substations, battery-electric locomotives, 25 

charge-in-motion. 26 

 27 

28 
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INTRODUCTION  1 
As societal attitudes move away from fossil fuels in favor of carbon-neutral renewable energy, 2 

commuter rail operators are responding to these concerns.  In 2021, Metra, northeastern Illinoisô 3 

commuter railroad, issued a request for proposals for battery-powered locomotives (1).  The 4 

California Department of Transportation has ordered four Stadler hydrogen-powered multiple-5 

units for use on the San Joaquin route (2).  Although halted in 2022, New Yorkôs Long Island 6 

Rail Road and Alstom were actively developing a retrofit battery package for existing electric 7 

multiple-unit (EMU) cars (3).   8 

 Electrification, already undergoing a mild renaissance in the early 21
st
 century, merits a 9 

closer look, and not just for environmental reasons.  Advances in battery technology are leading 10 

to a paradigm shift without precedent in the history of railroad electrification that should greatly 11 

reduce the capital cost of new installations.    12 

 Modern battery-electric locomotives (BELs) with an energy capacity of 7.2 megawatt-13 

hours (MWh) were announced in 2021 (4).  The authors have previously demonstrated (5) that a 14 

four-unit consist of these BELs are capable of hauling freight trains of up to 8,000 tons for 230 15 

mainline miles unassisted, potentially enabling discontinuous electrification of major freight 16 

lines.  When combined with en-route charging on high-voltage alternating-current (AC) 17 

catenary, BELs potentially offer a revolutionary technology for commuter railroads looking to 18 

reduce diesel train-miles for greenhouse-gas (GHG) emission and climate-related reasons.   19 

 Conceptually, BELs resemble existing dual-mode AC electric/diesel locomotives, already 20 

operating on one major commuter railroad (Figure 1), except that their off-wire power comes 21 

from batteries, which are charged up while under the wire. 22 

 23 

 24 

 
 

Figure 1.  NJ Transit dual-mode locomotive entering Convent Station, 2021.  Fan Railer photo 

(CC BY-SA 4.0).   

 

Source: https://commons.wikimedia.org/wiki/File:ALP-45DP_Convent_Station.jpg 
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 1 

 Although early 20
th
-century electrifications used lower voltages, the geographic reach of 2 

25,000-Volt (25kV) AC electrification at 60-Hertz (Hz) commercial frequency creates new 3 

possibilities in combination with rapidly-developing BEL technology.  Our research suggests 4 

that BELs can work with already-existing electrifications involving lower voltages, but the 5 

greater reach of 25kV enables longer electrifications to be powered from one single substation, 6 

which in turn can reduce infrastructure costs or extend the reach of electric service.  BELs 7 

themselves further extend the range of electric service by running off-wire beyond the electrified 8 

trackage. 9 

 No BELs have been specifically built for commuter service as of this writing.  But given 10 

state-of-art in battery technologyðdriven by the automotive field (6)ðand successes of current 11 

freight-oriented prototype BELs, vendors should be able to develop BELs suitable for commuter 12 

service should an appropriate specification be issued.  Several conceptual designs already exist, 13 

e.g., (7).  This paper describes how this technology, when fully proven, could be used.   14 

 Our approach to electrification planning is to electrify busier inner-suburban segments, 15 

supplemented with BELs or battery EMUs for outer, quieter segments, offering a cost-effective 16 

path forward.  Preliminary analyses conducted for this effort show that once produced, BELs 17 

should have the range needed to extend electric service to exurban areas and beyond. 18 

 This concept combines traditional electric operations with BELs, and have been 19 

previously discussed at a conceptual level (8, 9 pp. 168).  It had been previously explored with a 20 

hydrogen fuel-cell stack in conjunction with a hybrid powertrain (10), prior to high-capacity 21 

batteries becoming available.  Previous work on a concept termed ñintermittent electrificationò 22 

with very short live-wire segments and gaps (11) applied to reducing GHG emissions from 23 

passenger rail with dual-mode diesel locomotives (12) was found to be unworkable due to failure 24 

to consider feeder wire and substation related issues (14).  Location of electrified track mileage 25 

required to advance such a concept was recently subject to an optimization study (15).  Indeed, 26 

Deutsche Bahn may be close to implementing such a concept in Schleswig-Holstein (16) with 27 

minimum electrified segments of several hundred metres. 28 

 This study is distinct from previous work in several significant ways.  Our approach 29 

keeps the electrified segments contiguous to the maximum extent possible, based on the 30 

maximum reach of 25kV supply substations, recognizing that substations are a major part of 31 

electrification expense.  We utilize BELs in place of diesel dual-mode units to operate through 32 

unelectrified territory, thereby achieving 100% GHG elimination at the point of use, rather than a 33 

partial solution.  Finally, and perhaps most importantly, we sketch out what practical designs on 34 

U.S. systems might look like using case studies on existing and proposed U.S. commuter and 35 

regional rail systems, thereby advancing this idea beyond the conceptual stage. 36 

 37 

Context of Climate Change 38 
Human activities are estimated to have caused between 0.8°C to 1.2°C (1.4°F to 2.2°F) of global 39 

warming above pre-industrial levels, and is likely to reach 1.5°C before 2052 (17).  Thus, the 40 

United Nations Intergovernmental Panel on Climate Change (IPCC) has called for a 40% 41 

reduction of GHG emissions by 2030 to avoid climate consequences associated with average 42 

warming of greater than 1.5°C.  Some industry groups describe zero-carbon rail as a ñnecessityò 43 

by 2050 (18). 44 

 Diesel locomotives emit GHGs and contribute to climate change.  As automobile and bus 45 

fleets are hybridized or electrified, todayôs environmental arguments in favor of diesel-powered 46 
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commuter rail will become harder to sustain.  To reduce diesel train-miles, operators must either 1 

cut service or replace diesels with non-GHG-emitting propulsion technologies. 2 

 3 

Research Objectives 4 
This paper offers a high-level, first-cut feasibility analysis for BEL-enabled commuter rail 5 

electrification.  It aims to: (a) identify existing commuter rail services that could be electrified for 6 

climate change action; (b) show how single-substation configurations in combination with BELs 7 

could make electrification less costly than conventional designs; and (c) show that two 4.8-MWh 8 

BELs have the range to perform all but the most demanding duties in typical commuter and 9 

inter-regional services, if enough of the core network is electrified. 10 

 11 

Limitations of This Research 12 
Our research does not address such implementation issues as upgrading electrical grids for 13 

climate-neutral power generation, or infrastructure-based site-specific restrictions (equipment 14 

weight, length, special requirements, etc.).  Nor does it evaluate mode shift alternatives (e.g., 15 

from diesel trains to electric buses), offer ridership forecasts, or address the longstanding debate 16 

between locomotives and EMUs (19).  It also does not determine whether railroads are more 17 

GHG-efficient with electrification than with alternate fuels such as hydrogen, or investigate 18 

environmental concerns about the fabrication and disposal of batteries, or the consequences of 19 

mining the necessary semi-precious metals.  However, liquefied natural gas (LNG), ñgensetò 20 

locomotives, and operating diesel locomotives in ñhybridò configurations are not carbon-neutral 21 

options (5). 22 

 Nor is this paper a ñbusiness caseò for commuter rail electrification.  North American 23 

commuter and intercity passenger rail services require operating support, and such support is not 24 

generally driven by energy costs.  From a return-on-investment perspective, the balance of 25 

electric power versus diesel largely depends on assumptions about relative energy costs.   26 

 Perhaps most importantly, this research does not consider track ownership, jurisdictional 27 

issues, or other institutional matters.  It is assumed that solutions can be found, as in 28 

Massachusetts (20), New York, Virginia, Florida, California, and Ontario. 29 

 For general background on railroad electrification, readers are referred to the extant 30 

literature (21-26) on design alternatives (27), traction power supply (28, 29), and alternatives to 31 

diesel traction (9 pp. 135-177). 32 

 33 

HISTORICAL REVIEW OF NORTH AMERICAN ELECTRIFICAT IONS 34 
In the early 20

th
 century, railroads that could afford the substantial expense electrified some or, 35 

occasionally, all of their suburban services to solve specific operating issues where steam was 36 

unworkable or inadequate (30, 31).  These situations involved long tunnels, underground 37 

stations, sustained grades, increasing train throughput through faster handling, general economy 38 

of operation (particularly in conjunction with intercity passenger and freight trains), and/or 39 

elimination of fossil-fuel locomotive smoke for civic improvement purposes (32).  Interestingly, 40 

these reasons for electrifying remain valid.   41 

 The post-World War II emergence of diesel-electric locomotives (9, 33) transformed 42 

North American railroads and reduced the operating advantages of electric traction.  Mechanical 43 

engineers and manufacturers quickly settled on diesel-electrics as the motive power of choice.  44 

Diesel-electrics, being essentially electric locomotives with self-contained diesel generators, 45 

combined the geographic flexibility of steam with the high torque of electric locomotives (34).  46 
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Push-pull operation with diesel locomotives and cab cars started on the Chicago & North 1 

Western in 1960 (35) and quickly spread to other commuter railroads.  This made diesel 2 

locomotives as easy to use in commuter service as EMUs. 3 

 Re-electrifications and other renewals of already-electrified commuter rail lines offered 4 

the first tentative signs of reinvestment in electric traction infrastructure.  Several re-5 

electrifications switched over from direct current (DC) or low-frequency AC to commercial-6 

frequency, 60-Hz AC (36): 7 

 8 

¶ New Jersey Transit, Morris & Essex Lines, from 3,000V DC to 25kV AC, 60-Hz, 1984 9 

¶ Metro-North Railroad, New Haven Line, from 11kV AC, 25-Hz to 12.5kV AC, 60-Hz, 10 

1986 11 

¶ Agence Métropolitaine de Transport (Montréal, Québec), Deux-Montagnes Line, from 12 

2,400V DC to 25kV AC, 60-Hz, 1995 13 

 14 

First -Wave Electrification Renaissance 15 
Adding to the extent of existing electrifications was a logical follow-on to renewals of older 16 

installations.  Three New York area commuter railroads added significant extensions to existing 17 

electrifications (1982-2002).  Several new-start installations, all at 25kV AC, followed: 18 

 19 

¶ Amtrak Shore Line Route, Boston, Massachusetts to New Haven, Connecticut, 2000 20 

¶ Ferrocarril Suburbano de la Zona Metropolitana del Valle de México, Mexico City, 2008  21 

¶ Regional Transportation District, Denver, Colorado, 2016 22 

 23 

Two other properties are in the process of electrifying at this writing: 24 

 25 

¶ Caltrain, San Francisco to San Jose, California 26 

¶ GO Transit, multiple lines, Toronto, Ontario, Canada  27 

 28 

Figure 2 shows the Caltrain electrification, which uses hardware typical of modern 29 

electrifications. 30 

 Two unsuccessful proposals and a third yet in play were also part of this first wave: 31 

 32 

¶ In 2012, an otherwise-promising plan to electrify three commuter rail lines in Montréal, 33 

Québec, Canada failed when the freight railways, which own the tracks, announced their 34 

opposition to electrification.   35 

¶ In Chicago, Metra, northeastern Illinoisô commuter railroad, considered electrifying some 36 

or all of the Rock Island District (which Metra owns and operates) in 2018.  The 37 

interesting aspect was not that Metra found the costs exceeding the benefits, but that this 38 

proposal failed to advance by only a small margin.   39 

¶ Finally, in Boston, as of late 2022 the Massachusetts Bay Transportation Authority 40 

(MBTA) appeared to be ready to proceed with electrifying the Fairmount Line, which 41 

serves an urban corridor and provides an alternative to the Northeast Corridor mainline 42 

between Boston and Readville, Massachusetts (37).   43 

 44 

This early 21
st
 century renaissance occurred against a backdrop of rising commuter rail ridership 45 

between 1983 and the start of the COVID-19 pandemic in 2020 (38).  At first glance, the 46 
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pandemicôs effects on ridership might imply an end or at least a pause to the present wave of 1 

electrification.  Recent controversies about electrification costs (39) and battery-electric 2 

tractionôs applicability to passenger rail (40) based on questionable assumptions have further 3 

confused matters.  But a second wave of interest in electrification may be imminent as ridership 4 

recovers, led by increasing unease about GHG emissions and their impact on climate change.   5 

 6 

 7 

 
 

Figure 2.  Section of completed Caltrain electrification work at California Avenue, Palo Alto, 

California, 2022.  Dick Lyon photo (CC BY-SA 4.0).   

 

Source: https://commons.wikimedia.org/File:Caltrain_electric_infrastructure_in_Palo_Alto.jpg 
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 9 

Current Approaches to Dual-Mode Motive Power 10 
Amtrak is currently procuring Siemens Charger locomotives mated to Auxiliary Power Vehicles 11 

(APVs), which draw power from overhead catenary and could optionally be fitted with batteries 12 

(41).  Metro-Northôs dual-mode procurement (42) may include an option for battery tenders that 13 

would supply power to adjacent locomotives. 14 

 Responding to these market demands, Siemens is reportedly designing a version of the 15 

Charger locomotive (designated M42-DMC) with Lithium-ion batteries that could operate in 16 

battery and diesel modes, recharging from railroad power sources where available.  When this 17 
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locomotive is built, it could provide the capability for a demonstration passenger service that 1 

would span existing electrified and non-electrified territories.  Although these approaches 2 

involve diesel locomotives which might, as an option, be provided with energy storage capacity 3 

rather than BELs, this represents a significant first step toward reducing diesel train-miles. 4 

 5 

Further Electrification Renaissance? 6 
Until recently, new standards (Tier 2, 3, and 4) restricting particulate and noxious emissions 7 

from new and rebuilt diesel locomotives (43, 9 pp. 123-133) had seemingly raised the threshold 8 

for justifying electrification, but concern about GHG emissions may have the opposite effect of 9 

making electrification more desirable.   10 

 Current alternative fuels and propulsion technologies have their limitations.  Hydrogen 11 

lacks the concentrated energy density of fossil fuel, and even under the best of circumstances is 12 

likely to underperform relative to diesel or biodiesel (21 pp. 10-11).  Thus, GO Transit 13 

considered but rejected hydrogen power as being inadequate for its busy and growing system 14 

(44, 45).  In 2022, Metrolink converted from fossil-fuel diesel to a renewable diesel fuel (RD99) 15 

refined entirely from modern carbon (i.e., carbon other than that contained in fossil fuels).  To 16 

the extent that RD99 production removes CO2 from the atmosphere, overall net reductions of 17 

65~90% of carbon emissions might be possible (46), but it does not entirely eliminate GHG 18 

emissions.  Todayôs concern with reducing the carbon footprint of transportation increases the 19 

likelihood that the environmental benefits of commuter rail electrification (powered from 20 

carbon-neutral sources) will be fully appreciated. 21 

 The second-wave electrification renaissance is likely to take two forms.  One is 22 

conventional electrification using overhead catenary systems (OCS), as in Denver, San 23 

Francisco, and Toronto.  The second involves the emerging technology of battery-electric 24 

locomotives (BELs). 25 

 26 

STRATEGIES  FOR COMMUTER RAIL ELECTRIFICATION  27 
We propose some strategies and ideas to minimize both capital and operating costs of electrified 28 

commuter rail service in the context of reducing GHG emissions, using examples from Boston, 29 

Philadelphia, and Chicago.  Table 1 summarizes the strategies discussed herein.  Because partial 30 

electrification requires approaches that differ greatly from those hitherto used for conventional, 31 

continuous electrification, these paradigm-shifting strategies are examined first.  Following these 32 

strategies is a more technical discussion of the methods used. 33 

 Key to these strategies is a supply-oriented approach to electrification.  In a classical 34 

service-centric approach, sponsors decided what services should be electrified, and given that 35 

scope, railroad engineering departments determined what infrastructure was needed to 36 

implement the project.  Instead, we stand this logic on its head.  Starting with a strategically 37 

located substation, we ask how much of the network can be electrified?  This might affect such 38 

operating matters as storage yards, crew bases, etc., but given the significant range of 25kV 39 

electrification from supply substations, designers should have considerable flexibility to identify 40 

solutions. 41 

 For this analysis, we assumed that on shared freight/passenger corridors, catenary 42 

electrification can co-exist with double-stack container trains, or freight trains can be re-routed if 43 

necessary.  As it should be possible to operate electric locomotives at speeds up to 100 mph with 44 

wires dimensioned for double-stack container trains (47 pp. 2-3), such clearances would not be 45 

problematic for commuter rail operations.   46 
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 1 

 2 

Table 1.  Summary of partial electrification strategies. 3 

 4 
Strategy Description Case Study Opportunities for Use 

1 Take Advantage of Commuter 

Railôs Star Network Topology 

Boston Northside New-start commuter rail electrification where the 

network has a central terminal and multiple 

branches extending up to 25 miles from a central 

yard or station 

2 Use Battery-Electric 

Locomotives to Extend Reach 

of Central Electric Substation 

Boston Northside Networks with a central terminal where multiple 

branches extend 25~50 miles out, especially if 

exurban areas seek new or continued service 

3 Extend Service Beyond 

Existing Electrification with 

BELs 

Philadelphia 

Reading-side 

Existing electrified networks where exurban 

services were previously discontinued, but 

localities now seek service restoration or extension 

4 Create Trans-Regional 

Services Spanning Electrified 

Zones Using BELs 

Mid-Atlantic 

Regional Network 

Connecting two or more electrified commuter rail 

networks where a ñgapò in electrical infrastructure 

exists in the areas between them 

5 Take Advantage of Co-

Located Infrastructure 

Chicagoland  

North and West 

New-start commuter rail electrification where the 

network extends more than 50 miles from the 

downtown, or where ridership density on one or 

more lines is so high that a straight-electric service 

is warranted on them, and adjacent branches or 

extensions are in relatively close proximity 

6 Charging Pads Regional Services 

Terminating in 

Smaller Locales 

Isolated, very long lines where a single charge from 

downtown cannot reliably carry the train through to 

the final destination, and/or shore power may be 

needed at the outlying yard to maintain charge 

during weekend layovers 

 5 

 6 

 Where electrified lines with lower wires have flat junctions with other railroads, short 7 

gaps may be needed in the catenary wires to accommodate freight trains, particularly if double-8 

stack container trains use the intersecting line.  (This situation already exists on the Northeast 9 

Corridor in southwestern Connecticut, where there is a short gap in the wires when crossing the 10 

Cob movable bridge over the Mianus River.)  We have previously provided (5) a list of next 11 

steps necessary to prove out that catenary electrification can co-exist with double-stack freight 12 

trains in North America. 13 

 We now turn to the strategies themselves. 14 

 15 

Strategy 1: Take Advantage of Commuter Railôs Star Network Topology 16 
Classic commuter rail networks radiate from a downtown location in all directions, typically with 17 

a shared train servicing facility nearby.  Modern 25kV AC, utility-frequency, autotransformer-18 

fed systems have a maximum range of 18~26 miles from supply substations (up to 52 miles 19 

between substations), depending on such factors as design and power draw.  Commuter rail 20 

power requirements are on the lower end of theoretical catenary capacity, thereby maximizing 21 

substation range.  This range allows the networkôs highest-density segments to be covered from 22 

one single, centrally located supply station.  This is especially true if a trunk line runs several 23 

miles from downtown before splitting into branches, or if the servicing facility is located a few 24 

miles out.   25 
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 Figure 3 shows the hypothetical extent of electrification from one supply substation (with 1 

3 to 5 autotransformer paralleling substations on each branch) for Bostonôs Northside commuter 2 

rail system.  All core suburban markets, which encompass line segments serving 83.6% of total 3 

ridershipðsee Figure 4, and Methodology A belowðcan be covered from a single substation at 4 

the Boston Engine Terminal (B.E.T.).  Any operations beyond the electrified zone would require 5 

connecting services.  Some parts are at the far end of the 25kV transmission range and may 6 

experience low-voltage conditions under certain circumstances.   7 

 Admittedly, a single-supply configuration has reliability consequences.  However, those 8 

effects can be mitigated by multiple utility feeds at the central location, and BELs or interim 9 

electro-diesel dual-mode locomotives for some services.  Additional feeder locations might 10 

eventually come online for reliability enhancement and as electrified services expand beyond the 11 

suburban core.  But as a starter electrification system, this is a highly cost-effective 12 

configuration. 13 

 14 

 15 
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Figure 3.  Boston Northside Commuter Rail network case study: central supply substation 

strategy (Strategy 1), showing maximum feasible electrification at 25kV with one single supply 

substation at the Boston Engine Terminal. 

 16 

 17 
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(a) Boston % of ridership by line and by mile (b) Boston ridership count by line and by mile 
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Figure 4.  Commuter Rail ridership statistics for Boston showing visualization by line, 

station, and mileage. 

 

Data from Massachusetts Bay Transportation Authority (48). 
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 2 

Strategy 2: Use BELs to Extend the Reach of Basic Electrification  3 
There might be markets beyond the 18~26-mile radius that are important for ridership, 4 

operational, or jurisdictional reasons.  High-capacity BELs can serve these markets seamlessly, 5 

even without 25kV wires reaching important suburban terminals like Haverhill and Fitchburg.   6 

Figure 5 shows the approximate maximum BEL ranges beyond the hypothetical core 7 

25kV network, based on the charging time available between entering the electrified zone 8 

inbound and leaving it on the next outbound runðsee Methodology B, below.  We only need to 9 

build the minimum electrification necessary to keep BELs sufficiently charged to reach outlying 10 

terminals and return to the electrified zone.  Therefore, less electrification is needed than in 11 

Figure 3, particularly where we know services on a specific branch is unlikely to extend beyond 12 

the current terminal (as with Rockport, at the end of a peninsula). 13 

 14 

 15 
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Figure 5.  Boston Northside Commuter Rail network case study: central supply substation 

strategy with battery-electric locomotives (Strategy 2), showing minimum necessary 

electrification at 25kV with one single supply substation at the Boston Engine Terminal. 

 1 

 2 

 Another advantage of this setup is that branching may occur near the maximum range of 3 

a single 25kV substation (e.g., Newburyport and Rockport).  These branches necessarily increase 4 

electrification costs because infrastructure is less cost-effective on lower-density 5 

segments.  BELs respond to this challenge by serving lower-density areas without having to 6 

install and maintain expensive catenary infrastructure.  7 

 Some outer terminals, where many communities have sought commuter rail since 1981, 8 

extend well beyond the extent of current diesel service.  Although funding and governance 9 

matters remain yet to be solved, BELs combined with a central supply substation could extend 10 

service well beyond boundaries formerly thought possible or desirable.  (Because outlying 11 

jurisdictions benefit from BEL service extensions, commuter rail agencies may well expect these 12 

outer areas to help pay for the core electrification.) 13 

 This approach also allows more frequent EMU or electric locomotive service on the 14 

highest-density segments, assuming sufficient track and yard capacities.  Our operating plan 15 

assumptions (Table 2) include 100% electric services to Reading, Lowell, South Acton, and 16 

Beverly Depot, supported by new yard tracks at Lowell and near Salem.  Further study will be 17 

needed to definitively establish operating plan alternatives that feasible infrastructure expansion 18 

could accommodate. 19 

 20 

21 
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Table 2.  Operating and service plan details for Boston Northside case study (Strategy 2). 2 
 3 

Line Service Plan 

Fitchburg BEL expresses to Wachusett, electric local trains to South Acton.  Trains to be crewed from Fitchburg, 

South Acton, and B.E.T.  BEL trains to be stored at Wachusett.  Electric South Acton service to be 

thinned out in the late evening and sets combined with late night outbound EMUs to Lowell for 

storage.  Sets to be deadheaded back to Boston for early AM EMUs 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.  Trains to be 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 trains continue 

to be stored at Bradford.  Trains to be crewed from Bradford, Reading, and B.E.T.  Regional trains to 

operate with limited stops within the commuter zone. 

Newburyport/ 

Rockport 

BEL expresses to Newburyport/Rockport, electric local service to Beverly Depot.  Trains to be crewed 

from Newburyport, Rockport, Beverly Depot, and B.E.T.  Trains to be stored at Newburyport, 

Rockport, and a new yard built within the Salem-Peabody Link right-of-way. 

 4 

 5 

 With Strategy 2, most core suburban markets (line segments serving 76% of total 6 

ridershipðsee Figure 6, Table 3, and Methodology A below)ðcan be covered from a single 7 

substation at the Boston Engine Terminal (B.E.T.), shown in Figure 7.  8 

 9 
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Figure 6.  Distance-ridership relationship for Boston Northside case study (Strategy 2). 
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Table 3.  Electrification performance metrics for Boston Northside case study (Strategy 2). 2 

 3 

Line 

Weekday 

Ridership 

Ridership 

Receiving 

Electric 

Service 

% 

Electric 

%  

BEL 

% 

Shuttle 

Line 

Length 

(Miles) 

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% 

Boston North 81,598 62,288 76% 24% 0% 231.1 110.2 48% 

 4 
Note: ** The Boston North ridership statistics given here assume Alternative E (Figure 9) with no additional 5 
passengers on the New Hampshire extensions.  In all likelihood, the ridership counts on the Lowell and Haverhill 6 
Lines would be higher by 2,000~3,000 daily trips each due to the increased patronage from the extensions. 7 
 8 

 9 

 
 

Figure 7.  Boston Engine Terminal, also known as the Commuter Rail Maintenance Facility, a 

possible site for a 160 MW supply substation. Nick Allen photo (CC BY-SA 4.0). 

 

Source: https://commons.wikimedia.org/wiki/ 

File:MBTA_Commuter_Rail_Maintenance_Facility_aerial.jpg  

 10 
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 Figure 8 shows an artistôs conception of what commuter BELs operating in charging 2 

mode might look like; a BEL-hauled train is passing an electric multiple-unit near the supply 3 

substation at B.E.T.  The cabless booster behind the locomotive provides necessary energy 4 

storage. 5 

 6 

 7 

 8 
 9 

Figure 8.  Battery-electrics on the Boston Northside lines; artistôs conception by John G. Allen. 10 

 11 

 12 

Life Cycle Cost Analyses 13 
We performed a hypothetical lifecycle cost analysis of Strategies 1 and 2 (Methodology C, 14 

below), compared with a more conventional strategy of electrifying the entire network with 15 

straight electric locomotives, to different extents.  Based on our assumptions, the results show 16 

that BEL-enabled single-substation design (Strategy 2) save 25%~44% in total ownership costs, 17 

with the range dependent on how far commuter services extend beyond the electrified zone.  18 

BELs can extend the range of a single central-city substation from 18~26 miles to about 50 miles 19 

from downtown, sufficient for all but the most dispersed regions.  Figure 9 summarizes our 20 

findings. 21 

 22 

23 
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Figure 9.  Summary of lifecycle cost analysis findings for Boston Northside case study. 
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 3 

Adapting Battery-Electric Locomotives 4 
Battery prototypes existing in 2022 (4) ride on two three-axle radial trucks, weigh 215 tons (36 5 

tons per axle), and store 2.4 MWh of energy.  Specification details for next-generation 7.2 MWh 6 

BELs are unclear at this writing (49), although being designed primarily for freight service, they 7 

might be quite heavy.  This configuration is not optimal for commuter service, due to weight 8 

limitations on some commuter trackage, and because three-axle trucks may not ride well at 9 

commuter train speeds. 10 

 Commuter operations with BELs normally require locomotives to be charged while under 11 

catenary.  Although most commuter runs do not require 7.2 MWh of energy, it is typically 12 

necessary to charge at rates of around 2.4 MW to pick up sufficient charge while power is 13 

available.  As grid-scale batteries typically have a C/4 charging rate (50), enough cells need to be 14 

carried to provide charging bandwidth.  Future battery technologies might improve on these 15 

capabilities (51). 16 

 With current technology, we expect a 4.8 MWh BEL could be carried on two two-axle 17 

trucks using an F-40-type chassis.  For our simulations, we have assumed this configuration, 18 

with the necessary charging bandwidth being provided by two 4.8 MWh BELs with 1.2 MW of 19 

charging capacity each.  Where they are situated in the consist does not affect the calculations. 20 

 We assumed this hypothetical 4.8-MWh BEL weighs 148 tons, the maximum weight 21 

generally allowable on two two-axle trucks, although further design work may result in higher 22 

energy capacities or lighter axle loads.  These assumptions are intended to show what should be 23 

possible assuming current or near-future technology. 24 

 Various ideas have been proposed for realizing such a hypothetical 4.8 MWh BEL.  One 25 

idea that went to the conceptual design stage (52) involves reclaiming retired F-40 locomotives 26 

and retrofitting batteries within the space formerly occupied by the prime mover.  In fact, this 27 

appears to be the approach taken by the current Metra procurement (1).  Another idea involved 28 

Electrification 
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reclaiming retired AEM-7 locomotives and attaching an adjacent tender for batteries.  Validating 1 

these proposals, which will require prototyping, lies outside of the scope of this research. 2 

 3 

Strategy 3: Extend Service Beyond Existing Electrifications With BELs 4 
The benefits of BELs are not limited to new-start electrifications.  They can also serve areas 5 

heretofore without commuter rail service due to low ridership density, and expand into new 6 

territory without extending electrification. 7 

 Diesel service on Philadelphiaôs commuter rail system ended in 1981 for several reasons, 8 

including lack of funding, the need for electric propulsion through the Center City tunnel (which 9 

opened in 1984, replacing the above-ground Reading Terminal), and a lack of diesel 10 

maintenance facilities due to the institutional disaggregation of commuter and freight services 11 

(53, 54, 55 p. 63).  However, communities formerly served have long expressed a desire for a 12 

return of rail service. 13 

 14 

Markets Reached 15 
We performed conceptual calculations (described in Methodology B, below) to determine the 16 

maximum range for BELs beyond existing electrifications, based on reasonable assumptions 17 

about consist size.  The key markets of Pottstown and Quakertown, Pennsylvania, and Bound 18 

Brook, N.J., for connections to New York, could be served by BELs running round-trip services 19 

between these key destinations and Philadelphia 30
th
 Street (Figure 10).  However, the extended 20 

markets of Reading, Allentown, and Newark (N.J.) could not be reached ï not because of 21 

insufficient battery capacity, but because trains would not spend enough time under the wire to 22 

recharge. 23 

 24 

Implementation Issues 25 
It might be necessary to reinforce electrical supplies, particularly on the ex-Reading Company 26 

(RDG) lines (29), to meet the power draw needs of BELs (which could peak at 5.0 MW per 27 

pair).   28 

 Structural engineering studies would determine if all infrastructure elements, particularly 29 

the 1992-1993 replacement for RDGôs 9th Street Viaduct in North Philadelphia, can 30 

accommodate the weight of BELs as presently envisioned; similar questions were previously 31 

raised regarding dual-mode equipment (56 p. 4). 32 

 Lithium-ion batteries can catch fire as a result of mechanical abuse like impact and 33 

puncture, or electrical abuse such as overcharging (57).  They can release toxic gases when 34 

burned, with the specific compounds released dependent on battery chemistry (58).  Certain 35 

chemical reactions in battery fires are not yet fully understood.  Batteries are normally designed 36 

with redundant cooling systems to prevent chain-reactions called ñthermal runawaysò that can 37 

cause fires to burn out of control, and charge management systems to prevent over-voltage 38 

conditions (59).   39 

 Special techniques in firefighting are required to control battery fires, which generally 40 

requires a large volume of water sprayed over a long period.  The New York City Fire 41 

Department, through the U.S. Fire Administration, has promulgated guidance on these 42 

techniques (60).  Although this is a relatively new field, the experience from the automotive 43 

sector suggest overall risk of gasoline fires are nearly two orders of magnitude higher than 44 

battery fires (61, 62).  Real-world BEL operating experience is necessary to understand the risks 45 

and develop best practices. 46 
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 The Center City Commuter Connection (like other urban tunnels) has special fire 1 

protection requirements.  Inadequate ventilation per original design currently restricts diesel 2 

operations.  What restrictions might apply to BELs would have yet to be determined, although 3 

we assume for this strategy that BELs could be operated through the tunnel. 4 

 Matters of this nature are commonly associated with adopting new technologies.  With 5 

the right incentives, sponsors, operators, and vendors will work together to solve them. 6 

 7 

 8 
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Figure 10.  Philadelphia Reading-side commuter rail network case study: extension of existing 

electrification using BELs (Strategy 3). 
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 10 

Strategy 4: Use BELs to Create Trans-Regional Services Spanning Electrified Zones 11 
Services in Philadelphia have been through-routed between end points on the former Reading 12 

and Pennsylvania Railroad (PRR) sides since 1984.  PRRôs extensive electrification offers BELs 13 

additional charging time.  We performed further computations (Methodology B) and found that 14 

longer charging times would enable BELs to reach other key inter-regional markets beyond the 15 

normal commutershed.  Regional services such as Harrisburg ï West Trenton ï Newark (N.J.) 16 

(H-W-N), Newark (Del.) to Allentown via Lansdale, and New York to Reading via Norristown 17 

are technically feasible (Figure 11).   18 
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 Admittedly, these services are very speculative.  The right-of-way north of Quakertown is 1 

today the Bucks County Rail Trail.  However, as society works towards reducing GHG 2 

emissions, lines now seen as insufficiently promising may come into focus as we look for further 3 

ways to divert trips from private automobiles.  Recent diesel rail planning studies have been 4 

conducted for all these corridors (56, 63-64). 5 

 6 

 7 

Philadelphia

Harrisburg West Trenton

Bound Brook

Newark, N.J.

Allentown

Lansdale

Quakertown

Norris-
town

Pottstown

Reading

Newark, Del.

Thorndale

Charging Phase

Dischargng Phase

Legend

Harrisburg-Newark, N.J.

Newark, Del.-Allentown

New York-Reading

Trenton

Mid-Atlantic Inter-Regional Rail Network
Possibilities for Electrified Services Utilizing 
Dual 3.6 MWh Battery Electric Locomotives 
(BELs) in Push-Pull Configuration

 
 

Figure 11.  Mid-Atlantic Inter-Regional rail network showing BEL services (Strategy 4). 
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Operational Logistics 10 
In addition to jurisdictional and institutional issues, logistical complications also come into play 11 

with trans-regional services.  H-W-N service will  likely be New York-oriented in market terms, 12 

but operationally it must be Philadelphia-based unless the Raritan Valley Line (between Bound 13 

Brook and Newark, N.J.) is electrified.  Early morning trips to Newark will originate from 14 

Philadelphia rather than Harrisburg, which will require a 9.6 MWh BEL set to be fully charged 15 

overnight for each train.  Advanced operational skills and perhaps computerized dispatching 16 

tools are needed for the movement bureau, to keep track of each BEL and its charge levels, 17 

ensuring that batteries are not depleted in service. 18 

 During the summers of 1992 and 1993 when the 9th Street Viaduct was being rebuilt on 19 

the Reading side, diesel trains were operated via freight lines from Wayne Junction to the lower 20 

(Amtrak) level of 30
th
 Street Station, Philadelphia via Zoo interlocking (55 pp. 76-79).  This 21 

would not work for commuter service (Strategy 3) because there would not be enough charging 22 

time under the wires.  But for regional services (Strategy 4), this route could be revived by 23 

reinstating a track connection at Zoo (65). 24 

 Figure 12 shows an artistôs conception of inter-regional BELs operating over existing 25 

electrified infrastructure.  Looking north along the Reading mainline approaching Wayne 26 

Junction, a Mid-Atlantic train is coming off the wire to take an unelectrified line to reach the 27 

4.8 
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lower level of 30th Street Station.  Electric multiple-units will continue to provide most 1 

commuter services. 2 

 3 

 4 

 5 
 6 

Figure 12.  Medium-distance battery-electrics operating over existing electrification 7 

infrastructure in Philadelphia; artistôs conception by John G. Allen. 8 

 9 

 10 

 BELs need not charge up only on catenary segments owned by their service sponsors.  11 

Trans-regional services transcend jurisdictional boundaries and are conceptually designed for 12 

BELs to have enough range to make services feasible.  Agreements will  be needed for electric 13 

power charges, perhaps with auditable net-use meters on BELs that show whose units are 14 

consuming how much power on which railroad, where, when, and for what purpose (e.g., 15 

propulsion, battery charging, or regenerating power to the wires).  Back offices would then settle 16 

the charges via billing mechanisms like those for trackage rights, mechanical assistance, and 17 

equipment leases. 18 

 19 

Strategy 5: Take Advantage of Co-Located Infrastructure  20 
Strategy 2 works well for Boston Northside.  But what about larger systems like Chicagoôs, 21 

where the distances between downtown terminals and most outer yards exceed the reach of a 22 

downtown substation? 23 

 To explore this issue, we first sought to prioritize lines in terms of current ridership, and 24 

then followed the supply-based strategy to situate substations for maximum coverage.  Line-level 25 

data on ridership and passenger-miles are shown in Figure 14(a-b) (66 pp. 44, 47-49).  Table 4 26 

ranks Chicagoôs commuter lines by ridership intensity (millions of passenger-miles per route-27 

mile) to identify promising opportunities.  For comparison, the Electric District (electrified in 28 

1926) is also included. 29 

 30 




