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ABSTRACT

This thesis presents a comprehensive energy analysis of a potential fuel cell hybrid (FCH)
trains fleet operating in the Birmingham area, considering the current and future scenarios
of the UK hydrogen economy. A well-to-wheel (WTW) approach was employed to evaluate
fourteen different hydrogen pathways, with projections for 2030 and 2040. The study
identifies the most efficient hydrogen production, transport, and storage methods,
highlighting that Steam Methane Reforming (SMR) with Carbon Capture and Storage (CCS)
offers higher efficiency than wind-powered electrolysis. Transporting hydrogen via 700 bar-

tube trailers was found to be the most efficient method until an all-H2 network is established.

Although diesel trains currently have higher WTW efficiency, FCH trains demonstrate better
fuel economy in kWh per km. Pathways involving mature technologies like natural gas
reforming show lower standard deviations and less uncertainty in WTW efficiencies
compared to those involving electrolysis. Green hydrogen pathways are expected to
improve significantly from 2030 to 2040, with wind-powered electrolysis efficiency projected

to increase from 52% to 58%.

The thesis also explores the potential of waste heat recovery from FCH trains. It estimates
a daily waste heat potential of 114 MWh at Birmingham New Street (BNS) station, with only
3.9% required for cabin heating in winter. By 2040, TES systems could store and discharge
significant amounts of heat, contributing to CO2 emissions savings (up to 10 ton per day)
through integration with the Broad Street heating network. Design optimization could
enhance energy discharge by 30% and reduce radiator surface area by 56% for trains

running between Leicester and BNS.



These findings highlight FCH trains' potential for lower primary energy consumption
compared to diesel trains, emphasizing the need for economic analysis and real-life driving
profiles to fully assess the feasibility of hydrogen-fuelled trains. Future research should focus
on integrating TES storage within train cabins, understanding train duty cycles and speed
profiles, and evaluating the impact of Phase Change Material (PCM) weight on performance.
Thermal integration of fuel cell modules and TES systems could be especially effective for

trains using solid oxide fuel cells, enhancing energy efficiency and waste heat utilization.
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1. Chapter One

Introduction

1.1 Background and motivation

In 2021, by releasing the Net Zero Strategy paper [1], the UK government officially sets itself
the ambitious target to achieve net-zero greenhouse gas emissions by 2050. Transport is
the largest contributor to UK domestic greenhouse gas (GHG) emissions, responsible for
27% in 2019 [2]. The decarbonisation of the transport sector is thus essential for the UK to

meet its climate goals.

Rail has the lowest emissions intensity among passenger transport modes. According to a
2022 IEA study?, rail emissions per passenger kilometre are approximately one-eighth of
those generated by large cars and one-fifth of those of air travel, as Figure 1 shows. The
smaller carbon footprint of rail is mainly attributed to its higher occupancy rates when

compared to the other motorised urban transport modes.

1 hitps://www.iea.org/energy-system/transport/rail
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Figure 1 — Well-to-wheel GHG intensity of motorised passenger transport modes

Despite ralil is already a green mode of transport, much remains to be done. Some of the
key policies implemented by Department for Transport to reduce the emissions of railway

sector are:

e electrification of rail lines.
e improved energy efficiency.
e shift to hydrogen and battery-powered trains, removing all the diesel trains from the

rail network by 2040.

The UK government has shown a growing interest in hydrogen trains as part of its efforts to
meet emissions targets. Traction Decarbonisation Network Strategy? and Transport
decarbonisation plan? have in fact recently mentioned hydrogen energy as one of the most
valid options to replace diesel trains travelling on unelectrified lines or to provide auxiliary

power to conventional propulsion systems. Hydrogen fuel cell trains can then be either:

2 https://www.networkrail.co.uk/wp-content/uploads/2020/09/Traction-Decarbonisation-Network-Strategy-Interim-
Programme-Business-Case.pdf

3 https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1009448/decarbonising-
transport-a-better-greener-britain.pdf
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e an interim technology to realise carbon savings earlier in network areas where
electrification cannot be delivered in time to meet Net Zero goals.
e a long-term solution to cut emissions on less intensively used routes or on lines too

expensive to electrify.

The deployment of hydrogen fuel cell trains is crucial as it aligns with the broader plan of UK
to develop a strong hydrogen economy and becoming a global leader in Hz technologies.
Moreover, hydrogen produced for use in trains can be sourced from renewable or low-
carbon pathways, such as electrolysis powered by renewable energy. This creates an
opportunity for cross-sectoral integration, where hydrogen for fuel cell trains can also be
utilised for other applications, such as industry or heating, maximizing the efficiency and

sustainability of the Hz supply chain.

However, the adoption of hydrogen fuel cell trains faces several technical and economic
barriers that need to be addressed for a widespread implementation. According to [3], the

main obstacles for hydrogen fuel cell trains application are:

Technical

e limited knowledge in how to standardise and scale hybrid powertrain designs for
trains.

e lack of a comprehensive network of refuelling infrastructures.

e absence of reliable and large-scale production paths of clean hydrogen from
renewable or low-carbon sources.

e need for further technological advancements in order to improve fuel cell stack’s

durability and capacity of on-board hydrogen storages.

Economic
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e High cost of H2 production and its distribution. Hydrogen supply chain is then less
economically viable than those of the traditional energy sources.

e High cost of fuel cell systems, hydrogen storage devices and refuelling stations.

Addressing these barriers is therefore fundamental to enhance the technical feasibility and
economic attractiveness of hydrogen fuel cell trains, eventually accelerating their market

penetration.

In this regard, waste heat recovery and effective thermal management strategies have been
identified among the potential solutions to enhance the competitiveness of fuel cell vehicles.
Although of low quality (~75°C), the large amount of heat generated by PEMFC fuel cells
implemented on board may represent in fact a remarkable opportunity not just for the
improvement of fuel cell trains efficiency and durability but also for all those stationary

energy systems nearby railway lines in which this heat could be integrated.

In the context of hydrogen hybrid trains operating in the Birmingham area, capturing and
using waste heat from fuel cells can offer substantial benefits. By integrating Phase Change
Material (PCM)-based Thermal Energy Storage (TES) systems into the train layout, it is
possible to store the waste heat generated during the train's journey. This stored heat can
then be discharged when needed, supplying heat to local heating networks like the Broad

Street one.

The motivation for this research lies then in demonstrating the feasibility and benefits of
such an integrated thermal management approach. By optimizing the design of TES
modules, assessing the amount of heat that can be stored and utilized, evaluating the

potential reduction in CO2 emissions and radiator's area through heat integration, this
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research aims to suggest one possible opportunity to make fuel cell hybrid trains a more

viable alternative to diesel ones.

1.2

Objectives of the thesis

This thesis has the following main objectives:

1.3

To assess the full energy pathway efficiency of fuel cell trains within the emerging UK
hydrogen economy and compare the values obtained with those characterising diesel
trains technology.

To demonstrate the feasibility of the proposed thermal integration between PCM
based-TES and fuel cell hybrid trains by addressing issues like TES sizing and
temperature level of the waste heat available from the fuel cell powertrain.

To evaluate the Birmingham New Street waste heat potential by considering the
timetable of the station.

To quantify how much heat can be stored in the proposed TES systems and then

discharged at the station, estimating the average round-trip efficiency.

Overview of the thesis

The thesis is organised as follows:

Chapter 2: In the first part of the chapter, a literature review on the Well-to-Wheel
approach and its application to hydrogen-fueled vehicles is presented. This is
followed by a review on the importance of waste heat recovery and thermal storage
integration to broaden fuel cell vehicles deployment.

Chapter 3: a Well-to-Wheel analysis for the specific case of a fuel cell train running

in the Birmingham area is conducted. Data from government reports and technical
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documents of the main project currently shaping UK hydrogen strategy are used.
WTW analysis is divided in two parts: in the WTT stage, hydrogen production,
storage, transportation and dispensing steps are studied in order to evaluate the
associated primary energy efficiency and energy consumption. In the second part,
the WTT outcomes are combined with the fuel economy and powertrain efficiency of
a prototype fuel cell hybrid train to obtain proper WTW indexes. Finally, a comparison
based on the calculated WTW parameters between fuel cell train and diesel train is
provided.

e Chapter 4: a waste heat recovery strategy based on thermal integration between fuel
cell powertrain and PCM based TES is then proposed. As thermal storage modules
are supposed to be installed on the train roof, issues such as TES sizing and
positioning are addressed. Heat removed from fuel cell stacks is stored during train
journey and discharged when train stops at BNS. By considering the current
timetables of Birmingham New Street station and assuming to convert all its diesel
trains into fuel cell hybrid vehicles, the waste heat potential of the station is estimated.
A CFD model of the proposed TES system is developed in order to evaluate how
much energy can be discharged daily. An optimisation study to maximise the
discharged heat is performed. Finally, two examples of how waste heat discharged
at the station can be efficiently used are analysed, highlighting the potential beneficial
effects.

e Chapter 5: it summarises the main findings of the two core chapters of the thesis (i.e.

Chapter 3 and Chapter 4), highlighting also the limits of the analyses conducted and

suggesting specific questions or hypotheses for future studies.
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2. Chapter two

Literature review on WTW analysis of hydrogen fuelled

vehicles

2.1 Components of well-to-wheel analysis and their boundaries

Well-to-wheel analysis is a comprehensive methodology used to assess the energy,
environmental and economic impacts of a fuel pathway, from its extraction or production to

its utilization in the vehicle [4]. The main metrics used in well-to-wheel analyses are:

e Energy efficiency > kWh/km or kWh/passenger-km.
e Greenhouse gas emissions > grams of CO2 equivalent per km or passenger-km.
e Resource use - water consumption, land use, material inputs.

e Cost

By considering these metrics, policymakers and stakeholders can make informed decisions

on transportation planning, infrastructure investment and regulatory frameworks.

The following literature review deals with the well-to-wheel analysis of hydrogen fuelled
vehicles, focusing on the energy aspects associated with the entire life cycle of hydrogen

production, distribution, storage and utilization in the railway sector.
The components of well-to-wheel analysis can be broadly categorized into two main stages:

Well-to-Tank (WTT) Analysis:

e Hydrogen production: this component evaluates the energy sources and pathways

used to produce hydrogen for the fuel cells powering the trains. It considers different
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production methods, such as steam methane reforming, electrolysis or renewable
hydrogen production and assesses the energy efficiency of each pathway.
Hydrogen storage: this step involves the estimation of both the energy required to
store the hydrogen and energy losses occurred during storage and retrieval. Several
storage methods are being researched and developed, such as compressed gas
storage, liquid hydrogen storage, metal and chemical hydride storage, underground
storage.

Hydrogen transmission and distribution: the energy consumption related to the
transportation and delivery of hydrogen from the production or storage facilities to the
refuelling stations is here analysed. Hydrogen can be transported in gaseous form
(by pipelines or high-pressure cylinders) or as cryogenic liquid in insulated tanker
trucks or ships.

Hydrogen dispensing: it focuses on the efficiency and energy requirements
associated with hydrogen delivery from refuelling station’s storage to the vehicle's

fuel tank.

Tank-to-Wheel (TTW) Analysis:

Vehicle operations: WTT analysis deals with the assessment of the drive system’s
overall efficiency, which can be also expressed in terms of energy required per km
travelled per person. Below, fuel energy demands for the main passenger road
transport modes are gathered in , Where 100pkm stands for 100 passengers
per kilometres. Data is retrieved from [5] and [6], considering an occupancy rate of

95%.
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Fuel energy

Mode
[kWh/100pkm]
Conventional 13.9
car
Electric car 4.4
Conventional 6.6
bus
Electric bus 2.2
Conventional
. 8
train
Electric train 3.7

2.2 WTT and TTW energy indexes

Most of the WTW studies, regardless of the fuel pathway and vehicle analysed, present their

results in terms of primary energy consumption per km travelled or overall pathway’s primary

energy efficiency.

This WTW index can be broken down into WTT and TTW indexes:

WTT indexes

e Eyrr, [i;‘;—i’f’] it is calculated by dividing the primary energy spent during the overall

fuel pathway, from extraction/production to delivery to refuelling station, by the energy

content of the fuel.

e Eyrr, [%} in contrast to Eyrr,, it adds the fuel energy value to the WWT pathway

energy consumption. In symbols,

Ewrr, = Ewrr, +1

e 71w itis obtained by multiplying together the efficiencies of all the WTT steps

TTW indexes

(1)
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o FE, cnicle [#] it is expressed as litres of fuel consumed per km travelled

e norw. it reflects the overall energy efficiency of the vehicle powertrain
2.3 Hydrogen Production Pathways

Hydrogen production pathways can be broadly classified into three main categories based
on the primary energy source used and the method employed: fossil fuel-based pathways,
renewable energy-based pathways and emerging pathways, such as solar thermochemical

hydrogen production and LPG pyrolysis [7].

In 2021, more than 95% of the world hydrogen production was derived from fossil fuels: 47%
from natural gas, 27% from coal and 22% from oil (as a by-product). The remaining 4%

came from electrolysis*,

2.3.1 Steam methane reforming

Steam methane reforming (SMR) is currently the most widely used method for hydrogen
production [8]. The first step in SMR is the preparation of the feedstock. Natural gas,
primarily composed of methane, is typically used. It is essential to ensure that the natural

gas is free from impurities such as sulphur compounds, which can deactivate the catalyst.

The reforming reaction takes place in a reformer vessel. The natural gas is mixed with
superheated steam and fed into the reformer. The steam and methane undergo a catalytic
reaction in the presence of a suitable catalyst, often based on nickel, to produce hydrogen

and carbon monoxide according to the following reaction:

CH, + H,0 - CO + 3H, 2)

4 https://www.irena.org/Energy-
Transition/Technology/Hydrogen#:~:text=As%20at%20the%20end%?200f,around%204%25%20comes%20from%20elect
rolysis.
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The reaction is endothermic, requiring high temperatures typically ranging from 700 to 900

degrees Celsius, and takes place at 25-35 atm [9].

The reformate gas leaving the reformer consists of hydrogen, carbon monoxide, steam, and
small amounts of unreacted methane. To increase the hydrogen concentration and reduce
the carbon monoxide content, the gas is passed through a shift conversion process. The
most common method is the water-gas shift reaction, which converts carbon monoxide and

steam into carbon dioxide and more hydrogen:

CO + H,0 - CO, + H, (3)
Finally, hydrogen is purified to obtain purities higher than 99.99% through various
purification processes, such as pressure swing adsorption (PSA), membrane separation, or
amine scrubbing [10]. As (3) shows, SMR process emits CO2. Up to 12 tons of carbon
dioxide can in fact be produced per ton of hydrogen obtained [11]. In order to mitigate the
environmental impact of SMR, CCS technology is implemented. It captures the CO2 from
the flue gas or the syngas before it is released into the atmosphere. However, it requires
additional energy for capturing, compressing, and transporting carbon dioxide. This
additional energy demand can reduce the net energy available for hydrogen production,
thereby impacting the efficiency of the overall SMR process. For instance, Longden et al.

[12] calculate a drop of 4-9% of the overall efficiency for a 56-90% capture rate.

The reported energy efficiencies for SMR can vary depending on the specific conditions,
catalysts and system configurations used in the studies. However, a range of 70-85% LHV
efficiency is commonly cited in the literature. The table below summarises some of the
studies reviewed, the claimed SMR process efficiencies and the energy penalties due to

CCS.
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Reference Efficiency (%) CCs Energy drop (%) | Capture rate (%)

J. J. Hwang [9] 70.5 no - -
E. M. Washing
and S. S. 71.4 no - -
Pulugurtha [13]
Q. Wang et al.
[14] 72 no - -
A. Martinez-
Rodriguez and A. 72 no - -

Abanades [15]
M. Younas et al.

[16] 74 - 85 no - =
IEAS 76 (w/o CCS) yes 7 95
T. Longden et al.
[12] 78 (w/o CCS) yes 4-9 56-90
S. Campanari et 80
al. [17] no ; ;

Table 2 — Reviewed literature on SMR efficiency

2.3.2 Coal gasification

Coal gasification is the second most used technology to produce hydrogen from fossil fuels.
It converts coal into a synthetic gas mixture known as syngas, which contains mainly

hydrogen, carbon monoxide and carbon dioxide.

Before the gasification process, coal undergoes preparation, which typically consists in
crushing and sizing to achieve a suitable particle size for efficient gasification. Some

impurities, such as sulphur and ash, may also be removed.

Coal gasification involves reacting coal with a controlled amount of oxygen or air at high
temperatures in the presence of steam. The primary reactions that occur during coal

gasification are:

C + H,0 - CO + H, (4)

5 hitps://www.iea.org/data-and-statistics/charts/global-average-levelised-cost-of-hydrogen-production-by-energy-source-
and-technology-2019-and-2050
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C+C0, - 2C0 (5)
The raw syngas produced goes through a series of cleanup processes, including filtration,

desulfurization, and removal of impurities.

To further increase the hydrogen content and reduce the carbon monoxide levels, syngas

is subjected to a shift conversion process, typically the water-gas shift reaction (Eq. (6)):

CO + H,0 - CO, + H, (6)
Through various separation methods (i.e. PSA or membrane separation), hydrogen is finally
separated from syngas and purified. Despite being a proven and mature technology, coal
gasification has the major drawback to be a huge source of carbon dioxide. CO2 emissions
ranging from 19.4 to 25.3 kg COzeq/kg H2 have been reported by Burmistrz et al. [18]. As
seen for SMR, CCS integration can significantly reduce the associated carbon emissions.
The efficiency of coal gasification for hydrogen production can vary depending on several
factors, including the specific gasification technology, the type and quality of coal used, the
system configuration, and the inclusion of CCS technologies. contains the main
reviewed works on coal gasification, highlighting the process efficiency and the resulting

energy drop if CCS is applied.

Reference Efficiency (%) | CCS | Energy drop (%) Capture rate (%)
A. Midilli et al. [19] 57 no
IEAS 60 (w/o CCS) yes 2 90
C.-C. Cormos et al. [20] 60 (w/o CCS) yes 1.8 93-97
N. V. Gnanapragasam et al. [21] 62 no

6 hitps://www.iea.org/data-and-statistics/charts/global-average-levelised-cost-of-hydrogen-production-by-energy-source-
and-technology-2019-and-2050
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2.3.3 Water electrolysis

Electrolysis of water is a well-established technique for hydrogen production. It involves
passing an electric current through water, usually using an electrolyser, to split its molecules
into hydrogen and oxygen. Electrolysis is a key technology in the production of green
hydrogen as it enables the utilization of renewable energy sources to generate the

necessary electrical energy.

The significant electrolyser types are proton exchange membrane (PEM) electrolyser, solid
oxide (SO) electrolyser and alkaline (ALK) electrolyser [22]. While PEM and ALK
electrolysers operate at relatively low temperatures (50-80°C), solid oxide electrolysers

need high temperatures (between 650 and 1000°C) to work properly [23].

Alkaline electrolysis is the most mature and widely adopted technology among the three
mentioned [24]. ALK electrolysers typically employ 30% wt KOH or 25% wt NaOH solutions
as electrolyte. The two electrodes, immersed in the alkaline solution and separated by an
asbestos/ZrO2-based diaphragm, are usually made of nickel coated stainless steel. Alkaline
electrolysis is characterised by relatively low manufacturing costs and high hydrogen
throughput per hour (up to 1000 m3h), which makes it suitable for industrial applications
[25]. The main disadvantages of these devices are the slow start-up, limited current densities

and crossover of the gases [26].

In the 1960s, General Electric developed PEM electrolysers as a solution to address certain
operational limitations encountered with alkaline electrolysers [23]. PEM electrolysis adopts
a solid polymer membrane as electrolyte. The most commonly used membrane material is
based on perfluorosulfonic acid [27], which allows for proton transport during the electrolysis

process. Compared to ALK electrolysis, PEM electrolysers present faster response, higher

26



current densities, smaller footprint, better efficiencies and higher purities of the produced
gases [28]. However, as they need noble metal catalysts and protective coatings for the
electrodes, their production cost is significantly higher than that of ALK devices [29].

Besides, their operational lifetime is shorter.

Among the three technologies considered, solid oxide electrolysis is the newest and then
the least developed one. However, thanks to the great advancements made over the last
15 years, the technology has transitioned from the research and development (R&D) stage
to the demonstration and scale-up phase and now is near to commercialization [30]. In a
typical solid oxide electrolysis cell (SOEC), the two electrodes are separated by a dense
ceramic electrolyte capable of conducting oxide ions. The state-of-art materials are
perovskites for the anode, ceramic metal composed of yttria-stabilized zirconia (YSZ) and
nickel for the cathode and YSZ for the electrolyte [31]. The high operating temperatures,
required to achieve a proper ionic conductivity, are responsible for the following advantages
of SOECs over the other two electrolyser types: faster reaction kinetics and improved
thermodynamics resulting in higher efficiencies and possibility of using cheap metals as
catalysts; part of the energy for water decomposition can be provided through thermal
energy, enabling the utilisation of waste heat [32]. At the same time, the high working
temperatures lead to high degradation rates, so drastically reducing stack lifetime. Stability

and durability are then the main challenges of solid oxide electrolysis [33].

Finally, costs and main technical characteristics of the three described water electrolysis
technologies are gathered in and , Where the electrical efficiency 7. system

is calculated as follows:
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where:

Nel,system =

1 H, " LI'I‘/H2

elstack+BoP

e 1hy,: hydrogen mass flow rate produced [kg/s]

e LHVy,: hydrogen lower heat value [kWh/kg]

e P :

elsracksnop- CIECHIIC power in input for electrolyser and its BoP

Data are taken from [23], [34], [35] and [36].

Year

ALK

PEM

SO

2020

242-388 €/kW

384-1071 €/kW

700-1850 €/kW

2030

52-79 €/kW

63-243 €/kW

< 1000 €/kW

Table 4 - Present and future cost of ALK, PEM and SO electrolyser stacks

ALK

PEM o)
Operating 65 — 85°C 40 — 80°C 700 — 900°C
tem perature
Nominal
current 0'2_02'8 1-2Alcm? | 0.2-2A/lcm?
g Alcm
density
Cell 130 bar 30 — 80 bar 1 bar
pressure
Stack 60000 — 30000 — 10000 —
lifetime 90000 h 90000 h 30000 h
. 99.9%- 99.9%- .
iz purity 99.9998% 99.9999% SRHEE
Load range 10 - 105% 5—-140% 25-110%
Electrical
efficiency 50 — 78% 50 — 83% 74-81 %
(LHV based)

Table 5 — State-of-the-art of ALK, PEM and SO electrolysers

2.4 Hydrogen storage

To unlock the full potential of hydrogen as energy carrier, it is crucial to develop efficient,

reliable and cost-effective storage solutions.

(7)
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One of the main benefit of hydrogen storage is its ability to provide a viable solution to
address the intermittency of renewable energy sources’ (RES). Surplus electricity from RES
can indeed be converted into hydrogen via water electrolysis and stored for later use,

allowing for a better integration of renewables into the energy system.

However, the variability and intermittent nature of RES pose challenges for electrolysers, as
they struggle to adjust to sudden load changes and perform better at full or high loads [37].
Fluctuating power inputs into electrolysers alter not only voltage but also temperature,
pressure and hydrogen purity, necessitating durability assurance for the entire system. The
advancement of hydrogen production technologies optimised for intermittent renewable
energy sources is then extremely important. Currently, alkaline water electrolysis faces
significant catalyst degradation during start and stop operations due to reverse current.
Proton exchange membrane water electrolysis, on the other hand, can operate under low
power loads with fluctuating power but relies on costly precious metal catalysts. Solid oxide
electrolysis cells (SOECs) exhibit resilience against power fluctuations at smaller scales but

have to work below the thermo-neutral point [38].

Hydrogen storage can also play a vital role in balancing energy supply and demand in the
electrical grid. By smoothing out fluctuations in electricity generation, it can contribute to grid
stability in high renewable penetration scenarios, preventing the wastage of renewable

energy resources [39].

The development of an efficient and cost-effective Hz storage technology is an important

driver for the deployment of hydrogen powered vehicles too. For instance, report 3 of the

7 https://iwww.fchea.org/hydrogen-as-
storage#:~:text=Hydrogen%?20allows%20vast%20quantities%20of,electricity%20during%20peak%20production%20hour
S.
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‘Study on the use of fuel cells & hydrogen in the railway environment’ [40] identifies the
current on-board hydrogen storage technology as one of the main barrier preventing fuel

cell trains from being deployed.

Finally, as end-users can be hundreds or thousands kilometres away from the Hz production
plants, storage is crucial in enabling the transportation of hydrogen in various forms,

guaranteeing a reliable supply.

2.4.1 Hydrogen storage methods
Hydrogen storage can be classified into two main groups: physical-based and material-

based [41]. The physical-based group comprises:

e compressed gas
e liquid hydrogen

e cold/cryo-compressed gas
On the other hand, material-based storage is divided into two sub-groups:

e chemical sorption/chemisorption

e physical sorption/physisorption

As the commercial implementation of material-based storage techniques is unlikely to occur

in the near future [42], this review will focus only on the physical-based storage methods.
Compressed gas hydrogen storage (CGHy)

Compressed gas hydrogen storage is the most established and widely used method for
storing hydrogen in various applications, including fuel cell vehicles, industrial processes,

and stationary power generation [43].
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CGHz: storage involves compressing gaseous hydrogen to high pressures and storing it in
high-pressure tanks designed to handle the gas safely. Going from atmospheric to 700 bar
(i.e. common operating pressure of hydrogen storage in fuel cell vehicles) reduces hydrogen
gas volume by a factor of around 456 and then the volumetric energy density increases from
2.96-10° kWh/L to 1.35 kWh/L. However, hydrogen compression is an energy-consuming
process, requiring about 13-14% of the gas energy content to bring pressure from 1 to 700

bar.
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There are four types of compressed gas storage containers, each designed to meet specific

requirements and applications.

e Type |: they are made of steel or aluminium and typically used for low-pressure
storage of hydrogen (up to 300 bar). They are the cheapest option but are relatively
heavy and their gravimetric capacity does not exceed 1 wt% [44]

e Type Il: Type Il vessels are composite-wrapped pressure vessels made of a metal
liner (usually aluminium) overwrapped with high-strength carbon fibers. Compared to

Type |, they can withstand higher pressures, offer improved weight savings and can
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achieve increased volumetric efficiency. They are one and half times more expensive
than Type | [45]

e Type lll: these are similar to Type Il but have a thinner metal liner and more extensive
carbon fiber overwrapping. They have been successfully used at 450 bar working
pressures and provide a 25%—75% mass gain over Types | and Il vessels [46]. At
350 bar Type Ill can attain gravimetric capacities close to 3.9 wt% but their cost is
three times the one of Type |

e Type IV: Type IV vessels are fully composite pressure containers constructed entirely
from high-strength carbon fibers and epoxy resin. According to Argonne National
Laboratory data®, Type IV has reached gravimetric densities of 4.2 wt% at 700 bar.
These vessels can work even at 1000 bar [47] and currently represent the lightest

option

For significant quantities of hydrogen or extended storage durations, the most cost-effective
option is to store compressed hydrogen in sizable underground reservoirs located in suitable
geological formations [48]. Underground storage sites can be classified into two main
categories: conventional sites, which include salt caverns, aquifers, and depleted
hydrocarbon reservoirs, and nonconventional sites, such as abandoned coal mines and

lined hard rock caverns [49].
Liquid hydrogen storage (LH2)

Liquid hydrogen storage is a method of storing hydrogen in its liquid state, achieved by
cooling hydrogen gas to extremely low temperatures (i.e. 20 K) at which it undergoes the

liquefaction process. This cryogenic storage approach allows for a significant increase in

8 hitps://www.energy.gov/eere/fuelcells/physical-hydrogen-storage

32



energy density compared to storing hydrogen as a gas. At 20 K liquid hydrogen has in fact
a density of 71 kg/m3, equivalent to a volumetric energy density of about 2.4 kWh/L.
Moreover, in its liquid form, hydrogen is non-corrosive [50], allowing for the use of stainless
steel and aluminium alloy vessels with proper insulation layers. However, hydrogen
liquefaction is a very energy-intensive process: producing 1 kg of liquid H2 consumes up to
10 kWh of electricity, equivalent to 30% of the hydrogen energy content [51]. Besides,
despite the best efforts to insulate and maintain extreme low temperatures in cryogenic
storage tanks, some heat inevitably enters the system, causing a portion of the liquid
hydrogen to evaporate. As tanks are not designed for high pressures, hydrogen gas has to
be vented for safety reasons. This kind of losses, known as boil-off, ranges between 0.18
and 0.4% per day [52][53], significantly reducing the overall efficiency of liquid hydrogen

storage.
Cryo-compressed hydrogen storage (CcH2)

Cryo-compressed hydrogen storage is a promising method of storing hydrogen that
combines elements of both cryogenic and compressed gas storage techniques. It aims to
address the limitations of traditional gaseous and liquid hydrogen storage methods by

offering a balance between energy density, safety, and efficiency.

CcHz concept consists of compressing hydrogen gas up to 250-350 bar [54], cooling it down
until its temperature is close to the liquefaction one and finally storing it in proper insulated
pressure vessels. At the end of the process, cryo-compressed hydrogen can achieve higher
densities than LH2 (i.e. 80 kg/m® vs. 71 kg/m?) [55]. Furthermore, since no liquefaction
occurs and cryo-compressed tanks can withstand higher pressures than cryogenic vessels

before venting out, reduced energy consumption and boil-off losses are obtained [51][56].
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2.5 Hydrogen transmission and distribution

Depending on the storage techniqgue employed, two primary transportation pathways for

hydrogen emerge:

e compressed gas hydrogen delivery

e liquid hydrogen delivery

In addition to the quantity to be transported, the appropriate delivery method is determined
by many other factors such as distance and market characteristics, encompassing elements

like target population, population density, refuelling station size [57].

2.5.1 Tube trailers
For distances not exceeding 300 km and for small quantities, hydrogen transportation via

tube trailers is usually the most suitable option [23][58].

At loading bays, pressure vessels are first loaded with compressed hydrogen gas and then
stacked on the trailer for trucking. Based on the vessel type adopted, the filling pressure
ranges between 180 and 500 bar [59]. Type | cylinders are currently the most employed
vessels for tube trailers®. In order to comply with weight restrictions (i.e. gross vehicle weight
< 44 tons), a compressed hydrogen truck using type | tubes can carry no more than 270 kg
of hydrogen at a pressure of 200 bar [60]. By replacing steel vessels with lighter options (i.e.
Type Il or Type IV), tube trailer's payload can increase up to 1000 kg of H2 at 500 bar [61],
as the weight is no longer the main limiting factor. However, many national road regulations

still limit to 200 bar the maximum allowed pressure [62].

9 https://iwww.energy.gov/eereffuelcells/hydrogen-tube-trailers
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An efficiency of 94% per 100 km for hydrogen transportation via tube trailers is reported in
literature [63], where the 6% of energy lost includes hydrogen fugitive emissions and fuel

for tube trailers.

2.5.2 Pipelines

Transport via pipeline networks is considered the best way to achieve a massive and
continuous supply of hydrogen [59][62]. It is estimated that around 4500 km of hydrogen
pipelines are currently in operation throughout the world, most of them serving big chemical
and refinery plants. They have diameters between 25 and 30 cm, while their operating
pressure is 10+20 bar [64]. The main advantages linked to hydrogen transmission through

pipelines are:

e best option in terms of cost per unit of delivered hydrogen for large-scale production
scenarios [65]
e low operational costs and pipelines’ lifetimes up to 80 years [23]

e as opposed to tube trailers, it does not cause road congestion

Some of the technological challenges that are slowing down the expansion of the hydrogen

pipeline infrastructure are instead:

e high capital costs, even higher than those for natural gas networks construction, due
to the need of bigger diameters and more powerful compressors to counterbalance
lower mass density and volumetric energy density of hydrogen [66]

e embrittlement of the steel and welds of pipelines?®

10 https://www.energy.gov/eere/fuelcells/nydrogen-pipelines
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e relatively high leakages from valves and seals due to the low molecular weight of

hydrogen [67]

A potential solution to minimise infrastructure’s capital costs consists in blending hydrogen
into the existing natural gas network. If the blending ratio is less than 20%, modest

modifications are needed [68].

Efficiencies higher than 99% can be attained if hydrogen is transported through pipelines

[69].

2.5.3 Liquid hydrogen delivery

Despite the high energy consumption of liquefaction, trucking liquid hydrogen is cheaper
than tube trailer option for amounts of hydrogen greater than 500 kg per day [70]. A liquid
cryogenic trailer can in fact carry up to 4500 kg of LH2'!, 16 times the payload of a tube
trailer employing Type | cylinders and 4.5 times if Type Il or IV vessels are instead used.
However, liquid hydrogen delivery pathway suffers from boil-off losses, which can be
significant. According to [68], up to 10% of the payload can be lost during the discharging of

the trailer. Moreover, LHz delivery is viable only if the end-user owns a liquid storage.

2.6 Hydrogen dispensing

Hydrogen dispensing takes place at Hydrogen Refuelling Stations (HRSs), facilities
designed to provide hydrogen to all the types of hydrogen-powered vehicles. HRS plays a
crucial role in the hydrogen infrastructure, enabling the distribution and usage of hydrogen

as a clean energy carrier for transportation purposes.

11 https://www.cryolor.com/cryogenic-transport/liquid-hydrogen-transport
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Based on hydrogen production location, hydrogen refuelling stations can be divided into on-
site and off-site. While the latter receive hydrogen from an external production facility, either
through pipelines or by trucks, the former have integrated hydrogen production capabilities.
On-site HRSs offer greater independence and control over the hydrogen supply, flexibility
in location and can easily integrate renewable energy sources for hydrogen production
[71][72]. However, establishing on-site hydrogen production requires a higher initial
investment compared to off-site stations (up to 1.5 times higher if water electrolysis is used
for production [73]). On the other hand, off-site HRSs benefit from lower initial costs and
leverage existing hydrogen infrastructure, but their carbon footprint depends on the source

of the hydrogen supply.

It is possible to classify HRSs also according to the physical state in which hydrogen is
delivered to the station. In the following lines, the different components and layouts

characterising CGH2 and LHz2 refuelling stations are briefly discussed.

2.6.1 CGH: refuelling station
The following four main modules can be usually found in the vast majority of CGH2 refuelling

stations: production or external supply, compression, storage and dispensing [74].
Depending on the adopted refuelling strategy, two different HRS layouts are possible:

e HRS with cascade refuelling process: the refuelling process is driven by the pressure
gradient between the HRS’s storage system and the vehicle’s tank. No compressor
is required.

e HRS using booster compressors: as hydrogen is stored at pressures lower than the

vehicle’s tank one, compressors are needed.
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HRS with cascade refuelling

Once produced on-site or supplied to the station via pipelines or tube trailers, hydrogen is
stored inside a bulk storage working at pressure typically ranging between 50 and 200 bar
[75]. The station also includes a high-pressure storage, which is usually divided into multiple
storage banks operating at different pressures. For the overflow filling to take place, the
pressure level in the higher pressure bank of the storage has to be above that in the vehicle
tank. Therefore, hydrogen is compressed to 900 [76] bar or 500 bar [77] depending on
whether the station is designed for cars or heavy-duty vehicles, respectively. As the filling
of the on-board tank involves the utilisation of sequentially higher-pressure hydrogen

storage banks, this practice is called cascade refuelling.

Before entering the dispenser, hydrogen undergoes the last conditioning. To make sure that
the operational limits set by the J2601-SAE 2016 (i.e. maximum Hz temperature inside the
vehicle tank < 85°C) are not violated for the entire duration of the refuelling, hydrogen has
to be cooled down to -40°C. In fact, during the refuelling process, four main mechanisms
causing the increase of hydrogen temperature within vehicle’s tank occur: conversion of the
incoming hydrogen flow’s kinetic energy into internal energy, gas compression inside the
tank, the heat flux from the surroundings and the negative Joule-Thomson effect due to the
pressure drop across the fuel line. A pre-cooling unit is then installed in the HRS fuel line

before the dispenser [78].

Mayer et al. [79] estimated, for different utilisation rates and ambient temperatures, the
energy consumption of a station with trucked-in gaseous hydrogen and a 200 bar bulk

storage. A value of 1.43 kWh of electricity per kg of hydrogen dispensed has been obtained

12 https://www.sae.org/standards/content/j2601_201612/
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for a large station having 100% utilisation rate and operating at -10°C of ambient

temperature.
HRS using booster compressors

In this HRS concept, hydrogen from the supply source is compressed and stored in a
medium-pressure storage system kept at pressures below the one in the vehicle. Booster
compressors are then used to transfer hydrogen from the HRS storage to the vehicle’s tank.
They do not run continuously but only on-demand. A pre-cooling unit (PCU) and a dispenser

complete the dispensing line.

2.6.2 LHrefuelling station
The core components of a LH2 refuelling station are the cryogenic storage, the high-
pressure cryogenic pump, the evaporator, the high-pressure storage system and the

dispenser.

Once delivered to the station via cryogenic tankers, liquid hydrogen is stored in highly
insulated storage system working at nearly atmospheric pressure. In order to supply high
pressure gaseous hydrogen to the vehicles, liquid hydrogen is first converted into a
supercritical fluid and then processed by an ambient evaporator to meet the most suitable
thermodynamic conditions for refuelling. If the cryogenic pump throughput is sufficiently
high, a direct refuelling can be performed. Alternatively, a high-pressure storage system like
the one seen in the CGH2 station is integrated. As the upstream cryogenic hydrogen can be

exploited for the precooling, a PCU is not necessary.

Thanks mainly to the cryogenically compression of the hydrogen, a LHz station can consume

up to 85% less energy than a CGH2 one [75].
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2.7 Well-to-wheel analysis studies

Table 6 summarises the key WTW works reviewed, highlighting the geographical setting,
vehicle type, year of publication and main results. These are expressed in terms of primary

energy efficiency (%) or primary energy consumption per km travelled (kwh/km).

H2 H2
Reference | production | transport Location Vehicle Year Result
method method
Correa et al. L : e
[80] SMR Pipeline Argentina FCEH" bus 2017 18%
Torchio and )
: On-site
Santarelli - Europe FCEH car 2010 0.44 kWh/km
SMR
[81]
Wang et al. 14 [ight-
: SMR Pipeline China | FCH” light 2020 | 0.69 kWh/km
[14] duty
I Generic 0
Lu et al. [82] SMR Tu';'epfr'gi‘; | china FCH!s 2022 gg'j(f
Vehicle 0
Lombardi et SMR o 44 ton-FC 6.0 kWh/km
al. [83] Electrolysis Pl ek trucks A 6.7 KWh/km
Sheng et al.
g SMR N(.)t. Oceania FCEH car 2021 0.7 kWh/km
[84] specified
Washing and Tl
Pulugurtha | Distribute : USA FC train 2015 16.6-19.6%
SMR
[13]
Hoffrichter et SMR Not . 25%
al. [85] Electrolysis specified USA, UK FC train 2012 10%
Yazdanie et SMR Not Switzerland | G€neric FC 2016 0.63 kWh/km
al. [86] Electrolysis specified Vehicle 1.5 kWh/km
Li et al. [87] SMR Pipeline China FCE Vehicle 2016 0.53 kWh/km

Table 6 — Key WTW studies reviewed

The literature review has highlighted the site-specific nature of WTW analysis and how it is
deeply affected by the H2 production and transport paths. In fact, each region is

characterised by different infrastructure, with different degrees of development and then

13 Fuel Cell Electric Hybrid
14 Fuel Cell Hydrogen
15 Fuel Cell Hybrid
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different energy performance. The values of the WTW indexes must be then considered

valid only for the geographical area in which the study is conducted.

Given the intention of the UK government to remove all diesel trains from the network by the
end of 2040, the author of this thesis believes that a comprehensive energy analysis of fuel
cell trains as a potential alternative could be beneficial for policymakers to develop effective

strategies.

Therefore, a WTW approach is implemented to assess the full energy pathway efficiency of

fuel cell trains within the emerging UK hydrogen economy.
Literature review on integration between TES and FECVs

for waste heat recovery

In the second part of this literature review the importance of thermal energy storage and
waste heat recovery in increasing fuel cell vehicles energy performance and their economic

attractiveness is highlighted.
2.8 Fuel cell hybrid trains

In 2020, Network Rail published the Traction Decarbonisation Network Strategy?6, in which
the strategic rationale for rail traction decarbonisation and the related work programme are
presented. As Network Rail findings suggest, taking 2018 as baseline year, a 77.5%
reduction in rail traction emissions must be achieved by 2050 to meet the net-zero UK

legislative targets. A year later, in its Transport decarbonisation plan'’, the Department for

16 https://www.networkrail.co.uk/wp-content/uploads/2020/09/Traction-Decarbonisation-Network-Strategy-Interim-
Programme-Business-Case.pdf

17 https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1009448/decarbonising-
transport-a-better-greener-britain.pdf

41



Transport (DfT) set the carbon reduction target for the Rail sector even higher, claiming its

ambition to remove all the diesel trains from the network by 2040.

Both the above-mentioned documents have identified electrification as the main way to
decarbonise rail sector. According to the Office of Rail and Road annual statistical release18
for 2021-2022, while a diesel passenger train emits 1400 g of COze per vehicle kilometre,
an electric one releases just 358 gCO2e/km. However, catenary electrification cannot be a
commercially feasible solution for the whole network, especially for those lines characterised
by low utilisation rates. In fact, as up to one million pounds may be needed to electrify each
km of rail track [88], an high throughput of trains is essential to minimise the payback period
and justify the investment. Therefore, alongside electrification, hydrogen propulsion has
been considered by both Government and Network Rail as a valid option for the

decarbonisation of the unelectrified tracks.

Fuel cell technology to exploit hydrogen energy and provide traction power has been tested
successfully in rail transportation since 2001 [89]. In order to extend system lifetime and
maximise the efficiency, abrupt changes in fuel cells’ load profile should be avoided. The
narrowing of the fuel cell operating power range is usually obtained by employing a hybrid
powertrain [90]. It combines fuel cells as primary energy source of train traction system and
auxiliaries with batteries. Their role is to compensate fuel cells’ slow dynamic response
during sudden accelerations and to store as much as possible of the vehicle’s braking

energy [91].

In 2018, Alstom Coradia iLint made its debut in Germany as the world’s first commercial fuel

cell hybrid passenger train. This two-cars train, built on the platform of Coradia Lint, is

18 https://dataportal.orr.gov.uk/media/2112/rail-emissions-2021-22. pdf
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equipped with two 200 kW Proton Exchange Membrane Fuel Cell (PEMFCs) packs (one for
each car), two 111 kWh Li-ion battery units and as many hydrogen tanks, for a total storage
capacity of 178 kg of Hz at 350 bar [92]. While the hydrogen pressurised tanks and the fuel
cell systems are mounted on the roof, battery packs are located on the underframe, as

shows. Alstom has already sold 59 iLint trains across the Europe®®, which will

gradually replace the existing vehicles in operation.
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Another important application of hydrogen fuel cell technology in railway is Mireo Plus H
from Siemens Mobility. Developed on the Mireo platform, the hydrogen-powered counterpart
integrates two 200 kw PEMFC modules with a 350 kWh lithium-ion battery pack. The energy
management strategy is the same already seen for iLint, with batteries ready to assist fuel
cells during high traction efforts. Siemens claims a maximum range of 600 km for the two-
car unit and up to 1000 km for the three-car train?°. Mireo Plus H will enter passenger service

in Germany in 202421,

19 https://www.alstom.com/world-leader-green-traction-solutions
20 https://www.mobility.siemens.com/global/en/portfolio/rail/stories/mireo-plus-h-for-a-cleaner-emissions-free-
operation.html

21 hitps://press.siemens.com/global/en/pressrelease/maiden-trip-deutsche-bahn-and-siemens-test-hydrogen-train-and-
mobile-hydrogen
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Figure 4 — Mireo Plus H

In 2020, Toyota Motor, Hitachi Ltd and East Japan Railway initialled a partnership with the
aim of designing, developing and testing fuel cell hybrid railway vehicles. Based on the
design of the EV-E301 series battery electric multiple unit, these innovative two-cars trains
(HYBARI is the chosen nickname) are powered by four 60 kW PEMFC modules, which are
assisted by two 120 kWh lithium-ion batteries?. In contrast to iLint and Mireo Plus H,
HYBARI is equipped with hydrogen tanks working at 700 bar. About 1020 litres of gaseous
H2 can be stored on the train’s roof, resulting in approximately 40 kg of hydrogen storage
capacity. The stated maximum range is 140 km. Moreover, compared to the design adopted
by Alstom and Siemens for theirs hybrid vehicles, HYBARI’s fuel cell modules are installed
on the underframe (see Figure 5). The test started on March 2022 and the first commercial

application is expected to be ready by 202423,

Main circuit Power converter Fuel cell device
storage battery (Hitachi) (Toyota)
(Hitachi)

Figure 5 - HYBARI

22 https://global.toyota/en/newsroom/corporate/33954855.html
23 https://en.wikipedia.org/wiki/FV-E991_series
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A further boost to the market penetration of the fuel cell hybrid trains may come from the
possibility to convert the current in-service trains into hydrogen powertrain vehicles, instead
of replacing them with newly built units. A successful example of the retrofit approach is
represented by the UK's train HydroFLEX [93]. Additional efforts are however needed to
improve the economic and technological feasibility of the retrofit option [94]. The EU project
FCH2RAIL?* is working in this direction. In particular, it aims to develop a modular, scalable
and multi-purpose fuel cell hybrid powerpack suitable for retrofitting the existing electric and
diesel trains [95]. The powerpack comprises fuel cell modules and their coolant system,
hydrogen storage vessels, batteries, a HV DC/DC converter and an energy management

system.
2.9 Main barriers to FCH trains deployment

Despite their high energy efficiency compared to conventional internal combustion engine
vehicles [129], the market penetration of FCH trains is still very limited [96]. In addition to
the inadequate deployment of hydrogen infrastructures [97], the other two main barriers to
their broader applicability are fuel cells’ durability and high capital costs of the vehicles,

mainly due to the expensive materials used for fuel cell stack (e.g. platinum) [98].

Waste heat recovery and proper thermal management strategies have been included
among those solutions potentially able to help fuel cell vehicles in their path towards
competitiveness [99]. Both, in fact, have already proven to improve durability, system

efficiency and cost [100].

24 hitps://cordis.europa.eu/project/id/101006633
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2.10 Basic principles of PEM fuel cell operation

In the schematic of a typical PEM fuel cell and its working principle are depicted.

A Proton Exchange Membrane Fuel Cell (PEMFC) operates by converting hydrogen and
oxygen into water, producing electricity and heat in the process. The key components
include the anode, cathode, proton exchange membrane (PEM), catalyst layers, gas

diffusion layers (GDLs), and bipolar plates.

Hydrogen gas (H.) is introduced at the anode, where a platinum catalyst splits it into protons
(H") and electrons (e~) according to (8). The protons pass through the PEM to reach the

cathode, while the electrons travel through an external circuit, generating electricity.

Anode : H, -» 2H* + 2e~ (8)
At the cathode, the protons, electrons, and oxygen (O,) from the air combine, forming water

(H20). This reaction, represented by (9), is facilitated by another platinum catalyst.

Cathode : 20, + 2H* + 2e~ - H,0 9)
The bipolar plates distribute the gases evenly, conduct electrons, and provide structural

support. They also contain channels for coolant to manage the heat produced during

operation. The GDLs ensure even gas distribution and assist in water management.
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Figure 6 — Schematic of a PEM fuel cell with coolant channels passing through the bipolar plate [101]

2.11 Fuel cell heat generation

In fuel cells, part of the hydrogen energy in input is converted into heat. It is possible to
identify three main thermal energy sources: entropic heat, irreversibilities and water
condensation [102]. The entropic heat is a direct consequence of the second law of

thermodynamic. It states that not all the change in enthalpy associated with the fuel cell’s
global reaction (i.e. AHyeqcrion(25°C,100kPa) = AHy,o — AHy, —3AH,, = —285.83 %) can
be converted into electricity, but only the corresponding Gibbs free energy gradient AGreaction
(AG,eqction(25°C,100kPa) = —237.13 %). The quantity (AG — AH)reaction IS released as
thermal energy and is known as entropic heat. Irreversibilities occur as soon as a load starts
to be applied. Typically, they are linked to the activation of the electrochemical reactions,
mass transport mechanisms and flow of protons and electrons across the electrolyte and
electrodes (e.g. ohmic loss) [103]. Water vapour condensation in the gas channels is

another source of heat and is the result of low gas stoichiometry [104]. Figure 7 shows where

the cell’s main thermal energy sources are located.
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The overall amount of heat produced by a fuel cell module per unit time can be assessed

through the following equation [105]:

0 . i : Vecellmax
Qmodule(l) = Neey - chll(l) ’ (ﬁ - 1) (10)

where Q,,o4uie IS €Xpressed in W/cm?, i is the cell’s current density measured in A/lcm?2, W,
is the electric power generated by the fuel cell module, N..; is the number of cells
constituting the module, V., max is the ideal voltage for a 100% efficient fuel cell (AGreaction
= AHreaction) and V,,; is the actual cell voltage. The typical trend of V.., at different values of
current density is showed below, along with in which part of the curve the three types of

irreversibilities occur.
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Figure 8 — Example of PEMFC polarisation curve

Based on the concept of fuel cell's electrical efficiency (n¢;c.;;), another way to assess

Qmodule iS:

: . : ~ (1 —=7ercen(d)
Qmodule(l) = Wiodule (l) ’ <L (11)
nel,cell(l)
where Wyoque @nd ne; e €anN be calculated as:
Wmodule (l) = chll(i) *Neenr (12)
. Winodute (i) Veen (@)
77el,cell(l) == o = = (13)

Wonoaute @ + Omoaute D Veetmax (0
As Eqgs. (10) - (13) indicate, fuel cell electric performance and heat generation rate are
strongly linked and vary with the desired current density, which in turn changes to match the
time-dependent load power demand. Thus, the estimation of the total amount of heat
produced is not straightforward as it requires the knowledge of both fuel cell’s duty cycle
(i.e. how the power output has to change over time to follow the load profile) and polarisation

curve.
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2.12 Thermal management

To work efficiently and safely, fuel cells need to operate within a certain range of
temperatures. In particular, due to the intrinsic characteristics of the materials used, PEMFC
operating temperature must be maintained between 60°C and 80°C. On the one hand, at
lower temperatures water product is prone to exist in its liquid state, resulting in flooding of
electrodes and sluggish kinetics. On the other hand, temperatures higher than 80°C would
lead to severe dehydration of Nafion membrane, causing an unacceptable drop in its proton
conductivity and so in cell performance and durability [106]. The removal of Qoquie LY

means of a proper designed cooling system is then crucially important.

summarises the most common cooling strategies for PEM fuel cells, highlighting

their advantages and limitations.

CooI]ng Description Advantages Limitations
technique
. . - Simple design -
Air to dissipate heat from ! P . '9 - Limited heat transfer
. . - Lightweight .
Air cooling | the stack, through fans capacity
. - Low cost . .
[107] or enhanced airflow . - Not suitable for high-
designs - Suitable for low power ower applications
g applications (100 W - 2 kW). P PP
- High heat transfer
Liquid Water or other coolants efficiency
q . circulated through - Suitable for high-power - Complex design
cooling . . .
[108] channels or plates in the | applications (>10 kW) - Higher cost
fuel cell stack - Precise temperature
control.

Phase Phase change materials | - High heat absorption - Limited to specific
change to absorb and release capacity applications
cooling heat as they change - Passive operation - Higher initial cost

[100] state - Eliminates need for pumps | - Design complexity
H i i .-
eat pipes 1o transter - Efficient heat transfer - .
. heat through phase . - Limited scalability
Heat pipes . - No moving parts . N
change and capillary . . - Potential reliability
[109] . - - Can be integrated into . .
action within a sealed A issues over time
pipe compact designs
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- Limited cooling

: — - Simple design .
Heat Materials with h'.gh - Effective for low to capacny_ .
thermal conductivity to - Not suitable for high-
SRISSRE spread heat across a BRI ower applications
[108] P applications P P

- Potential for uneven
heat distribution

larger surface area .
- Low maintenance

Among the different heat management strategies [110][111], liquid cooling has been
successfully applied in high-power PEMFC stacks (>10 kW), especially in automotive
applications [112]. Despite significant efforts have been made in recent years to develop
novel coolants with improved thermal properties (e.g. the Nusselt number and heat transfer
coefficient were enhanced thanks to the use of nanofluids [113][114]), a mixture of deionised
water and ethylene glycol is still the most popular option to remove excess heat from fuel
cell based powertrains [115]. A typical liquid cooling system ( ), besides the fuel cell

stack, comprises a radiator, a coolant reservoir and a variable flow rate pump.

@
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The chosen coolant, passing through dedicated cooling channels within the stack, absorbs
the excess heat produced by the fuel cell module. The heated coolant leaves the fuel cell
stack and is directed to a radiator, where heat is rejected into the environment. After

releasing the heat, coolant is finally pumped back to the PEMFC module to start a new cycle.
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2.13 Waste heat recovery strategies

Generally speaking, the main benefit associated with waste heat recovery from fuel cells is
the improvement of the overall utilisation rate of hydrogen energy. The operating
temperature of the fuel cell and then of the available waste heat plays a key role as it dictates
which exploiting routes are technologically viable and which are not. Several heat recovery
solutions have proven to be feasible for PEM fuel cells, ranging from self-servicing
applications such as pre-heating of the reactants, to thermal integration into combined
heat/cooling and power systems [116]. The coupling of the harvested heat with other
conversion technologies or with the BoP of the fuel cell system itself allows to achieve higher
energy conversion efficiencies. In fact, from the perspective of the integrated system, the
heat recovered from fuel cells can no longer be treated as a mere by-product but rather
incorporated into the calculation of their efficiency. Thus, by modifying (13), it follows

that:

Wmodule + Qrec
Nfuel cell = 73 - (14)
Wmodule + Qmodule

where 0, is the thermal power captured from the cooling circuit and successfully integrated

into another system.

Various waste heat recovery strategies have been successfully implemented also in fuel cell
vehicles. Although of low quality (~75°C), the large amount of heat generated by PEMFC
fuel cells implemented on board represents a remarkable opportunity for recovery. For
instance, instead of being rejected into the environment via radiator, the heat retrieved from
the coolant stream can be efficiently used on-board. Waste heat from PEMFC modules for
electromobility has been effectively exploited for cabin space-heating [117], to power on-

board thermoelectric generators [99] or as energy input to vehicle-integrated
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thermochemical storages [118]. All the three above-mentioned heat recovery concepts have
been shown to partially relieve fuel cells from the burden of auxiliaries. The resulting

improved vehicle efficiency ultimately led to an increase of the driving range.

2.14 Contribution to research of this thesis

Another possible usage of the heat captured from the fuel cells’ cooling system consists in
storing it within proper on-board thermal energy storage devices (TES) with the aim of
supplying it to different off-board thermal applications. If the vehicle under consideration is
a fuel cell hybrid train, TES units are charged during the journey and then discharged at the

stations, where it can be used in different ways.

The idea developed in this thesis is to store the waste heat produced by fuel cell powertrain
into phase change material-based thermal energy storages. Phase change materials
(PCMs) have been chosen for their large latent heat that allows them to retain and release
between 5 and 100 times more energy than sensible heat devices with the same volume
[119]. However, PCMs are also characterised by low thermal conductivity. The resulting
poor heat transfer rate achieved during the charge/discharge processes is one of the main
issues related to PCM-based TES deployment. In the framework of the present thesis, this
may lead to charging and discharging times that do not match with train timetables and
schedules. Additional details will be provided in the next sections. As regards the choice of
the best suited PCM for PEMFC technology, paraffin waxes are selected. Their melting point
lies indeed in the PEMFC operating temperature range. Moreover, they are relatively cheap,
chemically stable, safe, harmless and present small volume variation during phase change
and little thermal hysteresis [120]. The implementation in fuel cell hybrid trains of the heat

recovery concept just described, the quantification of the heat that can be discharged at the
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station and the potential benefits associated with its exploitation are the main topics of the
present chapter. In fact, to the best of author's knowledge, the opportunity of a thermal
integration between fuel cell hybrid trains and stationary energy systems nearby railway

lines has not yet been investigated.
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3. Chapter three

Well-to-wheel analysis of fuel cell hybrid train operating in

the Birmingham area

3.1 Introduction

This chapter presents a well-to-wheel (WTW) analysis of a fuel cell hybrid train operating in
the region of Birmingham, UK. The WTW analysis provides a comprehensive evaluation of
the primary energy efficiency of the train through two crucial stages: the well-to-tank (WTT)

and the tank-to-wheel (TTW) processes.

While the WTT stage focuses on the upstream processes that include hydrogen production,
storage, distribution and dispensing, the TTW step examines the on-track operation of the

fuel cell hybrid train.

For each WTW route analysed, the results will be presented both in terms of primary energy

efficiency and primary energy consumed per km travelled.

To be site-specific, the analysis must consider the UK energy scenario, focusing on the
future developments of its hydrogen economy. Before choosing which hydrogen supply
pathways to include in the analysis, a brief overview of how UK plans to build a robust and
efficient hydrogen sector is provided. The following analysis thus aims to be a proposal of
how to supply, within the emerging UK hydrogen framework, hydrogen to the Birmingham

area as efficiently as possible.

Birmingham New Street, like any other large train station, has in fact the potential to become

a remarkable hydrogen hub in terms of quantity of hydrogen managed daily and can also
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help stakeholders to better frame the hydrogen’s role in the decarbonisation of transport

sector.
3.2 UK hydrogen scenario

In August 2021, the Secretary of State for Business, Energy & Industrial Strategy presented
to Parliament the UK Hydrogen Strategy [121], which has laid the foundation stone for the
beginning of the hydrogen era in the UK. It contains the goals and the principles of UK
hydrogen roadmap and clarifies the role of each stage of the hydrogen chain (production,
storage, transmission, distribution and end use) in meeting the desired targets. Importing

hydrogen is not an option for UK as it has no added benefits on national energy security.

UK government has identified “low-carbon hydrogen” as a key factor to achieve the Net Zero
target by 2050 [1]. According to the UK Low Carbon Hydrogen Standard [122], hydrogen
can be referred as low carbon if its GHG emissions intensity (Et) is equal or below 20
gCO2eq per MJ of produced hydrogen at lower heating value. Et considers not only the
GHG emissions directly associated with the Hz production plant’s operation, but also those
related to extraction, refining and transportation of the raw fuel sources needed for H2
generation. The greenhouse gases contributing to the above-mentioned emissions

threshold are CO2 , CH4, N20, HFCs and SF6.

UK sets itself the very ambitious goal of achieving 10 GW of low carbon hydrogen production
capacity by 2030. Among the different production pathways, hydrogen from water renewable
electrolysis and steam reforming with carbon capture usage and storage (SR+CCUS) have
been selected. In the early stages, offshore wind and natural gas will be the preferred energy
sources for water electrolysis and SR+CCUS, respectively, but in the near future biomass

and nuclear energy are expected to contribute to the Hz production goal [123].
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Nowadays, hydrocarbons steam reforming is by far the most mature technology for H2
production. Over 90% of the industrial hydrogen production facilities use indeed this
technology [124]. Not surprisingly, at least in the near-term, UK will rely mainly on the
synergy SR-CCUS to produce large amounts of low carbon hydrogen. The availability of
domestic large-scale production facilities for natural gas represents another factor in support
of this choice. CCUS technology development is then essential in UK Hydrogen Strategy
and will become a core component of the UK energy sector. Once captured, carbon dioxide
can be used or stored. Depleted gas and oil fields in the North and Irish Sea are where UK

aims to store permanently COo.

According to the Energy White Paper [125], UK will invest one billion pounds up to 2030 to
support the CCUS establishment in four industrial clusters (two by 2025 and a further two
by 2030). Here, the first H2 production facilities are to be built, taking advantage of both
CCUS infrastructures availability and industrial clusters’ high hydrogen demand. Through a
dedicated sequencing process ended on 19 October 20212%, UK government announced
HyNet and the East Coast Cluster as the two CCUS clusters that are suited to deployment
in the mid-2020s. CCUS-enabled hydrogen from HyNet will be considered in our analysis,

due to the greater proximity to Birmingham.

25 hitps://www.gov.uk/government/publications/cluster-sequencing-for-carbon-capture-usage-and-storage-ccus-
deployment-phase-1-expressions-of-interest
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Figure 10 — HyNet Project map [126]

As mentioned, the other selected hydrogen production technology to meet net zero is water
electrolysis. Alkaline and PEM electrolysers are ready for a full commercial deployment, but
their typical size (< 1 MW) is today not sufficient to sustain a bulk scale hydrogen production.
Despite that, water electrolysis technology will play a crucial role in UK Hydrogen Strategy,
providing at least 5 GW of Hz production capacity by 2030 [127]. The achievement of such

an ambitious goal will necessarily require a scaling-up of electrolysers production capacity.

Electrolytic hydrogen is actually low carbon only if the electricity used to power electrolysers
is produced from renewable sources. UK is characterised by a significant wind potential,
making this country the current world’s largest offshore wind market, with more than 10GW
of installed capacity [128]. In the next 8 years, UK plans to increase this capacity up to 40
GW, investing around 160 million pounds. Electricity from offshore wind farms appears then

to be the most suitable choice for green hydrogen bulk production. UK government included
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a map in the Hydrogen Investor Roadmap [129] for keeping track of all the hydrogen projects
across the UK. Its latest version, updated on 28 July 2022, counts 46 electrolytic projects of
different scales. Gigastack?6 and ERM Dolphyn2’ are the two most relevant electrolytic
hydrogen projects. Both projects aim to benefit of offshore wind turbines technology, but
Dolphyn stands out for an innovative modular concept. It consists in a moored floating deck

on which wind turbine, electrolyser, hydrogen storage and desalination unit are installed.

Another hydrogen’s pros that UK intends to exploit is the possibility to store large quantities
of energy over long period. Hydrogen storage ensures security of supply and offers a
solution to the intermittence of renewable energy sources, speeding up RES penetration.
Undersea and underground geological storage represents a great opportunity. UK can
indeed claim more than 40 years of experience in hydrogen storing in Teesside’s salt
caverns. It has been estimated that UK has the potential to store millions of TJ of hydrogen
in its salt formations [130]. Depleted offshore gas and oil fields have also been considered

but some concerns on their suitability for hydrogen storage still remain.

Transmission and distribution to the centres of consumption is the next step in the hydrogen
supply chain. The development of a dense nationwide hydrogen network by 2030 is what
UK aims for. The amount of hydrogen transported by pipeline will gradually increase year
by year, together with the growth in H2 demand. In this regard, UK government decided to
implement blending to support demand in the early stages of the strategy. Blending consists
in injecting hydrogen into the existing natural gas network. Before using it, hydrogen must
be separated from natural gas through the so-called deblending, which is a very energy-

intensive process. If pressure swing adsorption is used, around 20 kWh/kgn2 are needed for

26 hitps://gigastack.co.uk/
27 https://lermdolphyn.erm.com/p/1
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deblending 10% Hz in CHa4 to obtain a hydrogen purity higher than 99% [131]. For this
reason, blending is not seen as a long-term solution to meet zero net targets. At the same
time, significant efforts are under way to investigate to which extent the repurposing of the
existing gas grid is possible. Government, research and industry are in fact currently working
together in joint projects with the aim of exploring the economic and technical feasibility of
repurposing. Despite its potential benefits, repurposing may not be applied in all parts of the
country or for all consumers [121]. New transmission pipelines could be then required.
According to a report prepared by Element Energy Ltd [132], hydrogen networks will be
characterised by either larger diameters, higher pressure drops or increased inlet pressures
than those of gas grid. The reason behind these design choices is the need to
counterbalance the lower hydrogen volumetric energy density. Delivery via pipeline is not
however the only way to transport hydrogen to end-users. Especially before hydrogen
network completion, large areas of the country may not be reached by pipelines. In such a
case, UK relies on trucking for transportation. Hydrogen can be delivered in liquid or
gaseous form. In the first case, a cryogenic liquid tanker truck is used. Generally, payload
for this kind of vehicles is around 3500 kg of liquid H2 [133]. As regards gaseous hydrogen,
H2 is instead transported via tube trailers at pressures between 200 — 300 bar [134]. Due to
the low density (20.86 kg/m? at 20°C and 300 bar), each trailer can carry around 350 kg.
Recently, thanks to newly built vessels made of composite material, trailer's payload has
been increased up to 900 kg?8. Despite the higher capacity of cryogenic tankers, the appeal
of hydrogen transportation in liquid form is strongly limited by the high energy consumption

for liquefaction.

28 https://www.energy.gov/eere/fuelcells/hydrogen-tube-trailers

60



3.3 Well-to-tank stage

3.3.1 Analysed supply pathways
For practical reasons, WTT stage is split in two parts: the first covers hydrogen production,
CO2 storage, H2 storage and transportation to the hydrogen refuelling station. Conversely,

the second deals with the dispensing step and HRS layouts.

Once the UK’s plan to develop its own hydrogen market in the next decades is known, the
most likely supply pathways for the Birmingham area can be now assumed with a good level
of accuracy. Thus, for each stage of the hydrogen supply chain, the options included in the

analysis are:

e Hp» production:

- Natural gas reforming coupled with carbon capture and storage
- Wind powered water electrolysis

e Hpstorage:

- Compression and injection of hydrogen into salt caverns

e COg storage:

- Compression and injection of carbon dioxide into depleted offshore gas fields

e Hpatransportation:

- Pipelines network
- Cryogenic liquid tankers
- Tube trailers

e H> dispensing:

- HRS with booster compressors

- HRS with overflow filling
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- LH2HRS

In addition to the first six supply routes depicted in Figure 11, a seventh one is examined:

on-site hydrogen production by means of electrolysers. It is assumed that electrolysis is

driven by grid electricity. Since no losses for hydrogen delivery are involved, on-site

production paths are expected to be the most efficient ones. Energy efficiency is not

however the only criterion in selecting the best hydrogen supply option for Birmingham.

Environmental and economic considerations, such as costs and greenhouse gas emissions

associated with each step of the analysis, are in fact equally important and should be

included in the decision-making process.
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The analysed WTT pathways, resulting from the combination of the considered seven
supply options (Figure 11) and the three dispensing ones, are fourteen and are presented

in Table 8 for the sake of clarity.

Pathway Ide:ltjirfri]%aetrion
Electrolysis — H2 storage — pipeline — HRS with booster compressors 1
Electrolysis — Hz storage — pipeline — HRS using overflow filling 2
Electrolysis — Hz storage — 300 bar-tube trailers — HRS with booster compressors 3
Electrolysis — Hz storage — 300 bar-tube trailers — HRS using overflow filling 4
Electrolysis — Hz storage — 700 bar-tube trailers — HRS using overflow filling 5
Electrolysis — Hz storage — liquefaction — liquid tankers — LH2 HRS 6
SMR - CO: storage — H: storage — pipeline — HRS with booster compressors 7
SMR - CO: storage — H: storage — pipeline — HRS using overflow filling 8
SMR - CO: storage — H: storage — 300 bar-tube trailers — HRS with booster compressors 9
SMR - CO: storage — Hz storage — 300 bar-tube trailers — HRS using overflow filling 10
SMR — CO: storage — Hz storage — 700 bar-tube trailers — HRS using overflow filling 11
SMR — CO: storage- H2 storage — liquefaction — liquid tankers — LH2 HRS 12
On-site electrolysis — HRS with booster compressors 13
On-site electrolysis — HRS using overflow filling 14

Table 8 — Analysed WTT routes

In the following sections, the energy efficiencies of the selected WTT pathways are
assessed. They are calculated by multiplying the individual efficiencies of each step. Data
and information needed for calculation, wherever possible, are taken from technical reports
and feasibility studies of the main projects currently shaping UK hydrogen strategy. A
database so built allows the analysis to be specific for UK scenario. When no or limited data
is available, reasonable assumptions based on literature findings are made, explaining the
reasons behind them. Greater detail on the data used to model each supply route will be

provided further on.
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3.3.2 New Street daily hydrogen demand

In this thesis, Birmingham New Street Station is the considered end user of the hydrogen
supply chain. Every day enough hydrogen to cover the overall daily mileage of the train fleet
has to be delivered to the station. The size of the fleet and the average fuel consumption of

the trains dictate therefore the magnitude of the station’s hydrogen demand.

In the Transport decarbonisation plan??, the Department for Transport (DfT) announced its
intention to remove all the diesel trains from UK network by the end of 2040. Currently, the

four most relevant operators at BNS run approximately 243 diesel trains, totalling 735

carriages.
# of 2-car # of 3-car # of 4-car # of 5-car
Company ; . . )
trains trains trains trains
Sz 7 22 38 20
Country
London
Northwestern 3 0 0 0
Railway
West
Midlands 36 15 14 0
Railway
Transport for 51 26 11 0
Wales
TOT 97 63 63 20

Since DfT has not provided a roadmap for diesel trains phase-out, it is assumed that the
withdrawal rate of diesel carriages from the network will start slowly and then accelerate
over time as technology becomes cheaper and more accessible. This behaviour can be

described by a cubic polynomial law, whose general formula is:

N(@t)=a-(t—2023)>+b-(t—2023)>+c-(t—2023) +d (15)

29 https://assets.publishing.service.gov.uk/media/610d63ffe90e0706d92fa282/decarbonising-transport-a-better-greener-
britain.pdf
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where:

e N(t) is the number of diesel cars remaining at time t
e N, is the initial number of diesel carriages (i.e. 735)

e a,b,c,d are the fitting coefficients

After adjusting Eq. (15) such that:

e N(t=2023) =735 > Number of diesel carriages starts at 735 in 2023

e N(t=2040) = 0 > Number of diesel carriages is 0 in 2040

dN(t=2023)

s ————= 0 - No initial steep drop
d?N(t=2023)
s — - —= 0 - Smooth start

it follows that:

N(t) = —0.1496 - (t — 2023)3 + 735 (16)
Table 10 shows how many diesel coaches have to be removed every year and replaced

with as many hydrogen-powered ones.

800
700
600
500
400

300

# of diesel coaches

200
100

0
2023 2025 2027 2029 2031 2033 2035 2037 2039

Year

Figure 12 — Number of diesel carriages still in operation per year (Eg. 16)
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# of diesel # of diesel

Year coaches to Year coaches to
replace replace

2024 1 2033 41
2025 1 2034 49
2026 3 2035 60
2027 6 2036 70
2028 9 2037 82
2029 13 2038 94
2030 19 2039 108
2031 26 2040 121
2032 32

Technical design of the train, size of the fuel cell powertrain, real-life driving profile, average
seat load factor, number of coaches, typical daily mileage, topological characteristics of the
routes, wind speed and direction are just some of the factors affecting the hydrogen
consumption of the trains. An accurate estimation of the hydrogen usage can be achieved
through field measurements or by means of proper models to simulate train performance in

time-domain.

Given the impossibility of performing on board measurements and due to the lack of the
required data for modelling, the hydrogen consumption levels for a typical fuel cell train are
retrieved from literature. Report 1 of the ‘Study on the use of fuel cells & hydrogen in the
railway environment’ [89] is taken as a reference as it shares some important similarities
with the present thesis. In particular, it estimates a hydrogen usage between 0.25 and 0.3
kg per km for a two-car Alstom Coradia iLint travelling under the following working

conditions:

e Daily mileage of 800 km, with 8 stops per hour and a total operational time of 10

hours per day
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e Flat topography of the route

e Average seat load factor of 50%

The above-mentioned consumption range is however valid only for the specific case of a
half-loaded two-car train. To determine how much H2z each train needs, whichever are its
number of carriages and seat load factor, a simple Simulink model simulating the
longitudinal dynamics of the train is used. It is based on the work of Spiryagin and his

colleagues [135] and is built starting from the following equation:

d
mtrain%v(t) = Ftrac(t) - Fa(t) - F;*(t) - Eg(t) (17)
where:
e F,., . traction force at the wheels
e F, :aerodynamic friction

e FE. :rolling resistance

e [, : gravitational force for non-horizontal roads

The aerodynamic friction, rolling resistance, and gravitational forces are calculated thus:

F,=C-v? (18)
FE=A+B-v (29)
Fg =Mpygin-g- @ (20)

where A, B and C are the Davis equation’s coefficients, v is the train velocity, m;,4;, is the
mass of the train, g is the gravitational acceleration and « is the track gradient. Below, the
set of empirical expressions proposed by Armstrong and Swift [136] to determine the values

of A, B and C is shown.
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A = 64 " mTC + 8 " mpc (21)
B = 018 - mtrain + 1 " nTC + 0005 - TLPC - P (22)
C=0.6125Cy-S+0.00197 - d -1 +0.0021-d "I, (nrc +npe — 1) +0.2061-CE -ny  (23)

where;:

e my.. total mass of trailer cars in tons
e mp.: total mass of power cars in tons
e npc. number of trailer cars

e npc: Number of power cars

e P: total power in kW

e (,: head/tail drag coefficient

e S:car’s cross-sectional area in m?

e d:car's perimeterinm

e [: train length

e [, inter-vehicle gap in m

e (B: bogie drag coefficient

e ng: number of bogies

The resulting Simulink model is shown in . It accepts in input the desired velocity
profile ( ), the train mass and the Davis equation’s coefficients, printing out the
distance covered by the train and the energy consumption. For the sake of simplicity, a

horizontal track is considered and F, can be neglected. Only the effects of aerodynamic

friction and rolling resistance will be then taken into account.
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Figure 13 — Simulink model for longitudinal train dynamics and energy calculation
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Figure 14 — Typical velocity profile between two consecutive stops

The relationship between fuel consumption, number of coaches and seat load factor is

derived by considering how the traction force required by the train has to vary as vehicle

mass increases (i.e. due to the addition of carriages and/or the increase of occupancy rate)

so that train’s velocity profile does not change. Therefore, it follows that:

t
Etrac = f Ftrac(t) ’ ‘U(t)dt
0

I _ ) . Etrac—n
fue n_cars — fue two_cars "
trac—two
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where fuel,, .45 is the fuel consumption per km of a hybrid n-car train having an average
seat load factor ranging from 0 and 150%, fuel,,, cqars IS the fuel usage per km of the half-
loaded two-car Alstom Coradia iLint previously mentioned (i.e. 0.25-0.3 kgnz2 per km),
Eirac—two 1S the energy needed by the half-loaded two-car iLint to travel an arbitrary distance
d over the time frame t and E;,.,.—, iS the energy required by the hybrid n-car train to cover

the same distance d in the same amount of time t.

shows the effects of the number of coaches forming the train and seat load factor
on train’s fuel consumption. gather instead all the Davis coefficients implemented

in the model, calculated using (21) - (23).

seat load factor| coaches A B c seat load factor|coaches A B c
0 2 856 23.26 2.091 0.5 2 892 24.07 2.091
0 3 1254 37.89 2.894 0.5 3 1338 39.11 2.894
0 4 1712 54.52 3.697 0.5 4 17584 56,14 3.697
0 5 2140 73.15 4.500 0.5 5 2230 75.18 4.500
0 6 2568 93.78 5.303 0.5 6 2676 96.21 5.303
0 7 2996 116.41 6.105 0.5 7 3122 119.25 6.105

seat load factor| coaches A B c seat load factor|coaches A B c
1 2 928 24.88 2.091 1.5 2 964 25.69 2.091
1 3 1392 40.32 2.894 1.5 3 1445 41,54 2.894
1 4 1856 57.76 3.697 1.5 4 1928 59.35 3.697
1 5 2320 77.20 4.500 1.5 5 2410 79.23 4.500
1 6 2784 98.64 5.303 1.5 6 2892 101.07 5.303
1 7 3248 122.08 6.105 1.5 7 3374 124.92 6.105
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Figure 15 — Train fuel consumption for different numbers of coaches and seat load factors (SLF)

Once the relationship between train fuel usage, SLF and number of carriages is known, the

other information needed to calculate Birmingham New Street’s daily hydrogen demand are:

e train’s average daily mileage

e average seat load factor

A typical daily seat load factor trend, retrieved from the National statistics on rail passenger

numbers and crowding on weekdays®’, is displayed in Figure 16. According to the curve,

the daily average SLF is equal to 87%. This value will be then used for calculations.

30 https://www.gov.uk/government/statistics/rail-passenger-numbers-and-crowding-on-weekdays-in-major-cities-in-
england-and-wales-2021/rail-passenger-numbers-and-crowding-on-weekdays-in-major-cities-in-england-and-wales-
2021#rail-journey-distributions
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Figure 16 — Typical daily seat load factor
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To estimate the train’s average daily mileage, the timetables provided by the four companies

operating at BNS have been examined. It is found that a Cross Country’s train travels an

average of 500 km per day, while a London Northwestern’s one covers only 263 km/day. As

regards West Midlands and Transport for Wales trains, their average daily mileages amount

to 280 km and 440 km, respectively. Therefore, a train of the diesel fleet operating at BNS

(see Table 9) covers, on average, 416 km every day. All the data for BNS daily hydrogen

demand calculation are now known.

Based on Table 10 values, the table below shows how the station’s daily hydrogen demand

should change over the years to meet the 2040 target set by the DfT. Both a low and a high

demand scenario are included.

Hz 2-car H, | 3-car Hp | 4-car H, | 5-car H» Low High
Year | powered : : : . scenario | scenario
trains trains trains trains
coaches (kg) (kg)
2025 2 1 0 0 0 106 127
2030 52 6 5 5 1 2714 3257
2035 260 36 23 21 7 13585 16302
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2040 735 97 63 63 20 38394 46073

Despite being a very rough estimate (an accurate calculation is beyond the scope of the
thesis), the order of magnitude of the numbers in suggests that BNS has the
potential to play a major role in the next future as hydrogen hub. To give an idea, the 46
tons per day that would be required for the station in the 2040 would account for almost

2.1% of the HyNet'’s daily hydrogen production capacity.

3.3.3 WTT methodology

As stated before, the energy efficiency of each WTT chain examined is the result of the

product between the efficiencies of all the steps involved,

n
NwWTT path = 1_[771' (24)
i=1

where n is the number of the steps constituting the path and n stands for efficiency. The
simplest definition of energy efficiency ni (Eq. (25)) is the ratio between the energy content
of the step’s useful output (E,yepue,i) @nd the energy in input to produce it (Eippye.i)-

_ Eoutput,i _ Eoutput,i
P = =
Einput,i Eel + Eth

(25)

where Ew indicates the thermal energy or the LHV of the fuel in input, while Eel stands for
electrical energy required by the process. This calculation approach makes no distinction
between Ew and Eel in input, hence assuming 1 kWhel equivalent to 1 kWhi. Electricity,
however, is not a primary energy sources and then the equivalence between heat and
electrical energy is an oversimplification. Besides, as the energy processes involved in the

analysis are different, the parameter n; is not a fair index for comparison if calculated
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according to (25). To fix this inaccuracy, anytime electricity or any other secondary
sources is part of process inputs, a corresponding primary energy parameter is introduced.

For the electrical energy, it can be calculated as follow:

1
PE ¢ = PEyg mix fuels ’ (26)

Nuk mix * Ntransm

Where nyg mixs Neransm @Nd PEyk mix rueis @re the efficiency of UK electricity generation mix,
the transmission/distribution efficiency and the combined primary energy factor of all the
fuels forming the electricity generation mix, respectively. PEyg mix rueis takes into account
not only the energy content of raw fuels but also the energy consumed during the upstream
activities (extraction, processing and delivery to the power plant) of each fuel type. Thus, its
value depends on which primary energy sources are mainly exploited for electricity

generation. In this analysis, two different cases are considered:

e UK energy mix as source. The corresponding PEelecticity IS 1.501 and is taken from
SAP 10 Technical Paper [137]. This means that 1.501 units of primary energy are
needed to generate and deliver 1 unit of electrical energy to consumers.

e Wind powered electricity, resulting in a PEelectriciy equal to 1. JEC Well-to-Tank report
v5 in fact assumes a 100% conversion efficiency for renewables as raw material is

considered unlimited [138].

(25) is therefore modified to incorporate PEe parameter. The equation for ni estimation

becomes:

Eoutput,i _ Eoutput,i
Eey+ Ein  PEe-ee + Ep

ni = (27)

where eel is the amount of electricity needed for the i-th step.
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In light of the above, WTT pathway’s efficiency ny,rw pqen holds an important information
about primary energy consumption. In particular, its value tells us how many kWh of primary
energy (kWhp), both fossil and renewable, are expended per KWh of hydrogen dispensed

to the train. In symbols:

1
Ewrry =———1 (28)

NwTT path
The WTT energy index can be also defined in order to include the energy value of the

hydrogen itself. In symbols,

1
Eyrr, = ——— (29)
NwTT path

It has been decided to present the final results in terms of Ey,ry,.

3.3.4 Analysis time horizon

In the next years, UK hydrogen sector will experience deep changes. The maturity level of
the most innovative technologies is expected to rapidly increase, resulting in cost reductions
and efficiency improvements. In such a fast-changing framework, two different scenarios
are chosen: 2030 and 2040. The aim is to show how technological advancement may

positively affect hydrogen pathways’ efficiencies.
Focus on supply pathways

Before presenting the results, greater details on each stage of hydrogen supply route are
now provided. As shown previously, two options for production and three for transmission
have been included in the analysis. As regards carbon dioxide and hydrogen storage steps,

only one option for each of them is evaluated. Assumptions, mathematical expressions and
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calculation approaches are here introduced in order to make the analysis outcomes more

transparent and reliable.

3.3.5 Well-to-tank stage main assumptions

Below, a table gathering the main assumptions for each of the stages of hydrogen supply

route is provided.

Stages

Options

Main assumptions

Hz production

NG reforming + carbon
capture

e

Only NG from UK and its continental shelf

Low Carbon Hydrogen technology is used

H2 and CO: streams leave the plant at 46 bar and
36 bar, respectively

Wind powered water
electrolysis

PR

PEM electrolysers are chosen

Only offshore wind energy to power PEM

Wind farm 100% efficient

Cooling energy for intercoolers excluded (ideal heat
sink assumed)

On-site electrolysis

o s b e

PEM electrolysers

Capacity factor: 0.9

City water reserves used

Grid electricity

Single-stage reciprocating compressor increases H:
pressure from 30 bar to 46 bar

CO; storage

Injection into depleted
offshore gas fields

=

Capture scenarios: 1 Mt/yr (2030), 3 Mt/yr (2040)
priels < 37 bar: onshore and offshore networks
operate in gas phase, prield > 37 bar: offshore
infrastructure works with liquid phase

Maximum operating pressure: 115 bar; PoA station
outlet pressure: 126 bar

H. storage

Injection into salt
caverns

8

Cavern pressure 80 bar (max), 30 bar (min)
Pipeline pressure: 46 bar

Multi-stage centrifugal compressors with
intercooler, driven by electric motors

H, transportation

Compressed H: tube
trailers

Trucks with Type | or Type IV cylinders

Green electricity used for compression
Compressors increase pressure to 300-700 bar
Reciprocating devices with intercooling

Fuel usage: 0.423 I/km

Cryogenic liquid
tankers

P ODN BN R

Energy for liqguefaction: 10 kwh/kg H2
Usable delivery capacity: 95%

Energy for transport to loading bay negligible
Fuel usage: 0.423 I/km
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Blending ratio: 20%
Injection pressure: 46-70 bar
20% blend powers centrifugal compressors
10% H: not recoverable from blend
Storage operating pressure: close to 350 bar
Minimum truck vessel operating pressure: 20 bar
Reciprocating compressors for unloading and
refuelling
HRS with storage < 350 4. Constant flow rate and temperature (20°C) during
bar and booster discharge
compressors . :
5. Cooling towers for intercoolers
Electric motors drive compressors, grid energy
used
Fuelling rate: 7.2 kg/min
H: storage subdivided into LP, MP and HP banks
Maximum banks operating pressure: 500 bar
HRS with storage > 350 Minimum banks operating pressure: 430 bar (HP),
bar and overflow filling 329 bar (MP), 177 bar (LP)
4. Energy to fill the overcapacities not included in
efficiency calculation
1. Dewar temperature and pressure: 20 K, 6 bar

Pipeline network

O B S A

©»

Hydrogen
Refuelling Station

w N PeEA

2. Minimum pressure gradient for emptying the liquid

HRS with LH: storage trailers: 1 bar
and cryogenic pumps 3. Electric motors to drive cryopumps (grid electricity)
4. Cryo-pumps outlet pressure: 457 bar

5. Fuelling rate: 7.2 kg/min

3.3.6 H2 production — Natural gas reforming + carbon capture
In this section, the efficiency of the production step involving reforming and carbon capture

is calculated using (30).

Nprod,NGR+cc = NG " Nplant+cc (30)
where nne is the efficiency related to the natural gas chain from field to reforming plant, while
Neiant+cc represents the efficiency of the plant coupled with carbon capture system. How nne

and npiant+cc are evaluated will be explained in detail in the following lines.
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In the next decades, natural gas reforming technology coupled with CCS will play a major
role in producing large amounts of low carbon hydrogen. As anticipated in Section ‘UK
hydrogen scenario’, hydrogen from HyNet project is one of the two analysed off-site

production options.

In November 2021, HyNet has been confirmed as CCUS Track-1 cluster by UK Government.
HyNet project is located in the northwest of England and North Wales and has its heart at
Stanlow Manufacturing Complex. Here, four hydrogen production units will be constructed
by 2030. According to the project’s timeline (see ), the first unit will be operational
by 2025 and will be able to produce 100 kNm?hour of hydrogen. Plant 2 will start operating
by 2026, adding 200 kNm3/hour to Stanlow’s production capacity. The last two units will be
turned on by 2028 and 2030 and together will produce 800 kNm?3/hour. After Plant 4 goes
into operation, the overall production capacity will be equal to 1100 kNm?2 per hour [139].
Plants are equipped with CCS infrastructures, which will be capable to sequester and store

up to 10 million tonnes of CO2 per year by 2030.

Total

Year Operational producyon

Plants capacity

(kNm3/hour)
2025 1 100
2026 1-2 300
2028 1-2-3 700
2030 1-2-3-4 1100
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For the sake of sustainability, only natural gas from UK and its continental shelf is used for
HyNet hydrogen production. A recent study3! by Oil and Gas Authority has in fact shown
that UK domestic gas has one of the lowest carbon footprint among UK gas sources, second
only to the gas imported by pipeline from Netherlands and Norway. Before being available
for reforming, natural gas must be extracted, refined and transported to the conversion plant.
All these upstream processes require energy and cannot be excluded from the calculations.

An efficiency for natural gas supply is then introduced. It is defined as,

NMNG = Nextract * Ntransm (31)

where:

e nextract IS the efficiency related to gas extraction and processing. According to chapter
4 of the Digest of UK Energy Statistics (DUKES)??, 42.82 TWh of gas have been
consumed in 2021 for drilling, production and pumping operations. In the same year,
gas gross production amounted to 363.99 TWh. The value of nextact is thus equal to
(363.99-42.82)/363.99 = 0.882.

e nuansm accounts for the gas network transmission average efficiency. Its value, equal
to 0.992, is also retrieved by chapter 4 of DUKES, by comparing gas output from the
national transmission system with gas input into the same system. The mismatch
between output and input is due to leakages and gas consumed by pipeline operators

in pumping operations and on their own sites.

31 hitps://www.nstauthority.co.uk/media/6522/emissions-intensity-comparison-of-ukcs-gas-production-and-imported-Ing-
and-pipelined-gas-v2.png
32 hitps://www.gov.uk/government/statistics/natural-gas-chapter-4-digest-of-united-kingdom-energy-statistics-dukes
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By calculating nne as described in (31), a value of 87.5% is obtained. Therefore, it
follows that almost 1.143 units of primary energy have to be spent per each unit of gas

entering the conversion plant.

HyNet deploys an advanced reforming process to generate hydrogen. It is developed by
Johnson Matthey company and utilizes the so-called Low Carbon Hydrogen technology
(LCH). By combining autothermal and gas heated reformers’ technologies, a plant
implementing LCH concept succeeds in achieving better efficiencies and higher carbon
capture rates compared to those of a conventional SMR+CCS process. Data from “Clean
hydrogen. Hydrogen from natural gas through cost effective CO2 capture” [140]
demonstrate the superiority of LCH flowsheet: on hourly basis, a typical LCH unit (same size
of Plant 1 — see ) produces in fact 107.4 kNm? of hydrogen using 38.31 kNm? of
natural gas, while a steam reformer needs 45.1 kNm? per hour for the same amount of Ho.

The main characteristics of these two technologies are summarised in

LCH SMR
NG in input
(kNm3h) 38.31 45.1
Ha
production 107.4 107.4
(kNm?3/h)
Efficiency
80.6 73.3
(%)
CO; capture
rate (%) o7 9%
The efficiency reported in is on LHV basis and is calculated according to (32),

by dividing the energy content of the produced hydrogen (Ey,.,:) by the one of the gas in
input (E, ng)- Due to how it is defined, this efficiency is just a measure of natural gas

conversion effectiveness and does not represent then the actual performance of the plant.
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EHZ out

Nth,plant = E (32)
th,NG
In order to evaluate the overall efficiency npiant+cc, (32) is modified to include in the
calculation both electrical (Eel)) and thermal energy (Ew) in input, as (33) shows.
EHzout (33)

Tplant+CC = g PEi + Eenno + Ecnext
Information on LCH electricity demand can be found in [126]. In HyNet project, it is assumed
that hydrogen and carbon dioxide streams will leave the plant at 46 bar and 36 bar,
respectively. The plant infrastructure, besides producing hydrogen, is therefore also
responsible for H2 and CO2 compression up to delivery pressure. A unit generating 107.4
kNm? of hydrogen every hour requires in total 23 MW of electric power for its BoP, which
correspond to 23 MWh of electrical energy consumed hourly. With regard to the plant
thermal energy demand, no external heat sources are needed during nominal operations
(Ethext = 0) thanks to the optimal flowsheet thermal integration [139]. Prior to compression,
hydrogen and carbon dioxide outlet streams are cooled to ambient temperature (20°C). The
heat so recovered is supposed to fully meet LCH thermal energy demand. Plant overall
efficiency can be finally calculated as all the involved terms are now known. By substituting

their hourly values in (33), it follows that:

_ Vi, [Nm?] - LHVy, [22% ~ 107400 - 2.78
Tolant s g  Eq [KWR] + Vyg[vme] - LHVyg[] ~ 150123000 + 38310 - 10.2 (34)
=0.703

where PE,; value is 1.501 as electricity from the grid is used.

The result above is around 8 percentage points less than the efficiency in . This
reduction is caused by BoP energy consumption, carbon capture and compression of Hz

and COz2. The choice of using “CC” and not “CCS” as subscript for n is not causal. The
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additional energy related to CO:2 storage will be in fact assessed separately in a dedicated

section.

As stated at the beginning of the section, the ultimate goal is the estimation of the global
efficiency for the production option here analysed, that is natural gas reforming associated

with carbon capture. For the sake of clarity, Eq. (30) is reintroduced below.

Nprod,NGR+cCc = TING " Mplant+cc = 0.875-0.7 = 0.61 (35)
From the result of Eq. (35), it is possible to infer that about additional 0.64 kWh of primary

energy are spent for each kWh of low carbon Hz leaving plant boundaries.

Figure 17 and Figure 18 provide a quick visual summary of the section. LCH plant is then

where most of the losses occurs, around 66% of the total.

Production - Natural Gas Reforming + CC

100
88.2
) \ 87.5

[=]
[=]

Efficiency (%2)

60

c0 Nextract Neransm "'?ptm:r—cc

Figure 17 — Overall primary energy efficiency of SMR+CC
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Production - Natural Gas Reforming + CC

66

= NG extraction and processing NG transmission to plant Reforming and CC
Figure 18 — Percentage incidence of each process on production energy loss

3.3.7 Hz production —Wind powered water electrolysis

As mentioned in ‘UK hydrogen scenario’ section, 46 electrolytic projects of different scales
are currently under development in UK. Among these, Trafford Green project has been
selected as the reference bulk supply solution for green hydrogen. Its proximity to HyNet is
the main reason behind the choice. Selecting Trafford Green allows indeed to compare the
electrolytic hydrogen pathways (options A, C and E in Figure 11) and the ones involving
reforming and carbon capture under almost the same conditions for hydrogen transport. In
doing so, the aim is to highlight even more the impact of production method on the overall
hydrogen pathway efficiency. Unlike Gigastack and Dolphyn cases, for which detailed
reports have been produced by stakeholders, technical data on Trafford Green project is
unfortunately scarce. The only available information can be found on the project website32.
The project will be developed at Trafford Low Carbon Energy Park, in Carrington. Starting
from a hydrogen production plant of 20 MW, the ultimate goal is to reach 200 MW of installed

capacity. Electricity from solar and wind energy is planned to power electrolysis. Since no

33 hitps://www.traffordgreenhydrogen.co.uk/theproject
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other data is provided, proper assumptions will be made in order to estimate the production

efficiency.

Only hydrogen generated by using offshore wind energy is covered by the scope of the
present section. So, no solar energy is supposed to contribute to hydrogen production at
Trafford. From , the closest offshore wind farms to Trafford Energy Park are Burbo

Bank, Burbo Bank Extension, North Hoyle, Gwynt y Mor and Rhyl Flats.

39| [27 . Capacity MW
40 ag 01 Barrow 90
a1 T 04 Burbo Bank 90
04 05 BurboBank Extension 259

14 ?‘%‘F‘m Eneray 14 Gwynty Mar 576
05 Park 26 MNorth Hoyle 60

30| 26 27 Ormonde 150
30 RhylFlats a0

38 Walney 1 184

39 Walney 2 184

40 Walney Extension 659

41 West of Duddon Sands 389

Burbo Bank Extension is chosen as is the most recently built and the most productive wind
farm of the five. While its life capacity factor (defined as the ratio between average power
and rated peak capacity) is approximately 40%34, the same parameter for the other four is
less than 35%. The wind farm is formed by 32 turbine units, for a total installed capacity of
259 MW. A 24.3 km long undersea cable®® connects the offshore substation of the farm to
the shore. Electrical energy is then brought to the onshore substation at Bodelwyddan by a

10.4 km long onshore cable.

34 https://energynumbers.info/uk-offshore-wind-capacity-factors
35 hitps://www.diamondtransmissionpartners.com/our-projects/burbo-bank-extension-
ofto#:~:text=The%200FT0%20is%20a%20258MW,which%20comes%20ashore%20near%20Bodelwyddan.
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Among the water electrolysis technologies, PEM electrolysers are chosen in agreement with
the predictions of ‘UK Hydrogen Strategy’. PEM technology is in fact expected to play a
major role in the UK hydrogen framework. For the sake of sustainability, it is assumed that
PEM electrolyser operates at the same capacity factor of the wind farm. This ensures that
only green electricity powers the electrolysis process. PEM electrolyser device is placed in
close proximity to the onshore substation at Bodelwyddan with the aim of minimising
transmission loss. In the early phase of Trafford Green project, 20 MW will be installed. In
order to determine the corresponding maximum hydrogen production capacity in terms of
tonnes per year (my,pgy) , the following formula is implemented:

P, - cf -8760 _ 20[MW]- 0.4 - 8760[h]

- MWh
€H,PEM 62[ Fom

My, pEM = = 1130 tons (36)

where Pel is the PEM nominal power, cf is the average annual capacity factor of the wind
farm and ey, pp)y IS the energy required by the electrolyser to generate 1 ton of Hz. In one of
the last report on green hydrogen by IRENA [34], the PEM stack efficiency for the state-of-
the-art ranges between 50 — 70% on LHV basis. If BoP energy demand is included, the
efficiency drops, varying between 40% and 66%. An average value of 0.53 for system
efficiency is considered, equivalent to 62 MWhe to produce 1 ton of hydrogen. PEM
electrolysis currently operates between 50 and 80°C, at operating pressures not exceeding
30 bar. However, significant improvements are expected in the next 25 years. The same
report sets indeed as target for 2050 an energy consumption of 45 MWhe per ton of
hydrogen produced and a H2 outlet pressure above 70 bar. By comparing the result of

(36) with the train fleet's hydrogen consumption, it can be noted that the initial size of 20
MW planned for the electrolyser is not sufficient. The installed capacity at Trafford Energy

Park is nevertheless going to increase up to 200 MW, as mentioned before. It is thus
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assumed that PEM size in 2030 will be sufficient to cover the train station’s highest hydrogen
demand (i.e. 3.26 tons from ), that is when analysis time horizon starts. Rearranging
(36), the minimum power needed to meet the daily 3.26 tons-scenario defined in the

‘New Street daily hydrogen demand’ section is:

h

mHZPEM . eHszM (326 [tOn] ) 365) ' 62[1\:152;

P = = =211 MW 37
et cf - 8760 0.4 - 8760[h] 37)

In addition to electricity, water is the other main input for an electrolyser. For each mole of
hydrogen produced, one mole of water has to be supplied. Ideally, water consumption is
therefore 9 kgy,0/kgu,. Before electrolysis, water must satisfy strict purity requirements and
then undergoes demineralisation and purification. During such processes, some water is

lost. According to [34], 18 — 24 kg of H20 may be necessary for each kgy,. Freshwater

availability as well as the impact of water usage on the local ecosystem are issues to be
taken into account, especially in a context where hydrogen production from water
electrolysis is becoming increasingly important. As the electrolyser is located in a coastal
area (less than 10 km from the shore) and in order to not affect the accessibility to
freshwater, seawater is supposed to be utilised. Reverse osmosis is the option chosen for
desalinisation due to its better energetics and lower footprint compared to competing
technologies [142]. About 0.003 MWhei per ton of H20 are required to desalinate seawater

[143]. If an average water consumption of 21 kgy,o/kgy, applies, additional 0.063 MWhel

of electrical energy must be spent per ton of hydrogen produced.

Before leaving the plant, hydrogen is cooled down to ambient temperature. The obtained
heat is used to partially preheat water stream in inlet. The rest of the system’s thermal
energy demand is assumed to be covered by electrical heaters, whose energy input is

already included in the 62 MWhel per tony,, mentioned before.
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The mathematical relation to calculate the efficiency of H2 generation by PEM electrolysis is

outlined below:

MH,PEM
365 LH VHz

nprod,PEM = (38)

My pEM + My fug e 1 4e +E +E
365 H2PEM 3 omsm des H,compr H,0-pump

where my,pgy is the Hz production in ton per year (net of any mass losses), my, g4

represents the yearly hydrogen leakage during production phase, nransm is the efficiency
associated to the transmission of electricity from wind farm to onshore substation, €des

(0.063 MWh,, /tony,) is the energy supplied every day to the desalinisation plant per ton of
seawater and Ey,_pump IS the pumping energy in terms of kWh per day to bring water to
PEM electrolyser. The role of Ey,compr WIll be clarified in the next lines. The efficiency
Nerod,PEM Will be determined for two different values of my, pgy, corresponding to the minimum

(2.7 tons/day) and the maximum (3.3 tons/day) train station’s hydrogen demand in 2030. It
is important to highlight that no parameter characterising the windfarm performance can be
found in (38). This is consistent with the approach taken by JEC Well-to-Tank report v5
[138], in which the wind energy source is deemed to be unlimited and the wind farm 100%
efficient. A different approach is followed in [144], where the windfarm efficiency is equal to
capacity factor. In the present analysis, capacity factor has no effect on production
efficiency. It is involved instead in the definition of the levelized cost of hydrogen, as it
strongly affects the size of the electrolyser. As all the used electricity comes from the wind

farm, no PE factor is needed in (38).

Hydrogen crossover and leakage during H2 purification process are two of the three main

mass loss mechanisms contributing to my, 4. The third one is the mass lost through
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compressors’ seals during compression. An average leakage of 1.38% of the total hydrogen

produced is predicted by [145]. The annual Hz loss is equal to:

YoMy, fug (39)

my = My,pEM
2fug 1— %mHzfug 2

where %my, r,,4 is 0.0138.

High-voltage cross-linked polyethylene AC cables®® connect the offshore substation to the
onshore one at Bodelwyddan. Both [146] and [147] estimate an approximately 2% power

loss for a 35 km long HVAC export system design. The value of neansm is then set at 0.98.

As concerns the Ey,.ompr Parameter, it accounts for the daily energy to compress the

my,PEMtMH, fu
quantity ————2/24 from the electrolysis operating pressure to 46 bar. The quantity

Ey,compr 1S hence added to (38) so the efficiency for the two analysed production

pathways (LCH plants and PEM electrolyser) is assessed under the same outlet conditions

(20°C and 46 bar). The evaluation of Ey, compr IS based on (40).

EHzcompr = 1/nel,motor ) M/compr -time (h) - PEg, (40)
where W,,mp» is the power absorbed by compressors, PE,; has been defined in (26),
time(h) is the time unit and n,; m.:0r represents the efficiency of the electric motor. According

to HDSAM model developed by Argonne National Laboratory, a proper value for neimotor IS

0.94.

In turn, the parameter W,,,,,» can be calculated through the following formula:

m
VVcomprz "Z-R- Nstages T- lﬁ knsmges _1l 1/7115 1/77mec (41)

mass

36 https://www.nkt.com/references/burbo-bank-uk
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where:

e mis the mass flow rate

e Zis the compressibility factor

e Ris the gas constant

® Nstages iS the number of compressor’s stages
e T is the inlet temperature

e ks the ratio between cp/cy

e [ is the overall pressure ratio (= poutiet/Pinlet)

e nis is the compressor isentropic efficiency

e nNmec IS the compressor mechanical efficiency

e nNmass iS the compressor mass efficiency (= Moutiet/Minlet)

The choice of which values to use for nis, Nmec, Nmass and Nstages depends on size and type of
compressor. Given the high flow rates to process and the relatively low pressure ratio
requested (46/30 = 1.53), centrifugal compressor type is selected. According to a report by
Siemens Energy USA [148], the maximum pressure ratio for hydrogen centrifugal
compressors is 1.45. A two-stage compression with intercooling at 20°C and driven by
electric motor is hence implemented. As stated in ‘Methodology’, the PE factor for green
electricity is 1. From now on, unless otherwise specified, cooling energy for intercoolers will
be always excluded from compressor’s energy demand. It is supposed, in fact, that a body
of water approaching an ideal heat sink (i.e. infinite heat capacity) and with a temperature
always lower than 20°C is available. No chiller facility is thus needed. The chosen values

for isentropic, mass and mechanical efficiencies are 0.8 [149], 0.99 and 0.95, respectively.
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A pipeline, following the same route of the onshore cable to Bodelwyddan substation, is
supposed to be purposely built to bring water to PEM plant. Seawater is extracted from Irish
Sea and desalinised before being pumped into a 10 km long pipe. The calculation of

Ey,0-pump 1S performed by means of (42).

my, Oiiq

“Ap -1 .1 .
Ap /npump /nel PEe (42)

EHZO—pump =
Hz01iq

where M, 0, is the water mass pumped daily towards the desalinisation plant, P01 is the

water density at 293.15 K and 1 atm (= 1000 kg/m3), 7,umy is the pump efficiency (= 0.75)
and ne is the efficiency of the electric motor driving the pump. No relevant changes in pipe
elevation occur. The pressure gradient Ap appearing in the formula is therefore equal to the
pressure drops across the pipeline. A simple model consisting in a ‘PIPE’ block is built in
Aspen Plus to evaluate Ap. Length, diameter, roughness of pipeline and mass flow rate are

the needed inputs for the model. The table below summarises the values adopted.

i Length Diameter | Roughness H20 flow
Scenario e
(km) (mm) (mm) e
tonzs./Zja 0.66
33 10 80[150] |  0.045¥
. 0.79
tons/day

The Ap in output is however just a roughly estimation of pressure drops as only frictional

losses through Darcy model are accounted by ‘PIPE’ block.

37 hitps://www.worldironsteel.com/news/the-surface-roughness-of-gas-pipeline-44836901.html
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The results of Eq. (38) for the two considered hydrogen demand scenarios (2.7 and 3.26
tons per day) are summarised in Table 17, together with the values of all the parameters

involved in the calculations.

my,pem my, fug €H,PEM €des Ey,compr Ex,0-pump n
(tonly) (tonfy) | (MWh/ton) | (MWh/ton) | (MWh/day) | (MWh/day) | ' PTo%PEM
993 13.9 62 0.063 0.59 0.006 0.517
1190 16.7 62 0.063 0.71 0.007 0.517
Table 17 — Inputs and outcomes of Eq. (38)
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Figure 20 — Overall primary energy efficiency of PEM electrolysis production

The section’s results are displayed in Figure 20 and Figure 21. In the pie chart below, it is
possible to see how energy losses in the PEM electrolysis plant are mainly due to
electrolyser and its BoP, while the contributions of H2 leakages, water desalinisation and

pumping and hydrogen compression to 46 bar are almost negligible.

Based on the overall efficiency of PEM electrolysis production step shown in Figure 20 (i.e.
= 52%), around 0.92 kWh of renewable primary energy are expended per kWh of hydrogen

produced.
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Figure 21 — Relative contribution to energy losses in PEM plant

3.3.8 Carbon dioxide storage efficiency
Compression and injection of COz into depleted offshore gas fields is the only chosen option
for carbon dioxide storage. Once again, actual data from HyNet reports [151] [152] [153] will

form the framework for calculations.

The definition of energy efficiency given in ‘Methodology’ section and the related equation
Eq. (25) to calculate it are unsuitable for CO2 storage process. It is, in fact, not possible to
define an energy content for carbon dioxide as it is not a fuel. So, a different strategy is
pursued. It consists in modifying Eq. (34) to also include the energy for CO2 storage. By
comparing the result of Eq. (43) with that of Eq. (34), the impact of carbon storage on

hydrogen supply pathways can be evaluated (see Eq. (44))

iy, - LHVy,
Tetant+Ces = pE_ " Eqy\ + tiwg - LHVyg + Eco, patn (43)
Nplant+ccs
Nco,storage = e (44)
r]plant+CC

where E¢o, patn IS the overall energy needed per hour for the CO: storage process.
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The main stages of CCS process are now described, framing them within HyNet context.
HyNet CCS feasibility studies consider four mass flow rate scenarios (Low, Baseline, Mid

and High) for CCS system. They are characterised by increasing values of CO2 stored per

year ( ) and by different operating strategies.
Flow ratein | Flow ratein
Scenario 2030 2040
(MtCO2lyr) (MtCOalyr)
Low 0.3 1.2
Baseline 1 3
Mid 1 5.9
High 1 10

In this analysis, the calculation of CO2 storage efficiency is based on baseline scenario and

only the baseline case is thus discussed below.

COz2 capture

The first step of CCS process is carbon capture. All the capture sources operate at the same
fixed pressure. Stanlow refinery, Protos, Ince fertiliser plant and hydrogen production units
at Stanlow manufacturing complex are the industrial facilities included in baseline scenario.
By 2029, up to 3 MtCO2 per year, equivalent to 105.7 kg/s for a 90% CCS system availability
[153], are expected to be captured from plants’ air emissions and injected into a low-
pressure collector network. It operates at the same working pressure of the capture plants.
About 1 MtCO2 per year can be captured from each LCH hydrogen production unit. The

contribution of the hydrogen production activity to the total CO2 captured is highlighted in
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Scenario L.CH . Total
contribution

2030 1 Mt/yr 1 Mtlyr

2040 2.4 Mt/yr 3 Mtlyr

COg transport

CCS system network transports the captured carbon dioxide from plants to Douglas
platform, in Liverpool Bay Area, where it is stored into gas fields. The network can be divided
in two parts, offshore and onshore. The onshore section comprises capture plants, low-
pressure collector, pipelines to Point of Ayr (PoA) terminal and the terminal itself. Offshore
section’s boundaries range instead from Point of Ayr terminal to Liverpool Bay platforms and
wells. In order to minimise costs and delay major investments, part of the existing facilities
(platforms, wells and pipelines) used for natural gas will be re-purposed for COz. It has been
also decided to avoid multiphase flow inside pipelines [152]. Since onshore and offshore
infrastructures are both designed for single-phase operations, the simultaneous presence

of more than one phase could in fact compromise their integrity.

It is possible to identify two different periods in HyNet CCS project lifetime, characterised by
as many operating strategies. In the early stages, both onshore and offshore networks will
operate in gas phase. A compressor station at each capture plant and another one at Point
of Ayr are installed to ensure that CO2 pressure at platforms is higher than that of the

reservoir.

The turning point will occur when pressure inside the field will reach 37 bar. Above this
threshold, CO2 storage can indeed continue only if offshore system is modified to allow liquid
phase flow. Not only offshore pipelines, but also Point of Ayr compressor station needs to

be upgraded. shows that the trigger point for transition to liquid phase flow is at
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37 bar (red-dotted line) for a flowrate of 1 MtCO2, which is the design flowrate for the 2030

scenario.
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Figure 22 — System constraints map for HyNet CCS project [152]

It will be then resized according to the following consideration: as the highest maximum
operating pressure among fields is 115 bar, injection will be feasible in any case only if CO2
pressure at platform is at least equal to this value. Since an additional pressure gradient is
required to overcome the pressure loss across pipelines to fields, an outlet pressure of 126
bar is set for POA compressor station. Onshore infrastructures remain instead unchanged

as they keep processing CO: in gas phase.

Figure 23 and Figure 24 display the pathways just described, highlighting the system
pressures involved during the two stages of HyNet CCS project. While transport of carbon
dioxide in gas phase across the entire network is the option considered for the short-term,

offshore system handling liquid CO: is instead the most likely scenario from 2030 onwards.

ONSHORE (gas phase) |

. pipeline to Douglas
Hydinemn = 5 . . | platform ipeli
pipeline to PoA ermi = S pipelines to fields
production units - l _ u :;'v:omt ‘ ’ - d Douglas plaform B 3
Stanlow e |l

26-36 bar recompression |
compression to 36 bar i

| OFFSHORE (gas phase)

Figure 23 — CO2 path 1 to fields during 15t stage of HyNet lifetime (scenario 2030)
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Figure 24 — CO2 path 2 to fields during 2" stage of HyNet lifetime (scenario 2040)

Inlet pressure at Point of Ayr terminal could not be found in technical reports and so has to
be assessed. Its value depends on the magnitude of pressure drops across Stanlow — PoA

pipeline.

Stanlow — PoA pipeline is made of steel and is formed by two sections: the first one,
connecting Stanlow complex to Connah’s Quay power station, is 33 km long and has an
outside diameter of 914 mm; the second section has an outside diameter of 610 mm and
travels for 27 km before arriving to Point of Ayr. Two ‘PIPE’ Aspen Plus blocks are used to
assess pressure drops. As no significant changes in the elevation of the pipe are supposed
to exist, the variation of the potential energy is negligible. For a more accurate evaluation of
the pressure drops, the actual pipeline path should be considered as well as losses through
valves, bend pipes and other local components. Length, diameter, roughness of pipeline
and mass flow rate are the needed parameters. The table below gathers the inputs required

and the model’s outputs.

Total Mass flow Pressure
Scenario Section Length Diameter | Roughness | mass flow | rate from
. drops
rate LCH units
1 33 km 914 mm 35.2 kg/ 0.1 bar
2030 0.045% mm | 35.2 kg/s s
2 27 km 610 mm (4 units) | 0.45 bar
1 33 km 914 mm 84.56 kg/ 0.6 bar
2040 0.045 mm | 105.7 kgls Kg's
2 27 km 610 mm (4 units) 4.2 bar

Table 20 — Inputs for ‘PIPE’ Aspen blocks and obtained pressure drops

38 hitps://www.worldironsteel.com/news/the-surface-roughness-of-gas-pipeline-44836901.html
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As a consequence, inlet pressure to POA compressor station is 35.45 bar during the first
stage of HyNet CCS project and 31.2 bar after transition to liquid phase flow. Pressure ratio
at PoA is now known for both the CO2 paths and then compression work can be finally
calculated. Two ‘COMPR’ blocks simulating pressure boost at Stanlow and PoA are added
to Aspen Plus model. When fisentropic’ is specified as compressor type, ‘COMPR’ block
implements the mathematical relation in (41) for power calculation. Integrally geared
centrifugal compressors are assumed to be employed for CO2 as their application range®
matches Stanlow and PoA'’s requirements. The reference values for isentropic efficiency
(80%) and single stage maximum pressure ratio (2.5) are taken from [154]. A mechanical
efficiency equal to 95% is adopted [155]. As regards compressor mass efficiency, HDSAM
model*® considers a compressor mass efficiency of 99% based on industry experience. To
reduce compression work, intercoolers between stages are added. The temperature after
each stage cooling is set to 20°C, which is the maximum allowable value in the pipelines
due to environmental constraints [153]. Once again, compression is electric driven. In
particular, since both Stanlow and PoA are close to the shore, only green electricity from

wind farms (i.e. PEel = 1) is supposed to be used. Eco, compr IS then expressed in terms of

primary energy to generate the required electricity for compression, as explained in

‘Methodology’ section. The formula used for Eco, compr Calculation is:

ECozcompT = 1/nel,motor ’ VVcompr “Qpcy - time (h) "PEg (45)
where PEel has been defined in (26), time(h) is the time unit (1 hour), Ne; motor FEPresents

the efficiency of the electric motor, set to 0.94, and «a, .y is the contribution of one LCH unit

39 hitps://www.siemens-energy.com/global/en/offerings/industrial-applications/compression/co2-compression.html
40 hitps://hdsam.es.anl.gov/index.php?content=hdsam
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to the total CO2 mass flow rate. a; .y is equal to 1 for the 2030 scenario and 0.8 for the 2040

one.

shows the main parameters, the power output (Wcompr from Aspen Plus model) and

the hourly compression energy E¢o,compr related to Stanlow and PoA stations.

w E
Station intet (bar bar n compr C0compr
Pinlet ( ) Poutlet ( ) stages Btot (kW) (MWh)

Stanlow 26 37 1 1.385 1218 1.17

st
Psc;:g(el) 35.45 37 1 1.016 40.7 0.04
PoA (2™
::tag(e) 31.2 126 2 4.04 13730.7 4.4

Energy for CO2 transport is estimated for both the CO2 pathways presented above (

and ). During the first stage of HyNet CCS project lifetime, about 1.21 MWh will
be spent every hour to move CO:2 from Stanlow complex to platforms. Throughout the
second stage, hourly energy consumption will increase to 5.57 MWh due to a higher

pressure ratio and mass flow rate characterising PoA terminal.

summarises the energy requirements for the two CO2 operational stages.

. Operational
nari E
Scenario strategy €Oz compr
2030 Gas - gas 1.21 MWh
2040 Gas - liquid | 5.57 MWh

COz2 injection and storage

The storage sites for CO2 are located in Liverpool Bay Area. The offshore gas fields of
Lennox, Hamilton Main and Hamilton North have been selected. They will be depleted by

2024 and can potentially store a total of 228 MtCOz in liquid form [151].
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To ensure a safe and permanent storage, CO:2 injection will be stopped as soon as reservoir
pressure reaches its initial value at the start of gas extraction. In this way, even at full
capacity, operations will be conducted below the fracture pressure of the rocks. Reservoir
pressure at the start of CO2 injection, maximum operating pressure and full capacity are

presented for each field in

Pressure at the Maximum .
start of CO operatin Full capacity
Field start 2 perating (MtCOy in liquid
injection (bar) pressure (bar) hase) [151]
[152] [153] P

Lennox 10 115 80
Hamilton Main 55 97 125
Hamilton North 13.8 106 23

Injection process is driven by the pressure gradient existing between wellhead and bottom
hole location. Point of Ayr compression facility is hence designed so that pressure at the
wellheads, after the drop due to friction across pipelines to platforms, is still higher than
field’s one. No additional energy beyond that already provided by POA compressor station
is considered for injection and so Ecg,pqen IS €qual 10 Ecp,compr- Pressure ratio at PoA
terminal (Broa) needs therefore to be adjusted over time to overcome the increase in
reservoirs pressure. In the absence of an injection profile, the Broa values in

correspond to the most energy-intensive circumstances for each stage of the HyNet
lifespan. The rationale behind this conservative approach is to assess the biggest impact of

CO2 storage on hydrogen supply pathway efficiency.

Finally, the efficiency for the overall CO2 storage process can be calculated. As mentioned

at the beginning of the section, (43) and (44) are used. Below, the outcomes of the

calculations are shown:
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Scenario ECOZpath ncozstorage nplant+CCS
2030 1.21 MWh 0.997 0.7
2040 5.57 MWh 0.985 0.692

Thus, for both the scenarios, the effect of CO2 storage path on LCH energy efficiency is

almost negligible.

3.3.9 Hydrogen storage efficiency

The HySecure project [156] is here taken as a reference for the hydrogen storage step. It is
part of HyNet context and aims to develop a large-scale bulk hydrogen storage in the
Cheshire salt basin. The exact location is on the Stublach Site of the Holford Brinefield. Over
two years of construction will be necessary to create the planned cavern. A process known
as solution mining is used to form the cavern by dissolving the natural salt below the surface.
Water is injected underground through a well previously drilled, determining the formation
of the brine. An additional well is dug to dispose the brine. After the completion of the mining,
a free volume between 300000 m? and 350000 m? will be available. The amount of hydrogen
that can be stored depends on the cavern operating pressure range. A maximum pressure
of 80 bar and a minimum one equal to 30 bar are set for the cavern. Operating within this
range protects the integrity of the geological structure. The quantity of hydrogen
corresponding to the minimum operating pressure is the so-called ‘cushion gas’. At the end
of cavern’s life, it will be recovered and then it does not affect cavern round-trip efficiency.
‘Working gas’ represents instead the operable mass and equals 1100 tonnes of hydrogen
(36.3 GWh on LHV basis). Stublach Site storage will be in operation by 2026 and will pave
the way for the creation of several other caverns. In reference to HyNet timeline, the working

storage capacity will reach in fact a value of 1.3 TWh within a few years.
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As in the case of COz2, hydrogen injection is performed by establishing a pressure gradient
between the surface and the cavern. Hydrogen compressors are thus included among
surface facilities. The energy for storing hydrogen results from the chosen injection-
withdrawal profile. Approximately 40 tonnes of Hz are expected to be compressed every day
in HySecure project. Under the assumption that all the hydrogen involved in cavern
operations comes from HyNet LCH units, it follows that around 20% of the H2 produced at
Stanlow complex in 2025 is planned to be stored at Stublach site. Despite HyNet's
production and storage capacities may not increase at the same rate, the ratio hydrogen
stored/hydrogen produced is supposed to remain constant at 20% throughout the analysis

time horizon.

Hydrogen will be delivered to Stublach by pipeline. In the early stages of the project, when
H2 flow is still relatively low (40 tonnes/day), an existing ethylene pipe will be used for
hydrogen transport. It currently works with natural gas, so it will be repurposed. After work
completion, it will run for 30 km and will be characterised by a diameter of 20 cm. Pipeline

operating pressure will be 46 bar.

In order to meet the increase in demand for hydrogen storage capacity, a new pipeline
connecting Stanlow to Stublach will be available in the near future. This pipeline, together
with three other sections, will be part of the upcoming HyNet hydrogen network. It will
operate at 46 bar, same pressure of the Hz exiting LCH units, and will deliver hydrogen to
industrial customers, power generators and storage sites. The figure below shows an

overview of the potential routes for the four ‘legs’ of the network.
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Figure 25 — Hydrogen network#!

Starting from Stanlow, hydrogen will need first to travel across western leg and then across
southern leg before reaching Stublach, for a total of approximately 35 km. The path just
described is highlighted in yellow and will be characterised, in its final version, by pipelines
up to 107 cm in diameter. If an upper limit of 15 m/s is set for flow velocity [157], a maximum
of 4312 tonnes of hydrogen per day can run safely inside pipelines. Cadent Gas Limited
company will develop the network. Additional information can be found on the project’s

dedicated website?2.

The mathematical expression to estimate the efficiency of Hz storage at Stublach has the

following form:

_ (msttored - mHzfug) ’ LHVHZ
nsttorage -

46
My, stored * LHVHZ + EHzcompr ( )

41 hitps://feedback.hynethydrogenpipeline.co.uk/
42 https://iwww.hynethydrogenpipeline.co.uk/the-project/knowledge-hub/
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where my,soreq IS the mass of hydrogen injected daily into the cavern, Ey,compr IS the
energy required per day for hydrogen compression before injection and my, r,,, accounts for

the daily Hz lost due to unintentional releases.

Ey,compr 1S determined using (40) and (41). Pressure ratio at Stublach needs to be
calculated. With regards to inlet pressure, it depends on the pressure drop’s extent across
the pipeline connecting Stanlow complex to the storage site. contains both the
parameters entered as inputs to ‘PIPE’ Aspen block to simulate Stanlow — Stublach section
and the model’s results. Once again, only the option for the short-term (i.e. 2030 scenario)
is here analysed, postponing to a specific section any considerations on how hydrogen

network may affect future storage efficiency.

. Pressure Pressure Inlet
Length Diameter | Roughness | Mass flow . .
(km) (cm) (mm) (tonnes/day) at Stanlow drops pressure
y (bar) (bar) (bar)
30 20 0.03 [158] 40 46 5.5 40.5

The outlet pressure at Stublach compressor station cycles between the minimum and the
maximum working pressure of the cavern. The conservative approach already seen for CO2
is applied again for Hz storage. The resulting pressure ratio is therefore constantly fixed at
80/40.5 (= 2). Multi-stage centrifugal compressors with intercooler and driven by electrical
motors are assumed to be used. This time, as the distance between Stublach and the shore
is not negligible, the required electricity for compression is drawn from the grid (PEe =
1.501). The choice of centrifugal technology, based on the typical application range charts
showed in [159], aims to minimise the number of compressor units needed. As already said
in ‘H2 production — Wind powered water electrolysis’, the maximum pressure ratio for

hydrogen centrifugal compressors is 1.45 and hence two stages are necessary. Since
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HySecure report [156] supposes a temperature of 20°C to evaluate how much hydrogen
can be stored inside the cavern, the same temperature is set for pipelines and intercooling
process. The chosen values for isentropic, mass, electric and mechanical efficiencies are
0.8 [149], 0.99, 0.94 and 0.95, respectively. summarises the main parameters and

the daily energy consumption at Stublach to store hydrogen.

. Ey
Station | Pinet (bar n zcompr
inlet ( ) stages Btot (MWh)
Stublach 40.5 2 2 21

The parameter my,r,, measures Hz fugitive emissions during the storage process.
Hydrogen is lost along the transport route from Stanlow to storage site and due to cavern
leakages. As regards hydrogen transport, a study by Frazer-Nash Consultancy [145]
estimates an average leakage rate of 0.25% in mass terms from pipelines. Starting from the
statistics provided by the National Transmission System, the study derives hydrogen losses
by multiplying gas leakages by the ratio between densities of H2 and natural gas. The same
study also predicts a fugitive rate of 0.04% per year for salt cavern, because of salt

permeability and surface facilities operations.

Hydrogen storage efficiency is now calculated. By substituting the proper daily values in

(46), it follows that:

— . . MWh
_ (40[ton] —0.0029 - 40[ton]) - 33.3[%F _ 098 @7)
40[ton] - 33.3[M2%]| + 21[MWh]

nHz storage

Hydrogen storage is then an efficient process and consumes only around 1.02 kWh of

primary energy per kWh of hydrogen stored. H2 storage primary energy efficiency is slightly
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lower than that of CO2 storage due to the use of electricity from the grid and the higher

specific compression work per kgwz.

As regards the incidence of compression and fugitive emissions on H: storage’s energy

losses, the latter account for only the 0.3%.

3.3.10 H> transportation — compressed hydrogen tube trailers

Hydrogen delivery by trucks is expected to dominate the UK market until a national hydrogen
network is developed. One of the three analysed options for H2 transport from production
centre to consumers is represented by tube trailers. Hydrogen is compressed to 200 bar or
even higher pressures*® into metallic or composite storage tanks, which are stacked and
then loaded onto a trailer hauled by a truck. Metallic (Type 1) vessel, typically made of steel,
is the cheapest and most mature technology but can store only approximately 1 - 2 wt%
hydrogen at 200 — 300 bar [160]. For instance, an empty 12 meters long vessel from
Tenaris* weighs 3057 kg and can contain about 52 kg of hydrogen at 300 bar in 2.495 m3,
Therefore, in order to not exceed the load capacity limit, a 40 tons-truck (with a maximum
payload of 25000 kg) utilising Type | vessels at 300 bar can carry around 416 kg of Hz. All-
composite storage tanks (Type IV) are the lightest among pressure vessels. They can
withstand pressures up to 700 bar, achieving gravimetric storage densities close to 5.7 wt%
[161]. A 40 tons-tube trailer using Type IV cylinders would thus have a capacity of 1400 kg.
However, the high cost of composite materials is slowing down Type IV market penetration.
Moreover, safety issues related to the higher operating pressure have still to be addressed.
The different effects on transport efficiency of Type | and Type IV storage technologies have

been included in the analysis.

43 hitps://www.energy.gov/eere/fuelcells/hydrogen-tube-trailers
44 hitps://www.tenaris.com/media/opcpmpll/seamless-pressure-vessels-for-gas-transportation-alta-10-2017. pdf

105



The amount of hydrogen to deliver via trucks to Birmingham depends on H: train fleet's
demand. In the ‘New Street daily hydrogen demand’ section, the daily hydrogen
consumption at BNS has been roughly assessed. In the impossibility to determine the actual
hydrogen usage of trains, as it would require the knowledge of the real-life driving profile for
the selected routes, a range of values has been considered. For the 2030 scenario, station’s
daily hydrogen consumption varies between 2.7 and 3.3 tonnes ( ) but only the
boundary values will be taken into account. Below, the equation for hydrogen transport

efficiency is introduced.

mHzOut ' LHVHZ

(48)

NH,transp-gas trucks —
My, in " LHVy, + Ey, compr + Nerucks * Etruck

where my,;,, is the mass of hydrogen loaded daily into tube trailers, my,,,, is the mass
discharged per day at train station (2.7 or 3.3 tons), Ey, compr iS €nergy needed each day to
compress my,;, Up to the operating pressure of storage tanks, Nucks is the number of trucks

to transport hydrogen and E;,. is the energy in the form of fuel that each trailer consumes

for a roundtrip.

One trip per day is assumed for hydrogen delivery. Under this assumption, nwucks is equal to

the ratio between my, . and tube trailer's capacity, which in turn depends on the chosen
vessel technology (Type | or Type IV). Before proceeding with niucks calculation, my, ;,, must
be determined. The quantity of hydrogen loaded into trucks (my,;,) differs from that
discharged at the station (my,,,,) because of two factors. The first one is linked to the

fugitive emissions associated with hydrogen delivery and filling truck processes. A report by
Element Energy [162] estimates at 1.5% the total mass lost due to transport. The second
factor is related to the fact that tube trailer’s usable capacity is always lower than 100%. The

values mentioned above for the trucks carrying Type | or Type IV cylinders (i.e. 416 kg and
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1400 kg) imply in fact a complete discharge of the trailer once the unloading process at the
station has ended. However, in line with HDSAM model, tanks can never be completely
emptied. If a minimum tube pressure (pmin) Of 20 bar is hypothesized, the undischarged

hydrogen mass per truck is:

py - L Hatrailer 2000[kPal] -LU‘,{@]
Pmint T 20.86[X4] B 49
32[kg] (49)
My, undisch = R., ‘T-7 - kPa-m3 - g
H, H, 4.157[ Pa ]-293.15[1{] £1.013
Pomin mHztrailer 2000[kpa] . %[Iig]
T Pw 3873107 = 58.5[k (50)
My, undisch = R, -T-7 - kPa-m3 - : [ g]
H, H, 4.157[ Pa ]-293.15[1(] -1.013

where my, rqiter 1S the maximum capacity of the trailer, pr. is the hydrogen density at
vessel's operating pressure and Zu; is the hydrogen compressibility factor at pmin. From

(49) and (50), the usable capacities for a 40 tons-truck are then 384 kg or 1341.5 kg, if
Type | or Type IV cylinders are used, respectively. After including in the calculation the

impact of the losses and of the actual tube trailer's capacities, it follows that:

mHzout _ mHzout

Nitrucks =

(51)

My, trailer — MH,undisch My, cap

m _ My, out + Nrucks My, undisch (52)
Hoin =
2 1= %muy, fug

where my, .4, is the usable capacity of the truck.

mHzout (kg) mHzcap (kg) mHzin (kg) Nypucks
2700 384 (Type I) 3001 8
2700 1341 (Type 2919 3
V)
3300 384 3675 10
3300 1341 3528 3
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It is already possible to draw the first conclusions by analysing the outcomes for ntucks in

. The only feasible options seem to be the transport of 2.92 or 3.5 tonnes through
3 tube trailers carrying Type IV vessels. Managing such a large number of trucks on the
road makes the other two scenarios impossible to implement from a logistic and economic
point of view, even doubling the trips per day. Despite the foregoing, all four options will be
analysed in terms of energy efficiency, neglecting any possible economic considerations as

beyond thesis’ scope.

Truck loading is performed by means of compressors and is supposed to takes place at
Stanlow. As seen in ‘Production step efficiency — Natural gas reforming + carbon capture’
section, hydrogen flow exiting from LCH plant is at 46 bar. Ey, c,mp IS Obtained once again
by applying (40). Green electricity from wind farms is utilised for compression. Truck
loading compressors must increase inlet pressure to at least 300 bar or up to 700 bar
depending on which Type of storage tanks is employed. Given the high discharge pressures
required, the choice of which type of compressors to install falls on reciprocating devices
with intercooling. Compared to centrifugal technology, they can achieve pressure ratios of
2:1 [148], so allowing to reduce the number of stages needed. The suction temperature of
hydrogen at the beginning of each stage is set to 20°C. Again, the assumption of no chiller
facility for intercoolers is applied. As concerns nmass, Nmec and nel, the same values already
mentioned in ‘Hydrogen storage efficiency’ section are used. The isentropic efficiency has
instead a lower value (i.e. 75%), as the compressor is characterised by a smaller scale
compared to the ones installed at Stublach for hydrogen storage. For the sake of clarity, the

efficiencies are listed below.

® Nmass = 0.99

e nis=0.75
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® nNmec=0.95

e ne=0.94

gathers the main parameters involved in the calculation and the obtained results

for EHZ compr:

Yot M (k0) | P Nusges | et
I 3000 6.5 3 3.3
v 2919 15.2 4 4.9
I 3675 6.5 3 4.0
v 3528 15.2 4 6.0

The only left unknown parameter of (48) is Ewuck. As stated before, it consists in the fuel
energy consumed by each tube trailer to cover the round-trip distance of 293 km between
Stanlow and Birmingham New Street Station. Vehicle’s fuel usage is retrieved from
‘Government conversion factors for greenhouse gas’® publication. For a diesel articulated
lorry with a gross weight > 33 tonnes, the document assumes fuel consumptions of 0.423
and 0.26 litres per km for fully laden and unladen conditions, respectively. Since hydrogen
is just a small fraction of the carried mass load, 0.423 I/km is the considered fuel usage also

for the return trip. Ewucks iS hence equal to:

kWh

Eerucks = 0423 || - 203[km] - 10 %] = 1.24[MWh] (53)
where 10 kWh/l is the LHV of diesel.
Finally, efficiency of hydrogen transport is assessed through (48). Calculation’s

outcomes are presented in

45 hitps://www.gov.uk/government/collections/government-conversion-factors-for-company-reporting
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Muzout (KQ) Vessel type NHztransp
2700 | 0.795
2700 \ 0.849
3300 | 0.792
3300 v 0.864

Table 29 — Results for Hz transport efficiency through tube trailers

As expected, in addition to reduce road congestion, trucking of hydrogen through Type IV
vessels is more efficient than using Type | steel cylinders. There are no significative

differences between 8.6 and 10.3 scenario in terms of efficiency.

Figure 26 shows that energy to fuel the trucks is the most energy-intensive element of
transport process if Type | vessels are used. On the other hand, if Type IV cylinders are

adopted, energy for compression becomes the main contributor.

Transportation - Tube trailer
100

37.5 41.9 37.6 40.3
Leaks+Unloaded H2

m Compr

o Truck fuel

2.7 tons -
Type |

2.7 tons -
Type IV

3.3 tons -
Type |

3.3 tons -
Type IV

Figure 26 — Percentage incidence of each element on CGHz transport losses

3.3.11 H> transportation — cryogenic liquid tankers

Liquid hydrogen stored in thermally insulated vessels is a viable solution to overcome the
issue of low gravimetric and volumetric storage densities characterising pressurized tanks.
According to [163], liquid hydrogen’s volumetric density is 80% higher than gaseous H: at

700 bar. Hydrogen liquefaction is, however, an energy-intensive process as temperatures
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below 20 K are required to turn hydrogen into liquid under atmospheric pressure. Large-
scale plants are usually based on Claude cycle [164]. It is a self-refrigeration process (part
of the liquid H2 yield is recirculated) consisting mainly in three stages: compression, cooling
and Joule-Thompson expansion. The state-of-the-art specific energy consumption (Ey,;i4)
for industrial plants is approximately 10 kWh/kgn. but system optimization is expected to
reduce this value to 6 — 8 kWh/kgH: in the near future [163]. A liquefaction facility is supposed
to be constructed at Stanlow, where liquid tankers filling is also carried out. Liquid hydrogen
trailers from Cryogenic Industrial Solutions (CIS) company are taken as a reference. CIS
claims that the vehicle*® can carry 4451 kg of liquid hydrogen in about 67.4 m?3 at ambient

pressure.

The equation for estimating liquid hydrogen transport efficiency (Eq. (54)) is obtained from
(48) by replacing Ey, compr With the daily pumping energy to load each truck (Ey,pump)

and by adding to denominator the energy for liquefaction (Ey,;;4).

mHzOut ' LHVH2

(54)

NH, transp-liq trucks —
My,in " LHVHZ + EHzpump + Nirucks " Etruck + EHzliq

As already outlined for tube trailers, a mismatch between my, ., and my,;, exists. For the

specific case of liquid trailers, a usable delivery capacity of 95% is assumed in accordance
with HDSAM model. A small part of the hydrogen mass (223 kg per truck) is in fact needed
in the return trip to keep the tank cold and so is not unloaded. Losses due to boil-off (0.4%
per day [162]) from cryogenic trucks increase, albeit slightly, the gap between my, . and

My, in- shows the results for niucks and my,;,, derived by adapting (51) and

(52) for the liquid hydrogen scenario.

46 https://www.cryoindsolutions.com/hydrogen
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mHzout (kg) mHzcap (kg) mHZin (kg) Nyucks
2700 4228 2935 1
3300 4228 3537 1

Table 30 — Daily ntrucks and mzin for Hz transport through liquid trailers

As regards Ey,pump, trailers are located in the proximity of the liquefaction plant so the

energy to bring LH2 from liquefaction plant to loading bay can be neglected. A short pipeline

is supposed to be used. Ey, ,ump is calculated by means of the following formula:

mHZ in

EHzpump = Ap - 1/77pump ) 1/7761 " PE, (55)

H,liq
where py, 14 is the hydrogen density at 20 K and 1 atm (= 71 kg/m?3), npump is the pump
efficiency, nel is the efficiency of the electric motor driving the pump and Ap is a minimum

pressure gradient of 100 kPa (i.e. 1 bar) to ensure hydrogen loading into trucks.

Now that all the parameters are determined, the efficiency of hydrogen transport via
cryogenic liquid tankers can be evaluated. The findings of Eq. (54) for the two values of

hydrogen demand are displayed in Table 31.

MHzout (kg) nHztransp
2700 0.714
3300 0.723

Table 31 — Results for liquid Hz transport efficiency
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Transportation - Liquid trailer
100

68.0 72.3
Liquefaction
Leaks+Unloaded H2

B Truck fuel
22 23.7
0 J— Lo40
2.7 tons 3.3 tons
As displays, liquefaction is the most energy consuming element and deeply affects

LHz2 transport efficiency. The energy Ey,,ump IS Negligible.

3.3.12 H. transportation — pipelines networks

Hydrogen via pipelines is the last analysed option for the delivery step. As seen in the
previous two sections, transporting H2 on the road can be unfeasible in terms of logistics
(tube trailers) or highly energy consuming (liquid tankers). A fundamental role in the
transition towards a dense hydrogen network will be played by blending. UK government
relies on it to stimulate hydrogen demand growth in the first stages of its Strategy. Blending
into the existing gas grid thus represents the most cost-effective solution in the short term
to boost hydrogen market. However, as mentioned in ‘UK hydrogen scenario’ section,
blending will be abandoned in favour of all-Hz grids due to its high energy consumption. In
the following lines, how blending affects transport efficiency is investigated. The scenario
involving networks carrying only hydrogen will be addressed in the last part of the section,

where a longer-term framework is analysed.

In line with [162], a 20% blending ratio is selected. Under this condition, approximately 1.85

- 101° Nm? of hydrogen and 7.4 - 10° Nm? of natural gas are expected to flow every year
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through the pipelines if the same overall throughput of energy (808 TWh/year*’) is
maintained. The equation on which transport efficiency by pipelines is based is shown
below.

My, out * LHVY,
My, in - (Edebl + LHVHZ) + Eszlend + EHzcompr

(56)

NH,transp-pipes =

where Ey, ,ienq IS the energy spent every day for transporting only the mass my,;, across
the network, Ey, compr iS the daily energy demand to boost my,;, pressure from 46 bar to 70

bar for injection in the National Transmission System and E;,,; is the energy for deblending

expressed in KWh/kgH..

The daily amount of hydrogen at the outlet of the grid and ready to be used at Birmingham

New Street Station (my,,,) for our purposes ranges from 2.7 to 3.3 tonnes, between the

minimum and the maximum train fleet's demand per day.

Because of the leakages from the gas transmission system, my,;, must be increased.

Frazer-Nash Consultancy [145] claims that around 0.25% of the hydrogen transported
through the gas network is lost. Besides, about 10% of the hydrogen cannot be recovered

from blend. On a daily basis, the hydrogen at the inlet of the pipeline network (my,;,) is

therefore equal to:

mHzout

(1 — %my, fug — %mHZdebl)

mHzln =

(57)

This results in:

mHzout (kg) mHzin (kg)
2700 3008
3300 3677

47 hitps://www.gov.uk/government/statistics/natural-gas-chapter-4-digest-of-united-kingdom-energy-statistics-dukes
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As concerns Ey,pienq, it is inferred from the energy consumption associated with gas grid
management. DUKES publication on natural gas*® states that around 3.7 TWh have been
consumed in 2021 by pipeline operators for pumping and on their own sites. Blending
changes the energy requirements of the gas network. In fact, because of the lower
volumetric energy density of hydrogen, flow rates need to be 16% higher to maintain the
same overall energy output if a 20% blending ratio is applied. Energy for compression is
then expected to increase by a factor of 1.16. However, the change of the physical properties
due to hydrogen injection may result in a deviation from this value. In order to quantify the
total effect of blending on transmission system’s energy demand, a proper Aspen Plus
flowsheet is built. Two simulations are launched: while in the first one 1 Nm? per second of
natural gas is processed, in the second one the flow rate is brought to 1.16 Nm?/s and the
material stream entering the block is changed into a mixture with 20% of hydrogen blend.
All the other settings (pressure ratio, inlet pressure and temperature, compressor efficiency)
remain unchanged. Model outcomes show that energy for compression is 1.165 times
higher when blending is implemented. The energy needed to compress all the hydrogen in

the mixture (Egyiq piena n,) 1S determined by using (58) and (59).

Eoutput grid Eoutput grid
VNG (arid NG) = —PULONL ) ari =08-
NG(grid NG) LHV, [1;;‘;1;”;31 NG(grid blend) 0.8+ LHVy; [—I;,I:/n}zl] + 0.2 LHVYy, IIfII:Vn};] (58)
Egrid NG
Egrid blend H, = 1.165 - Egrid NG — - " UNG(grid blend) (59)

UNG(grid NG)

48 hitps://www.gov.uk/government/statistics/natural-gas-chapter-4-digest-of-united-kingdom-energy-statistics-dukes
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Where Eqypue gria 1S 808 TWh per year, Eg..i4 ng IS the energy per year for pumping operations
(3.7 TWh), vyggriane) is the Nm2 of natural gas transported every year in the all-NG grid
scenario and vyg(gria pienay COrresponds to the normal cubic meters of natural gas running
yearly across the pipelines when blending is applied. While the minuend of (59)
represents the transmission system’s energy requirements after hydrogen injection, the
subtrahend measures the contribution of the natural gas in the mixture to the overall energy

demand. Finally, the equation to evaluate Ey, p;.nq iS introduced:

Egrid blend H, mHz in

EszleTLd = 365

(60)

My, grid

where my, 4.4 IS the total quantity of hydrogen flowing daily across the grid. As said before,
at the same overall throughput of energy (808 TWh per year), approximately 1.85 - 101° Nm?
of hydrogen are expected to run every year through the pipelines if a 20% blending ratio is
applied. Considering the Hz density equal to 0.089 kg/m? at normal conditions, my, g4 iS
4500 tons. Grid compressors are assumed to be driven by a turbine powered by the H2-NG
mixture. Consistently with the approach set out for electrical compressors (£q.(40)), a PE
factor for the blend must be assessed. Hydrogen is indeed a secondary energy source and
here is used in combination with NG to provide work to compressors, just like electricity in
the previous sections. Based on the PE generic definition given in [137], the PE factor for

the blend can be calculated as follows:

0.2 - LHVy, [S2%

b= Nt (61)
0.8 LHVyG[X¥2] + 0.2 - LHVy,, [£7%
1 1
PEyiena-ccsm, =1+b-—m PEyiena-pEmn, =1+b—m (62)
Nplant+ccs Nprod,PEM
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where py and py, are the NG and Hz densities at normal conditions, PEy;ng—ccs u, IS the
blend’s PE factor if CCS-based hydrogen is used and PEy;enq—pem 1, if hydrogen is instead
produced via PEM electrolysis. The result of (62) includes, in fact, the primary energy
spent both in hydrogen production process and in all the activities that precede the H:2
injection into the pipelines. (60) is then modified to incorporate the effect of PE factor. It

becomes:

_ PEpiena " Egria pienan, Mu,in
Eszlend - 365 ' (63)
mHzgrid

Before being usable as high purity hydrogen, H2 must be separated from natural gas by
means of a deblending process. Separation is achieved thanks to the synergy between
pressure swing adsorption technology and proper selective membranes. Energy is required
and not all the hydrogen can be recovered from the blend. According to [162], 3.7 kWh per

kg of hydrogen have to be spent for deblending (Edebi).

Ey,compr 1S €sSential to increase the pressure of the hydrogen stream leaving LCH plants
up to the working conditions of the National Transmission System. Depending on the zone,
NTS operating pressure can be as high as 95 bar [165]. shows that the pipelines
around Stublach can operate at a maximum pressure of 70 bar. Therefore, prior to injection

into the grid, compressors must be able to develop a pressure ratio of 70/46 = 1.52.
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Figure 28 — UK grid map*®

Centrifugal compressors are usually the preferred choice for pipeline applications®. As
already mentioned, they are characterised by a maximum pressure ratio of 1.45 per stage
and so a two-stage machine is necessary. Eq. (40) and Eq. (41) are used to estimate

Ey,compr- The 20% hydrogen blend is supposed to power these compressors and so Ed.

(40) has to be modified to also account for the impact of PE};.,,4- The new equation is:

EHzcompr = 1/r]engl-ne ) I/V(:ompr 24 (h) - PEpena (64)
where nengine IS the efficiency of the gas turbine driving compressor. The value for nengine is

0.39 and is taken from the technical datasheet®! of a Mitsubishi turbine.

For the sake of clarity, all the parameters involved in Eq. (56) and the corresponding

outcomes are gathered in Table 33.

49 https://www.nationalgrid.com/gas-transmission/document/133611/download
50 hitps://www.energy.gov/eere/fuelcells/gaseous-hydrogen-compression
51 hitps://power.mhi.com/products/gasturbines/technology/mechanical-drive-applications
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mﬂzout mHzin Edenl Eszlend EHzcompr 7 )
(ton) (ton) (MWh/ton) | (MWh/day) | (MWh/day) | " Hztransp-pipes
2.7 3.0 3.7 1.61 0.21 0.795
3.3 3.67 3.7 1.97 0.26 0.795

Table 33 — Eq. (56) inputs and outcome

Based on the ny, iransp-pipes Values obtained, delivering hydrogen via pipelines is as efficient

as transporting it through tube trailers but the first do not cause road congestion.

Transportation - Pipeline + blending

M Leaks+unrecovered H2

H2 pumping across the

mo I I
8.6 8.6 grid
B Compr prior to injection
M Deblending
0

2.7 tons 3.3 tons

Figure 29 — Percentage incidence on transport losses of each element

After switching to an all-Hz grid, much higher transport efficiencies are expected to be

achieved. Starting from Eqg. (56), the formula to calculate the efficiency in the all-H2 grid

scenario is:

n ) _ mHzout ' LHVH2 (65)
Hatransppipes My, in * LHVy, + Ey, gria + En,compr
where
Mar o = mHzout 66
Y p0g) o
Eoutput grid 1

MHag7id = T HY, 365 (67)
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Egriang LHVyg  Muyin

E iq = PEy. -
H2 grld HZ 365 LHVHZ mHzgrld (68)
EHzcompr = 1/77engine ) chompr 24 (h) - PEHZ (69)
mHzout mHZin EHzgrid EHzcompr n .
(ton) (ton) | (MWh/day) | (MWh/day) | " H2transp-pives
2.7 2.71 2.35 2.45 0.947
3.3 3.31 2.87 2.98 0.947

Table 34 — Eq. (65) inputs and output

Table 34 proves that an all-Hz grid scenario allows to transport hydrogen more efficiently.
Besides, as Figure 30 shows, compression from 46 to 70 bar required for hydrogen injection

into the grid (i.e. Ey,compr) beCOMes the most affecting element.

Transportation - Pipeline
100

4.5 4.5

45.4 45.5
Leaks
H2 pumping across the
grid
Compr prior to injection

50.1 50.0

0
2.7 tons 3.3 tons

Figure 30 — Relative contribution on energy losses

3.3.13 H2 production — on-site electrolysis

The third and last Hz production option consists in generating hydrogen directly at the
refuelling station where it is later dispensed to the trains. The selected technology to produce
hydrogen is electrolysis by means of PEM electrolysers. The reasons behind the choice

have already been discussed in the ‘H> production — Wind powered water electrolysis’
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section. Before calculating the efficiency of production, the size of PEM plant is defined. The
design criterion is to install as many kWel of electrolysers as needed to meet the hydrogen

demand of the fleet. Rearranging (36), it follows that:

P = My, pEM " €H,PEM
et cf - 24

(70)

where Pel is the desired size, my,pgy is 2.7 tons or 3.3 tons per day, cf is the capacity factor
of PEM plant and ey, pey is the electrical energy to produce one ton of hydrogen (i.e. 62
MWh/ton). As the electrolysers are driven by grid electricity, they can be run almost
continuously. A capacity factor of 0.9 is so chosen, much higher than that assumed for the
PEM plant seen in the ‘Hz production — Wind powered water electrolysis’ section. The

outcomes of (70) for the two analysed demand scenarios can be found in

Scenario Size (MW)
3.3 tons/day 9.5
2.7 tons/day 7.8

Another major difference between the on-site electrolysis option and the wind powered
electrolysis case is where water is withdrawn. To not affect the freshwater availability, the
latter employs seawater as raw material. Thus, the construction of a desalinisation plant
near the onshore substation serving the wind farm has been envisaged. Seawater is treated
by reverse osmosis and thereby pumped to the PEM plant. The same does not apply for the
on-site electrolysis. In fact, given the remarkable distance of Birmingham from the coast, the
utilisation of desalinated seawater is not a viable solution and water is taken from the water
network. Although this results in a lower energy consumption, the effect on city’s water

reserves might be so remarkable to make the plant not feasible.
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The equation for evaluating the on-site electrolysis production efficiency is obtained from

(38) by setting Ey, o—pump and eqes €qual to zero, where the first term is the energy that

would be spent daily to pump seawater from the withdrawal point to the desalinisation
facility, while the second is the electricity demand to desalinate one kg of water. Moreover,
since PEM electrolysers are not powered by green electricity only but by the grid, the primary

energy factor PE related to the UK energy mix is considered. So, (38) becomes:

Mmy,pem - LHVY,

Nprod,on—site PEM =

1 (71)
(mHZPEM +my, fug) : (LH Vi, + PEgria " en,pEm m) + En, compr

In a 2019 report by the National Grid ESO [166], the electrical energy losses over the
transmission network amount to 1.7% of the electricity transferred. The parameter neansm IS

then set to 0.983. As concerns my, 4, the same value seen in the ‘Hz production — Wind
powered water electrolysis’ section is here utilised too. Finally, Ey, compr iS ONCe again

estimated through (40) and (41). A single stage reciprocating compressor is
sufficient to increase hydrogen pressure from 30 bar to 46 bar. At the end of compression,

H2 is cooled down to room temperature (i.e. 20°C).

The efficiency of the on-site electrolysis production option for both the hydrogen demand
scenarios are presented in . It also contains the values of all the parameters

embodied in (7).

My, pem Mmy,fug €H,PEM PE.. Ey,compr )
(ton/day) (kg/day) | (MWhi/ton) Meransm grid (MWh/day) Mlprod.on-—site PEM
3.3 46 62 0.983 1.501 1.07 0.345
2.7 37 62 0.983 1.501 0.88 0.345
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The efficiencies in are around 34% lower than those of the off-site PEM electrolysis
plant. The reduction is due to the use of grid electricity instead of green energy from wind

farms.

Production - On-site PEM electrolysis

100 o

98
90

Efficiency (%)

ntransm Neem plant 34.5

3.3.14 Hydrogen Refuelling Station
The second part of the WTT analysis is focused on the Hydrogen Refuelling Station (HRS)

energy efficiency calculation.

The technical features characterising the infrastructure of the refuelling station depend both
on in which state hydrogen is delivered and on dispensing pressure. Unlike cars, where
hydrogen is stored at 700 bar, weight and volume constraints for trains are less strict and a
dispensing pressure of 350 bar is hence adopted. The reasons behind this choice are
manifold, such as less energy for hydrogen compression and the opportunity to deploy less
complex components for the refuelling station. Moreover, hydrogen precooling to -40°C

before dispensing is no longer required.
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Figure 32 — HRS dispensing options

As Figure 32 shows, three different HRS concepts have been selected for the analysis. To
make use of the delivery pressure level and avoid inefficiencies, the operating pressure
chosen for the gaseous storage module at the HRS is never lower than that of hydrogen
delivery. As a consequence, the HRS layout equipped with booster compressors is not taken

into account when 700 bar-tube trailer is the delivery choice.

In one of the supporting documents developed for the NewBusFuel Project [167], the most
important HRS concepts are described. Each of them is formed by four main modules:
delivery or production, compression, storage and dispensing. Hz can be supplied to the HRS
in gaseous or liquid form. If hydrogen is transported as a gas, it can be delivered via pipelines
or by means of tube trailers. On the contrary, once liquefied, the only analysed supply option

for hydrogen is the on-road transportation through cryogenic liquid tankers. In addition to
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the off-site hydrogen routes just mentioned, an on-site solution using PEM electrolyser for
production is also examined. The form of the delivered hydrogen also dictates the
technologies employed for compression and storage. Liquid Hz is transferred from liquid
tankers to a dedicated highly insulated storage working at nearly atmospheric pressure.
When refuelling is needed, cryogenic pumps move hydrogen towards the dispenser unit.
Before dispensing, Hz is processed by an appropriate evaporator to meet the most suitable

thermodynamic conditions for refuelling.

As regards gaseous hydrogen, two different ways of handling it are possible, resulting in as
many HRS layouts. If Hz is stored above the pressure level at which the train’s tank operates
(i.e. 350 bar), the existing pressure gradient between the releasing and the receiving storage
vessels can be exploited to drive the refuelling process. The hydrogen storage of the station
is often subdivided into a certain number of storage banks operating at different pressure
levels. Such a concept is known as cascade storage. However, it should be noted that
hydrogen can overflow only as long as a pressure difference between the involved tanks
persists. Therefore, a complete fill-up of the vehicles can be carried out without the need of
compressors only if storage overcapacities are installed at the HRS. If the choice is instead
to store hydrogen below 350 bar, booster compressors are used during the refuelling to
transfer Hz from the storage to the trains’ tanks. In this case, minimum overcapacities have
to be implemented as compressors can draw almost the entire quantity of hydrogen from

the storage.

The last module constituting an HRS is the dispensing unit. It represents the interface
between the trains and the station. In addition to the dispenser, the fuel line also includes a
breakaway, hoses, nozzles, pipes and valves. The Society of Automotive Engineers (SAE)

has standardised the refuelling process. Depending on the mass flow through the fuel line
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(i.e. refuelling speed), it differentiates between slow (up to 1.8 kg/min), normal (up to 3.6
kg/min) and fast fuelling (up to 7.2 kg/min). SAE identifies a fundamental safety-related
objective too. In particular, hydrogen temperature and pressure inside the vehicle tank must
not exceed the operational limits, which are 85°C and 437.5 bar. Pre-cooling of hydrogen
before it reaches the dispenser may be necessary to remain within the safe range, especially
when fast refuelling is desired. The main mechanisms causing the increase of hydrogen
temperature in the train’s tank during the refuelling are listed hereafter: the conversion of
the incoming hydrogen flow’s kinetic energy into internal energy, the gas compression inside
the tank, the heat flux from the surroundings and the negative Joule-Thomson effect due to

the pressure drop across the fuel line [168].

It is assumed that the refuelling operations for the entire fleet are conducted overnight, within
a time window of 5 hours. Trains are filled in parallel and a fuelling rate of 7.2 kg/min is
adopted. According to the HDRSAM model by the Argonne National Laboratory®?, given the
pressure ramp rate resulting from the desired fuelling speed, the maximum dispensing
temperature to prevent tank overheating is set at 5°C. If hydrogen in the storage is deemed
to be in equilibrium with ambient temperature (i.e. 20°C), the pre-cooling unit must be sized

to cool down the Hz flow by 15 degrees.

The HRS is supposed to be built as close as possible to the train station. New Street Station
lies in the heart of Birmingham urban area and thus space constraint becomes a critical
issue when designing the HRS, especially if gaseous H:z is to be handled. So, whilst the
refuelling station with booster compressors has the minimum amount of storage

overcapacities, the HRS exploiting overflow filling mechanism takes advantage of the higher

52 https://hdsam.es.anl.gov/index.php?content=hdrsam
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pressures to store hydrogen. The estimation of the space occupied by the refuelling station
layouts involves several elements and therefore requires a more thorough evaluation, which
is beyond the scope of the thesis. The energy efficiencies of the three selected designs are

now determined.
HRS with storage working below 350 bar and booster compressors

As evidences, the HRS concept considered in the present section can be supplied
with all the gaseous H2 delivery paths included in the analysis, with the exception of the 700
bar-tube trailers option. The choice of the operating pressure for the hydrogen storage plays
a central role in the HRS design. In order to minimise the footprint of the storage module,
H2 is stored at a pressure as close as possible to the upper boundary of 350 bar. For the
sake of simplicity, the chosen value (i.e. 300 bar) corresponds to the highest pressure

among those characterising the three compatible delivery pathways.

The efficiency of the refuelling station is calculated on the basis of the following equation:

mszlSp ' LHVH2

nHRS< 350 b = (72)
o mszelivered ) LHVHZ + Eunload—store + Edisp + Ecool

where my, 45, is the daily amount of hydrogen entering trains’ tanks, my, geiiverea 1S the

hydrogen mass arriving on a daily basis at the HRS, E,,10ad-store 1S the energy consumed

each day by compressors to store Hz at the HRS, Eg, is the daily energy needed to

dispense hydrogen and E_,,; is the energy required every day by the pre-cooling unit.

As stated in ‘Hz transportation — compressed hydrogen tube trailers’ section, not all the
carried hydrogen can be discharged at the HRS. The effect of the incomplete unloading has
been already assessed and included in the calculation of the H2 transport efficiency. In fact,

despite the discharging takes place within the HRS boundary, the usable capacity is an
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intrinsic property of the trailers and thus addressed as such. The magnitude of the hydrogen

mass unloaded already takes into account the above-mentioned effect.

The first term of (72) to specify is my, 4;5,. Because of the fugitive emissions connected

to each process undergone by Hz, not all the hydrogen supplied to the HRS reaches the

vehicle’s tank. The relation between my, 4isp aNd My, geiverea 1S €Xpressed by the equation

below.

My, disp = Mu,delivered — MH,fug HRS — MH,disp — (mHzfug,stor + mHzfug,compr) (73)
According to the study coordinated by Frazer-Nash Consultancy on fugitive hydrogen

emissions [145], the two main contributions to my, 4 nrs are the leakages from the
pressurised vessels forming the HRS storage system (my,fygt0r) @nd those through
compressors’ seals (my, rygcompr)- AN average emission rate of 0.18% per day from

compressed gas tanks is assumed by [145]. Approximately 9.7 kg (2.7 tons scenario) and
11.9 kg (3.3 tons scenario) of hydrogen are then lost daily if the HRS storage is sized to
have an autonomy of 2 days. As regards leakages during compression, they are quantified
by means of the compressor mass efficiency nNmass. Since Nmass is 0.99, it means that 1% of
the H2 processed by compressors permeates through seals every day, so being lost in the
environment. The overall daily fugitive emission characterising the HRS and the amount of

hydrogen entering each day the trains’ tanks are reported in

Scenario mHzfug,stor mHzfug,compr mHqug,HRS mHZdisp
2.7 tons/day 9.7 kg/day 27.3 kg/day 37 kg/day 2663 kg/day
3.3tons/day | 11.9 kg/day | 33.3 kg/day | 45.2 kg/day | 3255 kg/day
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The evaluation of E,;,j0qd—store 1S Dased on (40). The power absorbed by compressors
(Wecompr) is once again computed with the help of the Aspen block ‘COMPR’. The first step
implies the determination of the compressors’ pressure ratio B (Poutet/Piniet). The outlet
pressure matches that of hydrogen storage, which has been set to 300 bar. As regards inlet
pressure, it differs depending on how hydrogen is delivered to the HRS. The table below

summarises the inlet and outlet pressure values for the three supply paths.

Path Pintet (bar) Poutiet (Dar)
pipeline 70 300
300 ba_lr-tube 5 300
trailer
on-site. 30 300
electrolysis

While for pipeline and on-site electrolysis routes the suction pressure seen by compressors
is constant, the same cannot be said for the 300 bar-tube trailer option. During the unloading,
the pressure in the truck vessel gradually decreases until it reaches the minimum value of
20 bar (see pmin in the ‘H2 transportation — compressed hydrogen tube trailers’ section).
More and more energy is therefore necessary to draw and transfer hydrogen from the trailers
to the storage as the unloading goes on. To estimate how hydrogen pressure inside the tube
trailer (psuck) Varies throughout the discharging, (74) is used.

mHZtruck(t) ) ZHZ (ptruck) ) RHZ ) T(t)

Vtruck

Peruck(t) = (74)

where my, 1y, (t) is the mass in kg of Hz in each 300 bar-tube trailer at time t and V¢« IS
the volume in m® of the truck tank. It is assumed that the discharge flow rate and the
temperature of the hydrogen in the trucks remain constant and respectively equal to the
compressor’s throughput and 20°C for all the duration of the unloading. These assumptions

allow both to eliminate the dependence on time of the temperature and to know how much
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hydrogen is in the trailer at any time t. The compressibility factor Z, is, in turn, a linear
function of pyyyc. The dependence of Z, upon pyc is retrieved from NIST data>? and can

be expressed as follows:

Zy, Peruck) = 6.928 - 107* - prpuck (t) + 9.974 - 1071 (75)

where pycr 1S measured in bar. By substituting (75) into (74) and rearranging the

resulting equation, p;,.x becomes equal to:

9.974-1071 'mHztruck(t) | RHz T
100 - Veyer — 6.928 - 10~* - My, ¢rycic (£) * Ry, * T)

Peruck(t) = (76)

where Ry, is in kd/kg/K and Vi in m3.

shows graphically the trend of p;,cx as it approaches pmin and how pressure ratio

has to change during the unloading.
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Now that inlet and outlet pressures of unloading compressors are known for all the three
pathways, another crucial factor to consider is the compressors’ daily running time. A

technical document [169] from Linde Group sets the time needed to unload each truck and

53 hitps://webbook.nist.gov/chemistry/fluid/
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fill the HRS storage at approximately 2 hours. Supposing to implement a parallel discharging
scheme where half of the tube trailer fleet is unloaded simultaneously, the total discharging
time will be 4 hours, both for the 2.7 and 3.3 tons scenarios. For the pipeline and on-site
electrolysis paths, the assumption is that storage compressors are in operation outside the
refuelling time window, so for 19 hours per day. Reciprocating compressors are installed at
HRS, that is the same hypothesis made by the HDRSAM model. As previously stated, this
type of compressors can achieve pressure ratios of 2:1 for a single stage. An intercooler
between each stage cools the hydrogen gas, bringing it back to the original feed temperature
(Ttruek = 20°C). Due to the urban location of the HRS, a natural body of water as ideal heat
sink for intercoolers is no longer a reasonable assumption. A viable solution is represented
by cooling towers. To cool down the water, they make use of power driven fans to force or
draw air through the tower. (40) is hence modified as follows to include cooling towers’

energy requirements:

Euntoad-store = (1/77ez,motor *Weompr - time(h) + Etowers) " PEg (77)
where E;,ers 1S the energy consumed by the cooling tower fan motors and time(h) is the
daily running time of compressors. The relationship between E;,,,.,s and the amount of heat
that cooling towers need to dissipate is derived from an actual datasheet by Vistech
company®4. According to it, about 6.5 Wh of electrical energy are required for each kwWh of

heat. Therefore, E;,.rs Can be calculated as:

Nstages

Eiowers = Z Qint,i ' time(h) +6.5-1073 (78)
i=1

where Q;y,,; is the size in KW of the intercooler associated with the i-th stage

54 hitps://www.vistechcooling.co.uk/product/ewk-moducell/
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As concerns nmass, Nmec and nis, the same values already chosen for the ‘H2 transportation
— compressed hydrogen tube trailers’ section are selected. Electric motors are employed as
prime movers to drive the compressors. The required electric energy is taken from the grid
and thus the corresponding primary energy factor PEe has to be considered. Its value for
the UK energy mix is 1.501. For clarity, Table 39 and Table 40 are introduced. While the
first gathers all the main parameters involved in the E,;0q0d-store Calculation, the second

displays the results for the three delivery routes, both for 2.7 and 3.3 tons scenarios.

Path Brot Nstages Nis Nmec Nel Nmass
pipeline 4.3 2 0.70 0.95 0.94 0.99
300 bar- 1-15 4 0.75-0.65% | 0.95 0.94 0.99

tube trailer
ssle 10 4 0.67 0.95 0.94 0.99
electrolysis

Table 39 — Main parameters to calculate Eunioad-store

H Eunlaad—store
Scenario Path (MWh/day)
pipeline 3.73
300 bar-tube
on-site 594
electrolysis )
pipeline 4.56
300 bar-tube
3.3 tons/day trailer 3.33
on-site 794
electrolysis )

Table 40 — Results for Eunload-store

The estimation of E;, is performed following the same pattern just seen for Eynioq4—store-

Storing hydrogen below the operating pressure of the train’s tank necessitates booster

compressors to refuel the fleet. They are operational only during the refuelling, working then

55 A range of values for efficiency is considered. This is because of the decrease in compressor’s performance as the
pressure ratio increases (source: Polytropic Efficiency - an overview | ScienceDirect Topics)
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5 hours per day. Their task is to move hydrogen from the storage to the vehicle’s tank and,
in doing so, they must increase Hz pressure up to the target for refuelling. Taking as
reference the HDRSAM model, booster compressor discharge pressure (i.e. poutiet) IS Set at
457 bar. This value is given by summing a further 20 bar gradient to the maximum allowable
pressure inside the train’s hydrogen vessel. The evaluation of pinet iS instead more
challenging. In fact, for all the three paths, the suction pressure of the compressors
corresponds to that inside the storage (pstorage), Which decreases as Hz is drawn out for the
refuelling process. In order to obtain for pstorage @ mathematical relation like the one derived
for pruck (E0.(76)), the storage has to be first sized. In particular, it is dimensioned so that
the HRS can have an autonomy of 2 days. This means that the storage capacity must be
large enough to contain 5.4 or 6.6 tons of hydrogen gas, depending on the analysed
scenario. As the Hz density at 300 bar and 20°C is 20.86 kg/m?, the needed total volume
Vstorage is 113 m® or 138 m3. By replacing Viruck With Vstorage in (76), the trend over time of
Pstorage IS derived. shows the variations of pstorage and 3 during the refuelling time.
Since the criterion behind the storage sizing (i.e. 2 days of autonomy) is the same for both
the 2.7 and 3.3 demand scenarios, just two curves, one for pswrage and one for (3, are

presented.
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Figure 34 — pstorage @and B trends over refuelling time

The compressors for refuelling are of the same type of those used to fill the HRS storage
system and so share the same operating parameters. Table 41 contains all the most

important quantities to calculate E;5, and also presents the results achieved.

Scenario Btot Nstages Nis Nmec Nel Nmass PEe (MWEI/SQ ay)
2.7 tons 1.48 - 3.29 2 0.75-0.70 0.95 0.94 0.99 1.501 1.98
3.3 tons 1.48-3.29 2 0.75-0.70 0.95 0.94 0.99 1.501 2.45

Table 41 — Elements for Edisp evaluation

E.,.; is indispensable to ensure that the hydrogen in the train tank does not exceed, for the
entire duration of the refuelling, the safety limits for temperature and pressure dictated by
SAE. As mentioned in the last part of the ‘Hydrogen Refuelling Station’ section, HDRSAM
model prescribes to precool the Hz flow to 5°C when the vehicle service pressure is 350 bar
and the fuelling rate is 7.2 kg/min. The working principle of the precooling unit (PU) is based
on a refrigeration cycle. A minimum temperature difference of 10 degrees between the hot
and cold fluids is chosen as design criterion. Hence, if the hot heat reservoir is the outdoor

environment, the gas refrigerant’s temperature must be (20+10) = 30°C at the condenser
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and (5-10) = -5°C at the evaporator. The upper limit for the coefficient of performance (COP)

is function of only heat reservoirs’ temperatures, as (79) proves.

T, 268.15

CoP,; = =
T, —T. 303.15— 268.15

= 7.66 (79)

where Tc and Tu are the cold and hot heat reservoir temperatures measured in K,
respectively. The maximum COP operating between 30°C and -5°C is thus 7.66. However,
due to all the irreversibilities related to the precooling unit's components, the actual COP is
much lower than the ideal one. A single stage vapour compression cycle between the same
Tw and Tc is implemented in Aspen Plus with the aim of estimating the actual performance
of the precooling unit. The flowsheet (see ) consists of four blocks: an evaporator,

a condenser, an expansion valve and a compressor.
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£
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R32 is supposed to be the refrigerant flowing in the cycle. The two working pressure levels
of the system are retrieved from [170]: while the evaporator works at 6 bar, the condenser
operates at 25 bar. The ratio between the heat absorbed by the evaporator (Qc) and the

electric power provided to compressor (Weympr,py) is the actual COP of the unit. In symbols,

it follows that:

COP _ Q¢ _ My, disp CpHZ ’ (Tin,PU - Tout,PU) (80)
act — -
Wcompr,PU Wcompr,PU
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where my, q;5, has been introduced in £q. (72), Tip py (20°C) and Ty py (5°C) are the inlet
and outlet temperature of hydrogen at the PU. Based on the definition given before, E.,,;
corresponds to the product between the running time of the PU’s compressor (5 hours) and
the Weompr,pu @ppearing in £q. (80), which is one of the outcomes of the refrigeration cycle

modelled in Aspen. PU compressor is powered by grid electricity.

E.,o; values for both the demand scenarios are summarised in Table 42.

. Ecool
Scenario COPgct (MWh/day)

2.7 tons/day 3.47 0.095

3.3 tons/day 3.47 0.112

Table 42 — Ecool values

The global efficiency of the HRS concept here analysed can be finally determined as all the

parameters in Eq. (72) are now known.

In conclusion, a table gathering the values of nygs_.., ., fOr the three delivery pathways

and for both the demand scenarios is shown.

Scenario Path THRS - 350 par
pipeline 0.926
300 bar-tube
3.3 tons/day trailer 0.936
on-site
electrolysis LEe
pipeline 0.926
300 bar-tube
2.7 tons/day e 0.936
on-site 0.906
electrolysis

Table 43 — HRS < 350 efficiency
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Dispensing - HRS with booster compressors
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Figure 36 - HRS<3s0 primary energy efficiency for the three delivery pathways analysed
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Figure 37 — Percentage incidence of each element on energy losses at HRS for the three delivery pathways

analysed

According to Figure 37, the most impacting factor on efficiency is the transfer of Hz to the
HRS storage. Therefore, delivering high pressure hydrogen via tube trailers turns out to be

the most efficient option for an HRS station with booster compressor.

Figure 36 and Figure 37 do not differentiate between 2.7 tons and 3.3 tons scenarios as

there are no significant differences.
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HRS with storage working above 350 bar and overflow filling

Unlike the previous HRS concept, this one is compatible with all the four gaseous supply
routes. Storing the Hz above the target pressure for refuelling makes the usage of
compressors to transfer hydrogen from the storage to the train’s fuel tanks unnecessary.
The only driving force is in fact the pressure difference existing between the releasing and
the receiving vessels. For a better implementation of the overflow filling procedure, the
hydrogen storage is subdivided into multiple banks operating at three different pressure
levels (low LP, medium MP and high HP), forming a cascade storage system. However, as
highlighted in the ‘Hydrogen Refuelling Station’ section, adopting overflow filling as refuelling
strategy requires the installation of certain storage overcapacities. The choice of the most
suitable storage pressure to enable overflow filling is so the result of two competing priorities,
the minimisation of overcapacities and the reduction of the HRS energy requirements. Both
the HDRSAM model and the work done by Guerra et al. [77] set such pressure at 500 bar
for trains and heavy-duty vehicles. The same value is selected here as maximum working
pressure for all the three storage banks, regardless of the delivery option. The HDRSAM
model suggests also what should be the minimum pressure in each bank. The full
characterisation of the cascade storage system in terms of operating pressures is provided
in . Trains are refuelled first from the LP storage. Once the pressure inside the
vehicle’s tank reaches 177 bar, the MP storage bank takes over, continuing the refuelling

process. The switch to the HP bank is the last step and occurs at 329 bar.

Type Pmax (bar) Pmin (bar)
HP 500 430
MP 500 329
LP 500 177
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Table 44 also shows that some hydrogen must remain in the vessels to keep the pressure
within the specified operational limits. The addition of overcapacities to the HRS facility is

hence essential to meet the fleet’'s hydrogen demand.

The equation for the estimation of the HRS energy efficiency (Eg. (81)) does not differ greatly

from Eq. (72). The only difference is that Ey;, is equal to O for overflow filling.

mszlSp ’ LHVHZ

(81)

"HRS> 350 bar —
ar mHZdelivered ) LHVHZ + Eunload—store + Ecool

The additional energy needed to transport and store hydrogen into the overcapacities is not
included in the efficiency. In contrast with the energy processes considered by Eq. (81),
which take place on a daily basis, overcapacities are filled just once at the beginning of the

HRS life and thus the corresponding effect on nygs_ .. .. is deemed as negligible.

The quantity E,,10ad—store 1S @SSe€ssed in the same way as explained in the previous section.
The parameters involved in the calculation of E,,,;0q0d-store @re introduced with the help of
Table 45. Because of the higher working pressure chosen for the HRS storage (i.e. Pstorage
= 500 bar), the pressure ratio f and the number of compression stages nstages are higher

than those in Table 309.

Path Btot Nstages Nis Nmec Nel Nmass
pipeline 7.2 3 0.68 0.95 0.94 0.99
300 bar- |y 5 of 5 075-062 | 095 0.94 0.99
tube trailer

Ssls 16.7 4 0.65 0.95 0.94 0.99
electrolysis

700 bar- 2 2 0.75 0.95 0.94 0.99
tube trailer

Table 45 — Necessary parameters for Eunioad-store determination
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In order to complete Table 45, Bt and nNstages for the 700 bar-tube trailer supply pathway

must be evaluated. Figure 38 displays how puuck changes as the unloading goes on and is

obtained by adapting Eq. (76) to the 700 bar-tube trailer case.
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Figure 38 — piruck @and B trends over refuelling time — 700 bar trailer

——ptruck
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Thanks to the high pressure at which Hz is stored inside the 700 bar trailers, for about the

first 5000 seconds the discharging progresses without any compressors, exploiting only the

difference between piruck and pstorage. The obtained results for E,,0ad—store are reported in

Table 46.

Scenario Path (E’w;t}ét;;,e)
pipeline 5.26
300 bar-tube 4.39
trailer )
2.7 tons/day on-site 7.46
electrolysis i
700 bar-tube
trailer 3.29
pipeline 6.43
300 bar-tube
trailer 536
3.3 tons/day on-site 9.12
electrolysis i
700 bar-tube
trailer 4.02

Table 46 - Results for Eunioad-store
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As (73) proves, the value of my, 4, is linked to the extent of the fugitive emissions
my, rug,urs- More hydrogen is stored and dispensed, the larger is the amount of leakages
from the HRS facility. Two different sources of Hz loss have been identified: compressors
and pressurised vessels. Every day, approximately 1% of my,geiivereq 1S 10St during
compression. As concerns instead the emissions from the storage system, they depend on
the sizes of the three pressure banks and of the related overcapacities. The sizing of the
cascade storage is therefore necessary. It essentially consists in determining how much
hydrogen each pressure bank has to supply to the train’s tank, also making sure that the
pressure limits indicated in are not violated. For the sake of simplicity, the
calculations for the cascade sizing are carried out considering a single apparent big tank
containing all the Hz required by the fleet (i.e. g, capacity,fieet). SO, the useable storage
capacity of the entire fleet must be large enough to hold 2.7 tons or 3.3 tons of Hz, that are

the daily fleet's demands (my,gemana) for the two studied scenarios. The total volume
Vi, capacity,fieet 1S CONservatively calculated taking into account 358.15 K (i.e. 85°C) and

437.5 bar as the operating conditions for the trains’ tanks. Rearranging (76), it follows

that:

9.974-107*
(82)

VHzcapacity,fleet = My,demand * RHZ T <6-928 107 + ;
100 Ptank,max

The outcomes of (82) are 120 m® and 147 m?, respectively for the 2.7 tons and the 3.3

tons scenario. As described previously, the LP bank refuels the train until the pressure in

the vehicles’ vessels reaches 177 bar. At such pressure, the corresponding mass of

hydrogen inside the apparent fleet’s fuel tank is:
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100 - VHzcapacity,fleet " Pmin,LP
Ry, = (9.974-1071 + 6.928 - 10~* * ppin 1p)

(83)

MipoH, fleet =

(83) provides then the mass of Hz that has to come daily from the LP bank. However, to
keep the pressure within the operational range, the low-pressure cascade vessel must be

able to store more hydrogen than mp_,y, fiee;- IN Other words, the LP bank is sized so that
its pressure, after the discharge of a quantity of Hz equal to m,p_,y, fieer, @Mounts to 177 bar.

In view of this, the equation behind the design of the LP cascade tank is:

100 - Vip pank - Pmax,Lp _ 100 - Vip pank - Pmin,LpP
RHZ ’ Tamb ’ (b +a- pmax,LP) RHZ ) Tamb ' (b ta- pmin,LP)

= Myp-H,fleet (84)

where a is 6.928:104, b is 9.974:10, pax.p 1S 500 bar, ppinp is 177 bar and Vip pank is
the only unknown term of the equation. The temperature of hydrogen in the cascade system
is assumed to be the same of the ambient and so T in (84) is 293.15 K. Once V;p pank IS

known, the LP bank capacity in terms of kg can be finally evaluated by means of (85).

100 - Vpp bank * Pmax,LP
RH2 *Tomp * (b +a- pmax,LP)

(85)

My, capacity, LP =

The next step is the sizing of the MP bank. The kilograms of hydrogen moved every day

from MP vessel to the trains result from (86).

100 - VHzcapacity,fleet " Pmin,MP _ 100 - VHzcapacity,fleet " Pmin,LP
Ry, -T- (b +a- pmin,MP) Ry, -T- (b +a- pmin,LP)

MpypoH, fleet = (86)

Thanks to the two equations below, the volume of the MP tank (Vyp pank) @nd the mass of

hydrogen stored in it at the beginning of the refuelling (my, capaciy,mp) are estimated.

100 " Viyp pank Pmax,mp _ 100 * Vip pank Pmin,mp
RHZ ' Tamb ' (b +a- pmax,MP) RHZ ' Tamb ' (b +a- pmin,MP)

= MpypoH,fleet (87)
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100 * Viyp bank * Pmax,mp (88)
RHZ “Tomp * (b ta- pmax,MP)

My, capacity, MP =

The HP bank completes the refuelling process, supplying the missing portion of hydrogen

to meet the fleet's demand. The equations needed for its design are introduced below.

MypoH, fleet = My,demand — MLp-H,fleet — MMP-H, fleet (89)

100 - Vup bank * Pmax,HP _ 100 - Vip bank Pmin,HP
RHZ ' Tamb ' (b t+a- pmax,HP) RHZ ' Tamb ' (b t+a- pmin,HP)

= MypoH,fleet (90)

100 - Vyp bank ' Pmax,HP
RH2 *Tamp * (b +a- pmax,HP)

(91)

My, capacity, HP =

In the interest of clarity, all the findings related to the sizing of the cascade dispensing

system are summarised in Table 47.

: Bank | Myup mpHuP-H,fleet |  Vbank | M, capacity,bank
Scenario A 2 2¢apactty,
type (kg) (m3) (kg)
HP 667 202.5 6182
8.3 MP 1083 127.5 3892
tons/day
LP 1550 88.3 2695
HP 540 164 5007
2.1 MP 887 104.3 3184
tons/day
LP 1273 72.5 2214

Table 47 — Cascade features

Now that the capacities of the three pressure banks are known, the associated hydrogen

leakages can be assessed.

Scenario mHzfug,stor mHzfug,compr mHzfug,HRS mszisp
2.7tons/day | 17.7 kg/day | 27.3 kg/day 45.1 2609.9
3.3tons/day | 21.6 kg/day | 33.4 kg/day 55.1 3189.9

Table 48 — Fugitive emissions
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As regards the energy E.,,; to precool the Hz2 before dispensing, the values that can be

found in Table 42 are also valid here.

Having defined all the necessary parameters, the efficiency of the HRS (ygs. ., ,,,) IS

finally determined. The results of Eq. (81) for the two demand scenarios and for the four

delivery pathways are gathered in Table 49.

0.93

Figure 39 — HRS»350 primary energy efficiency for the delivery pathways analysed

Scenario Path MHRS 5 350 par
pipeline 0.912
300 ba_lr-tube 0.921
3.3 tons/day trallgr
: olieiite 0.892
electrolysis
700 ba_lr-tube 0.932
trailer
pipeline 0.912
300 bar-tube
27 tons/d trailer 0.921
.7 tons/day ]
olieiite 0.892
electrolysis
700 ba_lr-tube 0.932
trailer

Table 49 — HRS > 350 efficiency

Dispensing - HRS using overflow filling

pipeline 300 bar-tube
trailer electrolysis

on-site 700 bar-tube

trailer

144



Dispensing - HRS using overflow filling

100 gy 2 08 ES
280 oy 30.8 s
: ® Cooling
Leaks
60.9 56.7 - 49.9 H2 transfer to HRS

storage

pipeline 300 bar-tube on-site 700 bar-tube
trailer electrolysis trailer

Transferring hydrogen to the HRS storage is confirmed as the most primary energy-
intensive process. On-site electrolysis is the worst option in terms of primary energy

consumption, while 700 bar-tube trailer is the most convenient one.

and do not differentiate between 2.7 tons and 3.3 tons scenarios as

there are no significant differences.
HRS with LHz storage and cryogenic pumps

The only way to supply hydrogen to an HRS with LH2 storage and cryogenic pumps is
through liquid tankers. In fact, Hz liquefaction at the refuelling station is not considered as a
viable option since it would significantly increase the complexity and the energy use of the

HRS. The equation for the calculation of the HRS energy efficiency is shown below:

mszlSp ' LHVH2

(92)

NHRS 1y, =
2 mLszelivered ’ LHVHZ + Eunload—store + Edisp + Eevap

where Ei0ad—store 1S the energy per day to transfer the LH2 from liquid tankers to the

storage of the HRS, Ey;s,, is the daily energy consumption of the cryogenic pumps employed
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for dispensing and E.,,, is the thermal energy absorbed every day by m,y,q;5, at the

evaporator to reach the thermodynamic conditions set for refuelling.

For the same reasons given in the ‘HRS with storage working below 350 bar and booster
compressors’ section, the effect of the liquid tanker’'s usable capacity has been already

included in the 1y, transp-iiq trucks (S€€ (54)) and thus is excluded from the definition of

the HRS efficiency.

The unloading and the storing of the liquid hydrogen inside highly insulated vessels is
performed via cryogenic pumps. According to [169], 20 K and 6 bar are the temperature and
the pressure established within the Dewar at the HRS holding the LH2. The same document
suggests a minimum pressure gradient of 1 bar to drive the emptying of the liquid trailers.
Cryo-pumps are then asked to raise the pressure up to at least 7 bar. As the liquid tankers
contain LHz at nearly atmospheric pressure, the pressure jump Appump is 6-10% kPa. The

energy E nioad—store 1S Obtained by solving the following equation:

MLH,delivered
Evnioad-store = e Appump ) 1/77pump ’ 1/7731 " PEg (93)
where py, ;4 is the hydrogen density at 20 K and m_y, geriverea IS 2.7 Or 3.3 tons per day. The

prime movers of the cryogenic pumps are electric motors. From the HDRSAM model, theirs
electric efficiency nel is 0.88, while 0.75 and 1.501 are respectively the values for npump and

PEel. The results of (93) for the two demand scenarios are displayed in

Eunload-store

Scenario Path (MWh/day)
3.3 tons/day Liquid CLCLE
2.7 tons/day tankers 0.014
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The refuelling strategy adopted by the station concept analysed here is analogous to that of
the HRS using booster compressors. The refuelling time window is 5 hours long and the
fuelling rate is 7.2 kg/min, as for the other two HRS concepts. Because of the liquid form
and the temperature of the hydrogen processed, compressors are replaced by cryo-pumps.
They draw LH2 at 6 bar from the liquid storage and bring the pressure to 457 bar, that is the
same level set for the HRS utilising booster compressors. (93) is used also to find the
magnitude of Eg;,. Despite being characterised by the same values of ner and npump, the
cryogenic pumps involved in the refuelling have to provide a much higher pressure increase,

equivalent to 4.5-10% kPa. The results for Ey;, can be seen in

Scenario Path (Mv'iﬁ,‘fg ay)
3.3 tons/day Liquid e
2.7 tons/day tankers 1.09

The state-of-art of hydrogen storage in transport sector is represented by pressurised tanks
in which Hz is stored in gaseous form. Although the first prototypes of cryogenic LH2 vessels
date back to 50 years ago, no vehicle equipped with LH2 storage systems is currently
available on the market [171]. An air forced evaporator is therefore added before dispensers
so that hydrogen temperature can become compliant with the refuelling protocol. Since
active fans are supposed to support the heating process, ambient air is the only exploited
heat source. As a consequence, E.,,, coincides with the fans’ electricity requirements. The
power absorbed by the fans depends on the mass flow rate to be supplied, which is in turn
chosen on the basis of the desired vaporizer's heat duty. Hydrogen enters the evaporator in
liquid state at -253.15°C and 457 bar, exchanges heat almost isobarically (negligible

pressure drops) with air and finally flows out at 5°C. The vaporizer must be able to convert
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and condition, within the 5 hours long refuelling time window, 2700 kg or 3300 kg per day of
LH2. The resulting heat duty, evaluated with Aspen Plus, is hence approximately 665 kW or
813 kW. A relationship between the evaporator heat duty and the electric power absorbed
by the motors driving the fans is retrieved from [172]. For each kW of vaporizer’s heat duty,
about 0.028 kW of forced-air fan motor are required. The corresponding installed capacities
are then 18.6 kW and 22.7 kW for the 2.7 tons and the 3.3 tons demand scenarios,
respectively. Fans’ daily electricity requirements are presented in . The values
below are obtained under the assumption that the motors are in operation only during the

refuelling time window.

Scenario Path Eevap (KWh)
3.3 tons/day Liquid 0.18
2.7 tons/day tankers 0.15

The assessment of the fugitive emissions from the HRS (my, sy, urs) is crucial to determine

how much hydrogen is actually dispensed at the refuelling station. As [162] states, two main
sources of hydrogen losses can be identified in a HRS treating LH2: storage boil-off and
emissions related to the usage of cryo-pumps. As regards the former, every day around
0.7% of the LHz stored at the station evaporates and cannot be recovered. If a LH2 storage
with an autonomy of two days is implemented at the HRS, the associated leakages are 38
kg/day for the 2.7 tons scenario and 46 kg/day for the 3.3 tons scenario. The second type
of losses, instead, are mainly due to the warming up experienced by the cryo-pumps during
their idle periods and equate to the 1.1% of the liquid hydrogen dispensed daily. A summary

of the fugitive emissions is given in
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Scenario mHzfug,boil—off mHzfug,cryo—pump mHzfug,HRS mszisp

3.3 tons/day 46 kg/day 36 kg/day 82 kg/day 3218 kg/day
2.7 tons/day 38 kg/day 30 kg/day 68 kg/day 2632 kg/day

Table 53 — Fugitive emissions and dispensed Hz for the LH2 HRS

All the terms included in Eq. (92) are now known and thus the efficiency NHRSLy, of the

refuelling station can be finally estimated. Table 54 shows the efficiency values calculated

for the two demand scenarios.

Scenario NHRSy,
3.3 tons/day 0.96
2.7 tons/day 0.96

Table 54 - LH2 HRS efficiency results

Dispensing - LH2 HRS
100

W Heating
M Dispensing

Leaks

65.2 65.0
LH2 transfer to HRS
storage
0 0.4 04
2.7 tons 3.3 tons

Figure 41 — Percentage incidence of each element on energy loss at LH2 HRS

Thanks to the lower energy requirements for LH2 pumping compared to gaseous hydrogen
compression, LH2 HRS has the highest primary energy efficiency among the three HRS

concept evaluated.

Hydrogen fugitive emissions strongly affects the primary energy efficiency of LH2 refuelling

station and then represent a serious issue to address when a LH2 storage is designed.
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3.4 Tank-to-wheels stage

The tank-to-wheels analysis (TTW) is the second pillar of a well-to-wheel study. The TTW
stage covers train operation activities and mainly consists in the evaluation of the vehicle
energy performance, which can be expressed either in terms of energy required per km

travelled or overall powertrain efficiency.

The vehicle taken into account is a two-car fuel cell hybrid regional train. It combines PEM
fuel cell technology as main power source with Li-ion batteries to better manage rapid
changes in load. Vehicle powertrain efficiency and fuel consumption are retrieved through

literature research and data analysis.

As seen in New Street daily hydrogen demand’ section, a first approximation value for the
fuel economy (i.e. L/km) of a typical two-car fuel cell hybrid train is obtained from [89].
Afterwards, the impact of number of carriages and seat load factor on train’s fuel

consumption has been assessed. The results are displayed in

As regards vehicle operation efficiency, it is determined by including typical power battery
performance (i.e. 80% [173]) into the efficiency chain provided in [13]. The final mean value

obtained is 43%.

Propulsion LHV
system devices efficiency
Fuel cell stacks 60 — 71%
Electric motors 92%
Batteries 80%
Transmission 95%
Motor auxiliaries 99%
Traction auxiliaries 94%
Vehicle 39 - 46%
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3.5 Well-to-wheel indexes

Two different indexes are used to present WTW analysis outcomes:

Nwtw path = NMWTT path " NFCH train (94)
Ewrw = EWTTt *FEpch train " LH VH2 (95)
where Necy train 1S €qual to 0.43 and FErcy trqin 1S 0.28 kgHz per km travelled for a two-car

train characterised by the daily average seat load factor (i.e. 87%).

3.6 Results and discussion

3.6.1 Well-To-Tank (WTT) stage — 2030 scenario

By combining the six supply routes displayed in Figure 11 with the three dispensing options

analysed and on-site electrolysis solution, fourteen WTT pathways are obtained.

Pathway Ide:ttjirfri](t:)aetrion
Electrolysis — Hz storage — pipeline — HRS with booster compressors 1
Electrolysis — Hz storage — pipeline — HRS using overflow filling 2
Electrolysis — Hz storage — 300 bar-tube trailers — HRS with booster compressors 3
Electrolysis — H2 storage — 300 bar-tube trailers — HRS using overflow filling 4
Electrolysis — H> storage — 700 bar-tube trailers — HRS using overflow filling 5
Electrolysis — H2 storage — liquefaction — liquid tankers — LH2 HRS 6
SMR - CO: storage — H: storage — pipeline — HRS with booster compressors 7
SMR - CO: storage — Hz storage — pipeline — HRS using overflow filling 8
SMR - CO: storage — H: storage — 300 bar-tube trailers — HRS with booster compressors 9
SMR - CO: storage — H: storage — 300 bar-tube trailers — HRS using overflow filling 10
SMR - CO: storage — H: storage — 700 bar-tube trailers — HRS using overflow filling 11
SMR - CO: storage- H2 storage — liquefaction — liquid tankers — LH> HRS 12
On-site electrolysis — HRS with booster compressors 13
On-site electrolysis — HRS using overflow filling 14

Figure 42 — Analysed WTT pathways
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Figure 43 and Figure 44 summarise the main results of WTT stage. The worst pathways are
those including on-site electrolysis. Despite no transportation losses occur, routes 13 and
14 are significantly disadvantaged by the utilisation of electricity from the grid, whose PEe
is 1.501. The best path is instead the one that combines the best production technology in
terms of efficiency, SMR+CCS, with the most efficient way of transport, 700 bar-tube trailer.
Figure 43 also highlights that the green hydrogen routes (paths 1 — 6) are inferior in terms

of nwrr paen than the blue hydrogen®® ones (paths 7 — 12). The reason is the higher primary

energy efficiency of SMR+CCS production technology compared to PEM electrolysis.

Figure 44 shows that production is the most-energy consuming step, followed by transport.

Dispensing and Hz storage have a minor effect on efficiency reduction, especially the latter.

WTT energy efficiencies
0.550
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0.450

0.400
0.350
0.300
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0.200
0.150
0.100
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0.000
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Pathway number

Efficiency in % (LHV)

Figure 43 — WTT energy efficiencies of the analysed routes

56 hitps://www.nationalgrid.com/stories/energy-explained/hydrogen-colour-spectrum
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WTT primary energy consumption
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Figure 44 — WTT energy consumption of the analysed paths

3.6.2 Well-To-Tank (WTT) stage — 2040 scenario

WTT energy efficiency and primary energy consumption for the same fourteen routes are

now evaluated in the context of the 2040 scenario.

The main differences between the two scenarios are gathered in Table 56.

Parameter 2030 2040
€H,PEM 62 MWh/ton | 55 MWh/ton
Nco;storage 0.997 0.985
N,y transp—pipes 0.795 0.947
Ey,tiq 10 MWh/ton 7 MWh/ton
PE giectricity 1.501 1.2
H2 demand 27-33ton | 38-46ton

Table 56 — Changes between 2030 and 2040 scenario

e ey, ppy: the specific energy consumption of PEM electrolysis is expected to decrease
in the near future [23]
® 7co,storage- €ENEIGy spent to store a unit mass of CO2 is going to increase in the

second stage of HyNet CCS project lifetime, when injection of liquid carbon dioxide

will be adopted
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®  Nu,transp-pipes- @S discussed, blending is not considered a long-term option for
hydrogen transport. An all-Hz network is what UK aims to achieve.

e Ey,i4- according to Ghafri et al. [163], a reduction from 10 MWh to 6 — 8 to liquify a
ton of Hz is expected in the next years

® PE..ctricity- thanks to the increase in renewable penetration to meet net zero targets,
PE of UK electricity is going to decrease. Based on energy and emissions projections
for the period 2021-2040% provided by the Department of Business, Energy, and

Industrial Strategy (BEIS), an average PEelecticity Of 1.2 has been calculated for 2040.

The main findings of the WTT analysis for the 2040 scenario are given below.
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Figure 45 — Comparison between 2040 and 2030 in terms of WTT efficiency

57 hitps://assets.publishing.service.gov.uk/media/634e5f75e90e0731a8008927/updated-energy-and-emissions-
projections-2021-2040.pdf
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Percentage change between 2030 and 2040
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Figure 46 — WTT efficiency percentage change between 2030 and 2040

As shown in Figure 45, the improvement in electrolysis efficiency and PEeiecticity bridges
distances between green hydrogen and blue hydrogen pathways. In fact, while in 2030 the
top 3 most efficient WTT paths were of the blue hydrogen type, in 2040 one green route
manages to reach the podium. Furthermore, it is interesting to note that in 2040 pathways

including liquefaction may offer efficiencies in line with those related to gaseous hydrogen.

As Figure 46 proves, all the WTT efficiencies are expected to be higher in 2040. While the
green paths’ efficiencies (i.e. from 1 to 6) are characterised by an average percentage
growth of 22%, those of blue ones increase by an average of 10%. The highest percentage
rise is experienced by the on-site electrolysis routes (i.e. number 13 and 14), mainly thanks

to the reduction of PEelectricity.

3.6.3 Well-To-Wheel (WTW) analysis — scenario 2030 and 2040
The most efficient WTT routes, listed in Table 57, are now combined with 1y 1y peen and

FEgpcy train 10 Obtain the WTW indexes.
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Scenario

Pathway Number
SMR — CO: storage — H2 storage — pipeline — HRS with booster compressors 7
2030 SMR — CO:; storage — H: storage — 300 bar-tube trailers — HRS with booster 9
compressors

SMR — CO: storage — Hz storage — 700 bar-tube trailers — HRS using overflow filling 11
Electrolysis — Hz storage — pipeline — HRS with booster compressors 1

2040 SMR — CO:; storage — H: storage — pipeline — HRS with booster compressors 7
SMR - CO: storage — H: storage — pipeline — HRS using overflow filling 8

Table 57 — Pathways considered for the WTW analysis

WTW energy efficiencies
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Figure 47 — WTT energy efficiencies for the WTT routes examined

In Figure 47 a comparison between the WTW efficiencies of the two studied scenarios is

made. The WTW efficiency of a typical diesel train is also included in the figure as a

benchmark. The value of ny 1y e, for the diesel train is estimated as follows:

where:

NMWTW pathgieser train — TWTT pathgiese; - Ndiesel train

(96)

®  MWTT pathy;esy, 1S €QUal to 0.847. Itis calculated as the inverse of the PEdiesel, which is

taken from [137]

®  Naiesel train 1S 0.3 @and is retrieved from [85]
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Diesel train achieves better WTW performance thanks to the high value of nyrr pathy;,..,-
Looking at the 2030 scenario, diesel train presents a WTW efficiency 24% higher than that
of the fuel cell train supplied by the most efficient WTT pathway. This gap decreases for the
2040 scenario, when the 1y 1y pqn Of diesel train is just 10% higher than path 8's WTW

efficiency.
Another way to present the WTW outcomes is through the E}, 1y, index.

As Eq. (95) shows, diesel train’s fuel consumption is needed. The value of FE ;o501 train 1S
retrieved from literature. Kapetanovic et al. [174] estimated in 1.96 litres per km the fuel
economy of a two-car diesel multiple unit regional train connecting Leeuwarden to
Groningen. The selected route is 54 km long, has a flat topography and 8 stops between
the first and last station. Since this working conditions do not differ much from the ones

considered for fuel cell train, the choice of [174] as reference seems appropriate.

WTW primary energy consumption per km

20
15
W 2030
10 2040
diesel train
5
0 -
1 7 8 9 11 d

iesel train

PE consumption per km (kWh/km)

Pathway number

Figure 48 — Comparison between fuel cell and diesel train’s WTW energy consumption

Figure 48 reveals that fuel cell hybrid train becomes a better option than diesel train if the
comparison is based on Ey,. The reason is the higher fuel consumption per km of diesel

train, which suffers from the inefficiency of its powertrain.
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3.7 Sensitivity analysis

In this section, a sensitivity analysis to identify which parameters have the most significant
impact on the WTW results is performed. The selected key parameters include electrolysis

specific energy consumption and grid electricity’s primary energy factor.

To perform the sensitivity analysis, each parameter is varied by +10% while keeping the

other ones constant. Their impact on each 0y, 1y pacn is then assessed.

In , parameters’ baseline values and their variations are showed.
Parameter | Baseline Upper Lower
value value
eH,PEM 62 68.2 55.8
PE giectricity 1.501 1.651 1.351

illustrates the impact of electrolysis energy consumption on various pathways.
Specifically, it shows the percentage change in WTW efficiency when the energy
consumption for electrolysis is increased by 10% (blue bars) and decreased by 10% (orange
bars). Paths 7-12 do not include electrolysis and then no values are showed for them. The
results suggest an almost linear relationship between electrolysis energy demand and WTT

efficiencies.

displays instead the percentage change in pathway WTW performance when the
PE factor for grid electricity is increased by 10% (blue bars) and decreased by 10% (orange
bars). Pathways 13 and 14 are highly sensitive to changes in the grid electricity PE factor
as they exploit grid electricity to power electrolysis. When the PE factor is increased by 10%,
the WTW efficiencies decreases by approximately 9.83% and 9.78%, respectively.

Conversely, when the PE factor is decreased by 10%, their WTW performance improves by
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11.95% and 11.91%, respectively. The other pathways show minimal sensitivity to changes
in the grid electricity PE factor, with percentage changes generally within +0.65%. The

reason is that PE factor is involved only in the calculation of dispensing efficiencies.

Electrolysis energy consumption's impact

Pathway
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Figure 49 — Impact of electrolysis energy consumption’s variation by ¥10% on WTW efficiencies
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Figure 50 — Impact of grid electricity PE’s variation by x10% on WTW efficiencies
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3.8 Uncertainty analysis

Following the sensitivity analysis, an uncertainty study is now conducted. The goal is to
guantify the overall variability in WTW efficiencies due to the inherent uncertainties in the
two key parameters selected (i.e. grid electricity’s primary energy factor and electrolysis

energy demand).

outlines the parameters, variability ranges, and calculated standard deviations for
the key parameters included in the uncertainty analysis, for both the scenarios. While the
row ‘Baseline’ gathers the parameters’ values adopted in the previous paragraphs, the last

column of the table shows the calculated mean value and the relative standard deviation o.

Since the standard deviations for the two key parameters are not available, various
references, including those used for the baseline values, have been selected. The range of
values in these references have been then used to estimate the standard deviations. For

the sake of clarity, the calculation of - for 2030 scenario is now illustrated. The first

step is the calculation of the mean, as shown below:

_50+714+534+67+50+78

eHyPEM 6

Mean =61.5 (97)

The next step consists in calculating the squared differences from the mean and sum them.
The obtained value (i.e. 729.5) is divided by the number of values minus one to get the

variance, which is:

) 2-(50—61.5)2 + (71 — 61.5)*> + (53 — 61.5)*> + (67 — 61.5)? + (78 — 61.5)?
VananceeHszM = z

= 1459

Finally, the standard deviation is found by taking the square root of the variance. The result

is 0 equals to 12.1.
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The same process is followed to estimate the o for PEelectricity-

Scenario | Parameter Baseline Variability Reference Calculated
range mean value + o
50+71 MWh/ton David et al. [24]
eH,PEM 62 MWh/ton | 53+67 MWh/ton IEA [23] 61.5+12.1
50+78 MWh/ton IRENA [34]
EPP — Annex J%,
1.40 scenario FFP Exten
High
2030 1.42 EPP — Annex J,
’ scenario FFP High
PE oioctricity 1.50 EPD - Annex Jg 1.46 + 0.04
1.45 scenario reference
EPP — Annex J,
Las scenario FFP Low
1.50 SAP 10 [137]
49+65 MWh/ton David et al. [24]
€H,PEM 55 MWh/ton | 48+63 MWh/ton IEA [23] 57.2+9.9
46+72 MWh/ton IRENA [34]
EPP — Annex J,
1.13 scenario FFP Exten
High
2040 117 EPP — Annex J,
PE iectricity 1.2 ' scenario FFP High 1.2+0.076
EPP — Annex J,
1.18 .
scenario reference
EPP — Annex J,
Lo scenario FFP Low

Table 59 — Parameters, variability ranges and calculated standard deviations for uncertainty analysis

Once the o for both the key parameters and scenarios are known, a Monte Carlo approach
is used to assess the impact of the uncertainties and understand how they propagate
through the model. This method involves generating a large number (e.g. 10000) of random
samples for each parameter based on normal probability distributions and calculating the

WTW efficiency for each path multiple times to generate a distribution of possible outcomes.

The outcomes of the uncertainty study for scenario 2030 are presented in Table 60, Figure
51 and Figure 52. While the latter shows, as an example, the probability density function of
WTW efficiencies for path 1 (i.e. WTW efficiency = 0.169 = 0.038), Table 60 and Figure 51

provide mean WTW efficiency’s values and standard deviations for all the pathways. Error

58 https://www.gov.uk/government/publications/energy-and-emissions-projections-2021-to-2040
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bars representing one standard deviation are clearly visible in Figure 51. Pathways 7 to 12
have low standard deviations because they do not involve electrolysis and their WTW

efficiencies are minimally affected by grid electricity’s PE factor (see Figure 50).

Pathwa - Mean WTW 5th g5t
Y efficiency Percentile Percentile
1 0.0383 0.1694 0.1215 0.2397
2 0.0377 0.1668 0.1197 0.2360
3 0.0386 0.1707 0.1225 0.2416
4 0.0379 0.1679 0.1204 0.2375
5 0.0414 0.1833 0.1314 0.2594
6 0.0359 0.1588 0.1139 0.2246
7 3.1-10* 0.1899 0.1894 0.1905
8 2.8-10* 0.1870 0.1866 0.1875
9 2.6-10* 0.1914 0.1910 0.1919
10 2.4.10* 0.1882 0.1878 0.1886
11 2.0-10* 0.2055 0.2052 0.2058
12 6.4-10* 0.1781 0.1780 0.1782
13 0.0332 0.1458 0.1043 0.2065
14 0.0327 0.1435 0.1027 0.2033

Table 60 — Uncertainty analysis outcomes for 2030 scenario

PDF of WTW Efficiencies for path 1 - 2030

Uncertainty results - 2030
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Pathway WTW Efficiency

Figure 51 — Histogram of mean WTW efficiencies with Figure 52 — Probability density function for path 1

error bars (scenario 2030) (scenario 2030)

In a similar fashion, the results for the 2040 uncertainty analysis are given below.
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Pathway o Mez?m. WTW 5" . 95" .
efficiency Percentile Percentile
1 0.0411 0.2174 0.1645 0.2923
2 0.0404 0.2139 0.1619 0.2876
3 0.0348 0.1842 0.1394 0.2477
4 0.0342 0.181 0.137 0.2435
5 0.0374 0.198 0.1498 0.2663
6 0.0344 0.1817 0.1375 0.2444
7 7-10% 0.2312 0.2301 0.2324
8 6-10* 0.2275 0.2264 0.2285
9 5.10* 0.196 0.1951 0.1968
10 5-10* 0.1926 0.1918 0.1933
1 4-10* 0.2106 0.21 0.2112
12 1-10* 0.1933 0.1931 0.1935
13 0.0385 0.1924 0.1421 0.2626
14 0.0379 0.1893 0.1398 0.2584

Table 61 — Uncertainty analysis outcomes for 2040 scenario
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Figure 53 — Histogram of mean WTW efficiencies with Figure 54 — Probability density function for path 1

error bars (scenario 2040) (scenario 2040)

By comparing the results for scenario 2030 with those related to scenario 2040, it emerges
that the average standard deviation for the fourteen routes is about 0.021 for both the
scenarios. The slight variations in WTW efficiencies for paths from 7 to 12 are a sign of how

little the uncertainty in grid electricity’s PE factor affects the outcomes, given that the PE
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factor is the only source of uncertainty acting for these routes. In other words, the reason
for the low standard deviation in blue hydrogen pathways (i.e. 7 to 12) is that they use more
mature technologies, like natural gas reforming, leading to less uncertainty in WTW

efficiencies.
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4. Chapter four

Waste heat from fuel cell hybrid trains: the Birmingham

New Street station scenario

4.1 Fuel cell heat generation

In a fuel cell hybrid vehicle, as previously said, hybridisation of the powertrain allows fuel
cells to constantly provide just the average power demand, as power fluctuations are
covered by batteries. Even at train stops, fuel cells keep running to recharge the batteries.
The assumption of a constant electric power output for the fuel cells is then a very close
approximation to their actual duty cycle and makes the determination of Q,,pgy. Much
easier. In fact, in order to generate a constant W,,,,4y5., fuel cell module must work at the
same current density throughout the duration of the journey. According to (10) - (13),
this implies that Q,,,4.,. IS @ constant quantity too, as all the parameters involved in its
calculation are uniquely determined by a single value of current density. As regards the
magnitude of the output (W,,,4u.), @ distinction between retrofitted and newly built
commercial units needs to be made. While the fuel cell powerpack of the former is appositely
designed for the specific route through which the train runs, the fuel cells mounted on the
latter are sized to meet the typical technical and non-technical requirements (e.g.
acceleration, speed, drive profile, passenger capacity) of a certain train segment (e.g.
regional passenger trains). It follows that the fuel cell powerpack of some commercial units
operating on less energy-demanding tracks may turn out to be oversized and therefore a

significative part of the installed capacity of each module may not be exploited. Conversely,
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in retrofitted vehicles, fuel cell modules’ output can be considered much closer to the overall
installed power as the result of the “customised” design approach. As (11) shows, n¢; cenr
can replace cell voltage in the calculation of heat generation rate. It is clear from (13)
that the electrical efficiency of the fuel cells depends both on their polarisation curves and
working current density value. Because of the lack of information on technical specifications
and actual working conditions of the fuel cell modules implemented on the trains, 1¢; ce; 1S
not known. A reasonable assumption is hence needed. Ballard claims a peak efficiency of
0.6 for its fuel cell power module designed for heavy duty motive®®. In this thesis a fuel cell
electric efficiency equal to 0.5 is supposed, which is also consistent with the values often
encountered in literature [102] [175] [176]. It is also assumed that efficiency is constant
during the journey, as direct consequence of the constant electric power output. In fact, if
Wonodute I (13) is constant, then Q,,, 4, is Uniquely determined by the polarisation curve
( ), resulting in a constant fuel cell efficiency. Therefore, based on what has been
said so far, the total amount of heat released by a fuel cell module during the train journey

(Qmoauie) 1S then roughly equivalent to the electrical energy produced in the same time span.

Since the electric power does not change with time, Q,,,4uie 1S Simply the product between

Wmodule and tjourney ( (98))-

t t
Qmodute = f Qmodute dt = f Winodute At = Wiodute * tiourney (98)
0 0

59 hitps://www.ballard.com/docs/default-source/spec-sheets/fcmove-xd.pdf?sfvrsn=6510de80_9
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4.2 Cooling system

@ : Tin:cuulant
@ : Tuut:coulanl
Fuel cell stack @
W : Tin:radiamr
ﬂ ﬂ ®: Tout:radiator
— O
TES )
% module @ Radiator @ Q
tank

Coolant

% Pump

The amount of heat removed per unit time by coolant can be expressed as:

Qcoolant = Mcoolant * Cpeoptant * DT cootant (99)
where 1 qo1qn: IS the coolant mass flow rate, ¢, . is the specific heat capacity of the
coolant and AT, ,1an¢ IS the coolant temperature difference between the inlet (T;, coo1ane) and
the outlet (T,utcooiane) Of the module. The dynamic behaviour of the PEMFC module

temperature is governed by the following differential equation:

dT dul . . .
(Cp ' m)module ) % =0.95- Qmodule - Qcoolant - Qamb (100)

where (Cp'm)modu is the heat capacity of the module, Qg,, is the thermal power

le
exchanged by the module with the ambient and 0.95 is the factor introduced to take into
account that almost 5% of the produced heat is actually lost through the anode and cathode
exhausts [177]. Since the module is thermally insulated, Q,,,,, can be regarded as negligible
in comparison with Qyoiqne- AS (100) shows, in order to maintain stable the operating

temperature of the fuel cells and avoid sudden overshoots, Qyoiqn: Shall match Q,,oguie at

any time. This is achieved by varying the speed of circulating pump, while ensuring that
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AT cootant < ATcootantmax- Many studies, such as [104] [178] [179], set AT.ooiane =
AT co01ant max = 5 K and so the same assumption is also applied here. As concerns instead
the values of Tyyt cootant @NA Tip cootant, the Ballard’s FCmove power module for heavy duty
motive is again taken as a reference. According to the datasheet®, the radiator coolant
outlet temperature (Tyyt ragiator) 1S 70°C at nominal conditions. If T, qaiator 1S SUPPOSEd
to coincide with T, co01ant, the coolant temperature at the exit of the module will be hence

equal to Tout,coolant =70+ AT¢po1ant = 75°C.

As mentioned in the ‘Fuel cell heat generation’ section, the heat generation rate Q,,,, 4,1 Can
be considered constant in a fuel cell hybrid train, resulting in pump continuously working at
the same speed and so in 1,40 UnChanged over time. Therefore, rearranging (99),

the coolant mass flow rate through a fuel cell module is constantly equal to:

m _ 0.95- Wmodule
cootant ™ ¢ AT oquie (= 5 K)

Pcoolant

(101)
4.3 Birmingham New Street waste heat potential

As stated in the ‘Fuel cell hybrid trains’ section, the Department for Transport (DfT) hopes
to remove all the diesel trains from UK network by 2040. Currently, the most relevant train
operators at New Street station are Avanti West Coast (AWC), Cross Country (CC), London
Northwestern Railway (LNR), West Midlands Railway (WMR) and Transport for Wales®?
(TfW). These companies operate a total of 485 trains: 243 diesel, 200 electric and 42 bi-

mode, for a total of 2072 carriages.

60 hitps://www.ballard.com/fuel-cell-solutions/fuel-cell-power-products/motive-modules
61 hitps://www.networkrail.co.uk/communities/passengers/our-stations/birmingham-new-street/
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N of N of N of bi- Class of

Company diesel electric mode t-rrgitr?é ca:-rci);ales cglriejeles diesel
trains trains trains 9 9 train
AWC 0 66 13 79 709 0
170, 220,
CC 87 0 0 87 332 332 291
LNR 3 95 0 98 413 6 230
WMR 65 39 0 104 290 173 19?71270'
TfW 88 0 29 117 328 224 197, 231
Total 243 200 42 485 2072 735

In order to meet the decarbonisation target set by DfT, it is supposed that all the trains
equipped with diesel engines are going to be retrofitted with fuel cell hybrid powertrains.
However, of the 243 diesel vehicles, only those running on lines in which Birmingham New
Street station is one of the two terminus are taken into account for the estimation of the
station’s waste heat potential (i.e. the maximum amount of heat that trains can discharged
every day). Conversely, all the lines having New Street station as intermediate call are
excluded from the calculation, as well as the trains serving them. The reason behind this
choice is linked to the short time usually available at intermediate stops for heat discharging.
In fact, while at terminus a train stops for a time that can be of the order of tens of minutes
before starting a new journey, it instead waits for a very short time (1+2 minutes) if the station

is just an intermediate call.

After having selected the routes satisfying the criterion just described, New Street station’s

daily waste heat potential is determined as follows:

Qsns potential = Z 0.95 * ngisen * Winoauie * Near * tlway/Zway (102)

routes

where the factor 0.95 has been introduced in (100), ng4iscn is how often a day the trains

operating on the considered route stop at Birmingham New Street station, W,ogue is the
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electric power output of the fuel cell hybrid powertrain characterising the trains running on
the i-th route, n., is the number of coaches forming the trains, t;,qy/2way iS the time

required for a one-way or a two-way journey.

As no information on n.,, is available for the selected routes, an average value for each
train operator is defined. Cross Country operates a total of 332 carriages, which are
arranged in 87 trains. Thus, one of their train is formed, on average, by 3.8 cars. West
Midlands Railway manages instead 173 diesel units, arranged in 65 trains. The average

train length is 2.7 coaches.

The parameters ng;sc, and tyy4y/2wqy fOr each of the selected routes are obtained from the

related timetables and gathered in Table 63.

Operator Route Nyisch Near tiway (N1) toway (1)
Leicester -
BNS 17 3.8 0.93 1.86
Nottingham
-BNS 16 3.8 1.25 2.50
Cross Stansted -
Country BNS 11 3.8 3.27 6.54
Cambridge -
BNS 5 3.8 2.70 5.40
Derby - BNS 4 3.8 0.60 1.20
Shrewsbury
-BNS 17 2.7 1.20 2.40
West LG 2 27 0.75 1.50
. BNS
Midlands Hereford -
Railway BNS 12 2.7 1.53 3.06
G. Malvern -
BNS 3 2.7 1 2
Table 63 = ngiscn, Near AN tyyway/2way fOr the chosen routes

To clarify how ng;scp, and tq,,4,,/2way are retrieved, the case of the ‘Hereford — BNS’ route is
now provided as example (Table 64). The first step is the determination of the minimum
number of vehicles (row A). The four different colours identify the four trains needed to meet

the timetable of the route (rows B and C). Row D shows that t,,,,, has to be considered for
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the first two discharging events of the day as trains 2 ad 3 have been on the rail just for a
one way trip. However, not all the stops at BNS involve a discharging, as the ‘NO disch’ in
the row E suggests. In fact, every time a train stops at BNS for less than 15 mins, it is
supposed there is not enough time to set up and complete a discharging process. So, for
instance, train 2 arriving at New Street Station at 8:39 cannot unload the heat as it has to
depart again just after 11 minutes (i.e. 8.50). Finally, ‘12’ in row F represents the number of
possible discharges per day. According to (102), the contribution of the Hereford-BNS

route to BNS waste heat potential can be written as:

Quer—BNs = 0.95-2- Winoaute * 2.7 * tlway +0.95-10- Winoduie " 2.7 - tZWay (103)
A train 1 train2  |train3  |traind
B Birm - Here |6.59 - 8.29(8.00 - 9.32|8.50 - 10.14 9,50 - 11,16 10,50 - 12,15 |11.50- 13.15|12.50 - 14.15|13.50 - 15.14|14.50 - 16.12|15.50 - 17.13|16.50 - 18.17|17.20 - 18.46|18.20 - 19.42|19.20 - 21.01|21.00 - 22.34
C Here - Birm|7.10 - 8.39|7.32 - 9.09|8.37 - 10.08 |9.39 - 11,09 10,39 - 12,08 |11.39- 13.10|12,39 - 14.09|13.41 - 15.09| 14.39 - 16.10|15.39 - 17.10|16.39 - 18.09|17.39 - 19.1018.48 - 20.19|19.51 - 21.20|20.58 - 22.36|21.28 - 22.52
D tlway |tlway [t2way t2 way t2 way t 2 way t 2 way t2 way t2 way t2 way t2 way t2 way t 2 way t 2 way t2 way t2 way
E NO disch |disch disch disch disch disch disch disch disch NOdisch  [NOdisch  |NOdisch |disch disch disch disch
F 12|

In a retrofitted fuel cell hybrid train, as discussed in the ‘Fuel cell heat generation’ section,
the powertrain module is sized to meet the specific average power demand of the journey
at issue. In particular, for a given track, the benchmark for the proper design of fuel cell
hybrid vehicles is usually derived from the duty-cycle and speed profile of the trains that are
going to undergo retrofitting [180]. The magnitude of W,,,4,;. hence depends both on route
and train’s characteristics. Due to the lack of such data, the work by S. Kent [181] is used
as a basis for the evaluation of W,,,,4u.. IN his study, Kent aims to develop a fuel cell hybrid
powertrain for retrofitting the two-cars Class 156 diesel trains serving the Norwich-
Sheringham regional line. He finds that 150 kW per carriage is the minimum required fuel
cell module output, increased to 200 kW to make use of the commercially available FC

module sizes. Despite the outcomes of Kent’s study are specific to Class 156 and Norwich-
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Sheringham line, it has been decided to assume an installed capacity of 200 kW per carriage
and an actual power output of 150 kW per carriage for all the trains, regardless of the route
and class of trains. The reasons why this assumption seems reasonable are explained in
the following lines. In fact, even if belonging to different classes, both Class 156 and the
diesel trains considered in this thesis fall within the regional passenger train segment. Thus,
they are all designed to address the same technical and non-technical requirements.
Moreover, if it is supposed that the higher energy demand of some tracks can be met by
increasing only the size of the battery pack, then the fuel cell module output can be
considered to be the same for all the selected lines. In summary, in the light of the above,

Winoaute 1S @ssumed to be always equal to 150 kW per carriage, regardless of the train

model, route at issue and number of cars forming the train.

The New Street station’s waste heat potential can be now estimated by means of (102).
The table below highlights the contribution of each route to the total amount of heat ideally

available at the station at the end of the day.

Route Qroute (MWh)
Leig?\lséer - 16.17
Nottig’glgam - 20.31
Staé‘,fltgd - 30.29
Ca”éb,\rligge - 13.16
Derby - BNS 2.60
Shreé/vligury - 15.70
Wog:lt\alsster - 0.87
Heéeglosrd ; 13.57
G. 'Véal‘\'l‘gam : 1.54
BNS TOT 114.21
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The value of Qs potentiar ShOWN in corresponds therefore to the heat that would be

available at the station if all the thermal energy generated by fuel cells is first stored in the
on-board TES and then discharged with a 100% efficiency. Because of the limited space for
TES on the train and the impossibility to achieve a 100% round-trip efficiency, only a fraction

of the Quspotentiar CAN be discharged at the station. The actual heat quantity available at

New Street station will be assessed later on in the thesis.
4.4 Energy demand for train cabin heating

Besides the space restrictions for TES implementation and a round-trip efficiency certainly

lower than 1, another factor that affects Qs potentia 1S the thermal energy demand for cabin

heating. In fact, it is supposed that part of the heat removed from the fuel cell powertrain by

the coolant is used to maintain cabin air temperature within a comfortable range.

The average energy demand per unit time for cabin heating is assessed by means of a
dynamic thermal lumped model of a typical train carriage. The model is developed in the

Simulink environment and its mathematical formulation can be summarised as:

in

= Qenv + Qwindows + Qvent + Qpeopze + Qlights + Qneater (104)

where Cy, is the thermal capacitance of the cabin air and train body (i.e. C;p, = mg; * ¢, +
Merain * Cp,rin)s Lin 1S CADIN aIr temperature, Qony and Quingows are the heat losses through
the coach envelope and windows, Q,.n; iS the heat load to comply with the ventilation
requirements, Qpeopie iS the thermal energy per unit time gained due to the metabolic

activities of human bodies, nghts is the heat from the lighting system and Q.46 iS the heat

per unit time that heater transfers to cabin air to keep indoor temperature constant.
Using an electric circuit analogy, Q.,, and Q,,inaows Can be described as:
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. Aroof(Tout - Tin) Awalls (Tout - Tin) Afloor(Tout - Tin)
Qenv = + +

105
Rroof Rwall Rfloor ( )

. Ay Tyu: — T;
medows — WlndOWS( out m) (106)

Rwindows

where A is the surface, T,,; is the outdoor temperature and R is the thermal resistance
calculated as the reciprocal of the overall heat transfer coefficient U [W m2 K-1]. Typical U-

values for train envelopes and windows are found in [182] and are displayed in

Component U-vz?zlueil(w R-value_:l(m2
m< K1) K w1
Roof 0.87 1.15
Wall 0.87 1.15
Floor 1.8 0.56
Windows 13 0.77

U-values take into account both the conduction and convection heat transfer mechanisms.
The formula to calculate the overall heat transfer coefficient is provided in (207).

- £y by 2 (107)
- hi k=1 kk he

1

U
where hi is the convective heat transfer coefficient on the inner surfaces, Lk is the thickness
of layer k, kk is the thermal conductivity of layer k, n is the number of the layers and he is the
convective heat transfer coefficient on the outer surfaces. Contrary to what the reader might
expect, he has a minor impact when it comes to calculate the surfaces’ thermal resistances
for a fast moving train. For instance, if the same correlation used by Barone et al. [183] is
adopted to determine he (i.e. he = 3.5 - V06 + 9) a value of 38 W m2 K1 is obtained for an

average velocity of 90 km/h. This means that the contribution to the thermal resistance is

0.026 m? K W1, less than 5% for all the R-values reported in
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Taking the coach of the Class 172 diesel train as a reference, whose surface areas A4,,.y,

Afioors Awindows and A4, have been estimated from drawings, it follows that:

Figure 56 — Class 172 carriage

Component A (m?)
Roof 54
Walls 67
Floor 54
Windows 38

Table 67 — Components’ surface areas

To ensure an acceptable air quality for passengers, a minimum flow of fresh air has to be
guaranteed. The heat gain due to ventilation can be determined through the following

equation [184]:

Qvent = Npeople * Myent * (hout = hin) (108)
where nyop IS the number of people inside the cabin, 1., is the ventilation mass flow
rate prescribed by ASHRAE Standard 62%2 (i.e. 25 m? per hour per person), h,,; is the
ambient air enthalpy and h;,, is the enthalpy of cabin air. The variation of n,.,,, over the

day is assumed to follow the same trend of the distribution of rail journeys into and out of

regional major cities®3.

62 https://www.ashrae.org/technical-resources/bookstore/standards-62-1-62-
2#:~text=ANSI%2FASHRAE%20Standards%2062.1%20and,adverse%20health%20effects%20for%200ccupants.

63 hitps://www.gov.uk/government/statistics/rail-passenger-numbers-and-crowding-on-weekdays-in-major-cities-in-
england-and-wales-2021/rail-passenger-numbers-and-crowding-on-weekdays-in-major-cities-in-england-and-wales-2021
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The heat emitted by human bodies Q'people Is taken from [185] and amounts to 116 W per

passenger. Thus,

Qpeople = 116" Npeople (109)
As regards Qlights’ LED lights are considered. In compliance with EN 13272, the seating
areas shall have an average illuminance greater than or equal to 300 Ix%4. The correlation

for the calculation of Qlights is the same used in [186] and has the following form:

Qlights = Afloor “Eyp - ﬁ “H, (110)

where E;; is the required illuminance (300 Ix), n;,m is the LED luminous efficacy (up to 150

Ix m? W-1[187]) and H, is the LED heat emission coefficient (0.08 W/W).

Once all the terms of (104) have been defined, Simulink simulation can be launched.
The main output of the model iS Qpeqter» Which is varied by the program so that T;, falls
within the desired thermal comfort range (i.e. 19.5 —20.5 °C). The heating system essentially

consists of inlet and outlet dampers, an air blower and a heating coil. The only manipulated

64 hitps://www.transport.nsw.gov.au/industry/asset-standards-authority/find-a-standard/interior-and-exterior-lighting-for-
passenger-0
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variable to control the magnitude of Q,.q4:r IS the air flow rate injected into the cabin, which
in turn affects the amount of coolant that has to flow inside the heating coil. A PID controller
is then implemented in the model to simulate the control strategy. The heating system
operates between 6 am and 12 am, matching the train working day. The simulation covers
365 days, from 1t January to 31t December. To account for hourly temperature variations
throughout the year, a weather file for Birmingham is downloaded from the EnergyPlus

database® and implemented into the model.

Cumulative energy consumption for cabin air heating

MWh

0 1000 2000 3000 4000 S000 600D 7000 8000 9000
Time (h)

Figure 58 — Cumulative yearly energy consumption for cabin air heating (one cabin)
According to the model outcome, about 22.3 MWh of heat per carriage are consumed yearly

for cabin air heating. Table 68 shows the average hourly energy consumption for cabin

heating by season.

Hourly energy

Season consumption
(kWh)
Winter 5.44
Spring 1.76
Summer 0.04
Autumn 2.99

Table 68 — Average hourly energy usage per carriage in summer, winter, autumn and spring

65 https://energyplus.net/weather
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For the sake of validation, the developed model is applied to the same case studied by
Barone et al. in [183]. shows the hourly thermal loads variation during a sample
winter day for a MDVC railway coach running in the surrounding area of Naples. A good
agreement between the two models is achieved, except for the time ranging from 9 am to
14 pm. This discrepancy is due to the effect of the incident solar radiation onto the coach
body. In fact, given the many factors involved in the calculation of solar heat gains (e.g.
weather conditions, data, time, specific location, travel direction), it has been decided to not

include them in the Simulink model, adopting then a conservative approach.

Validation

Barone et al.

——present mode|

Thermal load (kWh)

a 2 4 6 8 10 12 14 16 18 20 22 29

Time (hr)

The BNS daily waste heat potential can be now recalculated taking also into account the

energy for cabin air heating. Starting from (102), the new formula becomes:

Qpns potentialyec — Qpns potential — Z Eheating ‘MNaisch * Near * tiway/2way (111)
routes

where Epeqting IS taken from

By comparing with , it emerges that only 3.9% of the BNS daily waste

heat potential is spent for cabin heating during winter.
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Route Qroute winter Qroute spring | Qroute summer | Qroute autumn
(MWh) (MWh) (MWh) (MWh)
Leicester -

BNS 15.55 15.97 16.17 15.83
Nottingham -

BNS 19.53 20.06 20.30 19.88

Stansted -

BNS 29.12 29.91 30.28 29.65
Cambridge -

BNS 12.64 12.99 13.16 12.87
Derby - BNS 2.50 2.57 2.60 2.55
Shrewsbury -

BNS 15.10 15.51 15.70 15.37
Worcester -

BNS 0.83 0.86 0.87 0.85

Hereford -

BNS 13.05 13.40 13.57 13.28
G. Malvern -

BNS 1.48 1.52 1.54 1.51

BNS TOT 109.80 112.78 114.18 111.79

Table 69 — BNS daily waste heat potential considering the energy for cabin heating

4.5 TES positioning

The magnitude of the waste heat from fuel cell module storable in a train carriage depends
on the space availability for the installation of TES devices. In the present work, thermal
energy storages are supposed to be mounted on the train roof. Additional space for TES
positioning may be available inside the train cabin but, due to internal layout complexity,

only the roof option has been analysed.

The free room on the roof for TES implementation depends in turn on which design choices
are taken to perform the retrofit process. Converting diesel trains into hybrid fuel cell ones
implies the replacement of those components no longer needed with the new equipment
required (i.e. fuel cell module, battery pack, hydrogen storage tanks, electric motors). In the
‘Fuel cell hybrid trains’ section, the design concepts of Coradia iLint (Figure 3), Mireo Plus
H (Figure 4) and HYBARI (Figure 5) have been introduced. While in the first two the roof is

almost completely occupied by fuel cells and hydrogen pressurised vessels, in HYBARI the
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roof accommodates the H2 storages only. A concept design that offers even more space on
the roof than HYBARI is the one proposed by S. Kent in [181]. He claims that all the
equipment required to transform the Class 156 diesel train into a fuel cell hybrid one can be
fitted on the underframe of each carriage, including nine vessels containing 69 kg of
hydrogen at 350 bar (see Figure 60). According to Kent’s calculations, 69 kg of H2 per
carriage are enough for the retrofitted two-car train to achieve a daily operating range of 800
km, which is the average daily mileage of a typical regional train [89]. TES positioning will
be then based on the concept illustrated in Figure 60, as it allows to maximise the heat

storable on the vehicle’s roof.

Battery Management
System

Battery
H2 Tanks

Compressor
Motor

Fuel Cell

IGBT Fuel Cell

Hotel Load Batteries
Radiator

Main Air Reservoir

Figure 60 — Train carriage after the retrofitting [181]

The curved shape of the train roof is the major problem linked to the installation of TES. A
possible solution to this issue is to follow the same design approach adopted by Eversholt
Rail in the refurbishment of the Class 321 Renatus fleet®®. In order to implement some of

the planned upgrades, Eversholt Rail team removed the curved roof (Figure 61 and Figure

66 https://eversholtrail.co.uk/fleet/321-renatus/
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62) and inserted a metallic shelf (Figure 63 and Figure 64). Such a structure can also be

suitable to accommodate TES systems.

Figure 63 — Shelf installation Figure 64 — Final result

In the case of roof integration, the volume for TES is determined by carriage length, width
and gauge limitations. Despite being part of different classes, all the trains involved in the
routes selected are characterised by similar dimensions. So, for the sake of simplicity, a

carriage with average sizes is considered from now on.

Hcar Lcar Wcar

3.8m 23.5m 2.7 m

Table 70 — Carriage with average dimensions

As regards gauge restrictions, the maximum dimensions permitted in UK railway sector are

displayed in Figure 65.
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Figure 65 — UK gauge

By taking into account both carriage dimensions and gauge constraints, the space available
on the roof for TES amounts to 28.5 m? per carriage. Figure 66 displays a 3D representation
of train carriage, where the volume intended for TES is highlighted in yellow. The 3D model

is built in ‘Design Modeler’ software.

0.000 5.000 10.000 (m) 0.000 2.000 4,000 (m)
O eE— . I ———————|
2,500 7.500 1.000 3.000
Figure 66 — 3D image of carriage and TES Figure 67 — Front view of carriage and TES

4.6 TES system sizing

The most common designs for PCM based-TES are shell-and-tube and stacked flat slabs.
The latter is preferred for the purposes of this thesis, due to its high surface to volume ratio

and ease of construction [188]. Because of the difference in shape between the geometry
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chosen for TES (i.e. rectangular parallelepiped) and the gauge, the volume actually

occupied by TES will be inevitably lower than 28.5 m3/carriage.

Since trains are usually more than 3.5 m high, TES height needs to be carefully sized to not
violate gauge limitations. By comparing UK gauge with the value of height in Table 70, it

follows that TES cannot measure more than (4.115 — 3.8) = 0.315 m in height.

Nevertheless, after the removal of the roof, the shelf is positioned at a lower level (see Figure
64) and so the maximum vertical size of TES system can actually be increased. Given the
impossibility to accurately establish how much the height decreases, an approximate

calculation is performed.

Figure 68 depicts a carriage of the Class 172 diesel train.

Figure 68 — Class 172 drawing®”

Under the assumption that the figure above is a scale drawing and knowing that the Class
172 is 3.77 m high, it has been inferred that the roof structure is attached to the carriage
body at roughly 3.35 m from the ground. As the shelf does not sit directly on the edges of
the train body but on some brackets (circled in blue in Figure 64), thus TES maximum height

can be estimated as:

hmax,TES = Hgauge - Hshelf = Hgauge - (Hroof + hbrackets) =4.115 - (3-35 + hbrackets) (112)

67 https://it.wikipedia.org/wiki/File:Class_172_LO_Diagram.PNG
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where H stands for height measured from the ground, while hy,,.kets IS the vertical space
lost due to brackets. Assuming hyp,qcxets €qual to 0.10 M, Hyeyf is 3.45 m and Ay, gy rgs iS around

0.65 m.

However, a TES having a rectangular cross-section of dimensions Hmax,tes X Wecar does not

respect UK gauge restrictions, as proves.
WGEI'
uTES

T i | cauce

H i |m BRACKETS
rnax i | sHELF

l i |m TRAIN
i =Y

A thermal storage system with different dimensions is therefore designed. The new values
of width and height are obtained as outputs of a purposely written MATLAB script. It finds,
implementing the nonlinear programming solver ‘fmincon’, the maximum of the constrained

nonlinear multivariable function f(x1,x2). In symbols,

Ib<x<ub
min [—f(x)] suchthat { A*x<b (113)
X Agq X = beq

where x is the vector x = [x,x,], A-x < b and A, - x = b, express the linear inequalities
and equalities to which f(x) is subjected, Ib and ub are the lower and upper bounds of the
vector x and min [—f(x)] is equivalent to max [f(x)]. As neither equalities nor inequalities
exist, then A, b, A.q and b, are not defined. The function to maximise is the rectangular

cross-sectional area of the TES and is calculated as:

fQx1,x2,¥2) = (62 — x41) - (}’2 - Hshelf) (114)
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where y2 is the y-component of point F, while x2 and x1 are the x-components of points E
and D, respectively (see Figure 70). To make sure to comply gauge limits and at the same
time to maximise TES cross-section, point F must be on the arc ABC. In other words, for a
given x2, the corresponding y2 has to be retrieved from the equation of the circle passing
through the points A,B and C, whose coordinates are known. After getting the circle’s

equation, which is of the form [(x, — x)? + (¥, — ¥9)? = r?], y2 can be written as:

Y2 = Yo + 12— (X — x0)? (115)
where x, and y, are the coordinates of the circle’s centre O and r is the radius. By

substituting Eq. (115) in Eq. (114), it follows that:

flenx2) = G = x1) - (Yo +/r? = Oz = %0) = Honery) (116)

Figure 70 — TES of dimensions (X2 — X1 ) x (Y2 — Hshelf )

The outputs of the MATLAB script are the x-coordinates of the points D and E (i.e. x1 and
x2) that allow to maximise the function f(x;,x,). Figure 71 shows how TES cross-sectional

area varies at each solver’s iteration, until it reaches its maximum at the fifth one for x1 =

185



0.635 m and x2 = 2.26 m. Once x1 and x2 are known, the corresponding y-coordinate of point

F can be derived from (115).

Current Function Value: 0.73755

® ¢ L4
¢ x1=0.6349
073+ xz=2.2611

074 r

072

07

Function value

069

068

067

0.66

Stop Pause Iteration

Thus, the new values of TES width (Wtes) and height (htes) are equal to:

e Wres=Xx2—x1=1.625m

e htes=y2- Hger=0.45m

The product between Wres, htes and Lcar (See ) provides the space actually
occupied by TES. It amounts to approximately 17.2 m2 per carriage, about 60% of the

maximum volume available.

In order to achieve a better utilisation of the available space, a different shape for TES
system is developed. Again, both Design Modeler and MATLAB are used to solve the
optimisation problem. The new geometry is presented in . The same programming
solver ‘fmincon’ is implemented in the MATLAB script. The only difference is the
mathematical relation assessing the TES cross-sectional area, which has now the following

form:

f(x1, %2, ¥1,¥2) = 2+ [(xz —Xp) - ()’1 - Hshelf) + (X — x2) (}’2 - Hshelf)] (117)
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where the factor 2 refers to the symmetry of TES with respect to point M, while the meaning

of X1, X2, y1, y2 and xm can be inferred from Figure 72.

Figure 72 — New design for TES system

As points F and G belong to the arc ABC, Eq. (117) can be reformulated in terms of x1 and
x2 only. In doing so, the function f becomes:
flxu,x) =2 [(xz —X) " (YO V12— (g —x0)* — Hshelf) + (Xm — x2)

(118)
. (YO + 1% = (x; — x9)2 — Hshelf)]

The values of x1 and x2 able to maximise f(x;,x,) are 0.43 m and 0.845 m, respectively.
TES cross-sectional area, thanks to the new shape, is about 26% larger than before. The
volume actually occupied by TES is now equal to 21.3 m? per carriage, around 74.7% of the
maximum available space. Below, the upward trend of the objective function f(xy,x,)

throughout the optimisation process is shown.
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Figure 73 — f(x1,x2) value at each solver’s iteration

TES system, regardless of the shape chosen, is not installed on the carriage roof as a single
block but is usually made up of several interconnected modules. If the geometry displayed
in Figure 72 is adopted, it is assumed that TES system consists of the repetition of two
parallelepiped-shaped modules having different sizes and arranged in four different lines

(see Figure 74). The dimensions of the modules’ cross-sections are indicated in Table 71.

Figure 74 — TES module arrangement

Module 1 Module 2

Width (m) X2-X1 = 0.415 (Xm-x2) = 0.6

H6|ght (m) Y1-Hshelr = 0.315 | y2-Hsheit = 0.545

Table 71 — TES modules dimensions

A last important issue when designing a TES system is the minimisation of the heat losses
to the surroundings. The selection of the proper insulation material and the determination of
the required insulation layer thickness are then crucial and are now addressed. Instead of

wrapping each module with an insulating layer, the entire TES system is supposed to be
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enclosed inside a shell of the same shape. The shell is made of stainless steel and is
internally coated with polyurethane-polyisocyanurate (PUR-PIR), foam, a commonly used

material for TES thermal insulation [189].
4.7 CFD analysis of TES modules: physical problem description

As mentioned in the ‘Birmingham New Street waste heat potential’ section, the quantity of
waste heat produced by fuel cells that can be discharged at the station depends on the
overall energy storage capacity of TES system and on its round-trip efficiency. To
characterise TES in terms of dynamic thermal performance, a CFD model investigating
transient heat transfer between PCM slabs and water as HTF during charging and
discharging processes is built in ANSYS Fluent environment. Fluent solves the partial
differential equations governing thermo-fluid dynamics in the forms of algebraic relations by
using the finite volume approach (FVM). In the FVM, the computational domain is first
divided into several control volumes by a grid. After the domain discretisation, the values of

the physical variables are calculated and stored at the volumes’ centroids.

TES performance evaluation is first carried out for a default design. Afterwards, a series of
parameters such as PCM slab and plate thickness, Reynolds number, channel cross-

sectional area and total serpentine length are varied to obtain the optimal TES performance.

The first step of CFD analysis is the modelling of TES geometry with the CAD software
ANSYS DesignModeler. The analysed PCM-based TES module is the result of several flat
PCM slabs stacked one on top of the other forming a layered structure ( ). Between
each pair of PCM slabs, a metallic plate with the same x-z cross-sectional area of the slabs
is placed. Besides, a serpentine rectangular-section channel is drilled into every metallic

plate, allowing the passage of the water. The whole sandwich assembly of plates and slabs
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is in turn housed inside a metallic casing. Stand-alone containers for PCM are then not

needed as it is contained between the plates and the casing walls.

SERPENTINE (WATER PATH)
PCM
METALLIC PLATE

ST 77777

The default designs for TES modules 1 and 2 present a square section, with the depth
supposed equal to the width. The dimensions (WxDxH) of the PCM slab are
0.41x0.41x0.02m in module 1 and 0.595x0.595x0.02m in module 2. The metallic plate is
instead 0.41 m in width, 0.41 m in depth and 0.01 m in height in module 1, while its sizes
are 0.595x0.595x0.1m in module 2. Finally, the rectangular section of the serpentine channel
is 0.02x0.006m in module 1 and 0.029x0.006m in module 2. The number of turns, equal to
8, is the same in both the modules. The main dimensions of the two modules are
summarised in . As at the top and bottom of the modules only half of the plate is

placed, the number of PCM slabs is equal to that of the plates.
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PCM slab Plate Module
. . . . Number of | Number of . .
Module dimensions dimensions PCM slabs lates dimensions
(WxDxH) (WxDxH) P (WxDxH)
1 0.41x0.41x0.02m 0.41x0.41x0.01m 10 10 0.41x0.41x0.3m
2 0.595x0.595x0.02m | 0.595x0.595x0.01m 17 17 0.595x0.595x0.53m

During charging, a fraction of the hot water flow rate coming out from PEMFC powertrain is
diverted from the cooling circuit before it reaches the radiator and pumped towards the TES
system. Here, water flow is equally distributed among the TES modules. Each of them is
equipped with an inlet manifold, which splits the flow among all the channels. Once the water
is inside the modules, it transfers heat through convection to the boundary layer of PCM
slab. Since the average temperature of the water flowing inside TES modules is higher than
paraffin melting point, a melting front between HTF and PCM starts forming. Heat is
transferred within PCM domain by means of conduction and natural convection, whose
relative contributions vary as the melting goes on. In fact, while at the beginning of the
melting process heat transfer is dominated by conduction as PCM is mostly in solid state, in
the later stages of melting natural convection can play a fundamental role. Finally, the water
flows exiting the channels are rejoined at the module’s outlet manifold and fed back to the

powertrain cooling circuit.

In the discharging phase, cold water from the station is injected within the TES system loop
through a hose and then divided equally among all the TES modules. Water absorbs heat
from the PCM slabs, increasing its temperature and causing the onset of the paraffin
solidification. As opposed to melting, natural convection has a minor effect on discharging.

Thus, solidification process is dominated by heat conduction [190].
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Given the layered structure of TES modules, not the whole physical geometry has to be
simulated but just the smallest unit representing all the phenomena occurring inside the
storage. Due to the natural convection effect, the temperature distribution inside the PCM is
not symmetrical along the thickness direction and so the entire PCM slab has to be
simulated. So, for the analysed case, the computational domain includes one PCM slab and
two half metallic plates. One half is positioned above the PCM slab and the other half below,

as shown in Figure 76.

Figure 76 — Computational domain

The PCM material chosen for the TES default design is paraffin RT64HC from Rubitherm
Technologies. Its thermo-physical properties are listed in Table 73. Plates and outer casing

are made of aluminium and stainless steel, respectively.

Heat Specific Thermal Dvnamic
conductivit heat Melting Latent heat | expansion Density vigcosit
(WIm/K) y capacity area (°C) (kJd/kg) coefficient (kg/m?) (Pa-s)y
(kJ/kg/K) (1/K)
0.2 (both 2 (both _ o 880 (20°C) | 0.0198 (20°C)
phases) phases) 2= 6y e =l 780 (80°C) | 0.0053 (80°C)

Table 73 — RT64HC thermo-physical properties®®

68 hitps://www.rubitherm.eu/en/productcategory/organische-pcm-rt
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4.8 CFD analysis of TES modules: numerical model

ANSYS Fluent solidification and melting model is used to solve the transient heat transfer
problem in the PCM. The numerical procedure implemented in Fluent software to model
phase change is based on the enthalpy-porosity method by Voller [191]. It associates with
each volume of the domain a parameter B. called liquid fraction, which measures the fraction
of the control volume occupied by the liquid phase. The liquid fraction ranges between 0 and

1 and its value can be expressed as:

( 0  if T<Ty
B, = Tolo g <T<T, (119)
L Tliq - Tsol * 1

1 if T>Ty,
where Tsol is the highest temperature at which all the PCM content is still in solid state and
Tiiq is the lowest temperature value at which the whole PCM mass is in liquid form. The
guantity BL is calculated at every time step as a result of enthalpy balance at cell level. In
particular, the method developed by Voller makes use of the liquid fraction parameter to

evaluate the mass enthalpy of the material according to the equation below:

T
h=hyes + f c,dT + B, L (120)
Tref=25°C

where the sum of the first two terms is the sensible enthalpy and the product of BL and the

heat of fusion L represents the latent heat content.

For phase change problems, the partial differential equation arising from the energy

conservation law can be written in terms of enthalpy H®° .

69 hitps://www.afs.enea.it/project/neptunius/docs/fluent/ntml/th/node353.htm
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%(ph) + V- (puih) =V (kVT) + S (121)

where h is defined as indicated in (120), p is the density of the PCM, u is the velocity
vector, k is the PCM thermal conductivity, T is the temperature and S is the source term.
Fluent finds the temperature T in each cell of the domain by means of an iterative process
involving (119), (120) and (121). The liquid fraction B is also introduced in the
momentum source term to account for the gradual reduction of velocities in the PCM region
during the solidification process. The source term is derived from the Darcy law for flows
through porous media and takes the following form:

_@-=p)? L

= mAmushu (122)

where €, equal to 0.001, is included just to avoid division by zero and A, iS an arbitrary
model constant. Its value, typically set between 104 — 107 [192], is a measure of how rapidly
the velocity approaches zero when PCM solidifies. A, IS also found to affect melting

process: the larger is this model constant, the higher is the melting rate [193].

To simplify calculations, the numerical model for the default case is developed under the

following assumptions, valid for both charging and discharging:

e PCM is isotropic and homogeneous

e Except for density and dynamic viscosity, all the other thermo-physical properties of
the PCM, both for liquid and solid phase, are constant and do not depend on
temperature

e The impact of natural convection flows during phase change process is taken into

account through Boussinesq approximation. While in the energy and continuity
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equations it assumes constant density, in the momentum equation p is instead
supposed to vary as:

p = pop|l = B(T = Top)] (123)
where p,, is the operating density, B is the thermal expansion coefficient and T, is

the operating temperature. As suggested in [193], T,, and p,, are the density of the
liquid PCM and the melting temperature (222744), respectively.

e The variation with temperature of the PCM dynamic viscosity is retrieved from [194]

and depicted in

0.03
0.025
0.02
0.015

0.01

Dynamic viscosity (Pa s)

0.005

273 293 313 333 353 373

Temperature (K)

e The volume change due to phase transition is neglected
e Liquid PCM flow and water flow are unsteady, laminar and incompressible
e \Water properties are temperature independent

e The wall thickness of the metalling casing is not simulated

As casing walls are well insulated, heat loss to ambient can be ignored
4.9 CFD analysis of TES modules: initial and boundary conditions

The last step before launching the set of simulations that will determine TES performance

is the definition of initial and boundary conditions.
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To proceed with simulations, Fluent requires in fact that the user assigns, to each cell of the
computational domain, an initial guess for the solution variables. As concerns charging, it is
necessary to distinguish between the first TES charging of the train’s working day and a
charging occurring just after a discharging process. For the first charging of the day, the
initial temperature is set to 15°C in all the cells of the three subdomains (i.e. PCM, plate and
HTF). Additionally, all velocity components are initialised to zero in the whole domain. For
the other type of charging considered, the initial temperature and velocity distributions
across the domain are set equal to the ones obtained at the end of the discharging stage.
The only exception is the velocity in the HTF subdomain, which is changed to zero. On the
other hand, at the beginning of every discharging process the domain is initialised with
temperature and velocity values from the last time step of charging simulation. A zero value

for the three velocity components is patched into the entire water subdomain.

The boundary conditions for the CFD model are defined for all the outer surfaces of the
computational domain. So, the two surfaces of the metallic plates parallel to the XZ plane
and not in contact with the PCM are of the type ‘Symmetry’, while the inlet and outlet regions
for water are respectively set as ‘Mass flow inlet’ and ‘Outflow’. The ‘Wall’ condition with
heat flux equal to zero (i.e. adiabatic) is applied to the rest of the outer surfaces. Moreover,
if the CAD models of the TES modules are properly drawn, Fluent automatically applies to
the surfaces between subdomains a boundary condition such that the continuity of heat flux
and temperature is ensured. The boundary conditions are almost the same for charging and
discharging. The only difference is that inlet for charging becomes outlet for discharging and

vice versa.

The set-up of the ‘Mass flow inlet’ boundary condition type requires two inputs from the user:

temperature and mass flow rate. During charging, water is supplied to the TES system at
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approximately 75°C, which is equal to the PEMFC powertrain working temperature. The inlet
temperature of the water used to recover the heat from TES modules is instead supposed
to be 25°C. Such a value is not casual. The choice is indeed consistent with the return
temperatures of those systems in which the heat stored could be integrated (e.g. low-

temperature heating systems, such as radiant floor, to satisfy station heating demand).

The inlet mass flow rate value for the default case is chosen so that the flow pattern inside
the TES channels is laminar. Turbulent flow is not advisable as would cause a steep
increase of the pressure drops. The increased energy requirements for pumping would
result in a decrease of fuel cell powertrain performance. The validity of assuming a laminar
flow regime within the channels of the TES depends not so much on the flow pattern in the
fuel cell stack's cooling channels, but rather on the Reynolds number characterizing the new
branch of the cooling circuit purposely created for transferring heat to the TES modules. The
TES system can therefore be designed to operate at lower flow rates than those in the main
cooling circuit. The technical feasibility of regulating the flow through the TES system

supports the laminar flow assumption, regardless the main cooling circuit's flow regime.

The reference parameter for this calculation is the Reynolds number, whose definition is

provided in (124):

“u, D
Re =P ™ ZH 5000 (124)

Hw

where the subscript w refers to water, p,, is the density, u,, is the inlet velocity, u,, is the
dynamic viscosity and D is the hydraulic diameter of the rectangular cross-section channel.
Rewriting Dn in terms of cross-sectional area Ac and wetted perimeter Pc of the channel,

Reynolds number becomes:
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_Pwuyt4rA. 4-m

Re = * <2000 125
Uy - Pc Uy Pc ( )

and then
m,, < 1000 - u,, - (W, + H,) (126)

with Wc and Hc standing for channel’s width and height, respectively. Thus, for the default
case, the inlet mass flow rate is held constant at m,, throughout the entire duration of both
charging and discharging stages. For the sake of clarity, the inlet conditions for modules 1
. The mass flow rate values are to be intended

and 2 are gathered and showed in

for the single channel.

Tyinch Reynolds my, o o Reynolds | ..
Module (oc) Hw (m Pa S) number (kg/s) Tw,m,dtsch Hy number mw,dlsch
1 9.46:10°3 1.52:102
75 0.4044 1800 25 0.65 1800
2 1.274-102 2.05:10

4.10 CFD analysis of TES modules: definition of TES performance

The maximum time available for the charging process (t.nmax) IS dictated by the train
timetable and route length. In particular, t., 4, COrresponds to the return journey time of
the route at issue. A TES module takes a time equal to t,;, to be fully charged, that is when
all the PCM inside is in liquid phase (BL = 1). If t., < t.pmax, @ COMplete charging process

can be achieved.

The total energy stored in a TES module during a complete charging process (i.e. Trcm 2

Tiiq, NO solid phase exists in the entire PCM domain) can be specified as:

Ech = Mpcy - [Cps ' (Tsol - TO)PCM +L+ Cp, - (Tend - Tliq)PCM] (127)
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where mpc) is the total PCM mass inside a TES module (i.e. 28 kg for module 1 and 100
kg for module 2), ¢, and c,, are the specific heat capacities of solid and liquid phase, T,
and T,,, are the average temperatures of the PCM mass at the beginning and at the end of
the charging. Conversely, in the event of incomplete charging (i.e. Tsoi < Tpcm < Tiig, PCM

domain only partially melted), Ech is estimated as:

Ecn = Mpey - [CpS *(Tsor = To)pem + BL - L] (128)
Once the train arrives at the station, the heat stored in the TES system can be finally
discharged. Like charging, the maximum time available for the discharging (tgisch max) iS
route and timetables dependent as it coincides with the timespan the train waits at terminus
(i.e. New Street station) before leaving again in the reserve direction. To simplify the analysis
of the default case, a tg;scnmax Of 15 minutes is assumed for all the considered routes and
for every discharging event of the day. In order to set a lower bound for the quality of the

heat retrieved from trains, a discharging cut-off temperature T,,._,sf Of 40°C is selected. If

teut—ofs IS the time after which the water temperature at the exit of TES reaches 40°C, it

follows that:
tcut—off . )
Egiscn = Nen Cow " j mw,disch(t) ' (Tw,out(t) - Tw,in,disch) -dt if tcut—off < taischmax (129)
tstart
tdischmax . .
Egisch = Nep - Cow ” f My disch (t) ’ (Tw,out(t) - Tw,in,disch) - dt lf tcut—off > taischmax (130)

tstart

where Eg;s.p IS the thermal energy discharged at the station by a TES module, n., is the
number of channels (10 for module 1 and 17 for module 2), m,, ¢ qiscn 1S the mass flow rate
measured at each channel’s outlet, ty,.: IS the time the water takes to reach the end of the

serpentine channel and T, ,,,;(t) describes how water temperature at the channel outlet
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varies throughout the discharging time. The trend over time of the outlet mass flow rate

My aisch 1S therefore:

Outlet mass flow rate

0 totart teutor

time

where tq ¢ 1S in turn calculated as:

_ Lehannet _ Lenannet " We " He * pw
tstart = - :
vW mw,disch

(131)

Having defined both E;., and E.,, it is now possible to evaluate TES round-trip

performance as:

Ed' h
Nround—trip = EIS: (132)
c

4.11 CFD analysis of TES modules: grid and time step independence
check

The grid for the computational domain discretisation is generated by using the FLUENT

meshing package. Polyhedral elements are preferred over the more conventional

tetrahedral and hexahedral cells as they can lead to a more accurate solution with a lower

cell count [195].
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Figure 79 —= TES module mesh Figure 80 — Detail of polyhedral elements

Furthermore, to improve the accuracy of the solution, two thin boundary layers of prismatic
elements are added on channel-plate and plate-PCM interfaces. As suggested in [196], the

total thickness of the two prism layers is set to one fourth of that of the channel.

The monitored parameter to check the independence of the model results from grid and
timestep size is the water outlet temperature from module 1 during discharging. As Figure
81 proves, the discrepancy between the three curves is minimal and the grid with 297525

cells is then adopted in this study to reduce computational time.

——297525 cells

——374296 cells

a0 | | 446933 cells

Outlet temperature (K)

L] 200 400 600 800 1000

time (s)

Figure 81 — Mesh size independence test
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The generated mesh has a minimum orthogonal quality of 0.3. According to ANSYS mesh
quality recommendations, any grid having a minimum orthogonal quality higher than 0.15 is

acceptable (see Figure 82).
Mesh Quality

Mesh quality recommendations
Low Orthogonal Quality or high skewness values are not recommended

ly try to keep gonal quality > 0.1, or maximum skewness < 0.95. However
these values may be different depending on the physics and the location of the cell

Fluent reports negative cell volumes if the mesh contains degenerate cells
Skewness mesh metrics spectrum

Excellent Very good Good Acceptable Bad Unacceptable
0-0.25 0.25-0.50 0.50-0.80 0.80-0.94 0.95-0.97 0.98-1.00
Orthogonal Quality mesh metrics spectrum
Unacceptable Bad Acceptable Good Very good Excellent
0-0.001 0.001-0.14 0.15-0.20 0.20-0.69 0.70-0.95 0.95-1.00
n © 2013 ANSYS, Inc. October 29, 2014 AANSYS Confidential

Figure 82 — Mesh quality recommendations [197]

The result of the time step size independence check is shown in Figure 83. The time step
equal to 0.25 s is chosen as it minimises the computational burden without significantly

affecting the accuracy of the outcome.

350
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340 —0.15s
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335
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330

325

320

Outlet temperature (K)

315
310
305
300
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Figure 83 — Time step size independence check
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4.12 Model validation

To validate the CFD model, it is used to replicate the results of He et al. work [198]. The
design proposed by He et al. is slightly different from the one developed in this thesis: while
in the He et al. work water flows inside a metallic serpentine tube wrapped by PCM, in the
present thesis water runs inside a serpentine rectangular-section channel drilled into a
metallic plate. In order to make a comparison under the same conditions of Reynolds
number, the rectangular section of the channel is then modified so that its hydraulic diameter

is equal to that of the tube.

Model validation

90
80
70
60
50
40 He etal.
30
20
10

——this thesis

Outlet temperature (°C)

0 100 200 300 400 500 600
time (s)

shows a good agreement between the two models, with a maximum temperature
difference of 2.54°C. The discrepancy may depend on the different proportion between
mass of metal and mass of PCM characterising the two designs. Since the structure of the
simulated model in this thesis closely resembles He et al.'s model, it is indirectly proved that

the numerical model here developed is sufficiently accurate.

4.13 Default case results: the Derby — BNS route
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In this section the results of the CFD analysis for the default case are presented. For each

of the studied routes, particular attention is devoted to the estimation of:

e The amount of energy that trains’ TES systems can store per day, compared to the
heat generated by PEMFC modules in the same time frame
e How much of the energy stored on board of the trains can be actually discharged at

the station on a daily basis

For the sake of convenience, the details of calculations are given just for the Derby — BNS

route. As regards the other routes, only the main results will be provided.

Based on (101), it results that approximately 6.81 kg per second of water flow through
the cooling circuit, absorbing the waste heat generated by the 150 kW fuel cell module. From

, itis known that 9.46-102 kg/s and 1.274-102 kg/s are the two mass flow rates per
channel chosen for charging process. Since the two default designs include 10 and 17
channels, the total mass flow rates m,, ., ror €ntering module 1 and module 2 are

respectively 9.46-102 kg/s and 2.17-10"% kg/s.

Number of my, cpror
Module channels (kg/s)
1 10 9.46-102
2 17 2.17-101
TES modules are arranged on the carriage roof as describes. Each row of the

TES system is formed by two module 1 and two module 2 and therefore requires 6.23-101
kg/s of water to be charged. In view of the above, the maximum number of TES rows that

can be installed on the roof of each coach is equal to:
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Mcoolant _

6.81
=11

NTES max rows

where m,,,1an: Was calculated in Eq. (101).

mw,ch,row

6.23-1071 (133)

Since each row is as long as Module 2 (i.e. 60 cm), the 11 rows can be easily allocated on

the 23.5 m-long roof of the coach.

As mentioned in ‘CFD analysis of TES modules: initial and boundary conditions’ section, the

entire computational domain is initialised with a temperature of 15°C if the first charging of

the trains’ working day is analysed. Below, the main results of the simulations are

introduced. Figure 85 and Figure 86 display the ANSYS Fluent temperature contours for

Module 1 and Module 2 at different times. Figure 87 highlights instead how liquid fraction

varies throughout the charging process. While a complete charging (i.e. B = 1) of Module 1

is achieved after 3910 s, Module 2 needs 5140 s.
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Figure 85 — Temperature contours from t = Os to t = 4500s (Module 1 charging)
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Figure 86 — Temperature contours from t = 0s to t = 5400s (Module 2 charging)
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Figure 87 — Liquid fraction variation over time

Figure 88 — Outlet temperature trend over time
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Finally, shows the trend over time of the water outlet temperature as PCM melts.
It is important to note that, during the first 1500 s of charging, the temperature of the water
exiting TES modules does not match the operating range of the fuel cell cooling system (i.e.
70 < Teoolant £ 75°C). This issue makes the integration of the TES system into the cooling
loop more challenging. A possible solution consists in installing a system of valves to make
sure that the water temperature at fuel cell module’s inlet is never lower than 70°C. The logic
behind how charging progresses is explained with the help of the following simplified PID

diagram.

From Fuel
Cell

Manifold

TES
SYSTEM

e
o)

=
=
T%
s

P
To Radiator *

At the beginning of charging, while valve 1 lets water enter row 1 and charge TES modules,
the remaining N valves are positioned so that the only option for the other N water flows is
to continue their paths to radiator. The condition to be met before starting the charging of

the first half of row 2 is expressed below:

mw,ch,‘roTout,ch,row(t) + 0.5 'mw,ch,rowTout,ch,row(OS) + (mcoolant - 15 mw,ch,row) * 348.15 = 343.15 (134)

Mceoolant

where Tout cnrow () @and Tyt cnrow (0 s) are the mass weighted average temperatures at time

t and t = 0 of the water exiting a TES system row (calculated from )s
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(Thcoozant —15- mw,ch,mw) is the mass flow rate not involved in the charging process and

348.15 K is the temperature of water whenever it bypasses TES modules.

In order to retrieve the time t, ..., . at which the charging of the first half of row 2 can start,

E£0. (134) is implemented in an Excel spreadsheet. The value for t,; ., IS 240 s, as Figure

90 displays.
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Figure 90 — Portion of Excel spreadsheet to find ¢
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By extending the calculation to more and more TES rows, Figure 91 is obtained for the

particular case of the Derby — BNS route.
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Figure 91 — First charging progression
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As Table 76 proves, the Derby — BNS route has to be served by three trains to meet the

timetable. This implies that three first charging processes have to be simulated, one for each

train. Table 77 provides the liquid fraction’s values achieved at the end of the first charging

for all the involved modules. The energy E., accumulated in each train at the end of the first

charging is calculated by applying Eq. (128) to the 18 TES modules experiencing melting.

12.53 - 13.27

Table 76 — Derby-BNS timetable

: 3"‘ row 1 ‘;L 05 row 2 3"‘ row 2 ﬂl’ 05 row 3 BL row 3 ﬂL 05 row 4 3L row 4 ﬁf' 0.5 rows BLMM‘ 3
Train |t g, (hr)| M rows E.,(MWh)
Mod 1 |Mod 2 |Mod 1 (Mod 2 [Mod 1 |Mod 2 |Mod 1 (Mod 2 |Mod 1 |Mod 2 |Mod 1 |Mod 2 |Mod 1 [Mod 2 |Mod 1 (Mod 2 [Mod 1 |Mod 2 [Mod 1 |Mod 2
trainl| 1.2 4.5 1 0.93 1 0.93 1 09 | 095 |085)09 | 079|085 )071]075)059(054)040(024)016(0.02) 0.01 0.0830
train2| 1.2 4.5 1 0.93 1 0.93 1 09 | 099 |085)09 |079]|0.8%|071|075)059(054)040(0.24) 016 | 0.02 | 0.01 0.0830
train 3 1.2 4.5 1 0.93 1 0.93 1 09 | 099 |085)09 |079]|0.8%|071|075)059(054)040(0.24) 016 | 0.02 | 0.01 0.0830

Table 77 — First charging results for a single coach

Starting from the g, values in Table 77, the CFD analysis of the first discharging process for

the three trains can now be performed. Temperature contours and how liquid fraction and

outlet temperature vary over time for a discharging starting from g, = 1 are shown below.
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Figure 92 — Temperature contours from t = 0s to t = 900s (Module 1 discharging)
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Figure 93 - Temperature contours from t = 0s to t = 900s (Module 2 discharging)
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Figure 94 — Liquid fraction variation over time Figure 95 — Outlet temperature trend over time

A table similar to Table 77 but gathering the CFD simulations’ outcomes for the first

discharging is now presented.

BL cow 1 ﬁf-u. row 2 BL row 2 ﬂf-u row3 BLi'uu‘! B. 05 rowd Bf-mwa ﬂf-u. rows ﬁf-mws
Mod 1 [Mod 2 [Mod 1 (Mod 2 [Mod 1 (Mod 2 |[Mod 1 [Mod 2 |Mod 1 [Mod 2 [Mod 1 |[Mod 2 [Mod 1 [Mod 2 |Mod 1 |Mod 2 [Mod 1 |[Mod 2 |Mod 1 (Mod 2
train 1 0.25 075 | 057 | 075 | 057]|075]|055]075|052]075| 05 | 068 |041) 059 | 035] 035|016 0.08 | 0.03 | 0.00 | 0.00 0.0352
train 2 0.25 075 | 057 | 075 | 057]|075]|055]075|052]075| 05 | 068 |041) 059 | 035] 035|016 0.08 | 0.03 | 0.00 | 0.00 0.0352
train 3 0.25 0.75 | 0.57 | 0.75 | 057 ]| 0.75 | 0.55 ] 0.75 | 0.52 | 0.75 | 0.5 0.68 | 0.41 | 0.59 | 0.35 | 0.35 | 0.16 | 0.08 | 0.03 | 0.00 | 0.00 0.0352

Train |t g, (hr E jisen(MWh)

Table 78 — First discharging results for one coach

As evident from Figure 95, teye—off is significantly lower than tg;scpmax for both the module
types. Thus, the liquid fraction’s values in Table 78 are those obtained at the end of t.,t_,f-
The energy Egisch erain discharged at the station throughout t,;5., by each of the three trains
is assessed by using Eq. (129), where the parameter T, ,,,.(t) in the formula is one of the

main output of CFD investigation.
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Once the time profiles T,, ,,¢(t) of all the involved TES modules are known, they are
averaged to obtain a single temperature trend T,, ou¢rain(t) for the whole train’s TES

system.

According to the Derby — BNS timetable ( ), train 1 and train 2’s TES systems
undergo a second charging process. However, as train 2 does not have the chance to
discharge the stored heat at BNS, only train 1’s second charging will be included in the
calculation. The outcomes of the second charging are given in . It is worth noting
that the number of involved rows has changed. In fact, TES modules are already partially
melted when the second charging begins, affecting the trend over time of T,y cprow- The
number of rows involved as the second charging progresses is shown in . The
change of the curve’s slope after approximately 1000 s is because row 6 and 7 experience

melting for the first time and then their g, starts from zero.

T]'(u]l r (h}‘) n. ﬂLI'BMl ﬁLO row 2 ﬁL row 2 ﬁLO row 3 ﬁLI'BM 3 ﬂLD.._ row 4 ﬁr" row 4 ﬁLO row 5 ﬁLJ'ﬂll's
ch YT Inod 1 |Mod 2 |Mod 1 |Mod 2 |Mod 1 |Mod 2 |Mod 1 |Mod 2 |Mod 1 [Mod 2 |Mod 1 |Mod 2 |Mod 1 |Mod 2 [Mod 1 |Mod 2 |Mod 1 |Mod 2 |Mod 1 |Mod 2
trainl 12 7.5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1.00 | 0.95 1 0.87 | 0.95 | 0.78

ﬂf- 05 row 6 ﬁi row 6 181'- 05 row 7 ﬁf— row 7 IBL 05 row8
Mod 1 | Mod 2| Mod 1| Mod 2| Mod 1 | Mod 2| Mod 1| Mod 2 | Mod 1 | Mod 2
0,72 | 056 0.52 | 0.39 | 0.33 | 0.23 | 0.13 | 0.07 | 7E-05 |6.E-05| 0.1342

Erir(MWh]

2nd charging progression

5000

4500 | teh

4000

3500 L
3000 L]

2500 .

Time (s)

2000
1500
1000
500 (]

0 e L
1 15 2 25 3 35 4 4.5 5 55 6 6.5 7 75 1

Number of rows involved
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Finally, liquid fractions and Ey;s., for the second discharging process are evaluated and

collected in

ﬁL Fow 1 ﬂi‘ 0.5 row 2 ﬁL Fow 2 ﬂi‘ 0.5 row 3 ﬁL Fow 3 ﬁL 05 row 4 ﬁL Fow 4 ﬂi‘ 0.5 row 5 ﬁLJ'ﬂII'E
Mod 1 [Mod 2 [Mod 1 [Mod 2 [Mod 1 |Mod 2 |Mod 1 |Mod 2 |Mod 1 |Mod 2 |Mod 1 |Mod 2 [Mod 1 (Mod 2 |[Mod 1 |Mod 2 [Mod 1 (Mod 2 | Mod 1 | Mod 2
trainl 0.25 075|057 | 075 | 057 | 0.75| 057 | 0.75 | 057 | 0.75| 0.57 | 0.75 | 0.57 | 0.75 | 0.57 | 0.75 | 0.56 | 0.75 | 0.54 | 0.72 | 0.48

Train |t ., (hr)

181'- 0.5 row 6 18!- row 6 16’1'- 05 row 7 ﬁf— row 7 ﬂi- osrows Ip . . (MWh)
Mod 1| Mod 2| Mod 1 [ Mod 2| Mod 1 | Mod 2| Mod 1| Mod 2 | Mod 1 | Mod 2
0.72 0.3 0.33 | 0.17 | 0.15 | 0.07 | 0.02 | 0.004| 0.01 0 0.0609

The overall energy discharged daily at the station by the three trains running on the Derby

— BNS line is then equal to:

= (0.0352-3 4+ 0.0609) - 3.8 = 0.63 MWh (135)

EdiSCh Derby—BNS

where 3.8 is the average number of carriages forming Derby — BNS trains from

Besides, by means of (132), the round-trip efficiencies of the trains’ TES systems can

be now estimated:

_ Egiscntrain _ 0.0352 4 0.0609

- - = 0.44 136
nround trlp train 1 Ech’train 00830 + 01342 ( )
7 . _ Edisch,train _ 0.0352 =042 (137)
round—trip train 2,train 3 Ech,train 0.0830 |
4.14 Default case results: all routes
2030 2040
Route Ech (MWh) Edisch (MWh) nround—trip Ech (MWh) Edisch (MWh) "round—trip
Le';‘f\lséer ) 0.71 0.33 46.7% 9.63 4.50 46.8%
Nof“gggam 0.88 0.40 45.2% 12.03 5.44 45.3%
Staé‘,fltsed - 0.68 0.32 47.3% 9.33 4.41 47.2%
Combridge - | 0.2 0.13 46.1% 3.95 1.82 46.1%
Dg:\?%’ . 0.06 0.03 45.8% 0.83 0.38 46%
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Sh[e;‘ﬁg“ry 0.81 0.37 45.4% 11.06 5.02 45.4%
Wo'gﬁsster | 004 0.02 47.5% 0.61 0.29 46.5%
e 0.63 0.27 42.5% 8.54 3.63 46.2%
G.Malem- |4 o7 0.03 45.8% 0.96 0.44 46.3%
BNS
TOT 4.18 1.9 45.5% 56.25 25.94 46.2%

collects the values of E;, and E;,., for all the examined routes. The table also
highlights how the heat stored and then discharged at the station is going to increase over
the years due to the growth of the fuel cell train fleet (see ). Every day, the trains
running on the selected lines can store 4.18 MWh of heat in 2030, which becomes 56.25
MWh in 2040. Approximately 1.9 MWh and 26 MWh of the stored heat is then discharged
daily at the station in 2030 and 2040, with an average round-trip efficiency of 46%. By
comparing these results with those provided in , it follows that around half of the
waste heat generated per day by all the fuel cell powertrains can be stored in on-board TES
systems. Therefore, the heat discharged at the station is about 1.7% of the overall BNS

waste heat potential in 2030, reaching 23% in 2040.

The average temperature of waste heat is approximately 51.3 °C.
4.15 Parametric study: optimisation

The results obtained so far are exclusively valid for the default design, whose main

dimensions and features have been summarised in and

In the present section, the effect of PCM and plate thickness and number of serpentine’s

turns on the magnitude of energy that can be discharged at the station is investigated. The
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goal of this parametric analysis is to determine which configuration allows to achieve the

better performance in terms of E;;.,, (EQ. (129)).

4.15.1 PCM thickness effect

Among the selected parameters, the influence of PCM thickness is the first to be studied.
Through repeated Fluent simulations of discharging process, PCM slab thickness is
increased from 0.01 m to 0.05 m. All the other parameters remain instead constant and

equal to the default values, which are listed below.

Module PCM Plate Channel Reynolds Number of
thickness thickness | cross-section number turns
1 0.02x0.006 m
0.02m 0.01m 1800 8
2 0.029x0.006 m

The default designs of Module 1 and Module 2 are made of 10 and 17 PCM slabs,
respectively, and as many metallic plates. The upper and the lower bounds for PCM
thickness variation are such that the number of PCM slabs ranges between -50% and +50%

of the default value.

highlights how the PCM thickness affects the amount of energy that a single
module can discharge throughout every discharging process (i.e. Ey;s-1)- All the simulations

start with the PCM domain completely melted (BL = 1).
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PCM thickness effect PCM thickness effect
5250 24500

4500 21000
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Energy (kJ)
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1 15 2 25 3 35 4 45 5 1 15 2 25 3 35 4 45
PCM slab thickness (cm) PCM slab thickness (cm)

As the PCM thickness decreases and the number of PCM slabs increases, the E;iscn
becomes higher and higher. A further reduction (below 0.01 m) of PCM thickness is not
considered to avoid an excessive reduction of TES module’s energy capacity. The PCM
with a thickness of 0.01 m represents then the optimal choice, allowing to discharge 40%

(Module 1) and 32% (Module 2) more energy than the default cases.

4.15.2 Impact of metallic plate thickness

The impact of the metallic plate thickness is now studied. It is varied between 0.01 m and
0.05 m. Changing the plate thickness has also an effect on the height of the channel, while
width is kept constant. The relationship between plate thickness and height of the channel

is expressed by the following formula:

H, = Hpjqre — 0.04 (138)

where H. and H,,,.. are measured in meters. Besides, in order to maintain constant the
Reynolds number at 1800, the water mass flow rate entering the channel has to be adjusted
according to (126). Two sets of Fluent simulations, one for each module type, is run to
assess the effect of plate thickness. The values adopted for the main parameters are

summarised in
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Table 83 and Table 84.

Plate PCM Channel e Number of
thickness thickness | cross section w.disch turns

0.01m 0.02x0.006 m 0.0152 kg/s

0.02m 0.02x0.016 m 0.0211 kg/s

0.08 m 0.01 m 0.02x0.026 m 0.0269 kg/s 8

0.04m 0.02x0.036 m 0.0328 kg/s

0.05m 0.02x0.046 m 0.0386 kg/s

Table 83 — Setting for the ‘plate thickness effect’ simulations (Module 1)

Plate PCM Channel e Number of
thickness thickness | cross section w.disch turns

0.01 m 0.029x0.006 m 0.0205 kg/s

0.02m 0.029x0.016 m 0.0263 kg/s

0.08 m 0.01 m 0.029x0.026 m 0.0322 kg/s 8

0.04m 0.029x0.036 m 0.0380 kg/s

0.05m 0.029x0.046 m 0.0439 kg/s

Table 84 — Setting for the ‘plate thickness effect’ simulations (Module 2)

Figure show the profile of E 4., under different plate thicknesses for Module 1 and 2. It is

evident that the thinnest plate considered (i.e. 0.01 m) is the best option for both the module

types. Therefore, the optimal plate thickness corresponds to the default one.

Energy (kJ)
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3000
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Figure 99 — Plate thickness effect (Module 1)
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Figure 100 — Plate thickness effect (Module 2)
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Based on the outcomes displayed in Figure 97 — Figure 100, it results that the optimised

designs of TES modules must have the following dimensions (in bold text the changes

compared to the default design):

PCM slab Plate Module
. ; . ; Number of | Number of . )
Module dimensions dimensions PCM slabs lates dimensions

(WxDxH) (WxDxH) P (WxDxH)

1 0.41x0.41x0.01m 0.41x0.41x0.01m 15 15 0.41x0.41x0.3m

2 0.595x0.595x0.01m | 0.595x0.595x0.01m 26 26 0.595x0.595x0.52m

Table 85 — Optimised designs dimensions
4.15.3 Influence of number of serpentine turns

Once the plate and PCM slab thicknesses are fixed, the impact of the number of serpentine
turns on discharging performance can be analysed. To accommodate a different number of
turns than 8 (i.e. default value), the channel width needs to be varied as specified in Table
86 and Table 87. Moreover, the same tables clarify how m,, 4;s., has to be modified to study

the heat transfer problem under the same Reynolds number.

Number of Plate PCM Channel Channel .
turns thickness thickness width height M, disch
6 0.0275 m 0.0196 kg/s
8 0.02m 0.0152 kg/s
10 0.01 m 0.01m 0.016 m 0.006 m 0.0129 kg/s
12 0.013 m 0.0112 kg/s
14 0.011m 0.00995 kg/s

Table 86 — Setting for the ‘number of serpentine turns effect’ simulations (Module 1)

Number of _Plate _PCM Chz_innel Channel e
turns thickness thickness width height w,disch
6 0.04 m 0.0269 kg/s
8 0.01 m 0.01m 0.029 m 0.006 m 0.0205 kg/s
10 0.023 m 0.017 kg/s
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12 0.0188 m 0.0145 kg/s
14 0.016 m 0.0129 kag/s

Table 87 — Setting for the ‘number of serpentine turns effect’ simulations (Module 2)

The trend of E4;.p, at different number of turns can be seen in Figure 101 and Figure 102

Effect of number of turns Effect of number of turns
6000 30000
5000 25000
g 4000 g 20000
& 3000 & 15000
@ ]

& 2000 & 10000
1000 5000
0 0

4 6 8 10 12 14 16 4 6 8 10 12 14 16

Number of turns Number of turns
Figure 101 — Effect of number of turns (Module 1) Figure 102 — Effect of number of turns (Module 2)

Plate design with 12 serpentine turns allows to maximise the value of Eg;., in both the

module types.

Results of optimisation

30000

25000
20000
15000
10000
5000
- m

Module 1 Module 2

Energy (kJ)

M Default design  m Optimised design
Figure 103 — Effect of optimisation on energy discharged

Figure 103 shows how optimisation affects the E;;,.;, parameter. The optimised designs of

Module 1 and 2 can discharge 77% and 63% more energy than the default ones,

respectively.
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4.15.4 Optimised case results: all routes
In view of the above, the amount of heat that can be discharged daily at the station is

expected to increase. The new values of E., and E,;,., for all the analysed routes are:

2030 2040
Route Ecp (MWh) | Egisen (MWh) | Ecp (MWh) | Egiscn (MWh) | 1ound—crip
Leig’a\lséer - 0.65 0.43 8.86 5.85 66.1%
Nof”g,%gam 0.81 0.52 11.07 7.08 63.9%
Staglfltsed - 0.63 0.42 8.58 5.73 66.7%
Canéb,\rligge - 0.27 0.17 3.63 2.37 65.1%
Dg:\%’ - 0.06 0.04 0.76 0.49 65%
Shrewsbury | 75 0.48 10.17 6.53 64.2%
-BNS
Wog:ssster - 0.04 0.03 0.56 0.37 65.7%
Heée,jlosfd - 0.53 0.35 7.24 4.72 65.3%
G. '\’I'B"’;\'I"Sem ) 0.07 0.04 0.88 0.57 65.4%
TOT 3.80 2.47 51.75 33.72 65.3%

Table 88 — Ech and Euisch for optimised designs

After TES design optimisation, 30% more energy can be discharged daily at the station, for

a total of 2.47 (2030) and 33.72 MWh (2040).
4.16 Examples of waste heat utilisation

In the next two sections, two potential uses of the waste heat discharged at the station are
briefly described. While the first one can help to reduce carbon emissions, the second tries
to address one of the main issues related to FCH technology, namely the need of large
radiators. Scenario 2040 is considered, that is when the replacement of diesel trains with

hydrogen hybrid ones has been completed
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4.16.1 Waste heat integration into district heating

One of the possible utilisation of the waste heat discharged at the station is its integration

into nearby energy system.

In 2016, Birmingham New Street station has been connected to the Broad Street heating
network’®, which is one of the three schemes forming the Birmingham District Energy
Scheme (BDES). Therefore, thermal energy from trains could be supplied to BDES, taking

advantage of the existing infrastructures.

Currently, BDES heat suppliers are CHP plants. Assuming a thermal efficiency of 65% [199],
it follows that each CHP plants requires 154 m? of natural gas to produce 1 MWh of heat.
Considering an emission factor of 1.94 kg CO2 per m® of natural gas’?, 10.1 tons of CO2
emissions could be avoided daily by integrating into the district heating the 33.72 MWh from

trains instead of using CHP plant to produce them.

4.16.2 Effect of waste heat on radiator size

According to [200], heat lost by radiator throughout a journey can be calculated as:

Qradiator = Aradiator * Uradiator * (Tout,coolant — Tamp) * tjourney (139)
As part of the heat removed by coolant circuit is stored in TES systems, less energy needs
to be rejected through radiator. To estimate the reduction in radiator area thanks to the

integration of TES system, E_; values from and waste heat potential in

are combined into a single table.

0 hitps://www.theade.co.uk/case-studies/utility/birmingham-district-energy-scheme
1 https://Iwww.epa.gov/energy/greenhouse-gases-equivalencies-calculator-calculations-and-
references#:~:text=The%20average%20carbon%20dioxide%20coefficient,cubic%20foot%20(EIA%202022).

221



Route (33\% Ecp (MWh) | Egiscr (MWh)
Leigt;séer - 15.85 8.86 5.85
NoftiEr;lglgam 19.91 11.07 7.08
Stag:ltgd = 20.69 8.58 5.73
Came,\rligge - 12.89 3.63 2.37

Dgllr\klag c 2.55 0.76 0.49
Shteéstgury 15.39 10.17 6.53
Wog:ﬁsster ; 0.85 0.56 0.37
Hereford - 13.30 7.24 4.72
G. lvllge;\llvsem - 1.51 0.88 0.57

TOT 111.94 51.75 33.72

Table 89 — Waste heat potentials and amount of heat stored and discharged for all the examined routes

For instance, it can be noted that trains running on Leicester — BNS route store daily 8.86
MWh out of 15.85 MWh. Thus, a train serving that line can store around 56% of the excess
heat available, reducing the energy that its radiator has to discharge by 56%. In theory,

radiators 56% smaller could be used.
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5. Chapter five

Conclusions and future research

5.1 Conclusions and future research: well-to-wheel analysis of fuel
cell hybrid train operating in the Birmingham area

Fourteen different WTW pathways, regarded as the most likely for the Birmingham area,

have been selected. As UK hydrogen sector is a fast-changing field, two different scenarios

are chosen: 2030 and 2040. The aim is to show how technological advancement may

positively affect hydrogen pathways’ efficiencies.

The following conclusions, grouped according to the stage of WTW analysis to which they

refer, can be drawn:

Well-to-tank step

1. Efficiency of Production Methods:

e SMR+CCS storage proves to be more efficient than wind-powered electrolysis,
offering a primary energy efficiency of 61%. This advantage stems from well-
optimized industrial processes that minimize losses. Energy requirements for NG
extraction and processing contribute significantly to the energy losses in the SMR
process. The production of hydrogen through PEM electrolyzers is instead heavily

penalized by the inherently energy-intensive nature of the electrolysis process.

e Wind-powered electrolysis is 52% efficient in 2030 and 58% in 2040. The main

efficiency losses originate from the electrolysis process itself, electricity transmission,
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hydrogen compression, minor leakage losses, and, where applicable, seawater
desalination. The increase in efficiency is driven by the expected improvement in

PEM electrolysis technology over the years.

. Transport and Storage:

Until an all-H2 network is established, transporting compressed gaseous hydrogen
via 700 bar-tube trailers remains the most efficient method. Liquid hydrogen transport

is less efficient due to high liquefaction energy requirements.

While pipelines become the dominant transport method after the abandonment of
blending, the prior investment in both compressed hydrogen tube trailers and liquid
hydrogen tankers creates a form of technology lock-in. The sunk costs associated
with high-pressure compression, liquefaction facilities, specialized storage, and
dedicated tanker fleets could slow down the transition to pipelines or introduce

economic resistance.

Hydrogen storage has a negligible effect on WTT efficiency compared to production

and transport.

. Best WTT Routes:

In the 2030 scenario, SMR+CCS for production, 700 bar-tube trailers for transport,
and dispensing with HRS using overflow filling are identified as the best WTT route
(pathway 11). The most efficient WTT pathways are predominantly of the blue

hydrogen type.

By 2040, improvements in electrolysis efficiency and primary energy factor reduce

the gap between green and blue hydrogen WTT routes. After the abandonment of
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blending, the most efficient WTT paths adopt pipeline transport, emphasizing the
importance of an all-H2 network. One of the green Hz paths manages to reach the

podium.

Tank-to-wheel step

e WTW efficiency of diesel train is higher than that of fuel cell hybrid train, for all the
pathways and scenarios considered

e |If the results of WTW analysis are expressed in terms of kWhp per km travelled, then
fuel cell hybrid train is a better option than diesel train. The reason is the high

performance of the fuel cell based powertrain which leads to a better fuel economy

Uncertainty analysis step

e Pathways 1to 6 and 13 to 14 have higher standard deviations (i.e. average 0 = 0.037)
due to the complexities of technologies like electrolysis. In contrast, pathways 7 to
12, using mature technologies like natural gas reforming, have low standard

deviations (i.e. average o = 3.9-10%) and less uncertainty in WTW efficiencies.

The main conclusion that can be drawn is that fuel cell hybrid trains, despite the more energy
needed for the hydrogen WTT step, may already offer lower primary energy consumption
than diesel ones. The main reason is their superior fuel economy and efficiency in
converting energy to traction power. Specifically, FCH trains utilize hydrogen more efficiently
in their fuel cells, converting a higher percentage of the energy content of hydrogen into
useful work (electricity for traction) compared to the internal combustion engines in diesel

trains, which are less efficient and lose more energy as waste heat.
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However, to be comprehensive, the comparison between two competing technologies must

include an economic analysis. In the specific case of hydrogen fuelled trains, levelized cost

of hydrogen, vehicle’s CAPEX and OPEX should be determined.

Moreover, to increase the accuracy of the evaluation, it would be also important to consider

the real-life driving profile of the train and the route’s characteristics.

5.2

Conclusions and future research: Waste heat from fuel cell hybrid

trains: the Birmingham New Street station scenario

The main conclusions that can be drawn from Chapter 4 are summarised below:

Based on the assumptions made and Birmingham New Street timetables, a waste
heat potential for BNS equal to 114 MWh per day has been estimated. This is the
heat that would be available at the station if all the thermal energy generated by fuel
cells is first stored in the on-board TES and then discharged with a 100% round-trip
efficiency

A dynamic model of the cabin air temperature is developed in Simulink to assess how
much energy is required to maintain thermal comfort in the carriage throughout the
year. It emerged that only 3.9% of the BNS daily waste heat potential has to be spent
in winter for cabin heating.

In 2040, TES systems can store 56 MWh of heat per day. 916 tons of PCM will need
to be distributed across 735 trains, about 1.25 tons per train. Approximately 26 MWh
of the stored heat is then discharged daily at the station, with an average round-trip
efficiency of 46%. The heat discharged at the station is about 23% of the overall BNS

winter waste heat potential. The average temperature of the heat is 51.3°C.
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e Compared to the default design, whose performance is detailed in , 30%
more energy can be discharged daily at the station thanks to design optimisation.

e Heat from trains can be integrated into the Broad Street heating network.
Approximately 10.1 tons of CO2 emissions could be saved daily by heat integration
into the district heating.

e As part of the excess heat from fuel cell powertrains is stored in TES systems, surface
area of radiator can be smaller. For instance, the developed TES design allows to

reduce by 56% the radiator area of the trains running between Leicester and BNS.

This chapter highlights the remarkable quantity of heat that could be available at the station

for later use. The contributions of Chapter 4 to research are:

e to have proven the feasibility of the integration of PCM-based TES into the FCH train
layout, addressing issues such as sizing and positioning of the proposed TES
modules

e to have assessed, using a CFD model of the storage modules, the amount of heat

that could be stored and then actually discharged at the BNS station.

In a further study, the possibility to install TES storage also inside the train cabin to increase
the amount of heat stored may be evaluated. Moreover, it would be important to know the
duty cycle and speed profile of the trains involved to assess, with a higher level of accuracy,
the waste heat generated during the train’s journey. An analysis aiming to determine the

effect of weight increase due to PCM on train performance is also advisable.

The proposed thermal integration between fuel cell modules and PCM-based TES could be
even more effective for a fuel cell train implementing solid oxide fuel cells. The higher

temperature of the heat stored would open up the field to a more opportunities of integration.
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