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1. Executive Summary

The present document constitutes the Deliverable D19y SNH& al yI-3SYSy G 9 t
Standardisation for Alternative drive trains and related railway system intermediate redirt n°A y’

the framework of the Flagship Project FPRail4EARTH

The activities carried out up to now within the FP4 W to the drafting of thisecondversion
of the document which reports the status of the B®/PL of Rail4EART&fter 32 months of work
on
the differentsultasks:
- Prestandardisation of battery interfaces: ongoing, battery interfaces are identified and discussed

between partners to propose standardised ones

- Prestandardisation of interfaces between train and operation: preliminary, state of the art of range
operation calculation and first description of needs for operators to supervise alternative drives
trains,

- Prestandardisation of interfaces between train and infrastructure: ongoing, identification of
standards impacts and requirements for battery train chargipgrking energy supplyand
hydrogen train refuelling

- Prestandardisation of energy management functions: ongoing, state of the art build commonly
with RAILAEARTWPS for energy management functions + definition of different strategies for
charging of battery trains

- Optimization of energy management at railway system level: ongoing, description of a
methodology to compare use cases and scenarios from railway system view. Definition of a first
use case in France and scenario with’agéneration battery train, with the application of the
methodology and the analysis of the results

- ldentification of standard4o be adopted forthe interfaces and components of trains with
alternative drives and relateihfrastructure

- LydSaNtGdazy 2F (G0KS aidlyRINR&a ARSYGAFASR-AyYyG2
Rall4AEARTWP28

As this Report is theecondintermediate WR progress report, someorks are still pending and
will be finalizeduntil end 2026 The progress is according to the plan, major deviations to be
reported.

Raill4EARTEIGA101101917
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2. Abbreviations and acronyms

Abbreviation / Acronym

Description

AC Alternative Current

ADIF Administrador de infraestructuras ferroviarias, infrastructure
manager

ANFIS Adaptive Neuro Fuzzy Inference System

ATEX ATmosphéres EXplosibles

ATO Automatic Train Operation

ATOOB Automatic Train OperationOn-board

ATOTS Automatic Train OperationTrackside

ATSA ALSTOM SA, train manufacturer

BEMU Battery Electrical Multiple Unit

BMS Battery Management System

BoL Beginning of Life

BTMS Battery Thermal Management System

CAF Construcciones y Auxiliar de Ferrocarriles, train manufacturer

CAN Controller Area Network

CAPEX Capital EXpenditure

CBO Common Business Objective

CCS Command / Control System

CEIT Centro de Estudios e Investigaciones Técnicas, research centr

CFO Catenary Free Operation

CHSS Compressed Hydrogen Storage System

CO2 Carbon dioxide

CPF Conventional Power Follower

CSM Common Safety Methods

GDAS ConnectedDriver Advisory System

DAS Driver Advisory System

DB Deutsche Bahn, train operator

DC Direct Current

DCP Distributed CeSimulation Protocol

DEMU Diesel Electric Multiple UniDjesel egine + Generator)

DEBMU Diesel Electric and Battery Multiple Unit

DLR Deutsches Zentrum fur Lufind Raumfahrt, research centre

DMU Diesel Multiple Uni{Diesel mechanic / hydraulic traction drive)

DP Dynamic Programming

DOD Deepth of Discharge

D-AD Demand Maptive

ECM Entity in Charge of Maintenance

EMC Electromagnetic Compatibility

EMU Electrical Multiple Unit

EoL End of Life

ESS Energy Storage System

ESU Energy Storage Unit

ETCS European Train Control System

Raill4EARTEIGA101101917
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FCE Full Cycle Equivalent

FCMU Fuel Cell Multiple Unit

FCH2Rail Within the Clean I—_|ydrog_en I_Dartnership funded "Fuel Cell Hybri
PowerPack for Rail Applications" Grant Agreement No. 101006
European project funded within Shift2Rail. Furthering

FINH, FINE Improvements in Integrated Mobility Management (I12M), Noise
and Vibration, and Energy in Shift2Rail

FMI Functional Moclup Interface

F3 Ferrovie dello Stato Italiane, infrastructure manager

FP1 Flagship Project 4Mobility management multimodal environmer|
and digital enablers "MOTIONAL"

Fp2 Flggship Prpject ZRail to Digital automated up to autonomous
train operation "R2DATO"

Fpa Flagship Project 4Sustainable and green rail systems
"RAILAEARTH
Flagship Project 6 Delivering innovative rail services to revitalis

FP6 ; : ) ) : p
capillary lines and regional rail servicésituRe

GASOGAD Genetic Algorithm for SoC Adaptive

GAD-AD Genetic Algorithm for Demand Adaptive

HEMU Hydrogen Electrical Multiple Unit (hydrogen + catenary)

HMU Hydrogen Multiple Unifno pantograph)

HRS Hydrogen Refuelling Station

HSS Hydrogen Storage System

HV High Voltage

HVAC Heating Ventilation Air Conditioning
German funded project to develop a fully integrated H2 rail sys]

. consisting of a hydrogen EMU and hydrogen infrastructure with

H2GoesRail . e ) . )
fast refuelling capabilities, and to integrate this system in regulé
operation.

IKOP In-kind contribution for operational activities

KPI Key Performance Indicator

LCC Life Cycle Cost

LV Low Voltage

MCS Megawatt Charging System

MCSH2 Monitoring and Control System for hydrogen

OHS Occupational Health and Safety

OPEX OPerating Expenditure

PPS Primary Power Source
European project funded within Shift2Rail. PINTA3 addresses
demonstrators for the next generation of traction systems, sma

PINTA3 main'ten'ance_, virtua] .val'idation and e_di:iendly Heating, _
Ventilation Air conditioning and Cooling (HVAC) and Technical
research orbattery and hydrogen powered regional trains (BEM
HMU).

PKP t2falAS Y2tS2S tIZ2aGd626S> UGN

railML Railway Markup Language

Rail4EARTH 9 dzNR2 LISQa wl A f -Sastainabla &d dréen raiz)ate)

Raill4EARTEIGA101101917

12]171



aiav e, ** %

* *
= e ARTH I
=urope’s ar *k ¥
RCS Regulations Codes & Standards
RFID RadieFequencylDentification
R2G Railway to Grid
SFERA UIC_ Project for Smart communications for efficient rail activitieg
Project code: 2017/ENV/528
SNCRU& aAYdzZ GA2y (22t b{AYd#
SIM3PO al G SNASEt NRdz I yid Fdz aSAy RQd;
Ol £ Odzf & RS t SNF2NXIFyOS Si RW
SMO Siemens Mobility, train manufacturer
SNCF Société Nationale des Chemins de Fer, railway group
SNCH/ SNCF Voyageurs, train operator
SNCHR SNCF Réseau, infrastructure manager
SoC State of Charge
SOCGAD SOC Baptive
SoE State of Energy
SoH State of Health
SoP State of Power
SoX Group of data relatedb the battery (includes SoC, SoE, SoH, S¢
SP System Pillar
STIP Standardisation and TSI Input Plan
STS Hitachi Rail STS, train manufacturer
TCN Train Communication Network
TCMS Train Control & Management System
TLG TALGO (Tren Articulado Ligero Goicoechea Oriol), train
manufacturer
TRV Trafikverket, infrastructure manager
TMS Traffic Management System
TSI Technical Specification for Interoperability
UNISIG Union industry of signalling
uiC Union Internationale des Chemins de Fer
VEMS Vehicle Energy Management System
VOLTAP Fast charging"st.ation developed by Furrer+Frey in partnership |
Stadtwerke Tubingen
V2G Vehicle to Grid
Work Package 1 " Energy Management & Standardisation for
WP1 . . ) : )
Alternative drive trains and related railway system
Work Package 5 " Development of alternative propulsion basec
WP5 "
ESS
Work Package 6 " Train demonstrators of alternative propulsior
WP6 "
based on ESS
WP7 Work Package 7 " Development of alternative propulsion base(
hydrogen"
WP8 Work Package 8 " Hybrid battery/H2 vehicle demonstrators"
WP9 Work Package 9 " Interoperable HydrodeefuellingStation”

Raill4EARTEIGA101101917
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3. Background

The works of WP1 are related to previous studies from Shift2Rail PINTA3 WP3 withoadirst

map for carbon free mobilitin railwayt Lb ¢! 0 Q& 2to 61 & &aSLI NI GSR Ay
cases (task 3.1), Infrastructure (3.2), Operation (3.3), Rolling stock (3.4) and Homologation (3.5).

91 OK dlFai ¢1ra tSIFIRSR o6& | O2YLIlyes ¢6AGK 20KSN
collaborative wok and approach and for being able to merge the vision on the decarbonization.

lff 0KS&S ¢62NJ] a KIBAGIEARESY?2 dAd/3DAiA0F®2 Nd D wad! 2 HBS
supporting alternative drive trains expansion in Eurdparthermore, another Shift2Rail

projectsz & LanFINE2 & crosscutting activitiesprojects,supportsthe development of
energyefficiencyfor rolling stockand key inputs for WP1 studies on energy optimization

4. Objective/Aim

This document has been prepared to provide intermediate results and report the status and
progress of WP1 activities untiilonths32.

WP1 is focused on Energy Management & ®t@ndardisation for Alternative drive trains and
related railway system. The work covers various technological aspects, including the definition of
requirements for the prestandardisation of battery interfaces,terfaces between train and
operation and between train and infrastructure, and finally on energy functions to improve
energy savings. Furthermore, studies on energy managemerteplloduced to optimize

energy consumption at system level.

WP1 has a duration of 48 months.
No physical and virtual demonstrator will be developed in WP1.

WP1 will provide information to System Pillar, via the-RRA4EARTWP28, regarding the
collection of expected creation or modification of standards or regulations.

In terms of KPIs, WP1 is linked either directly or indirectly to 4 main KPIs of FP4 project:

- Physical energy consumption (train, infrastructure, statjon)
- Physical CO2 equivalent emissipns

- Life Cycle Costs reduction

- BEMU autonomy target 200 km

5. Presstandardisation for Trains with Alternative Drives

The definition ofcommon European requirementand interfaces of trainsvith alternative
propulsion systemis essential for the improvement ahore standardized and cosfficient
solutionsin the railwaysector. The collaboration of all the railwayakeholderg(infrastructure
manager railway operatorsrolling stock manufacturersand researclinstitutions) is one of the
keys to have &olistic viewand to enhanceeconomic and technical solutions.

Raill4EARTEIGA101101917 141171
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The first step to be taken is the identification of the challenges to be faced in terms of
requirements for both BEMUs and HMUs. Then, based on this starting point and in a collaborative
environment, this prestandadization task will give the opportunity to achieve agreements about
standardized initiatives.

5.1. Introduction, Objective, and Methodology

In RailMEARTWP5¢ WP comporents ofbattery and hydrogen trains and supporting
infrastructure are developety industryin collaborationwith railway undertakings,
infrastructure manager, and research institutions. This opens the charstaridardig
interfacesbetween train and infrastructure as well as operation:

I To allow a flexible vehicle operation,

1 To use the infrastructure for charging and refuelling for all vehicle classes,
I To avoid the adaptation of vehicles for application in different areas,

1 To avoid different infrastructure for different trains

This will reduce the costs of vehicles and infrastructure, and moreover, it will support the
decarbonization of the railway systerin overview of thenterfaces and components tfains
with alternative drives and related infrastructuressown inFigurel.

Public Interfaces | | Components |
50Hz grid or other AC or DC frequency

Energy supply for ETCS

Traffic management | | Vehicle
catenary islands

system (TMS) disposition by RU

\ Pantograph (optional)

Energy HMU/

Overhead line /
catenary island

Charging via
overhead line

Operational
interfaces

BEMU Eu"ntirggns functions HEMU
|Fuol cell | |CI-ISS | |Convertsr |

Parking
energy
supply

Hydrogen .
refuelling

Public 50Hz grid Parking

energy
supply

Hydrogen
refuelling
station

Figurel: Interfaces oftrains with alternative drives and related infrastructure

The prestandardisation covers the following interfaces between train and infrastructure:

1 BEMU charging via overhead line,
1 Parking energy supply,
1 Hydrogen refuelling

Further workis coveringthe pre-standardisation of interfaces between train and operation /
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Traffic Management System (TM$his work is carried out in collaboration with Flagship
Projects FP1 and FP2 as well as the systean. pill

Last not leasttask 1.1 covers thpre-standardisation ointerfaces othe vehicle componentsf
the Energy Storage System (ES%) PrimaryPower Sources (PR&)sed on hydrogen energy

supply,for trains withalternative drives:
9 Traction batteriefESS scopg)
1 Onboad fuel cell(PPS scope)
1 Hydrogen storage system (HEBPS scope)
9 Battery converte(ESS scope)

The standardisation of vehicle components has several benefits

1 To allow a competition between differesbmponentsuppliers,

1 Simplify the exchange of ttmmponentsafter the end of lifetimgespecially important for
batteries)

1 Avoid special interfaces for every vehicle class.

The working procedure is shownHigure2:

Integration into
Identification of the STIP v
standard_s a!'ld Work in
Definition Identification | | standardisation » System Pillar,
of » ofinterface | | working groups Identification and FP1, and FP2
interfaces{/ parameters nomination of
7Y (stand. Plan) standardisation
contact person —
Requirements from WP5 Standardljsatlon
(BEMUs and HMUs) ,/ o work in
; — - "l standardisation
Evaluation of Definition of input working group
Requirements from WP7 values for R for the
(Hydrogen vehicles) —> interface 7| standardisation 2+
parameters working group
Requirements from WP9 v .
(Hydrogen refuelling) Frequent exchange with
Rail4EATH Task 1.1
Input from external
projects Rail4EARTH ‘ ‘ External work

Figure2: Working procedure for Task 1.1

After the definition of interfaceghe interfaceparameters for standardisation are identified. The
parameters are taken from work carried out in WP5, 7 anth@ese WP#e requirements for
BEMUSs, hydrogen vehicles and related infrastructure are defined. Further, they are taken from
external projectdike FCH2Rail or H2GoesRail.

The next step is the identification of existing standards and standardisation working groups. If
there are no existing standards new ones are suggested. This information is integrated into the
WP1 standardisation plan and into the common&W A f GRUEBEYRYNRY¥R ¢{ L LYyL
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STIP. The latter is important for collaboration wiR1 andhe system pilir with respect the

pre-standardisation of operational antMSinterfaces.

Since the standardisation work in the standardisation bodies and working groups is carried out

outside of the project contact persomgthin these working groups must be identified who will

introduce the output ofRail4EARTIHto the working groupslt may also bdeasible to arrange

meetings with the working group convenor(s)fazilitate a better introduction of the

RaildEARTWork in advance of working group discussions as was done by WP9 with ISO TC197
WG5(Gaseous hydrogen land vehicle refuelling aection devicesand WG24Gaseous

hydrogeng Fuelling protocols for hydrogefuelled vehicles

The main work of task 1.1 is the evaluation of harmonised values of the parameters, e.g.
common voltage and frequency or dimension of plugs. Thespardardisation output will deal
as an input into the standardisation bodies. It will be described irfitte deliverable(Del. 1.3).

During the standardisation work in the standardisation bodies and the systeangiilequent

exchange wittRail4EARTtask 1.1 is required.

5.2 Input from other WPs and Projects

¢ al wmstndardigathd 2 NJ G NI Aya gAGK FEOGSNYIFGABS

the following WPs oRail4dEARTH

1 WRPS5 Task 5.1 Operational requirements for BEMUs and HMBNAUS,
1 WP7 Development of hydrogen propulsion systems
1  WP9 Development of hydrogen refuelling systems

Further, task 1.1 is based on work carried outh@ projects FCH2RAland H2GoesRaivhere

hydrogen trainsand related infrastructure are developed.

The input from these WPs and proje@slescribed in the following chapters.

5.2.1 Input from WP5 for BEMUs and HMH&EMUSs

The main objectiveftask 5.1. is seeking the European harmonisation of requirements for regional
battery and hydrogen trains (BEMU and HMEMU. The achievement of this objective will

permit:

w Minimise the variety of vehicle types

Avoid the adaptation of vehicles for every application
Increase thenumberof similar trains

Avoid different infrastructure for different trainlasses
Allow a flexible vehicle operation.

€ e g ¢€

And so, final benefits associated to the harmonization of the requiremaiiitgive the
opportunity:

1 Topurchase a higher number of similar trains and

1 Toavoidthe special adoption for every application

Raill4EARTEIGA101101917
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Thiswill reduce the costs of vehicles and will contribute to the decarbonisation of the railway
system.

However, the full common harmonization of all the European requirements may not be possible.
Therefore, some options for certain applicaticare identified and considered.

Firstly, the procedure used for developing task 5.1. work is shown below:

Working Procedure for Task 5.1

Requirements for
further European
Infraﬁructu:e - —»| countries L Development of
Linlidiade (Spain, Italy, Poland, BEMU, HMUs,
Netherlands) . and related
Performance and Harmonised infrastructure
rocteaton o || [Fomierets | | oaqam— . | o
ar Fierg existing and planned —>
|y Germany, || patiery and hydrogen | | | o BEMU
Performanceof | | | Austria, e and HMU Standardisation
EMUs Norway & of interfaces
SAEHeR Discussion with -] (We)
EuroSpec | vehicle industry
Alternative traction
I
222’?;;‘;2" 4 == Discussion with
infrastructure : : —| infrastructure = ;
interfaces Shift2Rail managers Rail4EARTH
PINTA3 Task 5.1

Figure3: Working procedure for Task 5.1

As Figure3 shows the work of Task 5.1 (greeig based on the prstudy carried out in the
Shift2Rail project PINTA3 WHRjht green) In the PINTAS3 project, the requirements for next
generation BEMUs and HMIBEEMUswere collected for France, Germany, Austria, Norway, and
Sweden. They were taken from the following sources:

w Infrastructure requirements

w Performance of diesel trains

W Performance of EMUs

W EuroSpec "Alternative traction energy supply and related infrastructure interfaces".

Intask 5.1 oRail4EARTHhe following work has been done:

w Collection the requirements from further countries (Spain, Italy, Poland, Netherlands)

W Performance of existing and planned BEMUs

w Discussion of the requirements with industry with respect to realisability and vehicle effort
w Discussion with infrastructure managers with respect to realisability and infrastructure,effort

The harmonized European requirements and the options for certain applications /countries have
been obtained after a collaborative work between WP5 participants. These requirements, both if
they can be harmonised or not, have been classified into six diftgroups

W Infrastructure (without energy supply)
w Vehicle performance
w Traction energy supply and battery charging

Raill4EARTEIGA101101917 18171
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W Parking energy suppbndrefuelling
W ESS/ battery requirements
W Other requirements.

The requirements of each group are described in the following tablesydll@v marked values
are a challenge for thdesign Redvalues are still open and must be clarified in WP1 during the
next year.

Max. non-electrified line segment / total line length

» for short-range BEMU 70 /200 km 70% line share
« for long-range BEMU 200/ 320 km
= for HMU 730 km
Average station distance for
» Regional train 5 km
» Regional express train and intercity 10 km 20 km E,N Intercity
Max. allowed axle load 18t 16 t I, P Only some lines
20t D, F HMU & long range BEMU
Max. gradient 40 /o, 50 o/, A
55 %y, I
Max. gradient for long slopes (up to 5 km) 35 gy
Max. height difference 1000 m
Platform height with level access 550 mm 760mm D,E,N,P,S
Gauge 1435 mm 1668 mm E
1000 mm E

* France (F), Germany (D), Italy (I), Netherlands (NL), Norway (N), Poland (P), Spain (E), Sweden (S) and Austria (A)

Tablel: Common European infrastructure requirements

No of coaches per train / train length 2, 3, 4 / 40 — 80m 6/120m F N

Max. speed 160 km/h 140 km/h  D,E,N,P,S Some lines
200 km/h  E Intercity service

Interior design for service Regional Intercity E,N

Max. acceleration 1,1 m/s2

Typical traction power like EMU for
213 /4 coaches

= Maximum power 1,5/ 213 MW 4 MW F, N for 6 coaches
= Continuous power 1/1,5/2 MW 3 MW
= Average power (Ref speed profile) 0,3/ 0,5/0,7MW 1 MW

Table2: Common European requirements for vehicle performance

Raill4EARTEIGA101101917 19|171
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Energy supply voltage and
frequency on electrified lines
(via overhead line and pantograph)

Charging voltage and frequency
for catenary islands and
intermediate electrification
segments

(via overhead line and pantograph)

Location of the pantograph

Typical BEMU charging power for
2/ 3/ 4/ 6 coaches
(same as max. power)

BEMU charging time for full
charging

» Short-range BEMU (< 70km)
* Long-range BEMU

aiav e, A
[_-F) 4_128 =y * *
v =A3TH "
K * g x
25kV 50Hz forF, E 1,5kV DC & F, E Suitable for both
15kV 16,7Hz for D,A,CH,N,S 25kV 50Hz voltage systems
1,5kv DC  forE, F, NL 3kV DC & I
3kv DC for E, P 25kV 50Hz
25kV 50Hz for F, D,A,CH,N,S 15kV 16,7Hz D,A,CH,N,S
1,5kV DC for E, F, NL 1,5kV DC & F E Suitable for both
3kvDC forE, P 25kV 50Hz voltage systems
3kV DC & I
25kV 50Hz
Approx. middle of the train
1,5/ 2/ 3/ 4 MW 1/15/2/3 Slow charging
fast chargin MW
( ging
With max. power With average Slow charging
Power

up to 15 min up to 20 min
up to 40 min up to 60 min

Table3: Common European requirements for traction energy supply and battery charging

Shore energy supply for parking
(for 2 and 3 coach BEMUSs)

Plug for shore energy supply

400V 50Hz 3AC, > 85kW

EN 50546 125A

CEE

Italy

Location of the sockets for ext. energy

Target. HMU refuelling distance

Target refuelling time

Location of the refuelling tap

On both sides of the train
(still open whether at the
end or in the middle of the
train)

1000 km (ref. speed profile) 1500 km Less refuelling

stations
15 — 30 min
Approximately in middle of

the train on both sides
(left & right)

Table4: Common European requirementsr parking energy supphand hydrogen refuelling

Additional requirements can be found foggional low usage or secondary linescording to
9 dzN2 LJS Q Studies(Mabcis,2024)
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5.2.2 Input from WP7 for Hydrogen Propulsion

The focus oiVP7(Guerra, 20233% the development otechnologies for improving the efficiency
of the H2 traction systerfor railway vehicles (nor fualell nor batteriesare developed within the
WP). Next the main results and conclusioredated to prestandardisation of requirements and
interfacesare briefly explained.

WP7 work has been conceived as a continuation of the preliminary works carried out in the S2R
project PINTA3 WP3 Carbon Free Mobility. As for those previous works, WP7 activities have been
done through a global participation of infrastructureanagers railway operatorsand rolling

stock manufacturers.

So, after the work developed within WP7, the state of thechttydrogen traindias been updated

to check and summarize the evolution in the performance of alternative propulsion systems based
on hydrogenThestate-of-the-art analysiscoversproduction, storageand refuelling of hydrogen

for railway vehicles.

As conclusions, the main generdlallengesfor the definition of common interfaces and pre
standardization for hydrogen refuelling extracted from S2R project PINTA3 WP3 are:
i Standardisation of interfaces between infrastructure and rolling stock

91 Infrastructure for hydrogen supply/ refuelling
1 Risk assessment foefuellingstations

The specific requirements are the following:
Refuellingproperties

Refuellingime,

Refuellingamount,

Safety

Operation by Staff

Refuellingcontrol and communication
Location of the tank and dispenser
1 Physical Guards

Finally, after the collaborative work done and data gathered during the meetings held, no specific
issues needed from the railway environment have been detected that could differ from the land
vehicle (automotive, buses, etc.) standardization framework.n®onew requirements/standard

to further testing the land vehicle componentsustbe developed.

=A =4 =4 4 -4 4 A

However regardingdiscussion on fast refuellinthe following outcomesave been obtained:

Maximum refueling timea requirement for a Minimum refueling timeto minimize H2 refueling

maximum hydrogen refueling time of 15 minuteq time, the vehicle type and basic {téhk

may lead to unnecessary high investment, specifications must be communicated from the

operating, and energy costs. vehicle to the HRS via a safe communication
channel.

Raill4EARTEIGA101101917 21171
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Storage capacityequirements for hydrogen H2 tank temperature measuremensafe
storage capacity in railway applications vary measurement is not possible and cannot be use
significantly. So, it is necessary to know in control the refueling process.
advance how much to fill.
Amount of H2 required«<50 kg for shunting Precooling of the hydrogermre-cooling is
locomotives and 250 kg for regional trains. required for fast refueling, especially for warm

summer days.

Pressurefor the railway sector, the preferred Lifetime of H2 tanksit is limited by the number
pressure for compressed hydrogen stored in HZ of refueling cycles; 20,000 cycles will be requirg
tanks is 350 bar.

Large hydrogen tank3here are no standards fof Hydrogen fueling protocolShere are no

large hydrogen tanks (CH2) suitable for railway| standards for hydrogen fueling protocols for trai
applications.
H2 tanks configuratiorthe preferred H2 tanks Measurement methods or communication
configuration is in cascade (energy consumptiol protocols:There are no standards to monitor floy
reduction and stable and uninterrupted hydroge| pressure, and temperature during fast filling of H
supply guarantee). tanks onboard trains.

H2 unit tanks sizes and requirements for H2 floy Stationary/moveablenost hydrogen refueling
pressure, and temperatuitewill be needed to demonstrators for trains are mobile and/or
develop standard protocols. moveable (Statef-the-art).

Couplings:hydrogen trains use TK17 or TK25 | Automotive standardshey are not accepted by
type of couplings (Statef-the-art). some authorization bodies.

Table5: Requirements for hydrogen fagkefuelling

Based on these outcomes and findings, the main extracted conclusions and recommendations
are listed next:
1 Maximum refuelling time: the requirement of 15 minutes as the maximum hydrogen refuelling

time for trains should be reviewed.

1 Hydrogen demand profiles and hydrogen refuelling requirements: establishment based on actual
F'YRK2NJ aAYdzZ SR SYSNEHE& RSYlIyR&a FYyR aadl yRINRE
operating under normal ambient weather conditions.

1 Specifications and requirements for hydrogen storage system: establishment atekighin
regional trains (<250 kg) and shunting locomotives (<50 kg).

1 Hydrogen refuelling procedures with respect to pressure, flow, and temperature: development for
new trains and agreement on overall hydrogen refuelling rate at each nozzle.

9 Technology and systems for safe monitoring (temperature and pressure): development for fast
refuelling for H2 tanks located in the train.

1 H2 tanks characteristics: establishment of H2 tank types and sizes for railway applications with
requirements for 20,000 pressure cycles-{&ar lifetime).

1 Coupling: establishment of a standard European coupling for railway applications.

Identification: establishment of standard and safe identification of the railway vehicle type.

1 Communication rolling stoeKRS: establishment of standard.

=
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9 Stationary/moveable: commercial operation of hydrogen trains (i.e., several trains on the same
line) will require large stationary hydrogen refuelling stations, H2 supply cannot just be based on
mobile/moveable systems.

1 RaildEARTHontact person for the standardization bodies: nomination of a common contact
person supported by eadRaildEARTpartner regarding hydrogen subject.

1 Specific H2 standards for the railway sector: HRS for trains must be designed and operated
according to specific train applications (different from those for cars, buses, and trucks).

Raill4EARTEIGA101101917 23171
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5.2.3 Input from WP9 for Hydrogen Refuelling

In WP9pre-standardization activities are divided between gathering standards connected with
hydrogenrefuellingstations for railways. The main areas of standards defined in WP9 combined
with hydrogenrefuelling stations arerefuelled vehicles refuellingprocessrefuellinginterfaces,
hydrogenstorage onrefuellingstation andsafetyzoneof refuellingStation and Irsite Hydrogen
Production.

In WP 9a searchof standardswvas carried outelated to the followingopics covered byVP9:
1 HRSlocalisation model helpingo choosethe best localisation for refuelling station where
standards and regulations are bringing boundary condition for that localisation,
1 Risk analyses for hydrogesfuellingstation,
1 Model of hydrogen refuelling process focusing on fatielling
1 Developinganew concept of interface between vehicle arefuellingstation,
1 Demonstration of interoperable hydrogen refuelling station concept.

While many of the stasterdsrelevant toland vehiclehydrogen refuellindgnave beeror are beingdeveloped

for road vehicle applications, many of the requirements or recommendations are applicable to railway
applications However, operating conditions and environmenta&quirements may need to be adjusted to

suit the rail industry requirement§Some standardfr the automotive sector are national standards, e.g.
SAE standards, however, thase oftende-facto international standardand should be considered.

A lot ofexistingand plannedinternational, European and North Americatandardshave beendentified,
see the talte below In relation to the deliverable 1.1 the standards are reviewed and amended.

Standards for hydrogen technologies are constantly evolving in parallel with the technology to serve the
needs of different applications and markets, with new editions being published, and the development of
new parts or entire new standards. The increaseninber of standards in Table 6 of the latest report
compared to earlier reporis due to the following:

1 The list was updated to include a number of new or revised standards which have been published
since the previous version of the report

Standards under development were included
All relevant parts of a standard are listed, rather than simply referring to the standard series

1 A wider scope is considered, for example, some electrolyser standards are included which may be
relevant for onsite hydrogen production

1 Relevant standards from CSA/ANSI which, like NFPA standards, are written for the North American
market but are often taken as eacto international standards with widespread adoption.

# Standard name Topic
ISO 14687202506Hydrogen fuel quality Product specificatioh- This standard
specifies the minimum quality characteristics of hydrogen fuel as distributed
utilization in vehicular and stationary or other applications as fuel.

Vehicles

ISO/TR 15916:2015This technical report provides guidelines for the use of
hydrogen in its gaseous and liquid forms as well as its storage in either of th
2 or other forms (hydrides). It identifies the basic safety concerns, hazards an{ Hydrogen afety
risks, and desdves the properties of hydrogen that are relevant to safety.
Detailed safety requirements associated with specific hydrogen applications

Raill4EARTEIGA101101917 24|171
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treated in separate International Standard$he TR is expected to be replaced
a Technical Specification with the same number and updated content in the
future.

ISO 161141:2007¢ Hydrogen generators using fuel processing technologies
Part 1: Safet§/- This standard applies to packaged, sglhtained or factory
matched hydrogen generation systems with a capacity of less than 400 m3/
0°C and 101,325 kPa, referred to as hydrogen generators, that convert an ir|
fuel to a hydrogerrich stream of cmposition and conditions suitable for the
type of device using the hydrogen (e.g. a fuel cell power system or a hydrog
compression, storage and delivery system).

Hydrogen
production/
safety

ISO 161142:20108Hydrogen generators using fuel processing technologies
Part 2: Test methods for performanceThis standard provides test procedures
for determining the performance of packaged, sadintained or factory matched
hydrogen generation systems with a capacity less than 400 m3/h at 0°C and
101,325 kPa, referred to as hydrogen generators, that corevéuel to a
hydrogenrich stream of composition and conditions suitable for the type of
device using the hydrogen (e.g. a fuel cell power system, or a hydrogen
compression, storage and delivery system).

Hydrogen
production

ISO 17268 H fGasaousihydrogen land vehicle refuelling connection de&ic
standard for devices for connecting arefuellinghydrogen in the gaseous statg
in motor vehicles.

Note: At the time of writing, July 2025xgected to be replaced bynminently by
ISO 172648: 202 Gaseous hydrogen land vehicle refuelling connection dev
Part 1: Flow capacities up to and including 12& g/s

Interface

ISO/CD 17262.2 6Gaseous hydrogen land vehicle refuelling connection devi
Part 2: Part 2: Flow capacities greater than 12@ g/draft standarddefiningthe

design, safety and operation characteristics of gaseous hydrogen land vehig
refuelling connectors having flow capacities greater than 120 g/s.

Interface

L{ hwmopy y GasdoSsNidgen &uelling stationsc series of standards fo
gaseous hydrogen refuelling station components and fuel quality control

Refuelling station

ISO 198841:20208Gaseous hydrogen Fuelling stations
Part 1: General requiremer#s a standard specifying the minimum requiremer
for the design, installation, commissioning, operation, inspection and
maintenance to ensure the safety and, where appropriate, the performance
public and norpublic service stations supplying light roaehicles (e.g. electric
vehicles equipped with fuel cells) with hydrogen gd&any of the generic
requirements of this document are applicable to trains.

Refuelling station

ISO 198812025d6Gaseous hydrogen Land vehicle fuel containets This
standardcontains requirements for the material, design, manufacture, markir
and testing of serially produced, refillable containers intended only for the
storage of compressed hydrogen gas for land vehicle operation.

Onboard gorage

10

ISO 198824 n H@aseaus hydrogen Thermally activated pressure relief
devices for compressed hydrogen vehicle fuel contaihelhisstandard
establishes minimum requirements for pressure relief devices intended for u
on hydrogen fuelled vehicle fuel containers

Onboard gorage

11

ISO 19884.: 2024dGaseous hydrogen Fuelling protocols for hydrogeiuelled
vehiclest Part 1: Design and development process for fuelling protécols
standard for the design andevelopment of fuelling protocols for compressed
hydrogen gas dispensing to vehicles with compressed hydrogen storage o

Refuelling

12

ISO/CD 19882 éGaseous hydrogen Fuelling protocols for hydrogefuelled
vehicles- Part 2: Definition of communications between the vehicle and
dispenser control systerag draft standard tofocus on the communication
system needed to implement the fueling protocols defined in ISO 19885 seri

fuel hydrogen vehicle

Refuelling
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13

ISO/CD 19888 dGaseous hydrogen Fuelling protocols for hydrogefuelled
vehicles Part 3: High flow hydrogen fuelling protocols for heavy duty road
vehicleg ¢ draft standardfor highflow hydrogen fuelling protocol(s) for 35 or 7
MPa NWP compressed gaseous hydrogen powered haatyyroad vehicles (10
200kg hydrogen capacity). Use is intended for but not limited to helaty road

vehicles.

Refuelling

14

ISO 198871:2024Gaseous Hydrogen Fuel system components for hydrogen
fuelled vehicledart 1: Land vehiclesstandardestablishes requirements for
newly produced compressed hydrogen gas fuel system components, that ar
intended for use on hydrogen gas powered land vehicles:

Onboard
components

15

ISO/WD 19882

Gaseous Hydrogen Fuel system components for hydrogérelled vehicles
Part 2: Rail vehiclesthis draft standardestablishes the minimum requirements
for fuel system components intended for use on hydrodeelled rail vehicles. It
references 1SO 19887 for the main hydrogen component requirements and
focuses on the specific details applicable to rail vehicle apitst This
standard is applicable to components incorporated in Hydrogen Fuel Systen
specified iNIEC 63341 awl A f ¢ | &chydidysh an@fueh celBsystems
forrolingstockt I NI HY | @ RNR3ISYy FdzSt &eaid§g

Onboard
components

16

ISO/TS 2010(Withdrawn)- former technical specificatioapecifying the

characteristics of outdoor public and privatefuelling stations that dispense
hydrogen gas used as a fuel for land vehicles of all typeslaced by ISO 1988(
1

Refuelling

17

ISO 22734.: 2025¢Hydrogen generators using water electrolyfart 1: Safet§y
- a standard specifying the safety requirements for devices for generating
hydrogen using water electrolysis.

Hydrogen
production

18

IEC 60074.0-1:2020¢Explosive atmospheredPart 101: Classification of areas
Explosive gas atmospheged his standard is concerned with the classification
areas where flammable gas or vapour hazards may arise and may then be (
as a basis to support the proper design, construction, operation and mainter
of equipment for use in hazardous are&elated to ATEX in the EU.

Explosion afety

19

IECFDI$33411 (FDIS approved April 2028Railway applicationsHydrogen

and fuel cell systems for rolling stocRart 1: Fuel cell power systémapplies to
fuel cell power systems installed onboard rolling stock for railway application
andare used fotraction poweror as an auxiliary onboard power source.

Vehicle

20

IECFDIS533412: 2025(FDIS approved April 20283ailway applications
Hydrogen and fuel cell systems for rolling steélart 2: Hydrogen fuel system
applies to orboard hydrogen fuel systems (HFSs) used to supply fuel cells fq
traction poweror the auxiliaries supply of railway vehiclésapplies to hydrogen
storage in gaseous foronly andaddresses the oiboard mechanical, fluid and
electrical interfaces between the dooard hydrogen fuel system and fuelling
station. The fuelling station, fuelling protocol and communication for the fuel
protocol are not in the scope of this document.

Vehicle

21

EN 1SO 800786:2016 & AQ0200¢Explosive atmospheres

Part 36: Norelectrical equipment for explosive atmosphenesBasic method
and requirements - This standard specifies the basic method and requiremer
for design, construction, testing and marking of relactrical Ex equipment, Ex
Components, protective systems, devices and assemblies of these products
have their own potential ignition soces and are intended for use in explosive,
atmospheres.

Explosion afety

22

Standard EN 17127:n H @utdoor hydrogen refuelling points dispensing
gaseous hydrogen and incorporating filling proto€elexternal hydrogen
refuellingpoints distributing hydrogen gas and thefuellingprocedures used.

Refuelling

23

EN 62305eries- this series of standards provide the requirements for

protection of a structure against lightning and physical damage and life hazg

Safety
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24

SAE X78 2023016Recommended Practice for General Fuel Cell Vehicle $g
¢ US ecommended practicaentifies and defines requirements relating to the|
safe integration of the fuel cell system, the hydrogen fuel storage and handli
systems (as defined and specified in SAE J2579) and high voltage electrical
systems into the overall Fuel Cell Vehicle. @beument may also be applied to
hydrogen vehicles with internal combustion engin@stended for road vehicle
applications)

Vehicle safety

25

SAE J2572023)1 ¢Standard for Fuel Systems in Fuel Cell and Other Hydrog
Vehicleg ¢ USstandard specifying requirements favad vehiclehydrogen
storage tanks.

Onboard torage

26

SAE J260@2015104Compressed Hydrogen Surface Vehicle Fueling Connect
Devices ¢ USstandard for the design and testing of nozzles, connectors, and
receptacledor refuellingroad vehiclewith compressed hydrogen

Interface

27

SAB2601 20200%Fueling Protocols for Light Duty Gaseous Hydrogen Surfal
Vehicleg ¢ USstandardestablishes the protocol and process limits for hydrog
fueling of vehicles with total volume capacities greater than or equal to 49.7
These process limits (including the fuel delivery temperature, the maximum
flow rate, the rate of pressure incase, and the ending pressure) are affected
factors such as ambient temperature, fuel delivery temperature, and initial

LINBaadaNBE Ay (KS @OSKAOf &9siemO2 YLINB & &

Refuelling

28

SABI2601/5 202508HighFlow Prescriptive Fueling Protocols for Gaseous
Hydrogen Powered Medium and Heabwuty Vehicles - ThisUSTechnical
Information report (TIRgstablishes higHlow fueling protocols, including their
process limits for fueling of compressed gaseous hydrogen vehicles at peak
rates from 60 to 300 g/s with compressed hydrogen storage system (CHSS)
volume capacities between 248.6 and 7500 L whiate been qualified to UN
GTR #13The TIR will be upgraded to a standard after field testing.

Refuelling

29

I {'" k! b{L ICommssaed¥ywlrogemigas vehicle fuel contaihethe
standardcontains requirements for the material, design, manufacture, markir
and testing of serially produced, refillable containers intended for compresse
hydrogen gastoragefor on-road vehicle operatiomnd whichare permanently
attached to the vehiclghave a capacity of up to 1000L water capaaitg have a
nominal working pressure not exceed 70MPa

Onboard Storage

30

CSA/ANSIHGV &lnHH GCdzSt &deadasSYy O02YLRySy
LJ2 4§ SNB R L8nkdiad't)Saadard

Onboard Storage

31

CSA/ANSI HGV 42020¢Hydrogendispensing systends; Canadian/UStandard
for safe operation, substantial and durable construction, and performance
testing of the mechanical and electrical features of newly manufactured
hydrogen gasdispensing systems for vehicles, intended primarily to dispensg
fuel directly into the vehicléuel storage container

Refuelling station

32

CSA/ANSI HGV 42B24dTest methods for hydrogen fuelling parameter
evaluatiorg - Canadian/UStandardspecifying the minimum testing
requirements for verifying the fuelling protocols specified in SAE J2601 and
communications protocols in SAE J2799. This Standard applies to dispensir|

systems, referred to as "dispensers”, designed to fill vehicle stosggtems in

Refuelling station
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accordance with SAE J2601.

33

CSA/ANSI HGV 42823¢dPriority and sequencing equipment for hydrogen
vehicle fueling statiorés- Canadian/UStandardfor priority and sequencing

equipment used in compressed gaseous hydrogen fuelling stations and spe{ Refuelling station
general, materials, construction, and assembly requirements.

34

ANSI/CSA HGV 4812 (R20233Hydrogen gas vehicle fueling station
compressor guidelinés- Canadian/UStandardfor safe operation, substantial
and durable construction, and performance testing of the mechanical feature
newly manufactured compressors for use in gaseous hydrogen vehicle fueli
stations.

Retielling station

35

CSA/ANSI HGV 40206Hydrogen fueling statioris- Canadian/UStandard
specifying the design, installation, operation, and maintenance ofsitk and

. . ) Refuelling station
modular gaseous hydrogen fuelling stations (HFS) feoad vehicles.

36

CSA/ANSI HGV 4:2021¢6Standard for fittings for use in compressed gaseous
hydrogen fueling statiorts- Canadian/UStandardspecifies methods for testing
and evaluating fittings for use with compressed hydrogen gas and hydmicfen| Refuelling station
gas mixtures

37

CSA/ANSI HPRE2@21dThermally activated pressure relief devices for

compressed hydrogen vehicle (HGV) fuel contaiheiGanadian/US standaifdr
thermally activated pressure relief devices for containers complying with the| Orrboard storage
CSA/ANSHIGV2 standard

38

CSA/ANSI B1&Z024¢Enclosed hydrogen equipmegiSafety¢ - Canaian/US
standardaddressesafety requirements related to hydrogen and its use insidg
enclosue intended for stationary outdoor operatigrsuch asassemblies of
hydrogen equipment integrated into enclosweith a minimum floor area of 7.4 Hydrogen safety
m? and a maximum floor area of 41.8°megardless of whether thenclosure
contains internal compartments.

39

NFPA 22023Hydrogen Technologies CodeScodeprovidingfundamental
safeguards for the generation, installation, storage, piping, use, and handlin

. L Hydrogen afety
hydrogen in compressed gas (GH2) form or cryogenic liquid (LH2) form.

Table6: Identified standardsin WP9 related tahydrogen refuelling station.

Many standards for road vehicsdulfil the needs of railway sectphowever,there are agpects of
the automotive standardghat need tobe adaptedto the specific needs of theailway sector:

=A =4 =4 4 -4 4

Ral specific service life, including pressure cycle life

Rail specific environmental factors, e.g. operating temperature ranges, vibration spectra
Rail specific crash loadings

Higher level of flow up to 300 g/

Different approach for refuelling: fast or economical,

Higher quantity of hydrogen to be stdland largermore safety valve vents
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5.2.4 Input from FCH2RAIL Project

Within the Clean Hydrogen PartnersHiymded FCH2RAIL proje¢Fuel cell hybrid power pack for
rail applications, Grant Agreement No. 1010066&8s://www.fch2rail.eu/en), two public
deliverablesD7.1(Guerra, 2023nd D7.4coveredthe analysis of the regulatory framework
(RCS regulations, codes and standards) related to hydrogen refuelling of trains. The analysis in
these deliverables was done within the context of the FCH2RAIL demonstrator tests and
focussed on

1 Theidentification of relevant RCS and

1 Whether the single RCS leave a gap in terms of the applicability of hydrogen trains and refuelling

of hydrogen trains.

Contributors to the deliverables were CAF, TUV Siid Rail, DLR, CNH2, Stemmann Technik and
ADIE

The focus othis chapterare the main results of thd=CH2RAIldeliverables concerninigydrogen
refuelling station HR$in terms of

a. interface parameters and
b. pre-standardisation input.

In additionto the HRS, the deliverabledsocoverthe analysis of regulatory gaps witbspectto
train, pantograph,and infrastructure.

Since the FCH2RAIL deliverable Esteban Rodriguez, FCH2RAIL Del¢Qosplementary
gaps in analysis framework, 2024 )an update of the preceding deliverable D{ESteban
Rodriguez, FCH2RAIL Del. Q@4dps in regulatory framework prior to the demonstrator train
test, 2022) the next sections refer only to the FCH2RAIL D7.4.

a) Interface parameters

Interface parametersnentioned in the FCH2RAIL project Deliverable D7.4 regulatory gap
analysigegardingHRS (not exhaustive) are:
1 Temperature (ambient and fuel)

Pressure

Flowrate,
Communication
Leakage control
Refuelling protocgl
Communication protocgl
EMC

Dispenser, hoses

= =4 =4 4 -8 4 A -9

b) Prestandardisation input:

The following sectiogovers theresultsof FCH2RADeliverable 7.4about pre-standardisation
of the HRS (not exhaustive)

5.1 Analysis related to the Train

Raill4EARTEIGA101101917 30/171
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more than half are Railway Regulations Codes & Standardsq{R&%) been allocated 360
times to 26 generic Causes.

w

T mc whkAftgle w/{ &X8 @6SNBE ARSYUGATFTASR GKI G NBIdz

related hazards, when applied

T mMmc wlkAfgle w/{ wX86 ¢
mitigation,

f S56NonNJF Afgle& w/{ wX8 6SNB ARSYGAFTASR (KIFG I NB
however there were some implications or constraints, that require amendment by railway RCS,
such as EN 50155

T my ¢SOKYyAOIf A&aadzSa wXe KIFI&@S 0SSy ARSYGATFTASR

1 If no applicable RCS exists and the requirement is not entirely specific but more generic, generating
a new standard or amending existing ones might be appropriate. This applies for the gaps identified
regarding hydrogen refuelling, since these aspects lvél key for an economic and successful
application of the new technology.

w

wX8
5.2 Analysis related to the HRS

From a total of 82 RCS in total, 45 RCS applicable to the project havartdgsed from which
it can be concluded that:
I 36 RCS do not need modificatjon
1 7RCS need to be modified to adapt to project requirements. In these 7 RCS, 4 new gaps have been
identified within the RCS analysed based on field experience with the train demonstrator
1 4 technical issues have been found where currently there is no RCS that specifies how to mitigate
the effects that may generate a hazard, a new one found based on field experience with the train
demonstrator,
1 Ifthere is no RCS that can be adapted to some of the project requirements, it would be convenient
to expand and/or modify an existing one, specifying the nature of the problem associated with the
dzaS 2F Ke@RNRISY Ay GKS NIXAfgle asSol2NWé

Within the FCH2RAIL D7.4 each identified RCS had been analyseelsp#btto its impact or
relevance for hydrogen trains and for hydrogen refuellifgrther,the RCS had been evaluated
in terms of gaps in the RCS and the priority to mitigate these identified gaps. Hydrogen
refuelling related RCS and their gaps mentioned in the FCH2RAIL deliveraldeelyiv&n in
Table7: FCH2RAIL Deliverable D7.4 regulatory gap anadgasdingHRS(not claimed to be
complge):
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RCS (regulation| RCS title Identified gap

code, standard)

ISO 1988a to | Gaseous hydrogen Fuelling Targets road vehicle refuelling. Gaps identifie

ISO 1988@ stations) with the respective part in terms of refuelling protocols for railways,
safety distances, communication protocol anc
unsuitable mechanical designs.

ISO 198883 Gaseous hydrogertuelling Highflow (HF) refuelling protocol under the
protocols for hydrogeffuelled supetrvision of the ISO/TC197. Could be a val
vehicles Part 1: Design and option also for trains.
development process for fuelling
protocols

EN 17127 Outdoor hydrogen refuelling Only applicable for road vehicles. Connectorsg
points dispensing gaseous currently used in railway vehicles do not comj
hydrogen and incorporating filling to EN 17127.
protocols

EN ISO 17268 | Gaseous hydrogen land vehicle | Connectors currently used in railway vehicles
refuelling connection devices not comply to EN 17268.

SAE J2601 Fuelling Protocol for Light Duty | Not applicable for railways and valid only for
Gaseous Hydrogen Surface pre-cooled hydrogen refuelling at max. 60 g/s
Vehicles

SAE J2602 Fuelling Protocol for Gaseous | Not applicable for railways. Also, high flow (H
Hydrogen Powered Heavy Duty | refuelling protocols for heawjuty vehicles are
Vehicles lacking (> 10 kg of H2 storage capacity and/o

mass flow rates of up to 7.2 kg/min). Only
ambient temperature refuelling foreseen.
Validated fast refuellingrotocols missing

TSI LOC & PAS with respect to EMC susceptibility needs to by
analysed/tested (TSI LOC & PAS Chapter
3.2.1.4.3)

TSI Energy and Requirements for HRS are not part of these T

TSI H2 fire detection and extinguishing issues are

Infrastructure also not specified in the TSI.

CSM Common Safety Methods the concrete definition of the type of ASBO o
ISA required for hydrogen refuelling is not
defined

ATEX (with railway regulation on safety zone limits betwe

respect to HRS and Railway Safety Zone are missing

portable HRS)

/ General Requirement of infrastructure manager Adif fc
a protocol and regulations to ensure an
interoperable communication system that
records essential data during refuelling.

Table7: FCH2RAIL Deliverable D7.4 regulatory gap anahggiardingHRS
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5.3 Pre-Standardisation of Interfaces Between Train and

Infrastructure
The interfaces between vehicle and infrastructure cover the following interface groups:

1 BEMU charging,
91 Parking energy supply,
1 Hydrogen refuelling

5.3.1 BEMU Charging
Requirements for BEMCharging:

The operational requirements for BEMU charging are developed in task 5.1 from the European
railway undertakings taking part Rail4EARTHee(Fernandez, 2023)

Battery multiple units (BEMUS) run on electrified and +ebectrified lines. On electrified lines

they are supplied with electrical energy via pantograph and overhead line. The energy is used for
traction, auxiliary consumers, and battery charging. In @oldli fast battery charging is required

at termination stations, some intermediate stations, and parking areas. Catenary islands with
short overhead lines are the preferred solution for fast charging since no additional vehicle side
equipment is required.

Charging Infrastructure Types
The differentkind ofcharging infrastructurare defined in

 prTS50729 HnAaHN awl A f-fFiked indtalldtichshaaulraling Btgecinterface
requirements between charging infrastructure with dedicated contact line sections and electric
traction units with onboard electric traction energy storages and current dplRMNA ¢

Catenary islandsorrespond to the charging infrastructure types Ill and IV:

Charging infrastructureype Ill: The contact line islands are dedicated contact line sections

which are located within and around railway stations on sbectrified railway lines. The

contact line system is extended a few km from the railway stations depending on the contact line
system.This type of infrastructure allows on one hand the movement of the electric traction

units and on the other hand the charging of the onboard electric traction ergtnyageof the

electric traction units

Raill4EARTEIGA101101917 33171
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1 electrified track (section)

non electrified track (section)

dedicated contact line section

border of trackside charging infrastructure

o W N

platform

Figure4: Charging infrastructure type Ill according poTS50729

Charging infrastructure type IVFhe dedicated contact line sections are in railway stations on
non-electrified railway lines. The contact line system is only located over platform tracks,
marshalling tracks, depot tracks and associated track connecflbisstype of infrastructure is
dedicated to charge the onboard electric traction energy storages of the electric traction units in
standstill. This is the basis for the rating of the charging substation. A restricted low speed
operation (e.g. coupling andke-coupling of electric tractions units) in the frame of the rated

power of the charging substations may be allowed.

1 — 3 p 4
I
c==== ~ ===>
Key

1 electrified track (section)
2 non electrified track (section)
3 dedicated contact line section
4 dedicated contact line section — only at estimated current collector position of a charging vehicle
5 border of trackside charging infrastructure
6 platform

Figure5: Charging infrastructure typeMaccording toprTS 50729

Raill4EARTEIGA101101917 34|171



* %
* 4 %

aiav e, **
(= BA=R 371
ar

- . L
=urope’'s -

Requirements for Charging Time and Power

The charging should be done as fast as possible to meettheredoperational termination

time (down to 15minn some cas@s But fast charging requires high charging power. To limit the
vehicle effort, it was decided in task 5.1 4€ernandez, 2023p charge with the max. rated
BEMU power, e.g.

 Aboutl,5 MW fora2-coach train
1 About 2 MW fora 3-coach train

For a train running along the regional reference speed profile according to ENBOESELEC,
EN 50591 Railway applicationSpecification and verification of energy consumption for railway
rolling stock, 2019he charging time was calculated, when it is charged with average power
(slow charging) and max. power (fast charging),Fsgere 6:

Charging Time [min]
60
50
40
30

20
10

Charging time [min]

o o O
N =

o O O O O
wr WO M~ o0 O

100
110
120
130
140
150
160
170
180
190
200

Non-electrified line length / Range [km]

e SlOW Charging e Fast charging

Hgure 6: Chargingime for slow and fastcharging.

Even withmax. power fast charginyjthe required charging timef 15 min is only achieved for a
non-electrified line length of up to 80km (sherange BEMU). LoAgnge BEMUSs up to 200km
require a charging time of up to 40mioorresponding to 300 km range for 60 min chargirm.
compare with electric car application, the charging time may vary significantly. Depeording
type of charger used, conventional onefast charge! OO2 NRAy 3 G2- GKS ¢S
RFcGFolaS®2NRé |yR o0lFaSR 2y GKS OKIF NI OGSN
charge is 600 krfor 60 min (recovering 600 km range for 1 hour duratiomast chargé. Best
fast charge range recovery can target more than 1200 km equivalent

S
QX O
C

This is an operational dratvack of longlange BEMUand required the purchase of additional
trains for many applications.

BEMU Charging Via Overhead Line

In general, the overhead lines of catenary islaadd intermediate electrification sectiorese
supplied with the same voltage system of the electrified lines of the country and region:
1 1,5kVv DC in France, Spain, and Netherland
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1 3kV DC in Poland and some lines in Spain

9 25kV 50Hz for some lines in France and Spain
Forthe charging of £oach BEMUs 2 MW charging power is required. This corresponds to the
following currents:

9 1330 A forl,5kV

1 667 A for3kV

I 80 Afor 25kV

 133A for 15kV
While in most countries thgoltage system obverheadcurrent islands is identical to the general
system of the countrythere is anexceptionfor countries with 16,7Hz overhead line frequency.
Here a supply of the overhead islands with 50Hhespreferred solutiorto reduce the
infrastructure effort at the charging stations. For 50Hz the energy can be taken from the local
electrical grid without an expensive convert&6,7 Hz 15Hz is preferred if the lisesupposed to
be electrified in the next years.

The different possible voltage systems have been discusghthwhe projectandwith external
stakeholdersn GermanyDB InfraGO, EBA, Bundesverband SchienenNahverHRétaryesult of
the comparison is shown in the table below

15 kv, 133A 80A/ Overhead Schleswig- High Low TSI standard
16,7 Hz 100 A, current rail Holstein, (converter) (Special
1,2 MW  or double VRR pantograph)

wire
25 kv 80A 80 A, - Ost- Low Medium TSI standard
50 Hz 2 MW Brandenburg (transformer

(parking) with additional
tap)*

15 kv 133A 80 A, Overhead Erzgebirgs- Low/ medium Low Not allowed in
50 Hz 1,2 MW  current rall bahn, (Special TSI and declined

or double Ammertal- pantograph) by EBA for roll-

wire bahn (trial) out

Table8: Comparison ofAC voltage systemfor catenary islands

For 25kVsupply voltageequires acharging currenbf 80Afor 3-coach BEMUST his valués
allowed at standstill as a continuous current accordm&N 50367The infrastructure effort is
low since no speciaheasures like double wire line are requirel conventional overhead line
can be used. There are no amendments of standards on the infrastructure and vehicle side
required since 25kV 50Hz is a TSI voltage system in Edrlopelrawbackis that onvehicle side
a transformer with additional windingad tap as well aa switching circuits necessary.
Further, thehigh voltage insulation must be dimensioned for 25But most vehicleare already
equipped with this kind of transformer.

For 15kWoltagerequires acharging currenbf 135Afor 3-coach BEMUSThiswould require a
special solution, e.@n overhead current rail instead of a standard catenarg,the VOLTAP
system(Dschung, 2023seeFigure?. If the vehicle position in the stationfixedthe

infrastructure effort is low since opk short overhead current rail ireeded The infrastructure
effort increases for longer overhead supply in case of different orientated trains, coupled trains,
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or supply for more than one track, since the max. mast distance for overhead current rails is
lower than with conventional overhead line. Therefor more masts including grounding are
required.On the vehicle side there is no additional effort.

15kV 50H1s no standardised voltage systemEuropeandnot permitted according to the TSI.
The amendment o new voltage systeroontradicts the harmonisation process Europeand is
declinedfor rollout by the Germarauthorisation body EBAndthe German Infrastructure
Manager DB InfraGO.

Result for AC Catenary

Theresult of the discussion within the project and with external stakeholderGermanywas
that 25kV 50H1s the preferred solution for catenary islanikl. acceleration ranges (a few km)
since

1 It allows fast charging
91 Is a standardised voltage systeémEurope
1 Is a coseffective solution

For ACcatenaryrOK I y3Sa 2F &aidl yRINRA& 0¢{ L3 al%wltagel NB
system.But the preferred voltage system should be stated in the Boeo"Specification for
alternative traction energy supply and related infrastructure interfaqgJROSPEC, 2022)

For charging of-4and 6coach trains (3/ 4 MW) additional measures must be applied to handle
the higher currents:

9 For 25kV: Current rail instead of standard catenary or two pantogtaphs
1 For 15kV: Two pantographs

Figure7: Example for fast charging via overhead current rail for catenary islands (VOLTAP
system)

Charging via DC Catenary

For DC catenar MW charging power means
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9 1300A overhead current for 1,5 kV DC catenary (300 A permitted for standard catenary and
pantographoriginally),
1 650 A overhead current for 3 kV DC catenary (200 A permdtéginally).

Thelatestrevision ofTSLOC&PABom 2023opens the opportunityto increase the maximum

current at standstill for DC systerfar chargingof ESSif the register of infrastructure allows it

for dedicated locations and conditionghe text has been modified as following:
GC2NJ NI Ayad SldALIISR gAGK St SOGNARO SySNHe@
- The maximum current per pantograph at vehicle standstill in DC systems can be
exceeded only for charging electric energy storage for traction, in allowed locations and
under the specific conditions defined in the register of infrastructure. Only icdbkat it
shall be possible for a unit to enable the capacity to exceed the maximum current at
adlyRaGAff TFT2NI 5/ aeadSvyaoé

Furthermore, theTSILOC&PABom 2023 add an open point concerning teealuationmethod
for the fast charging:

@KS aasSaavySyid YSGK2R AyOfdzRAy3a GKS YSI &dz
Even if regulatio modification is less restrictive than previous versior S NSa&dechnigall A f

challengefor fast charging of BEMUSo0 handle these currents several measures are required:
1 Overhead current rail

Pantograph with contact strip

Increased vertical pantograph pressure

Second pantograph

Supervision system to protect theterface between the overhead line and the pantograph

=A =4 =4 =

To allow these higher currents tests, verification, certification, and adoption of standards is
required EN 5036 aAndpr:TS 50729).

DC Chargingia ChargingPlug:
An alterrative solutionof charging via DC catenary is the charging via. plug

Whereas, in other mobility applications (buses, trucks, ships, etc.) and beyond the massive
electrification of these vehicles, development of new generation of plugs for the charging has
been proceeded. Different power characteristics and communicatiotrgbare available to
manage the charging process of the batteries.

Thereare few references of traction battery charging plugs. One special case in rahoay

heavy rail battery locomotive | . ¢ 9/ & Qyith SRl €ndrging plug 480V AC 3ph . This

plug allows to have a slow charge of traction batteries. According to BNSF report, the charging
process can take up to 11 hours to fully charged the battéfiednderson, 2021 Another more
NEOSYy (G SEFYLXS Aa Ay [/ NRBIFIGAI YR GNIAY YI ydzFl
Charging System) developed for the heavy vehicles sectahi®new 2 cafi NI AyaSiz GKSN
conventional high voltage traction system to collect the energy from the railway infrastructure.

To recharge th@36-kWhnominal battery, a MCS plug has been installed to allow the charging

during standstill.
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But all systems requirermanualoperation by the trairdriver. Further, itreduces the time for
chargingand requires longer termination times.

Figure8: On the left, battery locomotive charging plug in Stockton (USA), on the right, charging
plug connect to the battery locomotive.

Figure9: KONCAR's battery train in Innotrans 2024 and MCS charging plug for traction batte

Underfloor charging system

A charging via plugiithout manual operation is possible with the underflderaunhofer
charging systerdeveloped fordeveloped for road vehiclesee figure belowFraunhofer, 2025)
(MEGALADEN, 2024)
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FigurelO: Fraunhofer underfloorchargingsystem(left: on-ground part, right: vehicle part)

Figurell: MegaLaden charging system

The system connects to the vehicle by means of a retractable plug, which moves upat&m
level to a connector counterpart mounted at the vehicle underbdidhye targetedapplication
area ischargingelectric trucks in distribution centers during loading and unloading of goods.

For railway application, the plug would be installed betwaethe middle of therackand move

up to establish contact to the vehicle once in standstill. This requires accurate positioning of the
vehicle at the stop. The fixed position of the plugtba infrastructureside requires standardized
positions for the counterpart at the vehicle underbody

The plug system, designed foperationsup to about 1.5 kV and currents up to 1 kA and above,
meets the charging power requirement. Depending on the BEMU power electronics topology,
connection to the traction DC link and charging controlth@battery DC/DC convertés

possible. Alternatively, direct connection to the traction battery circuit and charging control via
external.
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The proposed Fraunhofer system offers the advantage of automated opeatidfast charging
with high transmitted power, buthe robustnessgainst the environmental impact like snow and
ice stillmustbe proved According to orgoing stateof-the-art, no railway projects have been
identified with this solution.

5.3.2 ShoreEnergy Supply fgrarking oBEMUs and
FQMUs

Requirements for Shore Energy Supply

For lines with short nowrlectrified line segmenfless tharabout 30km)there is no fast charging
requiredat the termination station The train can reverse without charging. But at these stations

an external energy supply for supplying the HVAC system and auxiliary consumers during parking
at night or during longer daytime stops (Ptenditioning) is required-urther, a slow battery

charging should be possible for special cases:

1 Train parking for a longer period (e.g. several weeks)

1 Operationalirregularity (e.g. deviation or longer intermediate stop)
9 Battery failures (e.g. onleattery string isbroken down)

9 Battery charging in maintenance shops

In contrast to fast chargingithin the short termination timea manual operation of the supply
can be accepted. Therefor a cable and plug supply as widely used for the supply of DMUs can be
used, sedigure below:

Figurel2: Parking energy supply for DMUs (32A, 22kW)

The external energy supply is not only required for BEMUSs, but al$&d¥tlds sincdor FQMUsit
is more economic to use external electrical power supply than taking the energy from onboard
hydrogen.

In comparison to the DMU supply the required power is higher since DMUs ateepted by
diesel and not from the external energy supplyerefora supply station with higher power and
different plug is required.
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The maximum required powen parking modas required for nighttime heating at the lowest
outside temperatures. The maximum required power for applications in central Eurd@e is
kW for a 3coach trainBut according to the analysis in the FINIE@ject (Ernst, 2020it is
possible to reduce the power to 85kWith special vehiclsidemeasures to allow a cost
efficient supply.

PossibleSolutions for Shore Supply

In the PINTABroject(Mannnevy, 2022jour different solutions for external energy supply have
been analysed:

1 400V 50Hz 3AC with CEE plug 125A
1 400V 50Hz 3AC with EN50546 plug
1 1.500V 50Hz AC with UIC 552 plug
1 Automobile plug

91 Underfloor plug (Fraunhofer)

In the PINTAS project it was shown that the most economical soligitime supply with 400V
50Hz 3AC 125, Aeefigure below

<_ 15KV 4

Energy Storage System Add-On

8
;
-

Energy Storage Battery
Converter System

A CEE plug
8 for125A
L~ — _é = [ HOVE 400V 50Hz 3ac
400V
S Lo ssoeva { ¥ L EN 50546
= > &) -

Line Motor Traction
Converter Converter Motor

3~

Plug
(125 A)

Existing Propulsion System

9

Figurel3: Connection of theshoreenergy supply to the electrical circuit of the vehicle

For the connection there are two different plugs in discussion:GE#125Aplugor EN50546
plugb/ 9b9[ 9/ X 9b pnpn cgRdliwg stodkdtree-pHadelsiors @ttetnal)2 y &
supply system for rail vehicles and its connectors, 20P23 table belowshows the comparison
betweendifferent plugs:
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Plug type/ standard CEE 125A EN 50546 UIC 552 IEC/EN 62196-3

for 125A Combo 2
Voltage 400V 50Hz 3ac 400V 50Hz 3ac 1,5 or 3kW dc ac 400 or 800V dc About 1.000V dc
Power (3 coaches)  86kW 86KW (400KW) _—_
Vehicle effort low _ medium (transf. tap) expenswe socket
Infra effort low _ Special components controlled rectifier plug, Rectifier
Robustness medium high _ low medium
Pilot contact no yes no yes no
Autom. operation no no no no _
Railway certification open To be done yes no no
Long-term standard | yes yes Only for plug Not clear Not clear

(different voltages)

Result/ Ranking 2 _ 2 3 4

Table: Comparisorbetween different solutions for shore energy supply

Resultsfor Shore Supply

The comparison shows that the EBD546 plug is the b&t solution with respect to robustness,
mechanical lock, anglilot contact In 2024 the EN 50546 was updated in collaboration between
the railway stakeholders to open the introduction of a common European railway supply for
shore energy supply in parking areas and maintenance shops.

There is already a plug on the market. But it still must be tested under railway conditions.

Since the plug is only able to supply the energy foo&ch trains, trains with more coaches
require twosupply cables and sockets.

The harmonisedbcation of the sockeis still not finalised. The location should consider that the
train can orientated in different directions. Therefor there should be a socket at both sides of the
train (left and right). But it the location of the socket along the trigistill not clarified

1 Approximately in the middle of the trajn
1 Atoneend
M On both ends

Future works
For the next and final period, the following studies shall be conducted:

1 Description about new auxiliary loads to supply related to&fiSuel celpower systen{especially
for cooling & heatingy E.g. BTMS)
1 Analysis oFINE2 project repoxin auxiliary consumption values

1 Warning about developing long range with bigger batteries to awoadeasingby twice the
O2yadzyLlirzy 2F .GKS 9{{Q& Il dzEAf Al NAS&
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5.3.3 Hydrogen Refuelling

For prestandardisation of thgaseousydrogen refuelling interface the requirements from the
following hydrogen vehicles should be considered:

1 Regional trainsREEMUsHMUSHEMUS,

Shunting locomotives

Light main line locomotives (for freight anshssengers)

Maintenance and inspection vehicles

DMUs and diesel locomotives refurbished for operation with hydrogen.

= =4 =4 =4

Future technologies with higher pressure than 350 bar or liquid hydrogen will not be covered in
this project. But these technolgies argprobablyrequired for heavy main line application.

5.3.3.1 Requirements for Hydrogen Refuelling

The requirements for hydrogen refuelling agreed in task 5.1 are taken from DéF&riandez,
2023)and the prestudy carried out in the Shift2Rail project PINTA 3 \(Wahnnevy, 2022)

Therefuelling timetarget for HMU$HEMUsshould be like the diesel refuelling time of DMids
the order of 15minButthis would lead to high infrastructure cost. Therefopject partners
agree thata refuelling time olup to 30mincan be accepted. Thtimeshould be fulfilled for the
fuel amount required for 1000 km distance

Since hydrogen refuelling stations are often not located near the application line, the refuelling
distance should be dew as possible to minimise additional operational train runs for refuelling.
Thereforatargetfor the refuelling distanceof about 1000kmis requiredby most operators (in
France600km are enoughHere the following conditions mube considered:

91 Two-coach train

Running along the regional train profile according to EN 50591 with the defined timetable
HVAC consumption for climatic zone 2

50% passenger load

Parking hydrogen consumption when the train is not connected to the electrical shore supply

=A =4 4 =

To reduce the number of refuelling stations even a higher refuelling distance is the target for
innovations 1500 km option.

1000 km range corresponds tdwel amount of about 250 kg H. During longer parking, an

external energy supply can be assumed. This energy consumption value is only an orientation. In
praxis itdepends on the weight, the driving characteristics of the vehicle, the profile and the
distance of the route and the environmental conditions.

W Elevation profile

W Numbers of stops

W Speed profile

w Equipment of trains

W Environmental conditions (heating, cooljfgead wind, adhesign
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The combination of refuelling distance and time is a challenge for the development in WP8
(vehicle) and WP9 (infrastructure).

The trainamust befilled with compressed hydrogenf fuel cell gradeccording tahe following
standards:

1 EN 171242022 Hydrogen fuel Product specification and quality assurance for hydrogen
refuelling points dispensing gaseous hydrogeProton exchange membrane (PEM) fuel cell
applications for vehicles

1 1S0O 14687: 2025 Hydrogen fuel quatityProduct specification

The pressure must not exceed 35 MP&660 barat 15° C, corresponding to a density of 24 g/l
and a state of charge (SoC) of 100%.

With respect to thdocation of thereceptaclealong the vehicle a position approximately in the
middle of the train on both sides (right and left) is the preferred solution to allow a flexible
vehicle operation and limit the number of receptaclEsr 3 and 4coach traingnore
receptacles are required

To allow a fast refuelling the parallel refuelling with tvieo receptables(one for each tankcan
be accepted from operator view.

To minimise the refuelling process time, it should be desirable to insthlillar at the dispenser

to refuel the hydrogen as cool as possible, taking care with the compatibility with some process
elements as senssor electrical valved-orminimising the energy consumptiaf the HRS the
coolingtemperatureshoud be controlled in dependence on the ambient temperature

To ensuresafetyduring the refuelling process following topics must be considered:

w Parts of the refulling station exposed to hydrogaost be explosiofproof,
w The hose may not exceed a length of 10 m Occupational Health and Safety (OHS)
w Prevent overfilling and overheating scenarios of the communication between hydrogen refuelling
station (HRS) and train for service stations with+aistriminatory access, the CH®8del must be
known at service station (to know the relation pipitemperature to traintank-temperature)
wWIYR 2F NBFAStftAy3d Ydzad 0SS RSFAYSR Ay (KS aNBTA
w Tearoff safety device (in case of moving the vehicle during refuelling prqcess)
w HRS and vehicle must have the same electric ground
w The hydrogen refuelling process is based on the following standards:
0 SAE J2601Hydrogen Refuelling Protocols for Lightity Vehicles
0 SAE J2602 - Hydrogen Refuelling Protocols for Hedwty Vehicles
w Since the capacity for railway vehicles is greater, other standards and various projects are being
developed to meet their needs. Currently, the ISO 19888andard, titled "Gaseous Hydrogen
Refuelling Protocols for Hydrogétowered Vehicles. Part 3: ghiFlow Hydrogen Refuelling
Protocols for Heawputy Road Vehicles," is being developed. This standard is being overseen by
ISO/TC 197 and is expected to represent a viable alternative for railway systems

To enable the sameperational performancethan refuelling of diesel driven vehicles, the
refuelling must be possible by the same staff (concerning educatioggeneral, he driver
refuels the vehicle. This means that the refuelliagnbe doneby one person

This meanshat the person must be able to do the followimgfuelling actions
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w The operator should get info whether the HRS is ready to refuel

w Connecting both couplings

w The weight of the refuelling equipment must be lower than 15 kg

w Max. weight dependsn work safety rules /OH&rules

w The height of the receptacle must be within a certain range

w The distance from the dispenser to the receptable of train may not exceed 8 m

w Starting refuelling process by manual action after connegtion

w Abort the refuelling process in case of unexpected events

w Interruption of refuelling can be triggered manually

w Emergency switch which closes the connection and unpressurised the hose

w The rest of refuelling process must be automatically done

w The operator may be informed about the remaining time

w The refuelled mass must be counted accurately and pregisely

w There must be a signal at the end of the refuelling process e.gsligihl Further,the operator
should be stated if all was fine and targeted SoC achieved. Iflliefubas been canded, it also
should explain why (leaightnesstest failure, over flow, etg)

w In case of unknown vehicle only a safety refuelling mode must be applied

As a rule, theefuelling processnust be approved between HRS and the petrol station (IH&S
or operator staff)

Cdlaborative Work within WP1 WP7, and WP9

Forthe clarification of a common European interface for hydrogen refuelingpmmon project
expertgroup wasestablished, consisting of different stakehold@rsdustry,railway
undertakings and infrastructure managers)

T WP1 Prestandardisation
1 WP7 Vehicleside development
1  WP9 Hydrogen refuelling station

The scope of work is limited to the refuelling process according to the figure below:
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Hydrogen Refueling System Hydrogen Storage System

(along railway) (onboard train)

Scope of Work

H2 Storage (HRS Workshop)
500 bar
( H2 Storage )
500 bar
H2 Storage
500 bar
H2 End-Use
H2 St
e r

1

Flexible Hose

Pre-Canl

Cooling Pre-Cooling

Hydrogen Storage System Hydrogen Production System
(nearby railway) (local or centralized
— H2 Production
1'%@ @ m Water Electrolysis
. @ 30-80 bar
Cooling Low Pressure
i \ H2 Compressor
torage | o D fea
200 bar /+— T

Figurel4: Scope of worKor pre-standardisation of hydrogen refuelling interface

5.3.3.2 Mechanical Interface
Requirements forMechanical Interface

The followingequirementsfor the mechanical interface (nozzle and receptacle)
were agreedetween the partners

1 Compressed hydrogen of 350 bar

1 Refuelling time ofip to 30min can be accepted to reduce the effort for the hydrogen refuelling
station (HRS)

1 30-100 kg hydrogen amount for shunting locomotives and up to 250 kg for regional trains

1 Flow rate for a regional trai,3kg/min or 140g/s oi70g/s per vehicleéreceptacle
(for parallel refuelling withwo nozzles)

State-of-the-art Mechanical Interface

Key components related to this interface include the hydrogen dispenser, which features
nozzles, filling hoses, breakaway systems, sensors, and communication systems between the
train and the refuelling station, as well as filter systems, among others.

Nozzles
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Nozzles are the components through which communication occurs between the vehicle and the
refuelling station. Currently, there are no specific nozzles or receptacles for refuelling railway
vehicles; however, due to the similarities with refuelling heduty road \ehicles, the latter could

be adopted for the railway sector.

The nozzles and receptacles must be compatible to ensure proper refuelling, making pressure and
mass flow rate critical factors in defining these components. This compatibility is governed by the

1 1SO 1268 &Gaseous hydrogen land vehicle refuelling connection ded/aed
1 SAE J26@Compressed Hydrogen Surface Vehieleelling Connection Devicetandardg, as
specified in the PHRYDE project.

WEH, a leading manufacturer of hydrogen refuelling nozzles and receptacles, states that the
receptacle must be compatible with nozzles operating at a pressure equal to or lower than that of
the receptacle. In the railway sector, since the hydrogen rehgltechnology focuses on a
pressure of 35 MPa, the selected nozzles and receptacles should be designed for this pressure.

In one of WEH's catalogues, "Hydrogen Refuelling TechnologyPErfdrmance Components for
Hydrogen Vehicles and Service Stations," the potential nozzles and receptacles applicable in the
railway sector are specified as follows:

1 TK16 H2 Higklow Nozzle: this nozzle is compatible with the TN1 H2 receptacle due to its pressure
range, as shown itlhe figure below Additionally, as it allows for a higher refuelling flow rate, filling
times are consequently reduced. This nozzle allows communication with the refuelling station and
complies with SAE J2600 and IS@68&tandards.

I TK25 H2 Nozzle: This nozzle is compatible with the TN5 H2 receptacle, also due to its pressure
range, as shown ithe figure below This nozzle complies with SAE J2600 and ISO 17628 standards.

1 TN1 H2 Higirlow Receptacle and TN5 H2 Receptacle: These receptacles are compatible with the
TK16 H2 and TK25 H2 nozzles, respectively. Their main features include the ability to facilitate high
flow rates while their efficient design also reduces refaglinoise. Additionally, they are equipped
with a particle filter to prevent contamination and have a soft protective cap to avoid potential
leaks. It is important to note that both receptacles should be installed at a height between 0.7 m
and 1.5 m abovehe rail height.The main distinction between the two lies in the data interface;
the TN1 H2 allows for operation with communication, while the TN5 H2 does not.

TK16 H2 High-Flow NozzleTK25 H2

Actuation lever

™K, TNSH,

TK25H,
N

* .
D

\
Swivel joint
* HF = High-Flow
protection

Receptacle TN1 HHigh-Flow Receptacld@N5 H,
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Figurels: Stateof-the-art nozzles and receptacles

With respect tostandardisationijt should be stated that the nozzle and hose should be
compatiblewith the technical parameters defined in ISO 17268ependent of the supplie™No
special supplier and product should peeferred.

Hoses

Hoses are responsible for connecting the refuelling nozzles to the breakaway device or refuelling
station. WEH offers hydrogen refuelling hoses in various diameters and lengths. For the mentioned
nozzles, the selected hoses can withstand a temperaturegafigR0 °C to +90 °C, according to

the catalogue of WEKWEH, 2025)These hoses are typically braided and corrosion resistant.

Filters

To ensure that the hydrogen supplied to the railway vehicle is free from impurities and
contamination, filters must be installed as close as possible to the breakaway. According to
standard 1988H = I FAEf 0SNJ OF LI 6t S 2F NBYegudddyvdh aJ- NI A
minimum retention efficiency of 99%.

Breakaway

The beakawg is a safety device installed between the hydrogen dispenser and the refuelling
hose. In the event of unexpected tensile forces, such as if the vehicle starts to move with the nozzle
connected, this device separates all connections between the hydrogeardispand the hose

while sealing both ends using shoff valves. This helps reduce damage to the entire hydrogen
refuelling system. The device activates when a force exceeding 1000 N is applied. Additionally, it
includes a particle filter to prevent contanation. WEH offers two models of breakaways (TSA5
H2 and TSA6 H2); however, neither is suitable for the railway sector, as the breakaway force is
between 222667 N.

Results for standardisechechanical Interface

The followingstandardised solutiorfor the mechanical interface was agreed between the
project partners:

1 H35HF hydrogen receptacligh flow for commercial vehicle applications)
according to Fig. 4.2 of EN ISO 17268: 2020
1 Product name: nozzle TK 25 (refuelling station) and receptacle TN5 (train)
Flowrate > 120 g/s
1 Same coupling used in European stafé¢he-art hydrogen trains
like Mireo Plus H (Siemens) and iLint (Alstom)

=
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5.3.3.3 Refuelling Control and Communication
Reuirements forRefuelling Control

1 The control system must guarantee safe within the fuelling window (see graph below):

- >Limiting the pressure and temperature in the vehicle tank
1 The control system must guarantee fast refuelldigt leastl40g/saverage flow ratefor two

hoses
1 The safety requirements are SIL 2 (from the risk assessment of DB) to prevent overheating of the
tank, especially the liners.
The inhomogeneous temperature distribution within the tank must be considered.
The control systemshould belocated within the refuelling station
A safecommunication between thélRS and theehicle should be avoided for simplification
Pressure and temperature sensors within tHRShould be installed as close as possible to the
breakaway device. Regarding tolerances, a tolerance of +2 °C is allowed for ambient temperature,
and the pressure sensor tolerance must be within 1% of the total scale.

=A =4 =4 =

Hydrogen Storage System Fueling Window and Target Density - 70 MPa

o Overpressure (P > 87.5 MPa) -

80 SOC>100%
Tank Temperature
Operating Limit
(T=85%)

(p>40.2 g / liter)
40 20 0 20 40 60 80 100
Temperature (*C)

N
>

SOC=100%
(p=40.2 grams / liter)

Pressure (MPa)
<

Fueling Performance

Figurel6: Hydrogen fuelling window and target density for 70MPa

Communication andlremperatureMeasurement

To achieve #astrefuelling andl00% SoC a safe communicatim@iween HRS and vehicle as

well as asafe measurement of theydrogenvehicle storage systems requiredto ensurethat
refuelling occurs within the protocol limits for compressed hydrogen storage systems in vehicles
(according to ISO 19880, especially to prevent an overheating of the hydrogen in the vehicle
storage system

This igoracticefor HRS foroad vehiclesThis communication is unidirectional, meaning it
transmits data from the vehicle to the station, thereby enhancing the refuelling process.

Two kinds of communicatiolare possible

1 Wireless,
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the TN1 H2 allows a communication by wire, while the TN5 H2 (required feehailes)does
not.

Preferred Solution foiRefuelling of Rail Vehicles

Different solutions forefuelling of rail vehicles were discussed between the project partridrs.
result of the discussiois:

1 There are naemperature sensorson the market that allow a safe measurement of the tank
(Esteban Rodriguez, FCH2RAIL Del. ¢Qddplementary gaps in analysis framework,
2024Yemperatureaccording to the safety requirements for rail vehiclElserefoe a fast refuelling
by measuring of the tank temperature during the refuelling process is not possible

1 The preferred solutionfor rail applicationis the efuelling without dynamic communication
betweenHRS and vehicle

1 To achieve aafe and fast refuellinthe HRS musknowthe vehicle data with respect to the max.
pressure, max. temperature and mechanical parameters of the {eefiaelling table, see graph
below).

1 The refuelling table of the vehicle should be stored within the HRS refuelling control system.

This requires a safe identification of the vehicle type/ class (SIL 2)

1 A possible solution vehicle identificaticare vehicleside RFID tagshat transmi the vehicle
numberto the HRSFor safe identification a second source is required,tegyverification of the
vehicle class by the operator

=

Refuelling Table
An example for a static refuelling table can be taken form SAE B @0dtomotive standard)
Input data from the refuelling station are

9 Initial gas pressure
1 Ambient temperature
1 Delivered gas temperature

Output data are

1 Ending pressure
1 Constant pressure ramp rate

Problemso be solved are

1 The ambient temperature of the refuelling station can be different to the ambient temperature
of the vehicle tankin particular if they are on the roof and under a protective hood exposed
to the sun.

1 The athorisation bod in Germany (BA)doesnot accept automotive standards for railway
application
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(T40= -40°C) ¢ ¢ ¢

Target Pressure, P

Initial pressure

Pressure
w,  Target

S04 | www | wum | wue | 60.9

s es: =  Pressure o7 | 674
g N 8| 673 i
[ Ambient ‘s s: Ramp Rate 5.0 | 820
E w8 = e e B e BOR | 0.6
= Temp 3| ane | amo | e | 830 | a2 | sea | ers

L b8 | 663 | 045 | 837 [ 627 | 610 | sea | 675
222 | @53 X . A | 633 | 624 | 607 | 6B | E7.5

a0
=40

~—
¢ ¢ * Table G1 from
Outputs Ending Constant Pressure > ¢ /2601-3
Pressure Ramp Rate

{ Refueling Control is Static J

H70-T20D
Capaci
Catpeagnz APRR Target Pressure, Piage; [MPa]
Dnon- | [MPa/
comm min]
TVL = 250

Initial Tank Pressure, Py [MPa]

Ambient Temperature, Tymy [°C]

Figurel7. Example of refuelling table from SAE J2641

Static Vehicle Data

Forthe calculation of the refuelling tabl&e following static vehicle data are required according
to ISO 19885 PartAnnex 2:

1 number of containers in vehicle fuel system,
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9 container volume(s) or total volume of the vehicle fuel system at reference conditions specified
by the fuelling protocol (e.g., water volume at atmospheric pressure and room temperature,
compressed gas volume at 100 % NWP and 15 °C),

9 container L/D(s),
9 container type(s),
1  minimum and maximum allowable container temperature(s),
1 maximum allowable or target fuelling rate expressed as mass flow (g/s) or pressurization rate
(MPa/s),
T O2y Gl AYySNJI GKSNXYIFf OKFNIOGSNARAGAOE 6Spadx ALISOA
9 pressure drop coefficients and thermal mass of the onboard fuelling lines,

1  maximum fuelling pressure,

Vehicle Identification by Means oRFID Tags

A possible solution hardware solution that is already applied for railway vehicle identification is
the SOFIS Tag by Siemens.

Physical Principléin interrogating pulse from the Sofis reading device is transmitted to the
piezoceramic interdigital converter located in the ID tag. The reflected acoustic signals returning
to the inter-digital converter are converted to electromagnetic oscillations amitted via the
antenna. The pulses form a pulse train, also called pulse response. This pulse train can be
received by the antenna of the Sofis reading device and evaluated using a downstream signal
processor in line with the intendegurpose.

ID-TAG Reading Device
Mounted on the Mounted along the
vehicle track close to the
refuelling station
© Siemens AG
1] 2]

Figurel8: SOFIS Tag (Siemens)

Standardisation of Hydrogen Refuelling for Rail Vehicles
Suggested Standard

T L{h mMdpdyyp aDIasS2dza Ke&RNER I SyzST &zStRE ASK ALONBSEZO2 f 3
The automotive standard should be amended for railway applications by a part 4 for railway
F LILJXE AOF A2y G+xSNE KAIK Ff2¢ KERNRISY .FdzSttAy3
Tt OSNY I GA@Stes FYSYRYSy(d 2F LINI H G5STFAYAOLA?ZR
RAALISYaSN O2yiNRt aeaitaSvas

The followingopics shall be integrated into the standard
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1 Safe and secure vehicle identification

91 Definition of standardised tank volume ranges and parameters for different vehicle types, e.g.
regional train, shunting locomotive, maintenance vehicle

1 Definition of standardised refuelling tables for the different tank volume ranges in analogy to SAE
26015

5.4 Pre-Standardisation of Operational Interfaces

5.4.1Required Data for Energynctions

ForBEMUs anéFMUsseveral energy functionmustbe implemented to control the energy
flow, minimise the energy consumptioand supervise the pantograplmportant energy
functions are:

1 Range calculation of BEMUs

BEMU charging via overhead line

Lift and drop of pantograph

Connectedr hybrid driver assistant system-{UAS)
Shoreenergy supply during parking

=A =4 =4 =

The energy functions require static and dynamic infrastructlag and parameters of the traffic
management systeriTMS. The communication between vehicle and landside should be
standardsed with respect to the communication channel and the parameters.

For the energy functions the followingfrastructure parametersare required:

1 Permittedspeed profile
Location of the stations
Gradient
Location of theelectrified and norelectrified sections
Overhead line voltagandfrequency
Permittedcontinuous overhead line current
i Location of the overhead islands
For the energy functions the followiraperational parametersare required:

= =4 =4 4 =

1 Timetable
1 Max. permitted charging time and/or pselanned end time of parking, e.g. taken from the
vehicle circulation plan
For the energy functions the followinghicle parametersare required:

1 Vehicle position

Vehicle orientation

Pantograph position

9{{ LI NIXYSGSNB 612K {h/ X0

¢NF OGA2Y LI NIYSGSNE o6alEd LRESNE O2y(Aydz2daAa LR
+SKAOES LI NIFYSGSNB 6alaasz fSyaikKs y2 2F 02 dzLi S

=A =4 4 =4 =9
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Most parameters are static. Theyaybe transferred to the vehicle once and can be stored in the
TCMS. But some parameters are dynamic, they change during the run of the traimui$tde
updated continuously.

5.4.2Standardisedata ExchangBetween Vehicle and Landside

Possible standards for standardisation of the data exchdegeeen vehicle and landse (TMS /
infrastructure) are identified

1 CCS/ TMS Data model (develope&ihRail)
1 UNISIG ATOB / ATAr'S FFFIS Application Layer, Sub2étof ATO over ETCS
1 UICIRS 9094(5FERArotocol

In all three standarsl most of the required data are already implemented.

The different standards are compared with respect to suitability for the data exchainge
alternative drives:

The preferred standard ithe SFERA protocol defined in IRS 909i@ice

i it enables a data exchange on lines without ETCS
i itis aalready established standard for data exchange for connected driver assistant systems (C
DAS)

In contrast
1 UNISIG AT OBApplication layer require ERTNi®t equipped on most regional linegnd
1 The CCS/TMS data model is not yet established

The SFERA protocatidresses the standardisation of data exchange flows with Driver Advisory
Systems (DAS). This protocol has been designed to allow operators to work seamlessly across
borders and speed up the implementation of advice to driver connected tetiraal traffic
management (Connected DAS eD&S) while remaining compatible with ATO over ETCS.

Most of the required parameters are already defined in the SFERA protocol:
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Subsystem Parameter Dynamic/ IRS 90940 Remark
static  |SFERA protocoll
Infrastructure |Location of the S JourneyProfile [/ SegmentProfileList /

overhead line

TemporaryConstraints/ TractionTotalCurrent/
maxCurvalue

Infrastructure |Max. continuous S+D |lourneyProfile / SegmentProfilelist / Only max. current
overhead current TemporaryConstraints/ TractionTotalCurrent/ defined, continuous
maxCurValue current mising
Infrastructure |Overhead line S segmentProfile / SP_Characteristics /
voltage type RatedVoltage / RatedVoltageChange /
(voltage and voltageValue
frequency)
Infrastructure |Speed profile S+D |JourneyProfile / SegmentProfileList /
TemporaryConstraints/ AdditionalSpeedRestriction [
ASR_Speed
Infrastructure |Gradient S segmentProfile / SP_Characteristics /
GradientSteepest / GradientSteepeststart /
gradientValue
Infrastructure |Location of S JourneyProfile [/ SegmentProfileList /
charging islands TemporaryConstraints/ TractionTotalCurrent/
maxCurValue
Infrastructure |Station location S+4D JourneyProfile / SegmentProfileList /
TemporaryConstraints/ startLocation
TMS Station stop time S+D |lourneyProfile / SegmentProfileList /
TimingPointConstraints / TP_latestArrivalTime
TMS Station dwell S+D |lourneyProfile / SegmentProfileList /
time TimingPointConstraints / StoppingPointinformat

Communication Channel

Table9: Required parameters already defined in tH&FERA protocol

With respect to the communication channel, the idea is to use the communication channel
already used fodata exchange of the-BAS. But here additional datave to be added.

Next Steps

Next steps for the pratandardisation ofthe operationalinterfaceare:

9 Evaluation of existing solutions ofIAS data exchangm lines without ETCS
9 Evaluatiorof the infrastructure data sources in different countries
91 Clarification of aamending data exchange parameters not yet implemented in thACSdata

exchange
1 Amendment of IRS0940 by further exchange parameters required for alternative drives
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5.4.3 Range Calculation

The most important energy function is the range calculation.

* K %

* %
* 4 %

L

The decarbonization of railway vehicles with the introduction of new technologies such as dithium
ion batteries or hydrogen introduced a reduction of the energy capacitpaard. Range in
operation with these alternative drive technologies can be impasigdificantly. As shown in S2R
PINTA3 WP3, the autonomy in operation is quite different from one technology to another
(Ap.Chamaret, Analysis, trends andpectations for low carbon railway, 2022)

Train characteristics Battery train Hybrid Hybrid Diesel/Battery
Hydrogen/Battery train train
Type of operation Mainly Regional Regional Mainly Regional
Suburban Freight

Maximum speed

160 km/h (Regional)

160 km/h (Regional)

160 km/h (Regional)
100 km/h (Freight)

Type of Energy supply|

Traction batteries
Electric (panto / 3rd
rail)

Mainly H2 + Traction
batteries
Electric (panto)

Electric
Diesel + Traction batterie
P GGSNRSE 2

Y2RSE¢ 0
Range in Catenary Fre 80 km 800 km > 1000 km
Operation (from 40¢ 150 km) | (from 400 to > 1000 km

Traction Battery 550 kWh 270 kWh 130 kwh
capacity per train
Battery technology LTO or NMC LTO or NMC LTO or NMC

Fuel cell power N.A 325 kW N.A
Hydrogen storage N.A 350 Bar N.A
Combustion engine N.A N.A Stage IV or V

Table10: S2R PINTA3 WP3 performance of alternative drive trains

The most critical technology in terms of range in operation is the battery (BMU)with a
reduction of a factor 10 at least compared to conventional diesel trains. For hydrogen sgehicle
(HMU) this topic ismuch less criticalespecially HEMU&uatmode hydrogen anctatenary

operdion).

For heavy rail vehicles, such as freight locomotivesattegnative drive technologies are more
limited due to high power and high energy requirédcheavy rail locomotivénas generally a
weight around 90 t (e.g. ALSTOM TRAXX =HEMENS VECTRON z 88 t). Connecting with
A tyaik dr@racyedstialf more than 1000 tons. Based on European

several wagonsh (i Q &
Al yRINR 9b

pnpdm

GaLISOATFAOLFGAZY

standard convoys composed of 18 wagons type Zarepresenting a total weight of 1449 tons.
Compared taegionalalternativedrivetrains, the gaps close to 10 times highe®o, heavy rall
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freightinvolveddevelopingmore energy density and powen dischargeof energy storage
system to avoid extra loads and volumasallocate for the orboard traction system.
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Max Power at wheel
Manufacturers Names Weight (t) (kW)
ALSTOM TRAXX 88 6400
SIEMENS VECTRON 88 6400
18 wagons Zans (EN 505 Standard EN 50591 1449 -

Total Heavy Rail Freigh Loco + Wagons standard EN 50591 1537 6400
SIEMENS MIREO Plus B 120 1700
ALSTOM CORADIA STREAM H2 216 1170
HITACHI BLUES (catenary + hybrid diesel/batte 162 1330

Table 11: Weight and Max tractive power comparison between heavy rail locomotive and
alternative drive trains multiple units (BEMU, FCMU and DEBMU

Currently for freight applicationalternative drive development has be@noceededon the level
2F af 26 L2 g S NBtReeriland 2MM. Sevedab locomotive manufacturers design
electriclow power locomotive with amdditional battery se{e.g. VOSSLOH Modula EBB,
ALSTOM TRAXX SHUNTER, lete.)his application, the energy capacity is also lim{fesm 100
up to 500 kWh)Therefore, range in operation and power are reduced

- Range: between 1 and 2if shunting operation,

- Power:till 500 kW between 2 and 4 times lower than in electric mode).

The conditions to attempt these performarsare stronglydependenton the usage of the
locomotive In freight operation, the loading and convoys ahanging regularly, much more
than forLJ- & & S tfaAspdMtEtion withalternative drive multiple unitsPotentiallackof energy
might bechaoticif it happenson a nonelectrified sectiorby delayingSo,it requiresan accurate
range estimation predictioto give more confidence to the operattwr using alternative drive
locomotives.

Range calculatiors very complicated angequiresa lot of operational, infrastructureTMSand
vehicle parameters.

How to calculate the range in operation?

Today, most of the vehicles are ussigplifiedrange calculation. This simplified range
calculation is based on available energybmward, divided by a fixd@consumption factor.
Examplebelowfor diesel trairs:
YQ OOKDDQ

With:

1 Re: Range estimation, in km,

1 Ead: Energy available in diesel, representing the quantity of diesel fuel reserve in the tard, in lit

1 Ecf: Energy consumption factor, representing a predefined energy consumption value, expressed

in litre/km.

The energy consumption factor is based on results from simulation and/or testsaikvay line.
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The value obtaied canthen be appied for any type of service or line. This approach is basically
enough for diesel traimdue to thehighenergy density antarge volumeof fuel.

¢tKAAa YSiK2R Aa OSNE aAyYLX S (2 FLWXez ogKSNBI a

vehicle during operation. The energy consumption may vary significantly thiedrain is in
service due to many parameters such as:
1 Train characteristics,

Efficiency (traction system and auxiliary converters),

Energy supply type,

Aerodynamis,

Auxiliary loads,

Energy management functions,

Train load,

Operational conditions (journey profile, driving style, timetable, etc.),

Environmental conditions (externedmperature, wind speed, etc.),

Infrastructure characteristi(line profile, electrification section®tc.).

So, this is not an accurate method to estimate the remaining rafiddEMUsn operation.

= =4 =4 =4 -4 4 -4 -4 4

Range Calculation for Trains with Alternative traction

Asexplained previously, new alternative drive trains are much more sensitiigespect torange
calculation.The range calculation will apply to any kind of alternative drive trains (regional,
suburban, freight). Especially for freight use casess important to consider in the calculation
process the configuration of wagons used.

hy o6F G0SNE { Nkdicyierange edtighatidhicdn beSinstall@éd This new autonomy
calculation is based on:

Energy available inside the traction batteries,

Route information,

Simulation model.

= =4 =4 =4

Optionally: Verification at the different traces and mission profiles, if it is possible to add variation
in the autonomy with derating

1 Optionally: Potential corrections due to stationary parameters that may affect the expected
consumption of auxiliaries (HVAC, pneumatics, lighting)

The range in operation is calculated as following:

9 Trainis in the departure station and waiting for commercial service,

1 Train driverenter theinformation about the servicento the driver termina)

1 An onboardprogramwill checkwhetherthe service information igvailable in the database

9 If yes, each service is associated to a predefined simulation to determine how much energy is
necessary in operation. It gives an estimated energy consumption in operation simulated (EoS),

1 Inthe meantimethe amount ofenergy available in the traction batteries is collected (Eab),

f Range calculation is proceedatQ ‘O WD £ i
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create a data base. The simulation model implies the modelling of rolling stock characteristics
(aerodynamic, efficiency, auxiliary loads, etc.) vitislenergy storage system, infrastructure
characteristics (gradient, station location, voltage, etc.), route profiles (timetable, driving style,

etc.). Furthermore, it also enables to include the recharging in the estimation of energy
consumption. On partiaflelectrified lines, the battery us¢he energy from the tration

batteries on the norelectrified section, but it can recharge when the vehicle is on a catenary

section. So, if another catenary free section comes along the operation, it gives more energy
available to pass the neelectrified zone.

/ 2YLI NBR (2 GKS YSiK2R2f23& KAAUG2NROFffe dzas
N} y3S OFfOdzZ iA2yé A& YdzOK Y2NB I OOdzNI 4GS o8

Sincethe predictive range estimation is based on simulation witedefinedassumptionghe

resultsdiffer from real conditions during service. For example, the auxiliary loads are a fixed
parameter in simulation, while according to real conditions, such as weather, number of

passengers ohoard, etc., auxiliary consumptions will yaong the servicéne. Another

limitation of this method is concerning the risk of eveduring operation. Many kinds of

disturbances, such as signaling failure, exceptiattendance, fatalities, etc. and so may impact

the energy consumption of the vehicle and the remaining range in operation.

5dz2S (2 GKS Ayl OOdzNI O& 2 arecamnibidhiontOr 3 @St radlky13 Sa O
time range calculaongé  F2NJ | € G SNY I 0 A FS RNA @Emay dllbwityy & @ wS |
collect all available data from sensors-board to estimate the energy consumption and so the

range in operation. It could inform the train driver about an estimated range in operation based

on actual energy consumption at least. Therefoegktime range calculator should be able to

consider the parameters defined previously about influencing the energy consumption.

O«

Simplified range calculator Range estimation = 50 km

— 99

400 kWh
energy available

LI
LML)
o8

Example: 8 kWh/km energy
consumption fixed factor

=
Predictive range calculator Range estimation = 57 km
e ' 0

L Example: 7 kWh/km energy
consumption estimated on all-out drive

\

Range estimation = 80 km

Realtime range calculator — 9 9
: Example: 5 kWh/km energy consumption
® based on timetable and load evolutions

Figurel9: Range calculator methodologies for battery train

/|
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The example presented here was based on a battery trainthegame approach can be applied
to other type of alternative drive trains, such as hydrogens. The nain difference will be on
the available energy ehoard, with multiple sources:
91 Hybrid hydrogen train = Energy available from hydrogen tank + Energy available from traction
batteries

1 Hybrid diesel train = Energy available from fuel tank + Energy available from traction batteries

Additional Functions tolmprove Operation of Alternative Drive Trains

Accurate range calculiain is a fundamental function for alternative drive trains as seen before.
Furthermore, additional functions could be interesting $onarteroperation of the battery train
such adleet management supervision

Battery vehicle fleet management is now developethe mobility sector, especially for-buses.
Several compagnies and European projects have worked to derartogte monitoringand
decisionsupporttoolsfor the operator.Efficientmanagement of the fleesllowto maximize the
usage ofvehicles while ensuringhominal conditions. It also helps to prevent potential
disturbances andeduce the effect on the traffic. Additionally, othaseful information such as
energy consumption or ageing status of the batteries can support the operator to optimize his
assets.

Future works:

In the next periodWWP1 will work on potential definition of common requirements for
alternative drive trains fleet management
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5.5 PreStandardisation ofhe Energy Storage System (ESS)

As describedh S2R PINTA3 WP3 repat alternative drive trains are equipp&dth an Energy
Storage SysterfESS). The ES& subsystendefinedin internationalstandard IEC 62864
1:2016,constitutes of:

f  One or moreknergy Storage Ursto | £ a2 OF f ft SR a9{! €0
Aconverter, to adapt the voltage between the ESU and the DC link okthiele
Control and monitoring systenof the supervisiof the ESS
Protection devices,

= =4 =4 4 =

Etc.

For alternative drive based on hydrogkrel, the fuel cells are considered in the scope of the
Gt NX FoweN® dzNIPBSPubsystemlt is the samelassification of diedeslectric engine or
DC or AC contact linEor fuel cells and diesel electric enginleoth are base@n supplying
electric energyoy consuming fuel stored enmoard (hydrogen and dieseadlternative fuels)
Whereas for DC or AC contact lineg tinain collectsenergy from external sourceby catenary
and pantograph or by'8rail and shoe)The figure below is an excerpt from the standard and
provides a simplified overview of an alternative drivain:

| Primary Power Source : Link ¢—7Tract|nn Equipment (TE) |
: {PPS} H + + 2 i
! . | Pppg 0 — Pre “—i e
| Example configurations : & _.¢ | Example =
| foonverters nof drawn): - i \ confgurations: o— .~ 3/ |
IO = T | 3 spehvnous. |
| Gesslelecyic  DCcontactine | ey mobrawe
| - Crzgig | /e My
: I :.j | i : 3m _ -_:
foelcsls AC conactine | | molordive _DCrofordrive |
| Energy Storage System | .~ Brakeresistor(BR)
LN o e T
i . md : 1 ':|I__::::T_:_::_::::::::::::::::::::::
E’J Eﬂmfﬂﬂﬂgﬂﬂzt :‘_‘“a':‘m__;am"e storage }—i s EAIIKIIIEI'IES (Aux)
e ium ion ¥ o 0 — P + > | Example o]
| = Nickel metal hydride battery | * ESS AUX | auhary
|- Elech'lcduuhkﬂayer-pamtnr | € | configuration: :‘ loads ‘
|- Flywheel : S |
IEC

Figure20: Block diagram ofin alternative drive trainsaccording to IEC 6286&4(source: IEC)

For he following componentsf the ES&nd PP $xisting standards are identified:

9 Traction batteries (ESS scope),
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Onboard fuel cell (PPS scope),
Hydrogen storage system (HSS) (PPS scope),
Battery converter (ESS scope).
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The following standard®r thesevehicle components are identified:

Interface Standard Objective Rationale
Battery ESS |IEC 62928 Definition of common interfaces to |If modification of IEC 62928:2018 is
Onboard lithium-ion traction batteries  |standardise ESU on-board to improviselected, then a new chapter in the
maintenability and reducing LCC standard shall be added to describe
these new interfaces
If creation of a new standard (or a ser
with IEC 62928:2018-2), this new
document shall include the content for
interfaces requirements
Onboard IEC 63341-1 Define common European
fuel cell Railway applications - Rolling stock - Fulrequirements and performance of fug
system cell power system cell power systems for all kind of rai
vehicles running with hydrogen (HMU
locos and maintenance vehicles)
Onboard IEC 63341-2 Define common European
hydrogen Railway applications - Rolling stock -  |requirements and performance of theg
storage Compressed hydrogen storage system |CHSS for all kind of rail vehicles runi
system with hydrogen (HMU, locos and
IEC 63341-3 Define common European test
Railway applications - Rolling stock - Tqprocedures tor hydrogen component:
methods in all kind of rail vehicles running witl
hydrogen (HMU, locos and
maintenance vehicles)
Power IEC 61287-1 Define service conditions, general |No adoption with respect to trains with
converter Power converters installed on board rollicharacterisics and test methods of |alternative drives required
stock electronic power converteres onboa
of rolling stock

Tablel2: Sandardsfor vehicle components related to alternative drives

The work in Task 1.1 is limited to the gandardisation of batterfeSSnterfaces.
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5.5.1 BatteryESS

Thefollowing battery interfaces are identified:

1 High voltage&eSUnterface
Cooling interface
LowvoltageESUnterface
Communicatiorinterface
ESS parameters

= =4 =4 =4

The prestandardisatiorof these interfacessthe focus of this deliverable.
For clarification othe interfaces threentroducing chapters are writteon:

1 The benefit of standardised interfacés the stakeholders
91 Definition ofthe ESSomponentsand structure
1 Examples oESS component structuesndenclosures

5.5.1.1 Benefit of Standardised Battery Interfaces

Thestardardisation of battery interfaces has a benefit thfferent areasand stakeholders

9 For opeation /railway undertaking

1 For maintenancé entity in charge of maintenance

9 Forbattery exchange at thend oflifetime /vehicle owner and industry
1 For £condlife battery usage

Benefits foroperation/ railway undertaking

1 Providing standardised information of thattery status(SOX, failure) for range calculation and
train driver information
1 Optimisation otbattery charging

Benefit formaintenance / entity in charge of maintenanE€M 3 and 4 as well @shicle
revision

1 Fast exchange of ESipscase of damage> plug and socket for power and control connection as
well as quick coupling for cooling connection
1 Providingpresent and historical informatiorabout the battery parameters in a standardised data
format for
0 Battery status and failures
o Data useful for predictive maintenance in case of deviation of battery parameters to
prevent failures
0 Required maintenance activities
o Estimation of remaining battery lifetime for estimation and scheduling of battery change
(vehicle owner)
1 Storage and charging of ESld a spare part in the maintenance shop, e.g plugs for power,
control and data connection as well as data format and structure

Benefitfor battery exchange at theend of lifetime and €condlife battery usage/ vehicle owner
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1 Low effort and cost for adoption of the new battery type to the vehicle class and interfaces, e.g.
control interfaces as well as battery data and data communication format
1 Low effort and cost for adoption of the vehicle interfaces to the new battery type

=

No need for an updated certification, e.g. same safety information (control line)

9 Possibility to use a battery of a newer generation (from the same battery supplier) or to change
the battery supplier, if not existing any more or to allow competition for battery purchase

91 Increasing number of same battery types for railway application with the same specification to
reduce the purchasing costs

9 Use of the battery for a second life application, e.g. for stabilisation of the power grid

5.5.1.2 Definition of theESSomponents an&tructure

According to IEC 62928 Railway ApplicatpR®lling stock OnboardLithiuntion traction
batteriesthe following ES8omponents are defined

Cell

Secondary cellvhere electrical energy is derived from reaction
lithium-ions or oxidation/reduction of lithium

Cell block

Group of cells connected together in parallel configuration witl
without protective devices and monitoring circuitry. Not ready
use in application asis not fitted in a housing, and has no cont
device

Battery
pack/module

Energy storage device, which is comprised of one or more cel
electrically connectedt incorporates protective housingt
includes at least monitoring circuitry to provide information to «
battery system

Battery branch

Group of battery packs/modules connected togetherwsithge
equal to that of the battery systenie battery branch is the
smallest electrically isolatable subsystem (by means of contag
switchgears, circuit brakers, etc.). A battery branch may be
contained in a single or multiple enclosures**.

Battery system

System which incorporates one or more cells, modules or batt
packs, including BMS and BTMS, as well as disconnecting an
isolating devices (contactors, disconnectors, fuses, etc.).

ESU Physical system, which is comprised of an energy storage
technology, especially lithiusion traction battery system.
ESS Physical system which consists of one or more ESUs and othg

equipment to connect to the EM@k (converters, control and

monitoring system, inductors, protection devices, cooling
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Battery box*** | Not defined in the IEC 62928 but mentioned as follows:

The battery box is the unit in the battery system directly acces
by the user. The battery system can be separated in several b
boxes (mechanical enclosures). In some battery boxes cells n
not to be included (e.g., separated BMS)

Tablel3: Wording of ESS components

*Protective housinglt is not specified if the housing has to fulfill any degree of protection
according to IEC 60529. Could be understood as only some basic protection is required as the
battery pack/module will be part of a battery branch that could be contained in aosucs.

** Enclosurelt is not specified if the housing has to fulfill any degree of protection according to
IEC 60529. It could be understood as a protection against access to hazardous parts, against solid
foreign objects and protection against water is required.

*** Battery box mechanical enclosure

dzi AU Aa YSYyiA2ySR Ay OKILIWGSNI mmdo 2F L9/ c
from those defined in IEC 60529. IP requirement shall be fulfilled at least at the higher
mechanical integration level, e.g. battery box, traction convertex imcluding a part of battery
aeadsSyzr SioOo¢o

Hierarchy of the Battery System
Battery system, Battery brancl, Battery pack/modul@, Cell block® Cell

Functional configuration of the cell, cell block and battery pack/moduleshosvnin the figure
below (Figure 3 of IEC 62928

9 Somefunctions incorporate cells
1 The monitoring circuit is mandatory for battery pack
1 The control circuitry and protective devices may be included as optional functions.
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Battery pack/module
Monitoring circuitry I Erotective devices | ] :Box, hardware enclosure
Balancing functicn I___________.__I
[ | Cooling and/ or i E! Funciional block
i_Cmtri:vl circuitry | | heating equipment | b1
___||_||_ _____________ _|_|_|.|._< T -Dptional function
Cells
a) Series connected cells
Battery packimodule Battery pack/module
— — [ o =7 | Balancing function | |_Coa|ngara';__|
Monitoring circuitry . Protective devices | —_—————— | heafing equipment
Balancing function L [— Control circuitry | l_ _____________ |
| Cooling and or i ettt ittt .
 Controlcicutry | | heating cquipment | | | Monitoring cireutry | ||| Monitoring circuity | |
T | ——————m | [
jm—————————— T 1 I\ Protective devices | I 1+ Protective devices | I
| L | e T e
! cel ! I ! ! | cet P !
| | 1 | 1
' ! SR S N , ! SN VL R
: ' ! [ [ I : Lo ) !
| I ! I ! ! I I
| 1 : ! : : 1 I
b [ [ N [ ] o
Cell block Cell block Cell block Cell block
b} Series connectad cell blocks c) Series connected cell blocks
with external monitoring circuitry with intermal monitoring circuitry
IEC

Figure21: lllustration of definitions for cell, cell block and battery pack/module

Levels

Levels according to IEC 62862016. Railway applicatiomsRolling stock; Power supply with
onboard energy storage systegrPart 1: Series hybrid systefsee figure below)

1 Level 1: vehicle/system interface

1 Level 2: system interface

T [ SOSt oY /2YLRYySyiGta 69{! O2y@SNISNE Y202NEXO0
1 Level 4: Subcomponents (Lithition battery, EDLC, etc. within ESU).
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Qutside battery system
such as traction converter

Energy storage system (ESS)

R S e R e L PP b

! K Battery system (Energy storage unit: ESU) (Level 3) !

| memimmmmm - 1

! : ! i Battery management system (BMS) :

P m e e e e e e - - 1 1

P! Battery ! Battery thermal management system ! | |

[ converter : | BTMS Al

B . erE H

. R H H 1

i i i ™ | communicate data Monlittgr;q:aatngage [ AEEEN I

D ommmmm e . i (e.g.voltage, current, [ | Monltl?erﬁtasv‘i(grermal I

' i ! temperature, ; 1 i i

v Inductor i : Calculate data balancing, efc.) PoToT o SN

. H H 1 H 1

L i : (e.g. SOC, etc.) i | Manageitsthermal ; ! 1] 1

b ! | o behavior A I

| ST * ! i . S B

R ] Lo [

[N . H n VT T A T T T N H 1

! i Disconnect/ ! Control [ ; e.g. fan N

i  Switchgear ! E isolate i environment P :_____g_ i i !
! T T S [ O NP S K

b . ¥

L ; N (oooooo00a OODODON il

: [ H H Monitoring circuitry : 1

_______ Fs - 1

G (Level 4) [ Battery packimodute i

i

1

1

1

1

1

1

1

1

1

) 1
Lo-—-t IEC

Figure22: Functional block of battery systertsource: IEC)
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5.5.1.3 Examples oESSstructure ancenclosures

There are different podsilities forintegration of the ESS componeitgo enclosures (see the
following figures):

Battery system

Battery
pack
! module

[ :Box, hardware enclosure [ Functional block £~ ‘Optional function
F====1
| I

————— IEC

Figure23: Example of configuration for conductor inside of the battery box

Battery system

pack :
. J.mpdyle., |

Battery hox Battery box

Battery branch 2

™77 :Optional function

IEC

Figure24: Examplefor series connected battery pack/ modulesstalled inseparate boxes
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[ Box, hardware enclosure 1 :Functional block ! i “Optional function

Lo
IEG

Figure25: Example for series connected battery pack/ modulegh each battery branch
installed inseparate boxes

Battery system

I
|
1
I L4 "~~~ :
E i Battery hox
! ' Battery branch 1
| | -
1 1
1

[
I - Battery
1

pack
{ module

Battery box
Battery branch 2

=] Box, hardware enclosure [ :Functional block I"""™™7 :Optional function

===
[ IEC

Figure: Example for parallel connected battery pack/ modulesstalled inseparate boxes
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Cooling

et

Control
signal

Battery box

] :Box. hardware enclosure [ 1 :Functional block L._._.] ‘Optional function
L Ec

Figure26: Example of configuration of a BTMS outside of battery box

Control box of other system as traction converter

Battery System

- -Batfery-
. pack .
.- Lmodule. -

£ sox hardware enclosure . ———— 1 :Functional block L._._.1 'Optional functicn
I

IEG

Figure27: Example of configuration of a BMS and BTMS included in another system outside of
battery box
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5.5.1.4 High Voltage&eSUnterface

State-of-the-art Interfaces

High voltage connectioran be achieved by means of cable glands, cable entry frabngdugs
& sockets None of the next scenarios will permit unplugging the ESU in charge. It should be
guaranteedhat the ESU is not in charge/discharge when belisgonnected.

The connection viaable gladsis arobust and compact system, very well known in railwtye
screen of cables can be easily mounttb9 can be achievett is astandardized systerfor
railwayapplications

Figure28: High voltage connection via cable glands

The connection vientry framesis an alternativesolution vs cablgland the screen of cables
can be easily mountedP54 to IP6&an be achievedepending on manufacturer, model and
technology.These systems require mounting experience to achieve good tightness.

Figure29: High voltage connection viantry frames

Theconnection viglugs & socketallows quick assembly and disassembly.
Connector can be coded to avoid voltage inversion connection.

If there is not good contact guaranteed inside the plug it can be a hot spot.
IP65 can be achieved.

If IP20 for plugs is selected there is a lower risk of electrocution if the connection is done with
presence of voltage in the cablégypically, rectangular connectors, HARTING HAN family with
double pole or similar from other brands can be used. Also available single pole circular
connectors.

Forplugandsocketconnectionsstandard connectorsre used to output the + ang Battery
power. Both polarities are grouped inside one connector with 1000V and 300 A capabilities. This
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connector must be selected to avoid any voltage inversion during plugbimagigure below
presentsan exampleof Harting Connector

Figure30: High voltage connection via plug & socket

Plug & socket is the only solution that allows a fast exchange of the ESU for maintenance.

Future Interfaces

The different solutions for high voltage conniects are discussed in working groups. The
following results are achieveahd agreed with the WHBartners

1 Plug and socket is the preferred solution from industry and operators to reduce the time for
o0 ESU change in the maintenance shop and to maintain the ESU spare part (Charging about
every 6 months).
0 to maintain the ESU spare part (Charging about every 6 months).
9 Screwed connections of the whole ESS can be accepted since it is not changed for maintenance
1 The standardisation of one certain plug type for the ESU is not desired to prevent the
dependence on one supplier (Lessons learned fibtannekesR S & | & (i duitdotive A Y
industry)and the standardisation is not necessary since ESUs of different suppliers are not
exchanged
1 A European standard for the requirements of plugs and sockets incl. type tests is desired. There is
only an old existing French standard
1 Pilot contacts are not required, since the plugs are only disconnected when the voltage is turned
off. Pilot contacts make only a sense for plugs that are disconnected frequentihtike power
supply plugs. Further, they increase the complexity and reduce the availability
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5.5.1.5 Cooling Interface

State-of-the-art Interfaces

Most of the battery packs are water coole8lo,in addition to the electrical connector, some
hydraulic interface are present for each kind of packs.

If liquid cooling is mandatory to cool down an ESU, liquid interface can be made by means of
quick couplings or by means of hydraulic fittings. In any,¢aseust be ensured that the
hydraulic system to the ESS can be completely shut off to prevent leaks

The size ofjuick couplingswill depend on liquid flow and operating pressure.

Figure31: Exampleof quick couplings of different size
To realize the function water must go in and out, so two hydraulic interfaces are needed and

usually they areealizedwith quick lock connectors, coming from supplier likaudti (see
example below).

69,9 16

60°
F

hex. = 30

Figure32: Exampleof hydraulic interface(St&ubli male SPT12.7154/L/C&hd female
SPT12.1154/L/3S3/QG

Hydraulic fittingsshouldbe leakproofto prevent leakage when replacimgn ESUConnection
thread dimension in inches.

Future Interfaces
The following results are achied@and agreed with th&/P-partners

9 For along battery life, the batteries should be operated within a moderate temperature range.
This is the task of the Battery Thermal Management System (BTMS).
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9 For the connection between the BTMS and the ESUs hydhadesand hydraulic plugs are
required.

1 Operators prefer quick couplings for fast change of the ESU and avoid leakages when the cooling
connection is disconnected

1 Care must be taken for choosing coupling supplier with high quality especially with respect to
leakages

1 The standardization of the coupling type is not desired to prevent the dependence on one
supplierand is not necessary since ESUs of different suppliers are not exchanged

91 Imperial thread (in inches) is typically for liquid connectors and preferred instead of metric thread

1 The standardization of the thread size seems to be complicated since the size depends on the
required flow rate of the ESU

9 Electrical preheating from external energy sources is not necessary for traction batteries that are
heatedby the BTMS.

1 An electrical preheating system supplied by the internal battery might be used but does not
require a standardisation of an interfaces because it is an internal interface.
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5.5.1.6 Low VoltageeESUnterface

The low voltage interfacef the ESUs requiredfor safety relevant signalandfor
communication between ESandBMS

State-of-the-art Interfaces

It is recommended that LV cabling is splitted according to characteristics of the sigvals.
voltage valuesf 24Vdc & 110Vdare usedDigital input and output signals can be installed in
the same connector as LV DC power supply.

Typically, HARTING brand, HAN product family or similar from other brands can be used. Also
available as circular connectors like those from ITT. All of them permit modular configuration of
the pins.

Figure33: Exampleof low voltage connections

The low voltage connectors are usually desijto carry LV signahnd network signal

The LV signafor the battery packsre usually or24V level In the case that thauxiliary battery
of the trainhas a voltage af10V, a 110V/24 dc/dc converter required

For LV connection usualiyandard railways connectoese used, e.grom Harting which can
manage LV signehnd CAN message sigsaside the same connector thanks to the modular
approach (sedégure below).

For CAN communication, a dedicated conneataledSMEGABI&is used toey” & dzZNBE & O A NI dzt
shielding (sedigure below)

Figure34: HARTING/egabit connector for CAommunication
Future Interface

The following results are achieved and agreed with thep&Rners:

1 Plug and socket for the lowoltage interface is the preferred solution to reduce the time for ESU
change in the maintenance shop

1 The standardisation of the lowoltage plug is not desired to prevent the dependence on one
supplierand is not necessaigince ESUs of different suppliers are exthanged
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1 For safetyrelated control functions some conventional electrical control lines are required for the
notification of critical conditions of the ESo the BMS e.g.
o Fire alarm
o Error signal
i Stateof-the-art low voltage supply of the BMS is 24V due to the available (automotive)
components on the market. There is no intem to change it.
1 The common lowoltage supply voltagef 24Vand the safetyrelevant signals should be
integrated into the standard. 9/ ¢ H pHy & hAyDy | INBRF @ AAIKYA dovl G G SNR S &
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5.5.1.7 Communication Interface

Twokindsof communication networks are requirgdee figure below)

1 Communication within the ESS, e.g. between the master BMS and BMS of the ES
1 Communication between the ESS and the vehicle / TCMS (train control and monitoring system).

1 - ! | |
| |

TRACTION waster|| erms | | ococ || [avxuaries

—1 BMS

BMS

— BMS

Figure35: ESS internal and externabmmunication

State-of-the-art Interfaces

1 For BMSnternal communicatioomostbattery suppliers and vehicle integrators use CAN
communication

1 Forcommunication between ESS avehiclesmost vehicle suppliersse the TCN (Train control
network)

Future Interfaces
Thepreferred solutionagreed with the Wipartners:

1 ForBMSinternalcommunication CAN bus (CAN OPEN Protocol) since it is safeiRhan
communication
1 For communication between ESS asmthicles TCN (train control network)

Both physical communication networks are alreatiyndardized

1 1SO 11894 for CAN
1 EN 61375l & 3 for TCN
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5.5.1.8 ESS Parameters

Many ESParametersare measured by théattery Management System (BMS) and transmitted
to the TCMS via the Train Communication Network (TTSIMS provides the relevant
information to the respectiveisers(Train driver, maintenance personnel, etc.)

In special cases (Maintenance and Troubleshooting) a special Diagnosis Interface may be used
Stakeholders for the ESS information are:

1 Train driver

Train operator (ECM 3)

Entity in Charge of Maintenance (ECM 4)

Train dispatcher

Train Control and Management System (TCMS)
Battery supplier

=A =4 =4 4 =

The definition and standardisation of the parameters is very imporsamte they are used by
many stakeholders

For everyparameter the following values should be defined:
Unit

Tolerance

Sample rate

User (destination stakeholder)
1 Necessity

= =4 =4 =4

To avoid different definition the basis for defining the parameters shathbealefinition in the
Europearbattery regulation(pass, 2025)

The preferredstandard forstandardisaibn of the ESS parameters is the IEC 62928: 2017
(Onboard lithiumion traction batteries).

The following table contains the first draft of a parameter list:

ESS Parameter Unit | Tolerance | Sample rate | Corresponding/ related
Data Attribute (s)from
European Battery Passport

SoC % +1% 10 sec State of Charge

SoH % +1% daily 1 Remaining Capacity

1 Expected lifetime in
calendar years

1 Expected Lifetime:
Number of charge
discharge cycles

SoE % +1% 10 sec -
SoP (State of Power) % +1% 10 sec Remaining power capability
ESU Current A +5% 1 sec -
Temperature °C 1 -
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1 Pack Avg. Temp
1 Pack Cell Max.
Temp
1 Pack Cell Min
Temp
Cell Voltages (for each | mV | +1 60 sec -
Cell-Module, including
location)
1 Max. Cell Voltage
1 Min. Cell Voltage
1 Avg. Cell Voltage
Insulation Resistance | kq +10% Once when | -
1 HV+ to Chassis ES_U is
1 H\-to Chassis switched on
Cumulated charged and| kWh | +5% 60 sec Energy throughput
discharged ESU Energy
Status, Error and - - Depending
Warning Messages on specific
message and
criticality
Tablel14: Draft list of ESS parameters
Rail4AEARTEHGA101101917 81171
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5.5.2 Onboard Fuel Cell

The activities towards a new standard omboard fuel cell systems are being held in the frame

2F L9/ ¢SOKYAOFft [/ 2YYAUGSS o a9t SOGNAROIFT Sl dzA
More specifically, the standard in progress is IEC 633RAILWAY APPLICATIQRSLLING

STOCK FUEL CELL SYSTEMS FOR PRORBARDN: FUEL CELL POWER SYSTEM.

Thisstandardapplies to Fuel Cell Systeifor traction and auxiliaries purpose used on rolling
stock. Tle standardapplies to any rolling stock types (e.qg. light rail vehicles, tramways, streetcars,
metros, commuter trains, regional trains, high speed trains, locomotives, etc).

The standardocuses on:

1 The scope of supply and the description of the interfaces (fluidic, electrical and mechanical)

1 The description of environmental conditians

1 The design requirements and the functional requirements to ensure the fuel cell system
compliancy with a railway applicatipn

1 The definition of the standardization process to validate the fuel cell system capacity required for
a specific mission profile

9 The safety and protection requirement to design and install a fuel cell system for railway
applications

9 The protection of persons and the environment inside and outside the vehicle against hydrogen
related hazards

1 The marking and labelling requirements

The requirements related to storage, transportation, installation and maintenance

1 The tests (type and routine) to validate the fuel cell system.

=

5.5.3 Onboard Hydrogen Storadgystem (HSS)

The activities towards a new standard om-board hydrogen storage systems are being held in
GKS FTNIYS 2F L9/ ¢SOKYyAOFft [/ 2YYAGGSS ¢ a9f SO0

More specifically, the standard in progress is IEC 623RAILWAY APPLICATIQRSLLING
STOCK FUEL CELL SYSTEMS FOR PROPBRARDR: HYDROGEN STORAGE SYSTEM

Thisstandardapplies to Compressed Hydrogen Storage Systems (CHSS) installed onboard rolling
stock for railway applicationg he CHSSused to supply the Fuel Cells for the traction power
and the auxiliaries supply of railway vehicles as defined in IEC 4288dsstandardapplies to
storagefor hydrogenin gaseous form, being the technology currently used for land transport
vehicles. Therefore, liquid hydrogen storage systems are not treated in the present revision of
the standard. Tl standardapplies to any rolling stock type (e.g. light rail vehicles, tramways,
streetcars, metros, commuter trains, regional trains, high speed trains, locomotives, etc.). This
standard addresses also the mechaniflaldic, and electrical interfaces between hoard G1SS
and Retielling Station. Nevertheless, this standard does not specifydRieflg Station itself nor

the RefuellingProtocol, that are specified in other standards such as ISO 1D&8@uture one

for Railway applications.
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5.5.4 OnboardConvertes

All the Power electronic converters on board of rolling stock shall comply the Standard IEC 61287.
This standard defines the service conditions, general characteristics and test to be performed.
This standard is applicable to power electronic convertersimbed on board supplying traction

circuits (including converter forBUs).

See below a summary of main requirements for these converters:

T

All the converters on board for railways applications shall comply with the standard IEG62498
(altitude, temperature,and other environmental conditions)
Converters can generate perturbances in telecommunications and radio systems. All the
requirements established in the standard IEC 62235(electromagnetic compatibilityRolling
Stock) are applicable and shall be complied
All the components of the converter shall be tested according to the following standards:

o Power semiconductor devices. IEC 60747

o Electronic control and components with low current. IEC 60571

0 Semiconductors control unit. IEC 612Band IEC 60571

o Power transformers and inductance coils. IEC 60310

o Power electronics capacitors. IEC 61881 and IEC 60384

o Power resistors. IEC 60322.
In the main components of the converters a partial discharge test shall be performed according
with the IEC 60270 standard
In all the converters dielectric test, cooling system test and mechanical protection listed in IEC
61287 standard shall be performed
For each type ofonverter,a list oftestslisted in the standard IEC 61287 shall be performed (for
instance commutation test)

These standards must be applied for the converters in trains with alternative diNssissions
are ongoing to define if the standard for power electronics converter shoultdified or
amencded with respect to BEMU#+HMUSHEMUsand anyother type of alternative drive trains,
such as heavy rail vehicles
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6 Smart Energy Management
Leader: SNCF; Contributors: CAF, CEIT, DB, FSI, PKP, TRV, SMO

6.1 State of theArt of EnergyManagementrunctions
On the way to improve alternative drive trains with higher range in operation and with better
energy efficiency, reducing the cost in operation, the management of enetigy key. These
functions of energy management can be various, impacting traction system, auxiliary loads, or
other equipment. Sathe proposalsto start by a state of the art of energy management
functions. To do this activity firstlook on previous studies on this topic, such as Shift2Rail
PINTA3 WP3 repo(Mannnevy, 2022)Also, in a common activity witRail4AEARTWPS5,the
collaboraion allowsto make a state of the art of energy management functions impacting
alternative drive trains.

6.1.1 EnergyManagementrunctions in S2R PINTA3 WP3

In the 15t European railway R&D program S2R, PINTA is a project from Innovatiofh feitiasing
on traction system improvements, as well as brakes and Heating Ventilation Air Conditioning
(HVAC). The project has the main objectives to demonstrate innovative solutions to offer on the
market. These new systems will contribute to improve magg Rerformance Indicators (KPI)
defines in the project, such as energy efficiency, noise reduction, reduction of volume / weight,
etc. to obtain a better Life Cycle Cost (LG@gation, braking and HVAC level first, but also a
train level.
In 20192020, the context in Europe and for rail sector to shift diesel trains to low carbon
emission technologies, had enforced the PIRPAoject to be involved on the topic of
decarbonization. Therefore, a new Work Package (WP), WP3, has been created with the
objective to build a first roadmap on carbon free mobility for railway.
Vehicle energy management system (VEMS 6 & RSTAY SR | & Theehdrgy 6 A y 3
management system is the control unit that organically coordinates thbaard energy sources
to satisfy the power demand of the vehicle. An efficient Energy Management Strategy should
ensure an optimal power split between the different enesgpurces, but it might also perform
adequately in reatime, respect the specific operation constraints of each power source, and be
robust enough against unexpected driving cycle variations¢ KA a4 RSTAYAGA2Y A&
energy management for traction. So, it is not covering the whole scope of energy management
at vehicle level, including traction of course, but also auxiliary loads.
In the S2R PINTA3 WP3 repdtiannnevy, 2022)he energy managemerstrategies(for
traction) were classified in 3 categories:

1 Rulebased (RB)

1 Optimizationbased (OB)

1 Learningbased (LB)

The figure bellow shows the main differentiation of these strategies:

1Vehicle energy management system (VEMS) is used to avoid confusion with EMS, already used for Energy
Measurement system in standardisation.
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Figure36: Classification of Energy Management Strategasording to S2R PINTA3 WP3

Some energy management strategies may have differentsst#ttegy The table hereafter
resumes these different sustrategies:

RB energy managemen|

CPFL Strategy

Conventional Power Follower with fuel cell pow
constant

RB energy managemen|

CPR2 Strategy

Conventional Power Follower with fuel cell pow
stop if bellow fuel cell reference power

RB energy managemen|

SOCAD Strategy

SOC Adaptive by changing fuel cell operation
point according to the SoC of the battery

RB energy managemen|

D-AD Stratgy

Demand Adaptive by adapting fuel cell refereng
to average demand value on different line sectiq

OB energy managemen|

GASOGAD S1(mh2 low)

Genetic Algorithm for SoC Adaptive and multi
objective optimizatiomy Low hydrogen
consumption

OB energy managemen|

GASOGAD S1(DoD low

Genetic Algorithm for SoC Adaptive and multi
objective optimizatiord Low ESS DoD

OB energy managemen|

GASO@ 5 {mopt

Genetic Algorithm for SoC Adaptive and multi
objective optimizatiomy Low fuel cell power
variation

OB energy managemen|

GAD-AD S1(mh2 low)

Genetic Algorithm for Demand Adaptive and mu
objective optimizatiomy Low hydrogen
consumption

OB energy managemen|

GAD-AD S1(DoD low)

Genetic Algorithm for Demand Adaptive and mu
objective optimizatiomd Low ESS DoD

OB energy managemen|

GAD! 5 {mont

Genetic Algorithm for Demand Adaptive and mu
objective optimizatiomy Low fuel cell power
variation oriented

OB energy managemen|

DP Strategy

Dynamic Programming

LB energy management

ANFIS Strategy

Adaptive Neuro Fuzzy Inference System

Tablel5: List of energy management strategies evaluated in S2R PINTA3 WP3

These different strategies were evaluated on case of study of a hybrid hydrogen/battery train on
the railway line between Tardienta and Canfranc (Spain).
For each strategy, an analysis and a comparison based on:
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1 Hydrogen fuel consumption,
1 DoD of the batteries (related to battery lifetime),
1 Average power variation of the fuel cell (related to fuel cell lifetime),
1 Robustness (represents the ability of the strategy to adequately work when the drive cycle

changes),
1 Realtime implementation (represents the ease to deploy the strategy in the real application).

2 A0K GKS FAY G2 SrasS G4KS Fylrfearas YIHI 5h5
rounded to integer values betweeniin relation to the maximum and minimum values

obtained in all the strategies. Therefore, the values represent the capability ofrétegies to

save hydrogen, increase the battery life, and increase the FCtiéefollowing figure shows the
comparison results of each strategy.

Real Time Implementation

Figure37. Comparison results of energy management strategies for traction hybrid
hydrogen/battery train

Focusing on the hydrogen consumption, the best solution is obtained by the DP optimization.
Then, appropriate approximations are obtained with ANFIS, and all the solutions related to the
SOCGAD strategy

Regarding the battery life,-BD strategy (in all its variations) is the strategy with the best
performance. The SOGAD strategy optimized to reduce the DOD also gets a good performance
in this indicator, getting close to some of the solutions eAD. DRand ANFIS strategies also
obtain a relatively high DOD, even if they obtain a better result than the CPF strategy, which is
the one with the highest DOD.

The parameter related to the FC Life is relatively high with all the strategies, except in the ANFIS
case. Similar values are obtained in DP,-80@nd PAD approaches, which seem that they
adequately ensure a soft FC operation. Logically, the best riesafitained in the CPF approach
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without variations in the FC reference value.

Regarding the robustness of the strategies, the most robust approach is found to beAbe D
(with all its variations). The cause is that this is the strategy that ensures the lowest discharge of
the battery, and thus the risk of running out of battery egg is lower than in the rest of cases.

In the SOE\D strategy, a good robustness is also obtained, since the FC operation point is
adapted depending on the battery SOC.

Finally, all the RB strategies show an appropriate capability to be implemented in real time, as
well as the optimized GAOCAD and GA-AD strategies (since the optimized values are some
of the parameters of the rules). The ANFIS controller can be dbeguately implemented in real
time, but it requires a much higher computational burden.

As it can be seen in the table SB0O and BAD strategies, after their optimization, can obtain
better results than the Conventional Power strategies. Also, its implementation is easier than
Dynamic Programing or Learning based strategies. Considerintpératis no strategy better

than others in all the fields, vehicle characteristics and the working profile must be analyzed
before taking a final decision about what strategy should be implemented.

6.1.2 EnergyManagementrunctions in ERJU
RAILAEARTWPS (orboard)

As explained befordhe collaborationwith RAILAEARTWPS team to define and classify energy
management functions to apply on battery trains (WP5 is focusing only on the vehicle side and
the BEMU technology). These functions will support the improvement of battery trains
performance in terms of range in oion and energy efficiency. State of the art listed the
following functions for rolling stock:
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Energy Function
Eco-parking mode
Preconditioning of passenger compartment
Preconditioning of battery
BEMU charging
Driver advisory system
Shore parking energy supply
Lift & drop of pantograph
ESS protection and diagnostics
Train driver information
Peak-shaving
Optimized regenerative braking

= zZ
Rlo|lo|@|No o~ wiN kg

Tablel6: List of energy management functions defined RAILAEARTWPL & W

Detailed descriptions of these functions are givethiedeliverableD52 (Fernandez, 2023The
definition ofeach energy management functievith a description of the function, a bloek
diagram tovisually identify the interfaces of the energy management function. Thést, af
requirements will be proposednd impacts on standardisation and regulations will be estimated.

6.1.2.1 Eco Parking

Description
Ecoparking mode (or ecstabling mode) is a train mode when vehicle is at standstill. Generally,
after a duration of several minutes (e.g. 30 min), this mode is activated to reduce the energy
consumption of the rolling stock. This train modéinkedwith different on-board subsystems to
change the control. Typicabmponentson boardare impacted:
1 HVAC system (e.g. temperature target is removed, and temperature window is active)
9 Traction system (e.g. switabff traction auxiliary components or activation of passive control
on power electronics converter)
9 Auxiliary loads (e.qg. Lights reducing performance;\oltage battery charging, safety
components, etc.)
1 5 2 2 §aa, to avoid energy losses due to okors during parking.

Ecaparking can be activated / déactive manuallyby the train driver)remotely or

automatically.

In case of extreme weather conditions, some subsystems regulations might be different to

manage From a system vision, infrastructure manager might reqredcingthe current level

at standstill to ensure overall energy distribution or protect the infrastructiri@. alternative

drive trains, ecegparking mode is a main energy function to obtain low energy consumption

during parking phasé he Eceparking mode is mandatory when the train is parked on-non

electrified line sections when there is no energppgly or a shore supply with limited power (see

energy functiondShore suppl). Asthe energy source is enoard (traction batteries for battery

trains or fuelcell and hydrogen storage system for hydrogexins), special regulation can be

dzZaSR (2 2LIAYAT S GKS SySNHe& O2yadzyLliaAzyd 9alLlS
low energy capacityed 2  NR€ | YR (G KSNBT 2 NB parkindzindierandi A OF £ £ &
switch-off completely the vehicle.
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NB: similar limitation can be also introduced for other train modes such asqgoréitioning.

Blockdiagram:

The eo-parking mode has a link with sevesgistems orboard and orground.

Interfaces parameters with infrastructure is necessagniérgy systemic management is
expected It allows tocheck voltage system type (depending of voltagees, different line
current limitation can apply) and monitor vehicle line currémtconfirm the demanding
limitation of the infrastructure manager.

On vehicle level, most of the interfaces are with then controland monitoringsystem(TCMS)
to manageat first theeco-parking function activation/deactivatioWhile mainly, the interfaces
will be through the TCMS to activate/deactivdle economic mode of subsystersuch as
traction system, HVAC and Passenger Information System (PIS).

Concerning alternative drive vehisleeceparking mode activation can be in interface with
battery management system (BMS)Monitoring and Control System ftine fuel cell power
pack(MCSH2) to supervise the remaining energy-tward This ensures to avotdo high
energy consumption during the parkipfase, potentially impacting the next service of the train.

Voltage system

P
L

Infrastructure | pjax lineside current _ )
data > Energy Function SOC Battery
(TMS) ) < management
“ECO parking” ECO parking mode system
ECO parking mode activation/deactivation (Master)
activation/deactivation g
TCMS Vehicle speed .
Traction system “eco”
Y > SOC/hydrogenkgH2 |
HVAC system “eco” - ] uel e
> ECO parking mode PowerPath
o activation/deactivation_ | Managemen
Lightings “eco . > system
PIS “eco”

v

Door status (open/close)

v

Figure38: Eceparking function blockdiagram
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Classifi -
cation *

Requirement

Rationale

General

RE

When the train is parked, an energy saving mode (Eco-

parking mode) should be activated. This mode should cover

the following functions:

- Activation of the eco-parking mode

- Switching-off the HVAC system or enlarging the
temperature regulation band

- Switching-off auxiliaries loads that are not required for

parking

- Minimising the

unloading of the

battery

- Minimising the

power when the train

is supplied by
external shore

supply (limited

power)

- Saving energy

General

RE

At the end of the parking mode, when the train journey starts
with passengers the desired comfort parameters for
passenger operation should be reached

Activation

RE

Three modes for activation and de-activation of the e eco-
parking mode have to be foreseen:

- Manual by the train driver

- Remote

- Automatic

Automatic
mode

RE

In the automatic mode the eco-parking mode should be
activated when the train is parked without passengers.
This function is mandatory for automatic train operation
(ATO). The mode should be de-activated when the
preparation of the vehicle for passenger operation starts (a
view minutes before the doors are opened for the
passengers).

HVAC

OR

Under defined ambient temperature conditions, the HVAC
system should be turned off when the eco-parking mode is
activated. The HVAC should be turned on a certain
optimized time before the passenger operation starts (pre-
conditioning mode). The time should be calculated by the
energy management system depending on the
environmental conditions to reach the required temperature
when the train starts.

The HVAC has high
no-load power
(compressor, fan)

HVAC

OR

At extreme weather conditions (very low or very high
temperature) the HVAC should not be turned off and should
kept on during parking. But in this case the reference
temperature should be enlarged (lower value for cold outside
temperature and higher value for hot outside temperature).

Auxiliary
loads

RE

During parking the following auxiliary loads should be

switched off:

- WiFi system for the passengers

- Saloon lights

- Traction system (especially converter and transformer
cooling and traction control)

- HVAC of the driver cabin

Auxiliary
loads

RE

The auxiliary loads should be turned-on when the eco-
parking mode is de-activated. Only the HVAC system of the
driver cabin should be activated in advance (during the pre-
heating mode)

Tablel7: Requirements list for "Ec@arking" energy management function
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Impacts on standardisation / regulations:

Standard Objective Rationale Input from Rail4EARTH
I’SO 196593, . Propo;ahas the |Current revision do Train mode:
awl At gl &|goaltoimprove not consider energy

- Clarify the existence of eco parking

apphpaﬂons— energy efflplency by manggement mode inside the HVAC when train is in
Heating, standardizing functions related to i q
tilation and air| energy HVAC, and also do| pardngmode :
\éizditioning management not Cohsider - Add the topic of train with alternative
. : ) : drive technology, with limited energy e
N oA : the way to proceed preonditionin
9y SNHeé S| designof HVAC for| features. ytop P g
alternative drive New section «nergy management
trains. functions of HVAG:

- Description of energy management
functions (long stop eco, short stop ec
etc.)

- Requirements on interfaces?
Performance?

Assessmentnethods:
- Add rules to validate energy
management functions

Table 18: Suggestion of standard evolution related to "Egarking” energy management
function

6.1.22+ SKA Ot SQ&a t NBO2YRAUGAZ2Y ]

Description:

Preconditioning is mode related to HVAC system. This mode is link with the train nde «

service Precconditioning has a definition given in ISO 1959

1 Preconditioning is the process which enables the interior temperature to be lowered or raised to

a defined comfort level including pi@oling and preheating. This mode will depend on the
ambient temperature conditions at which the train is operatingribg hot conditions precooling
is required and in cold conditions, pheating is required. This mode of operation is without
passengers on the traiifhis mode is an option. If the customer requires this mode, the detailed
requirements shall be specified the technical specification

Generally, the preonditioning specification is defined by a maximum duration to reach the
interior temperature targetA E.g. Preconditioning shall be activated for a maximum duration of
30 min to reach the interior temperature target, in the full range of ambient temperature
conditions {20°C to +40°C).
A new proposalor pre-conditioningmight be adollows:

1 Be auteadaptive to external temperature conditions

Raill4EARTEIGA101101917 91171
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1 Have a communication to activate/deactivate the thermal-poaditioning from the ground

Foralternativetrains, limited onboard energy capacity and power limitation are important to
consider for the preconditioning mode. Therefore, additional requirements could be used to
manage the energy consumption and the power limitation during theqaneditioning d the
vehicle(see example of requirements ingh a SOGA2Y AGANBIdZANBYSy (iaé oo

Blockdiagram:

Voltage system

\ 4

Infrastructure

Max. lineside current | . Activation / Deactivation
(_f_:;g) *| Energy Function (HVAC) | ¢ nre_conditioning mode”
Departure time > “Thermal < >
Preconditioning” HVAC

Pre-conditioning mode
activated / deactivated

TcmMs (¢
Max. pantograph current SOC

Y

4\

> Battery
Vehicle speed
p > ) SOP managtement
Pre-service mode activated < system
B (Master)

Ambient temperature

A 4

Figure39: Vehicle's preconditionindunction blockdiagram
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Classifi -
cation *

Topic

Requirement

Rationale

General INFO

The train pre-conditioning mode occurs during parking without
passengers and before the train is operated with passengers.
This mode is defined in the ISO 19659-3 /Ref. xxx, ISO 19659-
3, Railway applications - Heating, ventilation, and air
conditioning systems for rolling stock - Part 3: Energy efficiency
document/:

Pre-conditioning mode: Pre-conditioning is the process which
enables the interior temperature to be lowered or raised to a
defined comfort level including pre-cooling and pre-heating.
This mode will depend on the ambient temperature conditions
at which the train is operating. During hot conditions pre-cooling
is required and in cold conditions, pre-heating is required.

Pre- RE
conditioning

time

The pre-conditioning time must be calculated in dependence of
- The inside temperature
- The outside temperature
- The HVAC power for heating and cooling
(limited if the train is supplied by the external shore supply)
- The thermal vehicle parameters
- The foreseen time for passenger operation

General RE

Have a communication to activate/deactivate the thermal pre-
conditioning from the ground

Alternative |OR

drive

If train pre-conditioning is requiring too much energy (SoC
window limitation to define), the train shall automatically
deacti vatsertviec @& pmaede 0 dine thods.w

Tablel19: Requirements list for Vehicle's preconditioningjenergy management function

Impacts on standardisation / regulations:

and air conditioning
systems for rolling
stock- Part 3:

9y SNHe& ST¥

also do not consider
alternative drive trains
special features.

management
functions of HVAC
and oriented the
design of HVAC for
alternative drive
trains.

Standard Objective Rationale Input from Rail4EARTH
ISO 19653 Proposal has the goq Current revision do no| Train mode:
awl Af g1 & [toimprove energy |consider energy - Add the topic of train with
applications- efficiency by management functiong alternative drive technology, with
Heating, ventilation | standardizing energy| related to HVAC, and | limited energy orboard and

therefore, could impacting the
way to proceed preonditioning

Assessmentethods:
- Add rules to validate energy
management functions

Table 20: Suggestion of standard evolution related toVehicle's preconditioninfy energy
management function
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Description:

Pre-conditioning of batteries is the process which enables the Energy Storage System ESS
temperature to be lowered or raised to a defined operational level includingcpading and pre
heating. This mode will depend on the ambient temperature conditions at which the train is
operating. During hot conditions preooling is required and in cold conditions, greating is
required.In service, cooling could be required in cold conditions, due to high power demands of
the ESS (such &asst charginy

This process is activated in different train operational modes (parking, befasgingin

commercial service, during service, etc.).

Objectives of battery preconditioning are:

1 Optimized battery temperaturgith warm up or cool down battery temperature to be in
operational temperature range of the lithition battery. Depending on-ion battery types,
this range might range slightly. It is particularly important in case of extreme ambient
temperature conditions.

1 Improving lifetimeby avoiding battery temperature to be out of the nominal range to
preserve the lifetime

1 Anticipating special modespecially thdast chargeof battery can influence significantly
battery temperature and ageing. Therefore, preconditioning of the battery betstcharge
can be selected to prepare the battery for this special mode.

Blockdiagram:

Voltage system

A 4

Infrastructure | 1oy jineside current

(‘?':;;) > Energy Function Activation / Deactivation of
Departure ti “battery pre-conditioning mode”
 —— » “Pre-conditioning of ESS” | P g
< Soc Battery
Battery T°C management
ESS harge / disch N system
ower charge / discharge
ToMS  |e—t g g _ BTMS activation (Master)
Max. pantograph current

Vehicle speed

Pre-service mode activated

Ambient temperature

A 4

Figure40: Batterie'spreconditioning function blockdiagram
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Topic Classifi - | Requirement Rationale

cation *

INFO The ESS thermal management system is 'active'
when the temperature is observed and
heating/cooling of the ESS is controlled, including
when the vehicle is off.

The thermal preconditioning function heats the ESS
from a temperature at which performance is
restricted to a temperature where full performance is
available; it is 'active' when the temperature is
observed and heating is controlled.

INFO The Customer has to choose between ID 65 and 66.

CH The time required to thermally precondition the ESS | Create information to
from the lowest contractually agreed temperature to | adapt the operation and
the fully operational temperature shall be stated by | system boundaries to the
the supplier. train.

CH The time required to thermally precondition the ESS | Adapt the train to the
from the lowest contractually agreed temperature to | operation and system
the fully operational temperature shall be no more boundaries.
than XX minutes.

RE The ESS shall have thermal preconditioning To warm the battery from
incorporated. extremely low

temperatures to allow safe
operation.

RE While the vehicle is connected to an external power | To ensure that the ESS is
supply, the ESS thermal management system shall | ready and to prevent low
be active. temperature battery state

with external power supply.

RE While the vehicle is not connected to an external To allow the ESS to be
power supply, the ESS thermal management system | made ready and to prevent
shall be available. low temperature battery

state without external
power supply.

RE The ESS thermal preconditioning function shall have | To allow the ESS to be
the ability to get activated and deactivated from made ready by local
onboard the vehicle. control.

OR The ESS thermal preconditioning function shall have | The timer can specify the
the ability to get activated and deactivated by a timer | activation time, or time at
control onboard the train adjustable by the operator. |which the ESS shall be

ready to use.

OR The ESS thermal preconditioning function shall have | To allow the ESS to be
the ability to get activated and deactivated from a made ready by remote
remote location, such as from an operations centre | control.
via a communication system by the operator.

OR The ESS thermal preconditioning function shall To prevent unexpected
deactivate automatically when a set time has discharge.
elapsed.

OR The automatic activation of the ESS thermal This allows repeated
preconditioning function shall have the ability to get | preconditioning events to
inhibited/permitted by geolocation. be prevented then the train

is in storage.

RE The ESS thermal preconditioning function shall To prevent low SOC.

deactivate when the SOC reaches a lower limit,

Raill4EARTEIGA101101917
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which is to be agreed between the supplier and the
operator.

OR If the ESS thermal preconditioning function is This may require one or
activated by remote or timer control, then it shall not | multiple geolocation based
discharge the ESS to an SOC level which prevents | SOC levels below which
the vehicle from being placed fully into service and automatic preconditioning
meet performance requirements. is inhibited, but permitted

to be activated onboard,
after which there is still
sufficient SOC to place the
train fully into service and
reach the next charging
location.

RE Regular battery conditioning activities shall not affect | To ensure the vehicle does
the vehicle's ability to be placed into service at any not become unavailable.
time.

RE The thermal preconditioning of the ESS shall not The performance of the
lead to uncontrolled harmful discharge of the ESS. ESS has to be kept

available for commercial
service.

Table21: Requirements list for Battery's preconditioning” energy management function

Impacts on standardisation / regulations:

energy storage
system- Part 1:
series hybrid

system»

Standard Objective Rationale Input from Rail4EARTH
IEC 62864 The proposahas the | Current revision do no| Addtests to check and validate
« Railway goal to improve consider theo { { Q4 LINBO2YyR
applications Rolling| energy efficiencynd | preconditioning test | (performance, control, etc.).
stock- Power supply operationof train methodologyof the
with onboard with on-board ESS |ESS

Table 22 Suggestion of standard evolution related toBattery's preconditioning” energy
management function
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6.1.2.4 BEMU charging

Description:
Traditionally, the traction batteries of a BEMU are charged during braking and from the overhead
line via pantograph, lingide converter, and battery converter. Two kinds of landside energy
supply must be distinguished:

1 Main line

1 Charging infrastructure (e.g. catenary island, charging station, etc.)

In both cases the max. charging power must be limited by
1 The maiknumallowed battery power and current

1 The maiknumallowed average lineside power according to the infrastructure dimensioning.

During parking at the termination station, the batteries should be charged with a defined power
that a certain SOC is reached when the train leaves the station. The SOC should be that high that
the train can be supplied during the natectrified line sedbn of thetrip foreseen The
optimum charging power and target SOC musthkulated according to
1 Termination/ charging time
Max. allowed battery charging power and current
Max. allowed current of the pantograph, line side converter and transformer
Max. allowed current of the infrastructure (main line or charging infrastructure)
Number of BEMUs charged at the same time
Prediction of next service (characteristics of the future operation and charge/discharge zone).

=A =4 =4 4 =4

The charging current should be as low as possible to achieve a long battery lifetime.

Blockdiagram:

Voltage system

A 4

DC/DC converter status

Infraztrtucture Max. lineside current R c Funct o
ata > nergy Function attery
(TMS) Overhead line location R < SOC, SOH, SOP management
[} H 1”
Departure time o LS EE _ system
v Charging power (Master)
BTMS status

F 3

TCMS Max. pantograph current

v

Vehicle position

Vehicle speed

Yy v

Traction power
HVAC power

Auxiliary power

Yy vy

Figure41: BEMU chargindunction blockdiagram
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Requirements:
Topic Classifi -cation * | Requirement Rationale
General RE The vehicle is capable of processing charging Ensure operational
behavior commands (target SOC, timeline, freedom for charging
preference, urgency) from the shore side. fleets.
Charging |RE The battery must be charged from one of the
source following energy sources
- Electrical braking energy
- Overhead line via pantograph
Charging RE The battery charging via overhead line must begin | For avoiding time at the
begin at once when the pantograph is lifted and the termination station
overhead line voltage is detected without charging
Charging RE The battery charging via overhead line must be To guarantee the
cut-off stopped a few seconds before a non-electrified line | dropping of the
section is expected pantograph without
current
Charging |RE The battery charging via overhead line must be To guarantee the
cut-off stopped before the pantograph is dropped dropping of the
pantograph without
current
Charging RE The battery charging via overhead line must be To prevent the supply of
cut-off stopped at once when no overhead line voltage is | the overhead line from
detected the vehicle when it is
not connected to the
grid
Location of | RE The location of the overhead line must be provided
overhead by the infrastructure manager. The information
line must be provided before the train run starts at the
operation day
Location of | OP The location of the overhead line must be provided | To adapt the driving and
overhead by the infrastructure manager. The information potentially the charging
line must be provided and updated in case of non- strategy to ensure
available catenary line. enough range in
operation
Charging |RE At termination stations, the charging power must be | To start the operation
power controlled to guarantee required SOC for the next | on non-electrified lines
trip until the departure time of the train with enough SOC
Limited RE At termination stations, the charging power must be | To extend the lifetime of
charging limited to guarantee required SOC for the next trip | the battery
power until the departure time of the train
Limited RE The current per pantograph must be limited to the | To prevent an
pantograph time-dependent max. allowed current of the overheating of the
current overhead line overhead line during
standstill
Max. RE The value of the time-dependent max. allowed To prevent an
pantograph current of the overhead line in dependence on the | overheating of the
current location of the vehicle and the pantograph must be | overhead line during
provided from the infrastructure manager. The standstill
information must be provided before the train run
starts at the operation day
Limited RE The charging power must be limited to the max. To prevent an
charging allowed power of the battery pack depending on overheating of the ESS
power the state of the battery pack (e.g. number of active | To guarantee a long

battery modules) and the outside and battery
temperature

lifetime of the ESS

Raill4EARTEIGA101101917
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Charging |RE If the charging/ termination time provided by the To charge the batteries
time TMS is too short to charge the batteries to the to a sufficient SOC
required SOC, the required termination and
departure time should be signaled to the TMS
Charging |RE When a battery failure is detected, the battery To avoid damage of the
cut-off charging has to be stopped at once batteries
Charging |RE The battery charging must restart again when the
restart battery failure is eliminated
Limited RE When more than one train is charged in the same
grid power overhead line section the max. allowed supply
current of the substation must be considered
Limited RE In order to facilitate stable operation in weak To prevent an overload
grid power railway power supply networks or under of the catenary and
extraordinary operating conditions, according to EN | energy supply
50388 trains must be equipped with an automatic
device that adjusts the power consumption
depending on the catenary voltage in stationary
state. Figure 1 of EN 50388 shows the highest
permissible current as a function of the catenary
voltage.
Max. RE When the train is in regenerative braking, energy is | To prevent overvoltages
pantograph generated, which is first consumed by the auxiliary | at the pantograph
voltage systems (HVAC, lighting, etc.). The remainder is during regenerative
used to charge the batteries. If the battery system | braking under
is fully charged, according to the defined SOC, the | conditions with catenary
regenerated energy is sent to the grid. If the grid is | systems is unable to
unable to receive the energy, it is dissipated using | receive energy
an internal braking resistor.

Table23: Requirements list for "EEMU charginyenergy management function

Impacts on standardisation / regulations:

Standard Objective

Input from Rail4EARTH

requirements

dedicated contact |supply
line sections and
electric traction

electric traction
energy storages an|
current collectors »

Definition of an architecture for
the communication between trair]
and infrastructureandthe data to
be exchanged

TS 50729 interface| The proposal isot Current revisiordoes
optimize the BEMU | not consider
between charging |charging and the communication
infrastructure with | infrastructure power | between train and
infrastructure to
manage the charging
power level of the
units with onboard battery train

Table 24: Suggestion of standard evolution related to EBBMU charginfj energy management

function
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6.1.2.5 DriverAdvisory System

Description:

Driver Advisory Systems (DAS) are IT tools which provide live information to the drivers to help
them arrive at stations on time while reducing energy consumption. DAS uses various types of
input data, such as live positioning, infrastructure charactesstihepre-planned orreaktime
timetable, rolling stock data, etc.

The Connected DAS-BAS) is an evolution of[l3AS which has a connection to the TMS to give
and receive updates about the timetable, speed limit and delays. IDAEreceives updates

from the TMS to maintain a constantly updated understanding of therenment relating to

the trip (e.g. conflicts, new timetables etc.), and in turn may keep the TMS informed on the
status of the train journey.

For battery trains the DAS is most important sineéucedenergy consumption increases the
range ofbattery trains. An additional driving style should be added for battery trains: If the
battery SOC is too low to reach the next electrified sectiased on the defined driving profjle
recommendations should be provided by the DlASupport the driver on the appropriate
decision totake (e.g. additional charging time in station before the future 4etectrified section,
suggestion to stop in a railway sia for passengers evacuatipetc.)while reducing as much as
possible the delay

Blockdiagram:

OCL Voltage system

Infrastructure | pMax. OCL current
data

.
L

»

Energy Function

(TMS) | OCL location R «>0C: SeH, Sok
. ) e “DAS on-board” Battery
Mission Profile, Journey Profjle Charging power | management
Battery charging area . " system
" ESS status and (Master)
B parameters

TCMS Train characteristics

Vehicle position

Vehicle speed

Energy management function

OCL = Overhead Current Line

vy vy vVYyY vy

Figure42: DAS for alternative drive trains block diagram
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Topic

Classifi -
cation *

Requirement

Rationale

General

INFO

Driver Advisory Systems (DAS) are IT tools
which provide live information to the drivers to
help them arrive at stations on time while
reducing energy consumption. DAS take into
account various types of data, such as live
positioning, infrastructure characteristics, the
real-time transport plan, rolling stock data, etc.

General

RE

The vehicle shall have a driver advisory system
to support energy- optimized driving.

Save energy e.g. by efficiency-
optimized acceleration and driving
(including load shift between
drives), reduction of maximum
running speed if there is a travel
time buffer and/or longer rolling
phases (coasting), and earlier use
of braking to reduce the use of
mechanical brakes, etc.).

General

RE

The train should be equipped with one of the
following DAS systems in dependence of the
requirements of the operator:

- Standalone DAS

- Connected DAS

- DAS for ATO

For BEMUs C-DAS or DAS for ATO is
recommended, if there is a wayside TMS that
can provide the necessary information, to
increase the range of the BEMU

Energy saving
Increasing the range of the BEMUs

Standalone
DAS

INFO

A Standalone DAS (S-DAS) has no connection
to Traffic Management Systems while driving,
but it has an information source for the position
of a train (e.g. GNSS). The S-DAS is pre-loaded
with static information describing the train
journey. In some cases there is also dynamic
information, e.g. timetable updates by the
operator.

Connected
DAS

INFO

The Connected DAS (C-DAS) is an evolution of
S-DAS which has a connection to the TMS to
give and receive updat
The C-DAS receives updates from the TMS in
order to maintain a constantly updated
understanding of the environment relating to the
trip (e.g. conflicts, new timetables etc.), and in
turn may keep the TMS informed on the status
of the train journey.

Preferred solution for minimum
delays and minimum energy
consumption (important for long
range)

Driving
style

RE

The C-DAS should consider the following
optimised driving styles:
- Driving exactly according to the working time
table with small time reserve (DB: Planfahren)
- Following the (delayed) train ahead with
reduced speed to avoid

unneccessary stopping (DB: Nachfahren)
- Increasing the speed ahead of areas with
temporary reduced max. speed

to avoid delays

Raill4EARTEIGA101101917

171

101




(=

=urope’s

aijs 1 r
Rl—
" TH

- Energy-optimised driving with cruising and/or
coasting (Eco-driving)

* K %

* %
* 4 %

L

Driving
style

OR

The energy-optimised driving may use the
following measures:
- Coasting: Before braking, a coasting takes
place by switching off the traction
- Cruising=Speed reduction: Running at a
constant speed below the permitted (line) speed
- With momentum over the top : Rolling out
(traction is switched off) in front of downhill slope
- Purely electric braking: The use of mechanical
brakes is avoided, the braking

energy is used on board of the train or
recuperated
- Avoid acceleration and braking in
unnecessarily quick succession.

Use as much measures as
possible and wise to reduce
energy consumption

Driving
style

RE

In the case of not enough remaining battery
capacity an energy saving driving style is
mandatory while ignoring the timetable

Avoid the breakdown of the vehicle
without battery energy

Data
format

RE

The data exchange between vehicles and
infrastructure should be according the standards
- UIC SFERA IRS 90940 ed. 3 and

- railML®,

To avoid adaptation for the
application in different countries

Table25: Requirements list for DAS for alternative drive trainsenergy management function

Impacts on standardisation / regulations:

Standard

Objective Rationale

Input from Rail4EARTH

L w{

dhndnn
protocol: Train
operation data
exchange with on
02K NR RSQ

The proposal isto | Ongoing
add further
requirements related
to alternative drive
trains

Ongoing

Table26: Suggestion of standard related to DAS for alternative drive trains to update

Description:
During longer stops in parking areas or termination stations witlamubverheadine the train

Raill4EARTEIGA101101917
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needs an external energy supply for supplygACGand the auxiliary consumers. The preferred

standardizedsolution is the supply via cable and plug according to EN 50546 with a supply

voltage is 400V 125A 50Hz 3AC. To prevent an overload of the plug, cable and infrastructure the

continuous train power must be limited to 85kW. This must be considered forrdre p

conditioning of the vehicle (power and po®nditioning time; see Preonditioning of the train).

Concerning the cable and plug the following energy functions of the train must be implemented:
1 When the plug is disconnected the voltage at the socket should be switched off automatically

to protect the staff against electric shqck

1 The voltage at the socket should be switched on automatically when the plug is connected,
the correct external voltage is measured, and the communication signals that the
infrastructure is ready for energy supply

1 A communication between the landside infrastructure and vehicle may be foreseen

The following energy functions of the landside external energy supply should be implemented:
1 The supply station shall confirm there is electrical contact before applying power

1 The supply station shall immediately remove power if an abnormal power or control
condition is detected or the watetlog signal is determined to be absent

In addition to the external energy supply during parking, the external energy supply should be
used in the maintenance shop to test the auxiliary consumers and functions without connection
of the vehicle to the overhead line.

Blockdiagram:

Ongoing, to be displayed in next period 3.

Requirements:

Classifi - | Requirement Rationale
cation *
RE At termination stations without overhead line a shore supply for BEMUs

must be foreseen.

INFO The shore supply is required for the supply of the HVAC system of the
train, auxiliary consumers and for the pre-heating or cooling of the

batteries
RE The shore supply is required during longer parking of the train during To prevent the
longer termination times or during overnight parking discharge of the
batteries during parking
RE The shore supply must be foreseen at the location of terminating train (at

the platform) and/ or in the parking area

RE The shore supply is provided via plug and socket according to:
FprEN 50546: 2024 "Railway applications - Rolling Stock - Three-phase
shore (external) supply system for rail vehicles and its connectors"

RE The shore supply voltage system is 400V 3AC 50Hz
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RE In general, the medium power system shall be used for the supply of For 2- and 3-car trains
BEMUSs: 125a per conductor, 86kVA 86kVA is enough.

The 600A system is not
required.

RE Three control lines can be used to control the shore supply:
- PP Shore supply connected

- PP Shore supply enable

- CP 125A shore supply

RE When the shore supply is not connected to the vehicle the socket must
be free of voltage (vehicle entrance switch off)

RE When the shore supply control line PP "Shore supply connected" is
active the vehicle entrance switch shall be turned on

RE The vehicle consumer power (HVAC, auxiliaries, battery heating) shall
be controlled to limit the shore supply power to the rated value (e.g. 86A
for continuous current)

RE The consumer control consider the importance of the different
consumers in the following order:

1. Auxiliary loads

2. Battery heating/cooling

3. HVAC

RE During overnight parking or longer daytime parking, the HVAC system To save energy and to
must be controlled in the sense that the temperature of the passenger limit the power of the
area reaches the required temperatures at the planned starting time of | shore supply

train operation with passengers. During overnight parking or longer
daytime parking without passengers the temperature of the passenger
areas can be lower or higher than the required value for passenger
operation.

RE The control of the HVAC power during parking shall be optimized with
respect to energy consumption and limitation of the shore supply power,
for example:

- Pre-heating a certain time before passenger operation depending on
the outside temperature (short pre-heating time at high outside
temperatures, long preheating time at low outside temperatures)

Table27: Requirements list for Shore supply for alternative drive traifissnergy management
function

Impacts on standardisation / regulations:

No change omstandardization and regulations suggested.
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6.1.2.7 Lift and drop of pantograph

Description:
Traditionally the lift and drop of the pantograph is controlled by the train driver according to
signals along the line.
To prevent the damaging of the pantograph and overhead line, when the pantograph is lifted at
areas without overhead line, a technical supervision system must be foreseen that

9 blocks the lifting of the pantograph when there is no overhead line

9 automatically drops the pantograph if there is no overhead line

For the case of the failure of the supervision system, there must be a possibility for the train
driver to request the lift of the pantograph with a special manual operation

For ATO operation the lift and drop must be done automatically.

Lift and drop of pantograph might be done automatically by dedicated beacon added on the line
A This kind of system is typically used in tramvitayn for the switching railway line and city

line (e.g. switch from 25kV 50Hz to 750V DC).

Blockdiagram:

Overhead line <

Infrastructure location = )
> Blocking
data tograph ift
Energy Function panfograph I
Vehicle position . " WES e Eh
> s Dropping grap
TCMS _ Bl blm ] pantograph e Signals
Vehicle speed R pantograph > . \ 4
Vehicle orientation [ \ g
Pantograph ®
location N b
Overhead line
voltage - ‘
Train driver
Figure43: Lift & Drop of pantograph block diagram
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Topic Classifi - | Requirement Rationale
cation *
Pantograph | INFO Without automatic train operation the lift and drop of | Simple state-of-the-art
control the pantograph is controlled manually by the train solution
driver
Overhead |[INFO The location where the lift and drop should be Already established solution
line signalled to the train driver by landside signals, for for areas with change of
signalling example signals according to the German standard voltage system
Ril 301
Automatic |RE In automatic train operation GoA 4 the lift and drop of
lift and the pantograph must be carried out automatically.
drop
Pantograph | RE A technical protection system must be foreseen that | To prevent the destroying of
protection blocks the lift of the pantograph at areas without the pantograph and overhead
overhead line line, when the pantograph is
lifted at areas without
overhead line
Pantograph | RE The protection system must be foreseen that drops To prevent the destroying of
protection the pantograph automatically, the pantograph and overhead
- if no overhead line voltage is detected (non-fed line, when the pantograph is
overhead line lifted at areas without
at the end of the overhead line section) or overhead line
- there is no overhead line above the pantograph
according
to the vehicle position and infrastructure data
Pantograph | INFO The protection system requires the following data:
protection - Position of the vehicle
- Position of the pantograph along the vehicle
- Position of the overhead line
Pantograph | RE The train driver must have the possibility to override
protection the protection system in case of malfunction

Table28: Requirements list for'Lift & Drop of pantograpli energy management function
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Impacts on standardisation / regulations:

Standard

Objective

Rationale

Input from Rail4EARTH

EN 50388L:2022
Railway Applications
Fixed installations and
rolling stock- Technical
criteria for the
coordination between
electric traction power
supply systems and
rolling stock to achievg
interoperability-

Part 1: General

Amendment of requirements
and measures for battery trains
- to prevent the lifting of the
pantograph at norelectrified
line sections and

- to protect the collision of the
pantograph with the overhead
line at transition points from
non-electrified to electrified line
sections

Protection of
damage to the
pantograph and
catenary in case of
falsely lift of the
pantograph of
battery trains

Proposal of
requirements to add in
the standard

Table29: Suggestion of standard related to lift & drop of pantograph to update

6.1.2.8 ESS protection and diagnostics

Description:

Ongoing, tde developed in the next period.

Blockdiagram:

Ongoing, to be developed in the next period.

Requirements:

Ongoing, to be developed in the next period.

Impacts on standardisation / regulations:

6.1.2.9 Train driver information

Description:

Ongoing, to be developed in the next period.

Blockdiagram:

Ongoing, to be developed in the next period.
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Requirements:

Ongoing, to be developed in the next period.

Impacts on standardisation / regulations:

Ongoing, to be developed in the next period.

6.1.2.1(Peakshaving

Description:

Ongoing, to be developed in the next period.
Blockdiagram:

Ongoing, to be developed in the next period
Requirements:

Ongoing, to be developed in the next period.
Impacts on standardisation / regulations:

Ongoing, to be developed in the next period.

6.1.1. Optimized regenerative braking

Description:
Depending on whethea BEMUis running on electrified or nomlectrified section, the following
considerations should be considered:

1 Reduce peak shaving to reduce line losses and improve the available capacity of the line

(increase the intensity of traffic)

1 Add optimised functionality should not affect line safety

1 Optimise the charging policy (charging speed and frequency) in electrified lines according to
the line infrastructure (line availability, requirements of electrified line), SOC, expected line
voltage and line length)

Regenerative braking optimisation for the BEMU and EMU, to update the battery recharge policy
Considering the power consumed in the auxiliaries, define one mode focused on performance
and another mode centred on saving, both based on SOC and the availability of energy in the

Raill4EARTEIGA101101917 108|
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regeneration phase

Blockdiagram:

Ongoing, to be developed in the next period.
Requirements:

Ongoing, to be developed in the next period.

Impacts on standardisation / regulations:

Ongoing, to be developed in the next period.

6.1.2.11IEnergy management functions interfaces
Description:
The proposal is to define standardised interfaces of the energy management functions defined
previously. Standardised interfaces should allow more flexibility and modularity between
subsystems / components on a vehicle.
Blockdiagram:
Not applicable
Requirements:

Not applicable

Impacts on standardisation / regulations:

Standard Objective Rationale Input from Rail4EARTH
New standard o Definition of standardized Reduce cost and | Suggestion
modificatiors of interfaces for energy simpliy the
existing documents | management functions (e.g. ec{ exchange of
(e.g. subsets?) parking modes, peakhaving subsystem or
mode, etc.) components

Table30: Suggestion of standard related tenergy management function interfaces

6.2 Optimization ofChargingProcess forBattery Trains

Battery train performance is strongly lietwith chargingcapability The charging of battery
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locomotive,lightweight battery train, etc.fharging can be proceed in different cases:

1 Battery train charging under catenary line: Train is running under electrified |wwéh a
current collector to feed electricity from infrastructure into the train. During train moving or
at standstill, the electrical energy supite traction system and auxiliary loads, while
charging the traction batteries,

9 Battery train charging under catenary line and by regenerative brakiSgmilar conditions to
the previous case, but specifically when train is decelerating to stop. During this braking
phase, electrical traction motors are providing energy (motor is now generator), so called
regenerative energy. This regenerative energy loaistored into the traction batteries.
Therefore, no and less energy is requested for the charging from the catenary line,

9 Battery train charging by external shor@ his is a particular case because it concerns only
charging during parking. As explained previously in the deliverable, the technology of plug for
rail vehicle is todaynainlydedicated to supply auxiliary loads.

i Battery train charging by regenerative braking on natectrified line: One of the main
reasons for the electrification of vehicles is the capability of battery to be recharged during
braking or while travelling with constant speed or accelerating oownhillzone This is
improving the energy efficiency alorisingthe energy produce by traction motors in
deceleration. Especially on neatectrified, train need to use ehoard energy source, such as
combustion engine combined with fuel tank, or fioells combined with hydrogen storage
tanks. Whereas these 2 types of-bnard energy sources are not regenerative. Therefore,
having an energy storage system able to regenerate is improving the efficiency.

Battery train charging under catenary line Railway Bocby regenerstive beaking

Railway Substation

Substation

Battery train charging under catenary line

I High-voltage overhead line
- High-voltage overhead line Current collector = Pantograph 2
Current collector = Pantograph ‘\ 2 N\
./.- \
[ B m Prrboard traction batteries
\ m On-board traction batteries | !
. . at next train station

Battery train charging by external shore

Battery train charging by regenerative
braking on nen-electrified line

N

s \
400V 3ph

AC Plug — ! m 1__On-board traction batteries #

box \ ! ¥ ] 1 / b A
. PUSENEES S - . - . '\ On-board traction batteries ’ v
E €S plug i [ Mcsplug .
I

I 50-1000V DC } | 500-1250v DC
500 A DC | | 3000 A DC

Train braking to stop
at next train station

Figure44: Simplified diagram of recharging options for battery train

Additionally, the shift from fossil fuel in the railway sector, and more generally to the whole
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mobility and transport, involvelokingat the full scheme of energy production and conversion.
To reduce the carbon emissions of energy productiengwable energies are used agtbw
significantly As reported by the European Environment Agency, the share of rdrieveaergy
increased from 10,2% to 24,5% between 2005 and 2023. This trend is expebe@ven bigger
to reach the target for 2030 of 42,5¢REA, Share of energy consumption from renewable
sources in Europe, 2025)

100%
90%
80%
70%
60%

50% Target for 2030
42.5%
C

40%

Renewable energy share

o, ot
30% 245% .

20%
10.2%
10%

0% Y
2005 2010 2015 2020 2003 2025 2030 } 2050

Figure45: Evolution of renewable energy share in Europe since 2005 and target level for 2030

Renewableenergybringsthe question of unbalance ienergyproduction.Compared to other
kinds of energy production typ@,major unbalancen the production power capaciig obtained
with renewable energy production, such as photovoltaic type mrdturbine. The figures bellow
showexample of solar and nuclear production power profile in France on a santeadagRTE
0 C NJ yaBsthi@sion system operator) report

Figure46: On the left, production power profile of photovoltaic in France on July 1st 2025. On
the right, nuclear production profile in France for the same day.
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The projection in the future of more renewable energy sources, whihige variation of power
capacity, might affect theupply of loads, such &iserailwvaya @ 8 1 SY® ¢ KSNBEF2NB =z
major perspectives tavoidthis phenomenon

- Beingable to store the energfy Theenergy storagallows ugo useenergyduring periodsof

demand It can be interesting to usen-groundstorage devices especially when the production
capacity idigher than the demands.
- Bdngable to manage the energy Themanagemengivesmore flexibilityon the loads side.
Typically, the management of energy will try to redocerioritize the energy demands during
Gt 26 LINPRAzZOGE2Y & BRIV ONBREzOS (KS SySNHE& Yl yl 3Sy

In this work packagehe focus ononlythe 2 point related toenergymanagementdedicated
to recharge batteries tractiorDifferent types of charging strategies can be uaad will be
developed in the next sub sections.

6.2.1 Optimization of theBattery Train Chargingon
Qurrent Battery Trains

On current battery trains, the charging power for traction batteries is generally controlled but
not optimized. It meanghat the traction batteries are controlled with a DC/DC converter to
regulate the power in charge or dischardée following controschemeis applied:

1 Onnonelectrified sectiosthe battery trainuses energy from the traction batteries

1  Whenan electrified sectioris identified the battery trainswitchesfrom battery to catenary
mode,
1 Inthe generic strategy the recharging of the traction battesésts automatically

Prioritizationis defined to determine how much power can tbansfered into the battery.
Currently,chargingbatteries is not the priority. Preference is given to the power demands of the
traction system, to ensure the tractive performance of the drive, and of the auxiliary loads, to
keep nominal conditions of traction and comfort functions.

Therefore, the recharging power applied following this formula:

0 @i QO™ Q¢ QDD 0w OUBER® QA QDT ®
PchargESS: Charging power for the Energy Storage System (ESS),
Plinemax: Maximum power from the infrastructure line,

Ptraction: Power requested by the traction system of the rolling stock,
Pauxiliary: Power requested by the auxiliary loadsoard.

=A =4 =4 =4

The charging power dhe ESS may vary significantly according to the actual condition of the
other parameter. For example, whehe train is & standstill, Ptraction igera so higher power
may be allowed for the charging of ESS. However, at standstill, the maximum power of the
infrastructure line is reduced. So, based on the power values of Plinemax, Ptraction and
Pauxiliary, the remaining power is used for the charging$®.

In terms of optimization strategy, current battery trains are focused on a strategy to keep the
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SoC / SoE at the maximum. This strategy makestatéhe traction batteries may be reused
with the highestavailable energy in a shorter time. The figbedow shows an example of this

type of strategy on a line with mon-electrified sectionand then a longlectrified section until
the terminus. The electrified sectionusder1.5 kV DC.

Battery train- Example of charging strategy with high SoC/SoE

target
O —~
120 - 2000 O
2 100 - S
3 N~ e - 1500 2
o 80 / ~
= 60 N ot - 1000 2
o 2 ——ESSSoC
£ 40 »
g 20 - 500 g Power supply
S o -0 2
o 0 50 100 150 200 250 300 350
g Distance [km]
Q

Figured47: Example of battery train charging strategy for max SoC/SoE

After using the traction batterie on the neglectrified section, the battery train start to charge
immediately when the pantograph isenon the electrified line. The strateggqueststo reach

as fast as possible to recharge the traction batteries to maximum SoC/SoE, while respecting the
prioritization explained previously. So, the line power (grey curve) increased to maximum during
powering and coasting. But, whérains deceleratethe line power is reduced due to

regenerative power produced by theairtion motors.Regenerativdraking power is used first to
recharge the traction batteries to avoid consuming energy on the catenary line. The SoC reached
its maximum at242 kilometersaround 50 km before the end of the line. So, an important

margin for this case giveke possibilityto use otherkindsof charging optimization strategies.

In this case of study, thietal SoC discharged is 51%. By considaifdl cycle equivalent (FCE)

as 100% discharge of Satyund 0,5 FCE for this journey profile estimate the ageing of the
battery, the definition ofoperational conditions, such as timmber of journeyprofilesper day

anda fewoperationaldaysper yearis neededButalso,the battery characteristicespecially
concerning his cycle lifer 100% discharg&Vith these conditionsit is possible teevaluate
ageingrelated to cychg profile.

Additionally, this charging strategy creating higher lossehie tothe fastcharging approach.

The charging ovetefined rated current (commonly caltr@te) will give extra los® evacuate by

the battery thermal management system, so by extra energy consumption of auxiliaryAibad.

the same time, other negative impacts candetected, such as ageing of the batterieshagh
noiseemissiornrelated to the cooling of the batteries.

6.2.2 Optimization of theBattery Train Charging from
InfrastructureSde
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Fromthe infrastructureside, thismax SoC/So§trategy involveds stressful for the electrical
energy supphgystem orground. This is due to a constant maximum power at the line to the
battery train. When a fleet of battery trairia the same areaare supplied altogether bpne
substation, thephenomenoncan be quite hazardous. As different trains are requngst

maximum powerfrom the infrastructure line, an unbalancing magppenwhen atrain startsto

limit its power, and therefore another increasés power demand.

So, it is recommended to reduce the charging power, especially in case of many battergtirains
the same spot.

Furthermore for DCvoltage power supply, due to high current in the litlee normanagement

of the charging power of trains with dmoard traction batteries might affec¢he infrastructure
conditions.To preserve the traction power supply, new TS 50(fz®lication in 2025)equire
limiting the charging powewhile moving with a speed up to 8 km/lhe charging current shall

be equivalent to the maximum curreatlowed at standstill (e.g. in 1.5 kV BC300 ADC;in 3

kV DGA 200 A DC)Smilar studies were conducted in France with a recommendation to reduce
the charging power up to 35 km/h. The figutgsow showthe difference betweemo limitation

and with limitation of the charging power during an acceleration phase:

Battery train without charging power limitation at low speed

S
900 100
<" 800 %0 2
=, 700 | = 80 o0
geoo 70
S 500 €0«
o 400 50 g
£ 20 E
%300 30 ;
£ 200
O 20 9
100 10 2

0 £
0000 0,050 0100 07150 0,200 0250 0300 0350 0400 0,450 o,5o§2vavr®g

dT_
Distance [km/h] Train speed

Figure48: Battery train without charging power limitation during acceleration under 1.5kV DC
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Battery train with charging power limitation at low speed g
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Figure49: Battery train with charging power limitation during acceleration under 1.5kV DC

5.1.1. Optimization of theBattery Train ChargingWith
Respect tdB (0 O Sifedm@ a

CNR Y o (0 S NEteexhafgingTstEatedy YhSy signifieastly affect the ageing of the
lithium-ion battery. Ageing of-iion battery is depending on different factors:
M1 Calenday
Cycling
Temperature
Depth of Discharge
Charging current (@ate),
Abusive charging/discharging
Manufacturing process

=A =4 =4 4 -4 4

The charging strategy could have an impact on cycling and temperature factors. As seen
previously on the SoC/SoE max strategy, this option introduces more cycling of the energy
capacity with regular discharge/charge of the batterdsth respect tatemperature, the

charging strategy can impact the power level. Maximum SoC/SoE strategy involves fast charging
of the batteries as much as possible. Therefore, fast charging creates additional losses in the
batteries and sahe temperatureis increasing. So, ilmgving the control strategy atharging

with prioritizationon cycling and temperature reduction shall be developed.

Based orthe example given in section 6.2.1 atulrentbattery traincharging strategwith max
SoC/SoE prioritization, theharging time over 1€&presents 43% of the total charging tindost

of the chargingoower time over 1C is undéhe electrified section of the line, to recharge the
traction batteries after the norelectrified section. Some charging power over 1C also happens
on nonelectrified sectionrelated to high braking power when train stops at stations. To reduce
thesepeaks adapted driving strategies can be ugedavoid too high regenerative power.
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Battery train- Example of charging strategy with high SoC/SoE

target
o g
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o) - 800 ©
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Q - 200 Ess soc
@ o B -0 >1C charge
0 50 100 150 200 250 300 350 g
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Distance [km]

Figure50: Battery train with charging strategy oriented to high SoC/SoE objective

Anew charging strategy basé&dy’ & m/ OK | Kdauce/ttk hdatin éfféicEof tilezharging
into the traction batterieccan be introducedAti KS & YS G A Y BehefitfrdtmS NB Q &
systemic point of view:

9 saving energy orailwayinfrastructureby lower loss on the line

1 reducing power consumption on the infrastructure and grid helpstébilize the power
distribution,

9 In case of voltage leaks on the line, this reduction can suppaditdorce the railway traffic
thanks to nominal voltage conditions

The figure below shows theew SoC curves obtained by this charging strategy:
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Battery train- Example of charging strategy with "max 1C
charging"
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Figure51: Battery train with charging strategy to reduce charging thermal temperature (max 1
Grate)

According to this new charging strategyreduction from 43% to 8% has been achiewgtthe

charging time over 1C,dnicing lower temperature inside the batteries, preserving the lifetime,

while reducing the auxiliary consumption of the battery thermal management sysiethd

cooling purposeOn thisuse case, the impact of this charging strategy is really low concerning
operation,with an additionaflO km to reach the maximum SoC value (equivaledt main
FRRAGAZ2YFE GAYSO® Crgirgadnim®0 kin)inkl thé end of thelsefuide, NI |y {
therefore, a more optimized charging strategy can be use.

This type of strategy shall tested on different kind of use cases to determine if thsirging

control profile can be compliant with operational requirements.

In terms of standardisatich A G Q&4 AYLI OGAy3d (GKS SySNHe& Ylyl3aSs
Following additional requirement can be proposed:
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Optimized Data characteristics from infrastructure and To send appropriate data to create
charging operational and current vehicle speed and ESS on-board management of ESS
SoC/SoE shall be sent to the ESS control system to | charging power, considering the
manage the charging strategy prediction of energy consumption.
Optimized The charging power strategy of the ESS shall Reduction of charging power will
charging prioritize the reduction of power, while ensuring the | support slower ageing, as well as
ESS SoC/SoE compliance with the mission profile or | other benefits such as low BTMS
journey profile consumption, lower loss on catenary
line, etc.

Table 31: Additional requirements for optimized charging with "BEMU charging" energy
management function

5.1.1. Optimization of theBattery Train ChargingWith
Respect to BergyCosts

From energy costs perspectives, charging strategies can influence the energy billing, depending
on the price of energy when the charging is proceeded. The fluctuation of energy price shall be
an input parameter of the charging strategy to optimize the gsscaccordingly. Many studies
on this optimization strategy were published for electric car chargeedectric buses fleet
Typical input data needed for this strategy are:

1 Charging location

1 Energy consumption of the vehicle

1 Price of electricitpver time

This strategy will be studied in the next period.

5.1.1. Optimization of the Battery Train Charging With
Respect to grigoroduction (Rail2Grid)

As explained previously, thes/olution of renewable energy productiomill create a more
discontinuous power production profil@he management and storage of energy will be
fundamental toresponse to loads demands. Based on a similar concept from theectar,
known as vehicle to grid (V2G), railway might be an additiplagier of the energy ecosystem to
support the balancdetween demand and answer. Thesjuiresdevelopinga completely new
architecture, based ooharge and discharge control of the-board batteries of railway
vehiclesSome studies have been publisheeer past few years tdemonstrate the benefits of
suchconcept(Aruto Watanabe, 2024)
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Figure52: Schematic overview of R2G by RTRI Japan

More detailed study will be done during the next period

6.3 Preconditioning oVehicleandESS

6.3.1 Current situation of preconditioningf vehicle

As described in the chapter related to energy management functions, the existing
preconditioningfunction of railway vehicles is natptimized for alternative drive traing\look at
the typical curve of preconditioning of a trainbave a better understanding of this issu@n
the figure belowthe interior temperature (2evolvedover time (1) First thetrain stop,and the
interior temperature isset for condition in operation but without passengesa board(9).
During thisfirst phase(10), the trainisdt LY & SNIJA OS g A (i K 2 dzi
the parking mode start€3), the interior temperaturecandecreaselue tothe stoppingof the
heatingsysten®® ¢ KA & YI yI 3SYSy (i -KRJA NNE IRBEEREE 4 v 3
previous chapter of this document. During tBescondphase (11), the interior temperatureill
vary, depending on severadtors, such as external temperatysolar radiation, train cabody
insulation, etc. The interior temperatuigan drop up to a minimum value defined .(&)this
minimum value is reached, the HVAC systeatiwatedto maintain the interior temperaturgin
a third phase (12)When the request of preconditioning &tivated, itswitchesto a fourth
phase withheating systenpowering to warm the interior temperaturap to the valuedefined
fordefinedfori N> Ay O2y RAGAZ2Y daLYy &ASNIBAOS ¢AdK?2dzi
this temperature target, thedVAC system dimensionirggrucialto securethis objectivein the
expected duration (generally given by train operators, between 30 and 60 min).
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Figure53: Train preconditioning (preheating) curve of interior temperature function of time
(based on IEC 63593

Whereasthe currentpreconditioning of trainvehicles does not considére energy sourcand
its potential limitations (in terms of available energy thre onehand, but orthe other hand, in
terms of available poweto deliver). Thereforg
function and the energy storage system control is strongly recommen@dadhe following
figure,an estimation of the impact ofehiclepreconditioning on the o#board energy capacity is
stated.When arriving at terminus station on the natectrified section, the battery train keeps
the auxiliary supply activateid parking. This is necessary to allow time for passengers to get off
the train and for the driver tdinalize safety checks before switching off the tradnduration of

at least 7 minutes is caidered for this calculatiorzor the simulation, it was not efficient to

calculate while train off, sthe calculationstartsdirectly as if several houspentin real

tAY]

0SG6SSY

0KS OSKAO

conditions. Ashe trainis not energized anymore, internal temperature wikrease and
decrease, depending on external temperature conditidds.the selected battery train for this
analysis, the HVAC desigas been developed for 30 min maximum preconditioning. hase
of 30 min maximum preconditioningiistroducedin the simulatim. The values of electrical
power of auxiliary loads and of preconditioning of the vehicle have been resumed the table

below:

Table32: Preconditioning and auxiliary load power for France BEMU 1st gen train

France BEMU train 1st gen-(ars) Value Units

Average auxiliary power assumptiq 75 kW
Maximum auxiliary power

assumption 150 kw

Maximum preconditioning duratior| 30 min

Maximum preconditioning power 300 kw

These values are consistent with previous studie$d1VAC and auxiliary loads energy
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consumption(FINE2, 2023Based on this table, the following figure has been produced to
evaluate the impact on energy consumption andtward capacity during theperation.

Battery train- Estimated maximum vehicle's preconditioning
impact on service

120 2000
1800

100 1600
= 80 1400
o, 1200
Q 60 1000
N 800
40 600

20 400
200

0 0
0 50 100 150 200 250 300 350ESS SoC
Distance [km] Power supply

Figure54: Impact of train's preconditioning on the operation of a battery train

On this scenario, the energy consumption during parkinghe nonelectrified terminus station
represents 19% of SoThe first2% of SoC is uséor supplying the auxiliary load when arriving

at terminus station (7 min duration as explaineefore). The second pawiith the S KA Of SQa

preconditioning phase ithe most energy demandingConsequently, the DoD of the batteries
moves from 51% t@7% affecting the battery lifetimaelated to cycling by a reduction of 66%.
Froman operationaboint of view, theenergy consumed during standstithainly for the
preconditioning of the train, is also limiting the margincase of events on the line.

So,a smarter management afain preconditionings recommended after this analysis.

A gecific preconditioning strategy for alternative drive trains by considerinrbaard energy
capacityin the preconditioning process key to ensure good conditions fibtre nextcommercial
service

This strategy can be used as well for conventional trampreserve infrastructureOn existing
infrastructure, by reducingnergyconsumptionand the power level of the preconditioningor
new infrastructure, especially dedicated to netectrified station, it may allow significant cost
reductionby avoiding high voltage substation and overhdads if the preconditioning of the
train can be supplied by an external shore.

Additionalllz G KSNBE Qa NI Ilj dzA NBisSion duringR&BKing idtpsoentet 2y 2 A
Preconditioning strategy can be adapteddd: @S | aVY220KSNJ LINBO2Yy RA
of the HVAC system and therefore, important noise emission.

Another alternative is to install a shore supply éorergy supply of the auxiliary loads of the
train. As described in the chaptezlated to energy management functions, the shore sumgaly
deliver an intermediate power leveht 400V AC 3ptBasedon common requirements, the
performance of EN 50546 pluganreach around 85 kVAherefore, several plugs might be
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necessary to be able to deliver the power requested for the preconditigmntp limit the
preconditioning power, but impacting thduration and the operational management.

6.3.2Preconditioning analysis for Northern Europe

Battery vehicles have specific challenges in Nordic countries related to the climatic conditions
that occur during a considerable part of the year. When parking, idling, or stabling, trains are
typically standing still for minutes or hours in an open emwvmnent, so train and OESS conditions
will be those of the environment while needing to ensure acceptable internal climate when
operation starts.

For lower temperatures, the maximum charge of the batteries can be significantly reduced, and
charging speed can also be affected. Apart from the technical challenges there are operational
ones too, as the energy needs to be used for heating purposeéieig, HVAC) while in diesel
GNI Aya KSFHdG t2aasSa Ory 0SS dzaSR F2NJ GKAax &Ss$s
2F GKS (K Smemantiez, 202 Naandakpreconditioning is of course intertwined with
the more general thermal energy usaggpects butre especiallycritical when considering that

the approximate percentage of time of different trains in service is around 30%, with the rest of
the time in parking or stabling situatioif¥inberg E. M., 2018)

Existing battery cells typically used in road EVs have an allowed temperature range from approx.
-40 °C to 60 °C, bub maximize their life, capacity, and overall performance the suggested
operating temperatures rangis between 10 °C and 35 °C. To achieve this, Battery Thermal
Management System (BTMS) are used, whialmageshe heat generated in the cells for the
battery to operate efficierly. Most of these systems are targeting safety related issues like
overheating, and not that much the thermal prewtitioning of batteries before vehicle

operation.

When specifically considering battery preheating for low temperature operation, there are
recent publications on the existing techniques and soluti@s/Nu, 2020)hich can be

classified as Internal and External Heating techniques. While for External heating there is always
a need for a connection to additional componentsthe infrastructure side, Internal heating

can be performed while not connected to any heating or electric infrastructure, while also still
being able to connect to additional components for increasing the external energy input in the
vehicle before operion.

For vehicle preheating considerations in the system energy optimization, there is a limited
number of publications studying energy use of stabled or parked vehicles. For metro systems,
heating has been found to account for 11% of the total energy consempfivehicleqJ. P.

Powell, 2014)For intercity services in Sweden, the estimations of auxiliary energy usage vary
between 19% in summer and 30% in winf¢mberg E. M., 2018)ndependently of the technical
systems proposed for vehicle environment preheating, the operational cycles including parking,
idling, andstabilityneed to be considered.

From an energy optimization perspective, there are different interesting analyses to be
performed:

Balancing battery performance with increased energy due to battery heating: optimal
operational temperaturesffectthe battery chemical processes, and thus maximum storage
levels, energy consumption, and more, leading to different energy use and train range
optimization possibilities.
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The possibility of connecting before starting operatiorabintermediate operative stops allows

for extra net energy that would not need to be utilized from threboardESS, be it for the
preconditioning of batteries or the whole train. Different technical solutions will enable a variety
of energy and thermal flows, affecting the optimal strategies in combination with different
operational cases.

Battery and vehicle preconditioning are then key features for vehicles to have, especially in the
Nordics. TRV and KTH plan to perfgaliminaryneeds analysis for the Nordic countries, and
these Energy Functions will be modelled and implemented into their own simulation tool as a
key feature, together with Power Peak Shaving EFs.

6.4 Auto Adaptative Train EnergyConsumptionFunctions

At first, a proposed definition ofauto adaptiveenergy management functi@énas no one has
been defined previously according to standardization documents reviéw@alQa A YLI2 NI I y
that 2 partsmustbe considered:
T M0 a! dzi 2 >+ RO LG HF ( As@itadadiveGledns t6 Ihe alde to adapt
automatically
T HO G9YySNHE YI yladdestdhgdipreviodsly @helge ifahagement function
managed by a command.

So,tt5 RS TAYAGA 2Bunciodatsel D@ divRhlg andl é@n infrastructure with the
objective to reduce energy consumption, while being able to automatically adapt to change
operational/environmentally conditions (or boundaries). Function can be based on different
approaches, suchs rulebased, learningpased or hybrid, to manage the performance to achieve
the objectives

Auto adaptativefunctions are already existing in railway applications and more globally to the
mobility sector.Railwheel adhesion control ia typical example of auto adaptative funatio

This function is describedl & LINB @A 2 dza & U dzRBeSlipxantoKsysted refct§ A T 0 1 w
preventing the total blockage of thexles andgossibly bringing each axle into a controlled sliding
situation until the best recovery of the available adhereh@datteo Frea, 2019)In other
transportation mode, a verwell-knownauto adaptative function is the adaptiveont light

system forroad vehiclesThis function allows to automaticalfdjust the front lights of the
vehicleto compensate road curves, improvitige visibility for the driversThe simplified scheme
made by car manufacturer Nisshellow explain the principle of this auto adaptative function

Figure55: Auto-adapting front lightning system by car manufacturer NISSAN
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Regarding auto adaptatiieinctionsrelated to energy savinghe first stepis toanalyzethe
table of energy management functions identifiedRAILAEARTptoject.

No | Energy Function Auto adaptative Energy managent function

1 Eco-parking mode Yes, if connected to a weather database, eco-
parking mode can adapt the regulation to control the
interior conditions.

2 Preconditioning of passenger compartment |[Yes, i f the vehi ishdapdirghipr
power and/or duration automatically, based on
conditions such as external temperature or on-board
energy available.

3 Preconditioning of battery Yes, iftheb a t t erecomdidlianing is adapting his
power and/or duration automatically, based on
conditions such as external temperature or on-board
energy available.

4 BEMU charging Yes, the battery train charging can be auto adaptive.
For example, if the battery charging is adjusted to
the route profile or mis
changing the charging power level depending on
predictive load profile

5 Driver advisory system Not in case of Stand-Alone DAS (S-DAS).

Yes in case of Connected DAS (C-DAS). C-DAS is
calculating and providing adapted speed profile to
optimize the trains traffic, while reducing the energy
consumption. The speed profile is updated
automatically according to several parameters likes
train characteristics (load condition, tractive
performance, etc.), train traffic conditions, signaling,

etc.

6 Shore parking energy supply Not auto adaptative

7 Lift & drop of pantograph Not auto adaptative

8 ESS protection and diagnostics Not auto adaptative

9 Train driver information Not auto adaptive for some train driver information.
Range calculation can be auto adaptive if predictive
(e.g. variation of the range according to current load
conditions or auxiliary load consumption).

10 | Peak-shaving Yes, if peak-shaving is managing dynamically the
loads according to a predefined strategy.

11 | Optimized regenerative braking Yes, if optimized regenerative braking is based on

variable parameters to prioritize on-board
regenerative braking (e.g. SoC window keep free for
future braking and regenerative energy is changing
depending of predictive regenerative braking to save
or varying due to current temperature level or ageing
of the batteries)

Table33: Analysis oRAILAEARTe&hergy management functions list for compatibility to be auto
adaptive

Additionally, other auto adaptative energy management functions are used in railway, such as:
1 CO2 sensors for HVAGntrol A Automatically adapt the HVAC powaecording to the number

of passengers into the rolling stock.
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1 Automatic Train OperatioA Automaticallyadaptsthe speed of the vehicle dependion
several parameters to ensure the safety of the operation, while optimizing the energy
consumption

9 LightsintensityA Automatically adapts the interior lights intensity dependomgthe externa
conditions

9 Etc.

Leader SNCFContributors: FSI, TRV

The study purpose is to evaluate different kind of solutions on alternative drive trains to
determine the most optimized combination, based on sysiewel indicators. The objective is to
define a methodology to compare solutions of alternative drive sqig. Battery trains, Diesel
Battery trains, Hydrogen trains, etc.) on several scenarios and use cases. Based on this
methodology, a comparison of different solutions to optimize energy performances and cost
savings can be achieved.

7.1 Methodology approach

The objective is to develop a methodology to compare different solutions of alternative drive
trains and their related systems (e.g., charging infrastructrgfeiellingstations, etc.) in the
preliminary phase. The methodology will have a systemic vision, considering rolling stock,
infrastructure, and operational aspects.

The comparison primarily focuses on energy savings to define the best way to optimize energy
consumption according to a given scenario. This type of study to compare energy consumption
or CO2 emissions of different kinds of traction system technologiesiie and more common

0 Y LIS Iy ABdKadin, 2082)Cemplementary, the approach will also include other
aspects such as cost and compliance with operational requirements.

As a first step towards introducing a standard methodoldlyg criteriaare limitedto energy,

cost, and operations. The solutions to evaluate and compare will be described in the form of
"use cases" and "scenarios." Use cases describe a real or virtual railway line associated with a
type of operation (regional, suburban, intercity, ethese cases should be representative of
other types of railway lines in a country or region. Scenarios, within each use case, allow for the
examination of a specific cdition. For each scenario, it is necessary to evaluate the impacts
from operational, infrastructure, and rolling stock perspectives. All scenarios and associated
impacts will be evaluated according to the defined methodology. The overall analysis of all
seenarios will provide information on how much they influence the criteria defined in the
methodology for systertevel optimization.

The comparison will be based on simulations and calculations to produce the results.
Additionally, real data measurements may be used to support the accuracy of the estimations.
One of the major expected outcomes of the methodology is to define harmopiesksses and
references to create a fair analysfsreferenceo current standards regarding energy
consumption specifications and energy efficiency for railway applications. The contents of the
Committee Draft (CD) of IEC 63593 "Specification andoadiifn of energy consumption™” and

Raill4EARTEIGA101101917 125|
171



* %
* 4 %

= i
< 42—
asATH

- . L
=urope’'s -

IEC TS 63498 "System energy efficiency" are major inputs to develop such future standard
methodology.

Theestimations will be based on an annual period, extrapolating energy consumption over one
or several cycles as a baseline and then combining with operational data to create energy
consumption per day, week, and year, as well as cost (CAPEX/OPEX) andiZiéheq

emissions. Regarding cost evaluatioansideration otosts at the vehicle and infrastructure

level for the operational phase. Construction and recycling phases are not considered in the first
step but may be studied in the future.

7.1.1 General criteria definition

In line with the systemic vision for this studyproposato define general criteria based on the
three fundamental components of the rail system: rolling stock, operations, and infrastructure.
Given that focus on alternative drive trairibe intention isto incorporate two additional criteria
concerning the Energy Storage System technology and Energy/CO2 emissions.

For eactriterion, sub criteria will be defined to deeply analythe performances. According to
sub criteria results, ariteria ranking will be created. From O (lowest score) to 10 (highest score)
use case and scenarios wgét a ranking on the 5 main general criteria. The summation of the
scores of theseriteria is giving the total general evaluation. Higher the total general evaluation
is, better the performance of the solution is estimated. This total general evaluation score is
providing a propodao classify the different solutiorenalysed. The ranking obtain can be
readapted depending on othearioritized criteria.Forexample,a use case with eajor hurdle
F2NJ AYVFNF a0NHzOGdzNB 62N] 4 GKS a02NAobEply2 T aAy ¥
with this input condition.

7.1.1.1 Operational criteria

7.1.1.1.1  OperationQiteria

From operational perspective, the definition ®triteria on:

f Driving styled Driving stylemight be different dependingn operational conditio® ¢ KSNB Q&
typically 3 different type of driving stydealtout, scheduled, eco. Each driving style his
own characteristics and will bietailed later in the report,

1 Journey Profile Complian@g For every use case and scenaewealuationof timetable is
respecting along the route

1 Mission Profile Compliand® Evaluating compliance with various service types potentially
utilized in transportation planning.

1 Maximum duration of servicetopsA This criterionis linked with the minimum State of
Chargeobserved during the load cycle. At this minimpwint, anestimation ofthe maximum
time to spend at standstitlue to a service stojs produce To calculate this duration, the
difference of SoC between the minimum SoC valué lowest nominal value of S§@%). The
value obtain is giving a quantity of energy available inside the battdrieen, according to
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the assumption of auxiliary load powehe conclusioron thetime to allow for supplying
auxiliaryloads during abnormal operation sta@an be found

Final Energy Consumption per Offered Transport (KPI given in IEC TS 63498 CD): Measuring

final energy consumption per potential passenger transport, in kWh perlgkesetre,
considering fully occupied seats and standing passengers. This calculatisedobéhe final

net energy consumption measured at the point of common coupling and offered transport as

the number of seats times total train kilometres.
Share of Energy Consumption during parking phases (KPI given in IEC TS 63498 CD):

Percentage of energy consumption for trains in parking mode, calculated based on energy

used at the pantograph point and final net energy consumption at the point of common

coupling.

Use Case

Operation
Driving style

Operation
Journey
profile
compliance

Operation
Mission
profile
compliance

Operation
IEC 63498 CD
KPI2
(Wh/seat.km)

Operation
IEC 63498 CD
KPI5 (%)
Share of energy,
consumption for|
parked trains

Operation
Duration of
service stop

Operation
General
Evaluation

Use case &
scenario
(solution)

Scheduled:
1pt
All-out = 2pt

Compliant
with journey
profile = 1 pt

(scheduled
driving style),
2 pt (altout
driving style)

Compliant
with mission
profile == 1 pt
(scheduled
driving style),
2 pt (altout
driving style

Compare to
reference value
with full
electrification
If below = 1 pt
If higher = 0 pt

Compare to
reference value
with full
electrification
If below = 1 pt
If higher = 0 pt

Duration <0
min = 0 pt
0 min <
Duration <
60 min =1 pif
60 min <
Duration <
120 min=2
pt
Duration >
120 min =

3pt

Between O
10

Table34: Operational sub criteria ranking proposal
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7.1.1.2 Rolling stock criteria

Fromvehicleperspectivea proposathe definition of3 sub citeria on:

1 Vehicle Energy ConsumptiarCalculation of energy consumptiaver electrified
and nonelectrified sections.

1 Vehicle Cost (CAPEX and OREES}tablishing the investment and maintenance costs
over the vehicle's lifetime. Alternative drive trains are currently more costly than
conventional diesel or electric multiple units, with a standard rolling stock lifetime
fixed at 30 years.

1 Vehicle energyanagement functions (e.gqutomatic lift/drop of panto, peakhaving, etc.)
A Considering potential energy management functiactivationduring the cya, affecting
the energy consumption and consequently the (i G SdCh S Q a

** %
* 4 %

L

Rolling stock Rolling stock Rolling stock Rolling stock Rolling stock
Vehicle Energy CAPEX OPEX Vehicle Energy | General evaluation
Use Case -
consumption Management
functions
Use case & Compare to Vehiclepurchase Vehicle Usingenergy Between O 10 pt
scenario reference value | costcomparedto maintenance management
(solution) with diesel traction | reference value | cost compared | functions to ave
by ratio between | for diesel trainby to reference energy for
diesel traction ratio between value for diesel improving the
energy diesel trainand train, ratio performance,
consumption and use case / between diesel | No function used =
use case / scenarig scenario vehicle train 1pt
energy type maintenance Function used = 0
consumption, Ratio<1=3pt | costanduse/ pt
Ratio< 1 =0 pt 1 <ratio < P =2 | scenario vehicle|
1 < Ratio 8 =1 pt pt type
3<Ratio<42pt | 35<ratio<51 | Ratio>2 =3pt
Ratio > 4 3 pt pt 15<Ratio&=
Ratio > 5= 0 pt 2pt
1<Ratio<1,55
1 pt

Table35: Rollingstock subcriteria ranking proposal

7.1.1.3 Energy storage systeariteria

For the Energy Storage System (ESS), three additional parameters will be used to
evaluate scenarios and related ESS technologies:
1 ESS Estimated Lifetime: Estimating aging based on the Depth of Discharge (DoD)
throughout the cycle, evaluating full cycle equivalents per year.

1 ESS Estimated Cost (CAPEX and OPEX): Considering aging and substitution costs for

cost analysis.

1 ESS Auxiliary Energy Consumption: The auxiliary components necessary for ESS
operation affect the train's energy consumption and operational range.
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ESS ESS ESS ESS Rolling stock
Use Case Estimated lifetime CAPEX OPEX Auxiliary energy | General evaluation
(cycling) consumption
Use case & ESS lifetime ES$urchasecost ESS ESS auxiliary Between Og 10 pt
scenario estimation based compared to maintenance | consumption power
(solution) on cycling affect reference value | cost compared| compared to train
ESS lifetime & for dieselengine to reference level auxiliary
years = 1 pt by ratio between | value for diesel power
5 < ESS lifetime <| dieselengigeand engine ratio Ratio < 10% 2 pt
10years = 2 pt use case / between diesel | 10% < Ratio < 25%
10 < ESS lifetime § scenario vehicle engine 1 pt
15 years = 3 pt type maintenance Ratio > 25% = 0 pt
ESS lifetime > 15| Ratio<1=3pt| costand use/
years = 4 pt 1 <ratio < 3,5 =2 scenario vehicle
pt type
3,5<ratio<5=1 Ratio>2=3pt
pt 1,5 < Ratio <2 5
Ratio >5 =0 pt 2 pt
1<Ratio<1,51
1 pt

Table36: ESSub criteria ranking proposal

7.1.1.4 Energyand COZriteria

For energy criteriathe recommendation i$o consider two parameters:

1 Energy Price: The cost per unit of the energy source.

1 CO2 Equivalent Emission Factor: Dependent on the energy source type, values should be
selected according tBuropean hational reference$EEA, Greenhouse gas emission intensity
of electricity generation, 2024)r specified by train operators or energy purchag&sICF
VOYAGEURS, 20kutsche Bahn, 2025)

Use Case Energy _ CO2 equivalent emission factor
Energy price
Use case & scenario (solution) Energy price calculated from the CO2 equivalent emission calculated
infrastructure energy consumption. from the infrastructure energy
Energy price is compared to the consumption and according to CO2
reference value with diesel energy by g equivalent factor, depending on the
ratio type of energy used. CO2 equivalent
emission is compared to the reference
Ratio < 25% =5 pt value with diesel energy by a ratio.
25% < Ratio < 50% = 4 pt
50% < Ratio < 75% = 3 pt Ratio < 1% =5 pt
75% < Ratio < 90% = 2 pt 1% < Ratio < 2% =4 pt
90% < Ratio < 100% =1 pt 2% < Ratio < 4% = 3 pt
Ratio > 100 % = 0 pt 4% < Ratio < 8% = 2 pt
8% < Ratio < 24% =1 pt
Ratio > 24% = Opt
Table37: Energy and CQO&ub criteria ranking proposal
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Regarding infrastructure, key criteria are essential for proper comparisons, especially if new
infrastructure is required to meet use case requirements, considering financial impaots
criteriaare suggested

1 Infrastructure Electrical Energy Consumpt®nThe final net energy consumption at the
point of common coupling, defined as inflow minus outflow from the entire railway system.
This sub criterion is based on IEC CD 63498.

1 New Charging Infrastructui® Identifying the need for new charging facilities.

1 New Charging Infrastructure Type Classifying types of charging infrastructure, such as
stations, electrified islands, partial electrification, and others for trains witihoard energy
storage, or stationary, mobile, esite stations for refuelling trains.

1 New Charging Infrastructure Total Cost (CAPEX and @PE3t)mating the total cost of new
infrastructure, including purchase, installation and maintenance.

1 New Charging Infrastructure Lifetindg Estimating the lifespan of charging infrastructure
using stateof-the-art studies, such as those from Clean Hydrogen Partnership regarding
hydrogen refuelling stations.

Infrastructure Infrastructure | Infrastructure
Infrastructure Infrastructure New |  Infrastructure . ; .
. . New charging | New charging| New charging
Use Case Energy charging New charging | . . .
Consumption infrastructure infrastructure type infrastructure cost| infrastructure | infrastructure
(CAPEX) cost (OPEX) lifetime
Estimationof
Infrastructure the
energy If new charging maintenance | Estimation of
consumption infrastructure is Estimation of cost of the the useful life
compared to needed, therefore acquisition cost of charging of the new
reference value | severalimpactsto the charging infrastructure charging
with diesel traction| be considered (cost infrastructure reference cost| infrastructure
Use case (for diesel, same planning, etc.) Classification of reference costis| is thediesel compared b
. value of energy Nonew charging . the diesel refueling diesel
& scenario . . hd charging i . - )
(solution) consumpthn infrastructure = 2 pt infrastructure refl_Jellng station s_tatlon refue_llng
between rolling Newshared Ratio <25%=0pt | Ratio<25%= station
stock and charging 25% < Ratio < 50 Opt Ratio<1=0p
infrastructure is | infrastructure =1 pt =1pt 25% < Ratio 4 1 < Ratio < 2 3
used) New dedicated Ratio > 5G= 2pt 50% =1 pt 1pt
Ratio<2 =1 pt charging Ratio > 50% = Ratio >2 =2 pt
Ratio <4 =2 pt | infrastructure = 0 pt 2pt

Table38: Infrastructuresub criteria ranking proposal

Tocalculatethe cost of additional infrastructure,look on the estimation otharging

infrastructure cosis neededAccording to previous publications, suchveesband der

Elektrotechnik Elektronik Informationstechnik e. V. (VI@#).Klebsch, 202@ata related to
CAPEX and OPEX costs for the different kintkcbhologies (diesel, hydrogen, battery,
electrification)have been collectedrheworking groupcheck theassumptionswith other
publicationsand articles to define common data bafse the evaluation. Foexample,on the
electrification costs, seeral papers such asientific papelStreuling, 20219r thesis on
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7.2 SimulationTool
7.2.1 SNCHmulationT22f da{ Laot he

{b/ C arayvydzZ I GA2y &a2F0¢6l NS yIYSR {Laoth ¥F2N
dz aSAY RQdzyS tfFGSTF2NXYS t2tedlFtSyidsS »LJ2dzN
translated agiSimulation of infrastructure and rolling stock ins@@olyvalent platform for
LISNF2NXYIFyOSa yR 2LIAYAal (kElyto Simudate tzé énérdy2 y & € &
consumption of rail vehicles according to different parameters (driving styles, characteristics of
the rolling stock, etc.) inside a sleglatform including different librarie$unctions,and models.
SIM3PO tool is founded on 3 numerical tools:
- MATLAB/SIMULINK for the modelling and simulations,
- Gitlab for the management of the models and libraries revisions, including also a wiki, logbook for
the validation of the models, studies review, etc.
- SharePoint used to save, organize and share information, with a list of projects with all related
documents.

4 (A

J &
J RSa

The simulation tool is basedly’ 'y aC2NB I NR¢ | LILINRBF OKXZ o6fS (2
of vehicle or the degraded modeand check the impacts on the performance (acceleration,
speed time duration,etc® CNRY (G KS LI2gSNJ SYySNHe& &a2dz2NOS aAy
of the train, the modelling is considering the physical limits of the traction system. Different
algorithms have beeget up for the driving style:
1 All-out drive: Maximum traction and brakirefforts of the vehicle is used while respecting
the speed limitations of the infrastructure. Objective isatthievethe shortest running time,
9 Scheduled drivingRespecting thé&ransit point defined along the linavithout any objective
to optimize energy consumption,
1 Eco drivingRespecting the transit point defined along the litles driving styldooking for
energy consumptiomeduction, such as coasting
1 Speedollow-up: Used toreproduce a speed profileeference, from a train measuremenr
from a DAS or AT@efinition.

SIM3PO
Software tool: SIM3PO => Matlab Simulink 2.l

Timetable Driver (or ATO) Achievable

== = timetable -
‘ ¥ el WHHHEHEH
l — .' il i E el RLAJHLLLIA
Energy ‘- : /
- [ — | — consumption (42 , J——
during R

Rolling stock service I u] ”le 5

(I
Infrast t @ Rangem
nirastructure .
operation [}

Environmental
conditions

M *".L'Jl‘:‘\-v#ﬂ|'\k m

Figure56: Simplified scheme of SIM3PO simulation tool.
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SIM3PO simulation tod also based on a modular architecture. Be#&ingfor each component
is establishedbn an object approachnd also adibrary (including physicals and controls
elements) With this approach, ils simpler to build train model by reusing previous modelling
blocksfrom other train projects into the simulation toolhe figure bellowsepresenting an
example of libraries available in SIM3PO tool:

= X B g

.
|
o d

Consommateur Disjoncteur Frein Infrastructure MachineElectrique

Pantographe PMCF Reducteur

=G B [l

Transformateur BilanDesForces ChaineDeTraction PileACombustible

o
g g
k3 3
i
<
E

Figure57: Librariesfor rolling stock inSIM3PO tool

7.2.2 KTHSmulationT2 2 Rail Wehicle Energy
Calculatog

YCI aAYdz | GA2y G22f asla MATLAB®&SAdQSitnBation 1o& d6BEddo / | £ O
calculate the power and energy consumption of a rail vehicle traveling along a defined track. The

dza SNJ OFy OKI NI OG4SNR&AS (KS aAaydzZ A2y 06& RSTAY
characteristics, traedn chain efficiencies maps, auxiliary power demand, track gradients and

curves, driving style, and station locations etc. The tool can also simulate a mix of driving styles in
the same simulation, by varying the percentage of traction, mechanical brakohgegenerative

braking utilised per track section, as well as applying coasting. Additionally, the user can define
several constraints such as limitations due to comfort and available adhesion, timetable, track

speed limit, maximum braking forces and eegrative brake limitations. To simplify the user

input and computational burden, the tool also includes two additionalgmacessing functions

to aid in defining track breakpoints based on track gradient and speed limit, and to define curve
equivalent ralii.

The tool treats the train as a point mass object and computes the energy consumption using
backwards computation from wheel via traction chain to energy source (catenary or battery),
discretising the simulation based on distance step (can be user defif@d@¢ach discrete step

the tool computes the instantaneous speed, torque, power demand, braking power and running
mode. The computed results are pgatocessed and the results such as speed, torque, and

power profiles as well as net and gross energy e®d to the user.

The tool has been developed for applications targeting energy related questions within railway
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research. In its current version it includes both catenary and battery power train topographies,
but it is possible to further develop the tool to cover other energy sources e.g. fuel cells.

7.3 UseCases andxenarios
In this chapter, the definition of use cases and scenarios for the optimization of energy at system
levelare presented
Use cases is the description of a real or virtual railway line, linked with a type of operation
(regional, suburban, intercity, etc.). The use cases should be representative to other kind of
railway lines ofcountry or from a region.
Scenariosre definedfor in each use case ®valuatea configuration of one or several solutions
All scenarios will bevaluatedaccording to the methodologgescribed in the previous part of
the report The global analysis of all scenamnol give a tendencgnd so, supporting the
decision of appropriate technology.

A list of use cases and scenarios will be created continuously during the WP1 project.
For France, a first use case of a regional uphill/downhill line wdielseribed and analyzed.

For SwedenTRV and KTH plan to study cases interesting for the Nordic countries. The proposal
is to study partially electrified lines where a certain percentage of the track is electrified with
conventional catenary, and the rest is not electrified. Then studieadimd) end point charging,

fast charging points, etc. vs. battery size will be performed, including also some selected energy
functions like PPS and preconditioning. Specific situations centered around extreme
temperatures or climatic conditionsill also be proposed. Interesting cases are being identified

at the moment.

7.4 Analysis andomparison of theResults

741 348 Ol & Segioralphif B2 y KA £ £ A
(UC1)

The first use casgJCl)description is based on France regional service, with an uphill/downbhill

line proline. The length of the route is 35,6 km, and his electrified from the starting point in

station A until 2,5 km. The voltage supply is 1.5kV dc in this scenario. The gradiepdrtant

on the uphill way, with a value of +5,2 mm/m, and so negative on the downhill-ay,mm/m.

C2NJ 6KS 2LISNIGA2y> GKSNBQONBE 1 AYOISNNXYSRAFGS ad
between station of 4,4 km. The shortest distance between station is 1 km (between station B &

C), and the longest one is 11,1 km (between station H & I). In eadbrstatstopping time of 1

min is used.
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Station Distance between
station
0,0
3,5
1,0
2,0
2,6
4.8
6,9
3,9
11,1

— | ZT|OMmMOO|m >

Table39: Distance between stations on France UC1

Basedon the previous table, all intermediate stations are on the +sdectrified zone of the line.
Therefore, battery train shall be able to supply auxiliaries loads during the stopping time.
The figure bellows shows the corrected gradient profile (blue curve) in mm/m unit, the
electrification section (orange curve) and the stations on the line (grey dot).

25
20
15
10

Figure58: Uphill/Downhill line profile characteristics, including electrification arstations.

The reference to compare for treeenario based on alternative drive trains and their related
systemwill be a dieseinultiple unit (BMU). The vehicle characteristiese as following:

UC1 Dieselrainreference
characteristics
Number of Cars 4 cars
Maximum Speed 160 km/h
Traction power (catenary) 1.8 MW
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Voltage supply

25kV AC + 1.5 kv DC

Diesel Engine Power 600 kW

Number ofDiesel Enginger train 2
Auxiliary power (high/cold external temperature condition 150 kw
Auxiliary power (average external temperature conditiony 75 kW

Table40: Characteristics of referenceBMU for regional operation in France

According tahis use case and infrastructure and operational conditions to applyfahewing
general evaluation has been obtainbdsed orthe different criteria

Operation | Vehicle ESS Infrastructure Erﬁigszion Total
Use Case General General General General General
) ) ) ) General )
Evaluation| Evaluation| Evaluation| Evaluation ) Evaluation
Evaluation
UCIcFR/DMU& 9 1 1 1 21
No electrification
Table4l: Use case 1Reference Scenarigeneral evaluation table
Raill4EARTHGA101101917 136|

171




ailsv%
5‘ |‘:P+34“:;,!j,t ATH .

- . 7}
=urope’s ar *k ¥

7.4.2 Usecase 1{ OSy | NJGenerationdBaitery
Train inOperation, with existing infrastructurand
operational condition$

This first scenario will be focused on%gdkeneration of battery trainBy P! generation,it means
aBEMU based omass production battery technology and so available onntiagket.
Concerning infrastructure and operations, tbarrent conditionswill be applied to check ifs1
generation battery train can be suitablgthout any modifications on these 2 aspects.

Operational impact analysis:

The first sub critedn ison the driving stylesAll-out driving style means the requirement to run
along the line in the shorter time condition, while respecting speed limits and according to
maximum traction and braking power performances. Consequently, energy required for the
vehicle is important toeach maximum speed. K $ruiging driving is another type of driving
style. This style is more representative of normal driviegditions. The train is driven with the
objective of being on time at eadefined points on the route. Defined points could train
stations when the train stops, @rea alonghe line, such as switches between single and double
tracks.

Anevaluaton ofthe impacton the driving styles for thesluse case andsiscenarias given

bellow:

Battery train service without additional infrastructure

120
100
80
60
10

20

SoC [%] f Train Speed [km/h]

0 10 20 30 40 50 60 70 80

-20
Distance [km]

Figure 59: 1st gen regional battery train service in aut driving, without additional
infrastructure

In these conditions, the SoC drops at the end of the uphill route from 100% to-86%)( after

a trip duration of 38 min. The train is using the electrified section at the departure station A and
then switch from electric to traction battery mode at ZBn. In this scenario, an assumption of
signalling display eground to inform the train driver about the end of the electrified sectiens
considered The train driver can switch the energy supply mode of the rolling stock from
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catenary mode to o#board traction battery mode, while running. To prevent time reaction of

the driver between the signalling and the end of the electrification of the line, an estimated loss
of 200 m is considered. During the running, when train brakesyégenerative energy can be

stored into the traction batteries. Therefore, SoC increased at each braking phase, so typically at
each stopping station.

In this scenario, the end station is not electrified, so energy from the traction batteries shall be
dza SR RdzNAYy 3 GKS GdzZNYyIF NRdzyR GAYS (2 adzJili & §NY
devices. The turnaround time duration is 13 min and th€ $&xduced from 56% to 48%.

After this stop, train goes back downhill, with same stops than thewag. The energy

requested is lower than the uphill way, so the SoC decreased up to-38%)( until to find back
the electrified section, and so lftp the pantograph to switch frorhattery to catenary mode

and start to recharge the batteries at the same time. The trip duration is 37 min, in the same
order of the uphill travel time. During the running of 2,5 km in catenary mode, the battery SoC
moved from 18% to 31% in 3,5 min. Thatikkigh power battery DC/DC converter, and because
of train running, with higher current limitation level from the infrastructure (compared to
current limitation at standstill), the charging time is reduced.

The cycle ending in station A, under catenary, with a turnaround time of 16 min. The battery can
be recharged, but with lower charging power due to current limitation at standstill (in 1.5kV DC
voltage, the maximum current at standstill is 300 A DC). Tte of charge reached 42% at the
end of the turnaround time, almost half of the SoC at the departure of the cYhke.conclusion
isthe incompatibility of these conditions to repeat cycles along the day on this line.

Operation | Operation Infrastructure

Journey Journey | Operation venicle | Vehicle Vehicle Vehicle Vehicle Infrastructure Infrastructure New Infrastructure

profile profile Duration Vehicle SoC Energy Energy New New Energy

- . N 1 Type Lower New - Electrification

compliance | compliance | of service of train SoC DoD End Management | consumption Substation Electrification Total Cost management
/ Shuttle / Other stop Cycle functions CFO length (km) function

service service

Operation | Operation
Use Case| Driving Timetable
style compliance
6acl

UCI¢FR/
BEMU 1
gen & No All-out Yes No - 51
additional
infra

1st gen

o -110% 0 - - -
BEMU 19% 110% 42% No 739,2 No

Tabled42: France UC4S1- Comparative criterion synthesis for atlut driving Operational impact

Now an observation ofhe effect of respecting the timetable given for commercial service on the
line. On the uphill way, the time required is 46 min (+8 min compared-auakirive). Train

stops 1 min at each intermediate station on the line and the turnaround time at tigesgation

is 13 min in station | and 16 min in station A at the end of the cycle, so same as previous
simulation in alout driving. After this turnaround time, train going back on the downhill way.
The time for the downhill way is 48in (+6 min compared to atlut drive).

The scheduled driving style based on a calculation to optimize the running speed of the train to
reduce energy consumption. The strategy compares the margin between the minimum time to
run, so the alout time, and the time require in the timetable. At lamargin is calculated
between each train stations where the train shall stop. But most of the time, additional points,
a2 OFftfSR a3aFGS¢x NS RSTFAYSR Fft2y3a (KS fAyS
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be linked to the tracks or to signalling and are necessary to ensure traffic compliance with other
trains. The margin is allocated between the gate to reduce the speed and obtain a low average
speed.

Comparison of driving styles betweenallt and scheduled
between 2 stations

120
< 100
g 30 / \
- 60 ——— Speed all-out
o 40 /
g Speed Scheduled
»n 20

0 Track speed limit

0 0,5 1 1,5 2 2,5 3 3,5 4
Distance [km]

Figure 60:Comparison of driving styles between albut and scheduled driving on the line
between station A and B

This lower average speed gives a smaller amount of energy consumption of the train. The figure
bellows shows the effect of this optimisation strategy of driving between 2 stations (A and B)
with a reduction of the average speed-46%.

Ananalysis othe results on the full cyclis done On the uphill side, the train is respecting the
required time of 46 min. The SoC drops from 100% at the departure station Al to 60% when
OGN AyQa ad2L) G adraAz2y ! @d® hy GKS R2gyKAT
timetable. Afterlosing 5% of SoC during the turnaround in station A9, the SoC fallen to 44%
when arriving the station Al and after charging during turnaround time, final SoC value is 58%.
The SoC minimum value is 299%t joefore switching from battery to pantograph mode on the

way back to station Al.
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Battery train service without additional infrastructure /
Scheduled driving

120

100 =g
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60 L
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20

SoC [%]
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-20
Distance [km]

Figure61: 1st gen regional battery train service icruisingdriving, without additional
infrastructure

Operation | Operation .
Operation | Journey | Joumey | OPErt | VENIEl | yeni Vehicl | venicle Vehicle Infrastructyr | MfrasTuctur | Infrastructur

Operation n el Infrastructur e New e New

Use Casef  Driving ;:rtlJT'letl?:l!li c:r:'lofll:ee;nc ccfrl;or;::\nc Duration Type Lo:/er \e/eDh(IJ(I:DI eEi?iC Mal;:'lgeregrien COEZ::I‘?yIIO e New E\eecl’:fei(‘:ni’atio Electificatio Energy
style P P P of service|  of o€ P Substation n Total Cost | management
e e/ Shuttle | e/ Other stol train SoC Cycle t functions nCFO n length (km) bacl function
service service P

UCI¢ FR

/ BEMU 15t

st

1"gen& | Schedule Yes No - 78 gen | 20% | -73% | s8% No 490,56 - - - No

No d
additiona
| infra

BEMU

Table43: France UC1S1- Comparative criterion synthesis for Scheduled driving impact

Turnaround time and mission profile:

As seen previously, the operational and infrastructure conditions are limiting the potential new
cycle on the same line. So, adjustments of turnaround time and journey profile can be necessary
to recharge the batteries for future service.

The first adaptation is on the turnaround time. By adding extra time, the train can continue to
recharge the batteries. The main issue is to quantify how much energy shall be recharge for next
service. If no value is defined, the worst case is to chargjetbe maximum SoC of the batteries.

On the example given here, the battery can be charged at standstill under 1.5kV dc voltage. As
the allowable maximum current at standstill is 300 A dc, it means 450 kW power to supply the
vehicle. Whereas other traimads must be supplied and so required power. THgdneration

battery train selected here is a 4 cars trains, with an estimated average auxiliary power of 150
12 LYy (GKA& O2yRAGA2YZEZ mMko 2F G(KS YIFIEAYdZY LRé
the charging power for the batteries and thereéo involving longer time to recharge. The figure
bellows shows the duration to reach full charging.
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Battery train service without additional infrastructure
extra turnaround time for full charging
120
100 — Cycle Ic All out _
= 80 K\m AlcA9 ___—
(= —
Q 60 \M% — Extra time charging
@ 40 NA —— at standstill.
20 S/ —
. = >
0 20 40 60 80 100 120 140 160 180 200

Minutes (min)

Figure62: Evolution of SoC based on time duration of the cycle inalt drive, with extra time
for charging.

An extra time of 96 min is necessary to charge at 100% the batteries. This duration is longer than
the duration of the full cycle in operation with alut driving style (88 min). So, the limited
performance of the charging at standstill under 1.5kV dery restrictive for the operation. It

can oblige train operator to purchase more rolling stock to ensure the train traffic on the line.
Therefore, extra cost for the operation is mandatory and can be a decision factor for the train

operator.

Operation | Operation
| operation | Journey | Joumey | ©OPeratio | Vehicl Iy Vehic | Vehicle Vehicle Infrastructar | Mfrastructur | infrastructur
Operatio Timetable rofile rofile n el e Vehicl | e SoC Ener Ener Infrastructur e New e New e New
Use Case| n Driving p P! Duration Type 9y 9y e New Electrificatio Energy
style complianc | complianc | complianc | &' " of Lower | eDoD [ End | Managemen| consumptio | oo . | Electificatio | or o o management
e e/Shutle | e/Other SoC Cycle | tfunctions nCFO n length (km) 0 S
. . stop train Gael function
service service
UCI¢FR
/ BEMU
1"gen &
No 1st
additiona All-out Yes Yes - 51 gen 19% -110% | 100% No 739,2 - - - No
linfra & BEMU
Extra
time
charging

Table44: France UC1S1- Comparative criterion synthesis for Extra time charge &@llit driving
impact

This constraint is linked to shuttle servitessionprofile of the battery trains. Whereas other

types ofmissionprofiles can be selected. In this scenaan,observation othe influence of

continuing the service at the end of the cycle on another line. The uphill/downhill line is between
adFrdA2y 'm YR !'dp da &aSSy LINBOA2dzated CNRBY al
partially electrified. This line starts by aleetrified section of 10 km from station B1, then is not
electrified along 45 kmand finally another electrified section of 16 km until the terminus station

B15.
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