RAILLIVE

-
FCH,RAIL
Q0

Fuel Cell Hybrid PowerPack for Rail Applications

FCH2Rail: Demonstration of bi-mode
hydrogen trains in Spain and Portugal

H Ol er Dittus # Deutsches Zentrum
g DLR fiir Luft- und Raumfahrt

26/11/2024, Zaragoza

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
Partnership) under Grant Agreement No 101006633. This Joint Undertaking receives support from the European = :%: Clean Hydrogen

Co-funded by the
European Union

Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research. .A:;?._,.:.:,%h’lr-'artnershlp



RailLive! 2024 - Holger Dittus (DLR) e

. . FCH,RAIL
Project Overview <t

Main Objectives:

* Project dates: 1 January 2021 - 31 December 2024

* Total budget: 13,4 M€, max. contribution: 10 M€ 1. Develop, build, test and homologate a multi-

 Stage of implementation 26.11.2024: 98 % purpose Fuel Cell Hybrid PowerPack

* Consortium: s 2. Demonstrate FCHPP in a Bi-mode Civia multiple
- . o

Construcciones y Auxiliar
de Ferrocarriles

3. Propose a normative framework for hydrogen
©) st Toch in railway vehicles

Stemmann Technik

renfe
Renfe Operadora

W | inteaestruturas
¥ de Porlugal

4. Demonstrate competitiveness of fuel cell

Infraestruturas
de Portugal . . . . . .
H traction against existing diesel solutions
adif CentlrLo N'a{tgiegnal
Administrador de de Hidrogeno
Infraestructuras . . . .
Ferroviarias 5. Identify and benchmark innovative solutions to

improve energy efficiency

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
Partnership) under Grant Agreement No 101006633. This Joint Undertaking receives support from the European
Union's Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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Project Overview

Focus of the project:

1. Develop, build, test and homologate a multi-purpose Fuel Cell Hybrid PowerPack
2. Demonstrate FCHPP in a Bi-mode Civia multiple unit

High Voltage interface
H2 Pipework

HT Coolant Inlet

HT Coolant Outlet

LT Coolant Inlet

LT Coolant Outlet
Control interface

s Clean Hydrogen
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Research and expertise in the field of alternative drives in rail vehicles
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Developing the Fuel Cell Hybrid PowerPack Gzl
Fuel cell characteristics and operating behaviour

Fuel cell systems... i -=-Stack Voltage [VDC]  -+-Net Power [kW] -=-Efficiency [%]
 ...are energy converters (H2 = electrical) | | | | |
e ...cannot store energy 100 - 50

e ...should not be operated at low load

...has its maximum efficiency in the lower
and medium partial load range

... typically degrade through...

Voltage [VDC]
3
L
FCPM Efficiency [% LHV] / Net
Power [kW]

o 40 20
» ..frequent on / off switching
* ...operation in unfavorable load ranges
, . . 20 - 10
* ..frequent load jumps, dynamic operation
0 H H H H 0
0 100 200 400 500 600

300
_ ] ] ) Net Current [A]
9 FC IS always us ed INn com b N atl on Current, voltage and power characteristics of the Hydrogenics HD30 fuel cell[1].

with battery as a hybrid

Clean Hydrogen
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Energy management G FFCH, AL
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Challenges in FCHPP development and operation:
1) Design and dimensioning of fuel cell and energy storage systems

2) Optimisation of power requirements and power distribution between fuel cells and energy storage
systems P L

Grant Agreement Number: 101006633 ~;_-._:-.T:._:_ﬁ:r'-fartnersh|p Co-funded by the

European Union




RailLive! 2024 - Holger Dittus (DLR)

Developing the Fuel Cell Hybrid PowerPack B, LB
Energy management: Hybridisation Tool
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Functional programming: Reverse

\ LT T G E B component models with power flow toon
and iterative steps for dimensioning
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Figure 2: Exemplary driving profile derived from open data

* Component dimensioning
* Energy consumption calculation

Goal, specific features

Fuel Cell Power as a Function of Power Demand at DC Link

PFuol Cell = SOC < 80%

Fuel Cell Max Power

@A ol Chotking Power | = 1= == y el
=» The hybridisation tool supports | Y
the FCHPP design and dimensioning -
@ @ @ Paemand at o Link NG
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Developing the Fuel Cell Hybrid PowerPack B, LB
Smart Energy and Speed Optimizer Rail SEnSOR

. e Components ————
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Functional programming: Train in specified
environment, including track description,
timetable, train and component models.

*  Optimized energy consumption

*  Optimized speed profile

* Simultaneous optimisation of energy
consumption and speed profile

Goal, specific features

Optimized energy
management
(Energy and degradation
optimized distribution of

power demand)

Optimized speed
profile
" (Addition to the
driver advisory
system)

=

=» SEnSOR combines optimisation of driving
profile and power distribution in the FCHPP

% Clean Hydrogen [
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Kidhlkamp, F. et. Al. (2022) Applicability and development of a direct method algorithm for
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simultaneous optimization of trajectories and energy minimizing control for hybrid fuel cell
railway vehicles.Journal of Rail and Rapid Transit JRRT



https://elib.dlr.de/188284/

RailLive! 2024 - Holger Dittus (DLR)

DLR Research in FCH,Rail

.
4#7 C FCH,RAIL
DLR Q0 <

Research and expertise in the field of alternative drives in rail vehicles
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Hydrogen Powered Air Conditioning
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Waste Energy Analysis F, LECHRAL

Energy in H, storage

Hydrogen
compression work
* Hydrogen compression work and
FC waste heat is currently unused

in rolling stock FC waste heat

 HVAC consumption is significant

Electrical

power
Auxiliary load (inc. HVAC)

Traction losses
Braking losses
Motion resistance

Energy flow in urban FC rail systems (modified [1, 2])

i Clean Hydrogen
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H2 Compression work utilization: T L
Hydrogen Powered Air-Conditioning HyPAC

Reaktor R2 absorbs H2

from the tank \ QH’ Regeneration HC
ambient HTF loop
4 B

H,
Pressure | -
tank S Fuel Cell
PRV1
ppr = 700 bar Pabs = 35 bar

—
T8N

Q:: coolng HTF bop

Reaktor R1 desorbs H2 _
towards the fuel cell (FC). « Temperature level is pressure dependent

 Cooling power is hydrogen mass flow dep'__e.ndent

,-".-_:,-_'152 Clean Hydrogen
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Car Body Model L

. A_Roof = 55 m?
Generic Thermal Car Body (Roof = 1.32 W/(m?*K)

A_Window =24 m?
kWindow = 1.83W/(m?*K)

A _Wall = 96 m? — 125 passengers
kWall = 1.62 W/(m?2*K)

A_Floor = 60 m?

Schindler (2020), Fine 2: D4.1, State-of-the-art of HVAC Technologies _ 2%
Donner et al. (2021), Validation of a BEMU Thermal Car Body Model for the Shift2Rail Project FINE-2 kFIOOf 123 W/(m K) R T
EN 14750-2:20006 Apendix A Max Speed s x ol
.'.’...‘ ‘ ! ydl ** » **
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c [
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[
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=< B Thermal cooling capacity &0 §
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S B Electrical Cooling Power ]
© 20000 @ 20000
g c
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Climate Zone 1 Climate Zone 2 Climate Zone 1 Climate Zone 2

1-car energy demand Conventional HVAC HyPAC 1 car electrical energy demand

e HyPAC can reduce the HVAC energy demand significantly - more autonomy!

e Current TRL5, further work to increase TRL is required:
* Design, weight, costs, validation with a prototype

Clean Hydrogen XK
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Optimization algorithm for minimizing 4 v o
railway energy consumption in hybrid =
powertrain architectures: A direct method =it
approach using a novel two-dimensional

ko comhonaid
efficiency map approximation

S sage
Rahul Radhakrishnan and Moritz Schenker

Abstract
SENSOR (Smar. Energy Speed Optimizer Rail is 2 direct method based optimizasion algorithm developed at DLR for

An optlmized dimensioning of
vehicles. ings of the 4% jonal Railway R '
Session 14 benefits. For this purpose. anew

Marcel Scharmach, Moritz Schenker, Holger Dittus

xempiary amenscning of oo

Comparison of simulative methods for
dimensioning of fuel cell-battery hybrid
powertrains in FCH2Rail and Virtual-
FCS

Scharmach, Marcel', Schenker, Moritz' und Dittus, Holger'

'German Aerospace Center (DLR) - Institute of Vehicle Concepts,
Pfaffenwaldring 38-40, Stuttgart 70569, Germany

Summary

The dimensioning process of fucl ccll and batierics in hybrid railway applications is onc
of the biggest challenges in this kind of powertrain. In this paper, methods for modelling
and designing fuel cell hybrid power trains are investigated and functionally compared.
Subsequently, an exemplary dimensioning is carried out on the basis of a specific
scenario. The tools in focus are, on the one hand, the Hybridization Tool and SEnSOR,

deter energy speed trajectories for railway vehicles. This paper sims to reduce model error and improve this
algorithm for any alternative powertrain architecture. Model simplifications such as projecting the efficiency maps of different
train components onto one-dimensional space can lead to inaccuracies and non-optimalities in reality. In this work, 20
section-wise Chua functional represaniation was used to capture the complete behavior of efficiency maps and discuss its
vras developed. that there is an average of 6% error in the
energy calculation when both, ID and 2D, models are compared against each other. Previously, solving for different
powertrain architectures was time consuming with the requirement of manual medifications to the optimization problem.
With a modular approach, the algorithm was modified to flexibly adapt the problem formulation to automatically take into

European Hydrogen Energy Conference 18-20 May, 2022. Madrid, Spain

.
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DLR Q0 <

account any changes in powertrain architectures with minimum user input. The benefit is demonstrated by performing
optimization on  bi-mode train with three diferent power sources as developed within the EL-project FCHRRAIL The

sdvanced algorithm is now capable to adapt to such complex &

reasonable time.

Keywords

and ion results within a

p

Raitway optimization, direct method, cptimal control, smoothing, canomical piecewise-linear madel, bi-mode powertrain.
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Introduction

Compared to diesel engines, electric motors are more ef-
ficient, require less maintenance and allow for more
cnvironmental-friendly operation of railway. Thus, diescl-
powered trains which previously covered non-clectrified
railway scctions are more and more replaced by clectric
solutions. Iruvwll:ad line :]a:mﬁmuun is nol an option
due to technical

with onboard energy storage are ruqum:d c.mnuy dif
fercnt tapologics arc being developed, for cxample con-
sisting of batteries, fuel cells, capacitors and sometimes
additional overhead line pawer supply.”

Even with clectrified operation, there is still a need to
reduce cnergy demand and corresponding costs, as the
transformation to sustainable power supply requires heavily
increased amounts of rencwable electricity and green hy-
drogen in all scctors * Thus, to reduce cnergy demand in
railway transport, Scheepmaker ct al.” highlight four main
approaches: minimem cnergy train control, encrgy-efficient
timetabling, cfficient componcnts and demand analysis,

Focusing on optimal control, they found Panmyagin's
Maximum Principle (PMP) to be intensively applied to de-
termine encrgy-cfficient tram operation regimes. The optimal
switching points between these regimes and hence the optimal
trjectory arc then usually obtained by other numerical al-
sorithms such as Gradient Scarch, Dynamic Programming
(DP) or Genetic Algorithms. The application of Dircct
Methods (DM) to such problems is still rare in the hiterature.

Macianetal.* found that using DM for combingd energy

on.a diesel-ck

tional time and memory. This motivated the development of

Degartment of Energy Vehicle Concepts, German Agrospace
Center(DLR), Stuttgart, Germany
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Using Absorption Refrigerator and Metal Hydrides in Hydrogen
Fuel Cell Trains: Draft Design Process and Feasibility
M. Kordel'”, K. Knetsch?, F. Heckert and L. Boeck?

German Aceospace Cenier, Daffrmwliving 38-40, 70562 Stuttyart, Germay
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HVAC installations on teains are the 2+ lacgest consumer of energy after traction. For long-distance trains this can be
15% w 20% and for regional vehicles up 1 40% of the total encrgy requirement [1, 2]. An annual energy demand for
‘heating, ventilation and sir conditioning (HVAC) of 54.7 MWh in a local tram train was describied for a specific project
[3]. For fuel cell trains with an efficiency of appr. 50 %, this number would lead 10 an additional hydrogen consumption
of 3.2t Haper year, if HVAC is performed with electrical power only. To reduce this energy demand, we investigate the
feasibility and benefits of Hydrogen Powered Air Conditioning (HyPAC) and absorption AC in a simulation study. Bath
technologics use the encrgy which is already oa board. The HyPAC exploits the pressure difference berween hydrogen
tank, while the absorption AC. relies on waste heat from the fuel cell system

Introduction

Within the project FCH2Rail, a hydrogen fuel cell regional train will
be demonstrared and to outline furure efficiency improvements, the
feasibility of two heating, ventilation and onditioning (HIVAC)
systems (example in Figure 1) will be investigated in a simulation study.
The energy consumption through state-of-the-art HVAC systems
impose a higher power demand on the drivetrain of railway applications.
For averhead line independent technologies such as diesel powered,
battery electric and hydrogen-based drivetrains, the coverable range will
therefore be reduced, if HVAC systems are used. To provide a
< ble riding ait conditi {eg. cabin cooling or
heating) is indispensable. Thus, it is necessary to investigate in more
efficient concepts to fulfill the need of air conditioning in order to
reduce the train’s overall enegy consumption [4]. Therefore, novel HVAC concepts will be investigated to reduce energy
consumption while still meeting the required passenger comfort. The study will be focused on two technologies for
hydrogen trains.

Figure 1. Rooftop Air-Conditioning System
for Train applications

Metal Hydride Refrigerator

The HyPAC uilizes the pressure energy between pressure tank and fucl cell (o generate a heating and cooling effect
with exothermic absarbing and endothermic desorbing hydrogen in metal hydrides. Weckerle already demonsteated that
‘metal hydrides filled in two plate reactoss can provide a quasi-continuous cooling and heating flow with using suitable
hydrogen and heat transfer (FTF) valves in a valve switching process [3].

o) 1sthC — o) 2nd e
Figure 2. Metal Hydride Two Reactor Coneept with half cycle 1) and half eyele 2 by [6].

Figure 2 shows a schematic of these two reactors, which are connected to the fuel cell (C) and hydrogen tank (1) as
well as to a cooling loop and an ambient loop. In the first half cyele (a), reactor 1 desorbs hydrogen and directs it towards
the fuel cell and the cold hea transfer fluid will be directed 10 a heat exchanger that cools down the supply air for the
train’s saloon. Meanwhile rector 1 absorbs the hydrogen from the hydrogen tanks, the aforementioned exothermic
reaction than heats up the HTF. If equilibrium state is nearly reached, the HyPAC controller switches from first half eycle
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Waste Energy AC Technologies in
H2-Multiple Units

Kordel, Markus', Heeland, Matthew Maikel’, Knetsch, Kevin®

! German Aerospace Center — Institute of Vehicle Concepts
*Wabtec Corporation

Summary

The Heating Ventilation and Air Conditioning (HVAC) systems require up to 40 % of
the overall energy demand in regional railway vehicles. Improving efficiency of the
whole train system is especially important in non-catenary or hybrid rolling stock, such
as hybrid fuel cell multiple units. One approach can be the usage of unused energy
(waste encray), which can be waste heat and pressure energy between tank and fuel cell
system. Currently no market ready systems for rolling stock exist to utilize this waste
encrgy and the potential of novel systems is not investigated sufficiently. Here we show
a simulative investigation of a metal hydride refrigeration system and an absorption
refrigeration system in a generic thermal car body. The results are evaluated on the basis
of European siandards (e.g. EN 50591) and two realistic tracks in Spain. The potential
annual energy savings are highly climate zone dependent and vary between 795 kWh/a
and 6106 kWhia for the absorption refrigeration system and between 1547 kWhia and
13226 kWhia for the Hydrogen Powered Air Conditioning (HyPAC) system. The
absorprion refrigeration system is more seasitive to fluctuating fuel cell loads, whereas
the HyPAC shows similar improvements for both tracks. Reducing HVAC energy
demand needs to be investigated further and especially further impravements in the
system design (sizing, material selection) can increase the energy improvements in
future.

Keywords: Rolling Stock, Fuel Cell Powertrain, HVAC, Metal Hydrides, Absorption AC,
Hydrogen

1 Introduction

The analysis of air conditioning technologies in a waste heat perspective is part of the
holistic energy efficiency improvement analysis objective o increase autonomous range
within the FCH2Rail EU-ijm‘s framework. A bi-mode puwcﬁmin is implemented in
an existing vehicle in this project. Thereby, the advantages of both, catenary operation

and autonomous operation with fucl cells can be utilized [1].

both developed by the German Aerospace Center and used in the European project
FCH2Rail and, on the other hand, the open source model developed by the Furopean
project Virtual-FCS. The approach and target of the tools is fundamentally different.
Their features are compared in order to understand which impact different models can
have on the design and evaluation process of fuel cell hybrid powertrains.

Keywords: Fuel cell hybrid power pack; FCHZRail: Virtual-FCS; alternative powertrain

dimensioning; railway; powertrain; series hybrid
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