





































































































As a reducing agent

Hydrogen is the key element involved in redox reactions.
It is used in the manufacture of plate glass, for instance, to
prevent the formation of stannous oxide (SnO) in the float
bath.

In chemical analysis

Hydrogen is used in various methods of chemical analysis.
These methods include atomic absorption spectroscopy.
Here the hydrogen is used as fuel to generate heat, at the
same time producing the neutral atoms.

Gas chromatography

Hydrogen is one of the gases which can be used as carrier
phase in gas chromatography, used to separate volatile
substances

Weather balloons

Because hydrogen is light compared to other gases, it
is still used by meteorologists for high-altitude weather
balloons.

As an energy carrier

Hydrogen gas is not an energy source, rather it stores and
delivers energy in a usable form. Outside of combustion
for heat and CHP it has an application as fuel for hydrogen
fuel cells (which will be described in Uses of Hydrogen:
Part 2) which may be used, for example, in trains, cars,
buses, submarines, bikes and laptops.

Hydrogen use elsewhere

Human progress can be mapped in terms of revolutions
brought about by more efficient energy use — from the
early discovery of fire, to higher intensities made possible
by coal (eg steam). More recent step changes have been
made possible by nuclear power and natural gas. It is very
possible that the next revolution will be the hydrogen

era, opening the possibility of sustainable energy into the
future, with applications in the home and transport (as
described in the HyDeploy programme, see page 50).
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Hydrogen deployment barriers
Tommy Isaac MIChemE
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As history has made clear, electric vehicles have leap-frogged over fuel cells to become the flagship low-carbon
alternative to fossil-fuelled personal transport. The primary reason for this has been the lower barriers to deployment,
principally the inherent interdependency of production and use of hydrogen within hydrogen fuel cells, whilst
electric vehicles could benefit from the already-established electricity generation market. The revival of the hydrogen
economy has been due to the evolution of thought surrounding sustainability and a realisation that a low-carbon
economy requires a more diverse field of energy carriers than simply low-carbon electricity. Hydrogen provides that
much-needed diversity due to its physical properties, breadth of application and complementary nature to low-carbon

electricity.

Other articles in this hydrogen series have focussed

on the potential benefits a hydrogen economy could
accrue to society. This article will focus on the barriers
and challenges required to be overcome to enable
those benefits to materialise. By reductively identifying,
quantifying and overcoming challenges and barriers to
deployment, the hydrogen economy will have the greatest
chance of transitioning from rhetoric to reality. This
article will attempt to summarise the current technical,
commercial, regulatory and societal barriers to hydrogen
deployment and highlight where barriers have been
overcome to enable development.

Technical: production and
distribution

Technical barriers to deployment largely concern
unanswered questions rather than identified fundamental
barriers. The necessary production technologies for

both distributed power-to-gas production and bulk
supply through methane conditioning and CCUS are all
technically proven and available technologies. Therefore,
there is no fundamental technical barrier related to the
production of hydrogen.
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The distribution of hydrogen is currently being
investigated by two active projects, H21" and H100.
The H21 distribution philosophy is to understand if the
current gas network is capable of safely distributing
pure hydrogen, and the H100 distribution philosophy
is to understand what the requirements are of new-
build hydrogen distribution assets. Therefore, between
these two programmes the lowest cost pathway for safe
distribution will be identified and understood.

Technical: users

The acceptability of hydrogen to the current users of
natural gas is where the most technical work is required.
This is due to the magnitude and diversity of users
connected to the gas network, from domestic appliances
to commercial and industrial users, combined heat and
power to gas turbines, as well as compressed natural
gas (CNQ) filling stations. There are many programmes
underway to understand technical limits of current
appliances for initial introduction of hydrogen, as well as
the design for pure hydrogen use.

Programmes such as HyDeploy? are providing the
evidence to understand any technical limitations of current
users to accept a hydrogen blend of 20 mol% and the
Department for Business, Energy and Industrial Strategy's



(BEIS) Hy4Heat programme is funding the development
of hydrogen-ready domestic boilers for future use. Within
a domestic setting, active programmes are identifying and
addressing challenges to hydrogen. Within an industrial
setting, work such as the BEIS Fuel Switching® programme
is identifying potential challenges and route maps to
overcome technical issues for industrial users. Within the
power generation market, turbine manufacturers such

as GE* and Siemens® are already developing gas turbine
equipment that can operate on 100% hydrogen. The users
where the most questions remain are with commercial
applications, including CNG filling stations. Further work
is needed to identify and address any potential technical
challenges associated with this market in the UK. Overall
though, the technical barriers to hydrogen deployment
are being demonstrated to be limited and manageable —
further work is required but the collective results of the
current technical programmes is very promising!

Commercial

The commercial challenges of hydrogen deployment
primarily relate to ensuring the billing process for gas
supplies is robust to the introduction of hydrogen. As
hydrogen has a lower calorific value (CV) than natural
gas, gas meters will register a higher volume of use for
the same energy supplied. Ensuring consumers are not
disadvantaged by a potentially variable CV, along with
ensuring robust energy settlement processes for gas
shippers, is required to allow hydrogen to be rolled out
commercially.

The Cadent-led Future Billing Methodology (FBM)® project
has been developed to investigate technical solutions to
allow a fit-for-purpose billing regime to be developed in
time for gases such as unpropanated biomethane and
hydrogen to be introduced into the network without
disadvantaging consumers. Although FBM is seeking to
understand the technical pathways which would enable
lower-CV gases to be embodied within consumers' bills,

to translate these findings to governance it is likely that a
modification to the uniform network codes (UNC) will be
required. The UNC defines the commercial relationships
between gas shippers, transporters and suppliers and
therefore underpins a consistent and fair billing process for
all consumers.

Regulatory: policy requirements

The largest barriers to hydrogen deployment are
regulatory, as it is the regulatory framework that defines
commercial deployment models. Without clear regulatory
frameworks to allow commercial projects to understand
their cost and revenue basis, commercial projects will

not be able to reach financial investment decision (FID).
CCUS and heat policy are the two largest barriers to bulk
hydrogen deployment.

Following publication of the UK Carbon Capture Usage and
Storage Deployment Action Plan in November 2018 the
CCUS Advisory Group was established by BEIS to develop
policy options for consideration. The group has recently
published three policy framework options for consultation,
which will be reviewed by BEIS. The expectation is that
BEIS will publish its preferred policy support framework

by the end of the year, which will then be developed

into regulation. A clear CCUS policy is required to allow
commercial projects to reach FID.

Heat policy is less defined; without clear heat policy the
support mechanism for hydrogen to act as a low-carbon
heat vector will remain unknown, which in turn will stifle
progress of commercial deployment. The current low-
carbon heat policy of the UK Government, the Renewable
Heat Incentive (RHI), is drawing to a close in March 2021.
Therefore, to minimise any development hiatus resulting
from regulatory uncertainty, appropriate heat policy to
enable support for low-carbon gas deployment will need to
be developed with haste.

Regulatory: existing regulation

The 1996 Gas Safety (Management) Regulations (GS(M)
R)2, which define the specifications of gas that can be
transported within the gas network, limits hydrogen to

0.1 mol%. GS(M)R falls under the 1974 Health and Safety
at Work Act® and is primarily designed to ensure gas
networks can only transport gas that domestic appliances
are certified to safely operate on. The reason for the very
low hydrogen limit is principally due to historical regulatory
expedience and simplification, given that North Sea gas
does not naturally contain hydrogen.

Although technical programmes are underway to
demonstrate that greater levels of hydrogen can be safely
transported, there will need to be a regulatory process to
embody this evidence within the regulatory framework

to allow gas distribution networks to transport hydrogen
at greater concentrations than 0.1 mol%. The problem
could be solved by applying a class-exemption precedent
process, which is the current framework that allows
biomethane with higher levels of oxygen to be injected
into the gas grid. However, a more enduring solution for
hydrogen networks connected to domestic consumers
would be an official update to GS(M)R. The Institute of
Gas Engineers and Managers (IGEM) is actively seeking to
move GS(M)R into a technical standard governed by IGEM,
which would allow such modification to be rigorously
undertaken without being reliant upon parliamentary
processes.

An enabling piece of legislation for the development to
hydrogen infrastructure is the 1986 Gas Act'®, which
establishes the legislative framework of the gas industry
and underpins a gas network operator's licence to operate.
The Gas Act defines gas as "wholly or mainly, methane,
ethane, propane, butane, hydrogen or carbon monoxide"';
therefore a hydrogen network would fall under the same
regulatory regime as a methane network. This legal
definition should allow gas transporters to own network



assets that transport hydrogen alongside the preexisting
transportation assets used for natural gas.

Regulatory: asset ownership

The means of ownership of hydrogen production facilities
is a challenge that spans regulatory and commercial. The
available options for asset ownership will have a material
implication on the cost of capital, and therefore will have
adirect effect on the quantity of support necessary to
incentivise investment. The lowest capital cost basis
would be through a regulated asset base (RAB) model

— essentially to treat hydrogen production as a national
utility, such as the gas, electricity and water networks.

By an appropriate allocation of risk, a RAB model would
reduce the cost of capital, which in turn would reduce the
level of support necessary to deliver a commercial project.
The potential models for hydrogen production ownership
is a live debate taking place between government,
regulators and industry, the conclusion of which will help
inform the commercial and support frameworks necessary
for bulk hydrogen production.
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Social acceptance

Outside of the quantifiable technical, commercial

and regulatory barriers to hydrogen deployment

are challenges concerning public knowledge and
understanding. The community uptake of hydrogen

as a 'green’ solution to energy delivery will need to

be promoted through targeted engagement activities

to proactively socialise the benefit of hydrogen to the
public. Misconceptions surrounding the safety and use of
hydrogen will need to be addressed as well as promoting
the environmental credentials of the gas as a means to
decarbonise the UK energy system.

De-risking deployment

The number of barriers to deployment of hydrogen can
be reduced by strategically designing an appropriate
development pathway. By initially deploying hydrogen at
alevel that is acceptable to the current network and users
(which is understood to be 20 mol%), the need to modify
the gas network and appliances is eliminated. An example
of such a project is the HyNet'? project, which seeks to
supply 2m homes in the North West with a blend of 20
mol% hydrogen. By de-risking the deployment pathway,
the sum of deployment challenges can be broken up to
allow material quantities of hydrogen to be delivered
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without the need to solve every challenge at once. This
strategy will de-risk the ultimate deployment pathway of
hydrogen development and allow society to enjoy the
known benefits whilst other challenges relating to greater
adoption are being addressed.

The Government's independent advisor for energy, the
Committee on Climate Change, published its Net-Zero
Report in May 2019 which outlined the need to develop
270 TWh/y of hydrogen™ to allow the UK to meet its
recently-updated carbon target of net-neutrality by 2050.
Although the barriers to hydrogen deployment may seem
high, the vast majority of them could be overcome with
political will. The locus of challenges resides with ensuring
an appropriate regulatory and policy framework to allow
commercial projects to be developed, with many technical
barriers either overcome or with funded programmes to
address them.

If hydrogen is to play its part in the UK energy system,
and society is to reap all of the environmental benefits
available, increased political focus and regulatory clarity
will be required.
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Hydrogen: the burning question

Mike Menzies MIChemE

The world is rising to the exciting challenge of controlling CO2 emissions. Replacing natural gas with hydrogen is
progressing up the list of potential remedies for the domestic market.

The general public is increasingly aware of global
warming, and remedies such as Reduce, Reuse, Recycle.
But 'Replace’ is being investigated with respect to the
carbon in the National Grid gas supply. We had hydrogen
in towns gas throughout the middle of the last century and
the researchers are investigating replacing methane in the
gas main with hydrogen, at least in part to begin with.

Hydrogen is well known in many large industries, but for
production of other materials. The hydrogen is usually
made from natural gas, by steam methane reforming
(SMR) without capturing the CO-, and in sufficient
quantity for the process. Choosing one of the iron and
nickel family of catalysts, together with heat, steam,
methane and oxygen, a large proportion of hydrogen

is made, together with CO.. Depending on production
stability, the quantity of hydrogen may be in excess, in
which case the plant looks to use the excess hydrogen
elsewhere — usually by injecting it into the plant gas main.
Hence this gas main composition changes from that of
natural gas to include hydrogen, typically up to 30%.

What effect does the hydrogen composition have on the
furnace, the flame, and the exhaust?

The good

The benefits of hydrogen include:

B it, like methane is not poisonous, (just asphyxiating
and explosive)

B it has quite a high spontaneous ignition
temperature (SIT) of 650 °C - it needs a spark to
ignite

B it has very wide flammability limits (3-70% H: in air
mixture) — it is easier to maintain a flame

B it burns to water vapour, thus eliminating CO:
emissions

B it burns with a much higher flame speed (300
cm/s) than methane (30 cm/s), thus stabilising the
flame.

The bad

Disadvantages include:

B the higher flame speed increases the flame
temperature locally, which can generate high levels
of NOx

B the wide flammability limits require consideration

in the safety assessments



B hydrogen has a different Wobbe Index from
methane, to be taken into account in design (the
Wobbe Index is a measure of the ability of a gas
to deliver heat through a jet hole at constant
conditions. It is calculated by the calorific value
divided by the square root of the specific gravity of
the gas)

B hydrogen has a different combustion air
requirement index, CARI (a measurement of the
combustion air required for a gas), compared with
methane.

Flames and NOx

This plant fuel gas is what the furnaces receive. So how
does the hydrogen content affect the NOx emissions?
The higher flame speed increases the flame temperature
locally, which generates NOx. So the burner manufacturer
has to design a burner to give a flame which will

minimise the production of NOx. There are many ways

of accommodating high hydrogen fuel gases whilst

still keeping the flame cool enough to minimise NOx
formation. The key is to slow down the rate at which the
fuel and air mix. This gives rise to a diffusion flame. A
diffusion flame is where the incoming gas is surrounded
by the products of combustion where the gas and oxygen
in the air have reacted. This sleeve or cloud of exhaust
products slows the combustion because the gas has now
got to diffuse out through the cloud, and the oxygen

has to diffuse inward. Hence the name 'diffusion flame'.
This flame is usually slow enough such that the heat

of combustion is radiated to the surroundings without
reaching the critical NOx temperature of 1,350 °C. The
diffusion flame may well obtain sufficient temperature

to crack the fuel before it is combusted. There will then
be free carbon which will burn with a yellow flame. This
does not look as well controlled as a sharp blue flame, so
low-NOx burners, involving diffusion flames rather than
deflagration, are only slowly being recognised by the
operators. Many operators will remember bright yellow
flames from heavy fuel oil or vacuum residue oil which had
less acceptable exhaust composition.

The converse of a diffusion flame is a deflagration flame.
In this case the gas and air are premixed and admitted
into the combustion chamber, where they find a source
of ignition. The flame propagates at the flame speed

so the gases have to be injected at a velocity greater
than the flame speed, otherwise the flame could 'flash
back' and burn in the burner mixing chamber. Premix
burners therefore have a limited turn-down range and are
designed for a particular flame speed. Adding hydrogen
increases that flame speed and makes existing premix
burners unsuitable for conversion to high hydrogen
gases. The combustion rate can be reduced by diluting
combustion air with exhaust gases as a method of slowing
down the flame to reduce the temperature, but many
installations have natural draft or induced draft premix
burners where chamber negative pressure and gas
aspirators entrain fresh ambient air into the premixer and
thence to the burner quarl (prefired refractory burner
block). So, we cannot reduce the oxygen partial pressure
in these burners without modification to the air and
associated control systems.
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Figure 1: Diffusion flame (left) and deflagration flame

The flame which one hopes never to see in a furnace is a
detonation flame. The heat of combustion from a flame at
the centre of a pre-mixed cloud of gas and air produces a
pressure wave which is sufficient to provide the source of
ignition to the adjacent mixture (like a diesel engine) and
so the combustion front proceeds at the speed of sound,
or greater.

There is a further flame to consider - flameless
combustion. This is used in high temperature furnaces
where the burner design is not important. The gas and air
are injected into the chamber separately and are heated
by the radiation within the chamber to well above the SIT
before mixing occurs. So wherever the gas and oxygen
meet they will react and give off more heat. The exhaust
gases will, of course, take heat out of the high temperature
furnace and so heat recovery devices such as regenerators
or recuperators become a necessity. The radiation from
the flame appears less because the flame is dissipated
throughout the combustion chamber where the light
intensity is high — white hot. In these cases the furnace
can be designed for the gases to wipe the crown of the
furnace transferring heat by convection to refractory.

The refractory has an emissivity near 1, so radiation to

the product is achieved. Radiated heat energy incident
on a surface is either absorbed or reflected. The amount
that is absorbed is also re-radiated or emitted. The type
and surface of all materials has a different proportion of
reflection and absorption (emission). The two proportions
always add up to 1 and the particular material can be
simply described by the emissivity value which will be
between 0 (shiny gold surface) and 1 (matt black surface).
Regenerators or recuperators are used to recover heat
from high temperature furnace exhaust gases.



Natural draft premix burner

Returning to the natural draft premix burners, like the
high temperature furnaces referred to above, they may
well include design which promotes flame impingement
onto the refractory to promote even radiative heat transfer
from the heater wall to the product tubes. These small,
wall-hugging burners use convection to transfer heat of
the flame to the refractory using the Coanda effect or

by nozzle design. (The Coanda effect results in a flow of
gases, where these gases follow a curved surface because
that curved surface has no gaseous molecules adhering to
collide with — and therefore modify the direction of — the
flow stream.)

Burner manufacturers have designs for both premix and
nozzle mix flat flame burners, and for both induced draft
and forced draft.

They may be suitable both for high hydrogen as well

as low NOx. Adapting these burners for low NOx will
often involve separating the flame into a rich and lean
section where both parts of the flame have a lower

flame temperature because of being away from the
stoichiometric region. The rich zone may be as simple as a
neat gas poker firing onto the edge of the lean gas flame.
High hydrogen is ideal for these burners because of the
wide flammable range of hydrogen in the lean zone and
the high flame speed for stability of the rich jet.

The processes they are used on tend only to require a
very limited turn-down range which allows a significant
proportion of hydrogen in the fuel without incurring
flashback on a premix burner. There are usually many
burners, often several hundred, arranged in rows. During
heatup after a shutdown, rather than trying to modulate
the burners, gentle heat input is often achieved by lighting
rows or individual burners on/off. Nozzle mix flat flame
burners should not have any significant problem as the
hydrogen content of the gas is increased, save for the
choice of nozzle material. But the problem for premix flat
flame burners is more significant with high hydrogen. A
flashback might extinguish but will probably reoccur and
if the flame stabilises at the premixer (a burnback) then
the burner is likely to be destroyed in a short time, almost

RADIATION TO PROCESS TUBES

REFRACTORY
WALL

CONVECTION TO REFRACTORY

certainly before it can be observed by an operator. Fitting
flame detection on all, say 500 burners, is likely to be
blocked by financial considerations.

Process stability would suggest that modulation, even

if it is only 2:1, would be beneficial. However, the
percentage of hydrogen would be the limit to the range
of modulation. Modulation of 2, 3, or 4:1 may be suitable
with a methane gas but not for pure hydrogen. Phasing
over from pure methane to high hydrogen could be
achieved with new jets/nozzles, but this procedure would
be suited to a specific change of fuel and not just to
gradual changes in fuel composition.

Unlike the flat flame wall burners above, many boiler/
heater/furnace/kiln low-NOx burner designs separate the
combustion air into two parts — the primary air and the
secondary air. The gas will be delivered in the centre with
the primary air, and pilot flame or igniter (and often flame
detection equipment). The secondary air is delivered
outside the diffusion flame package, with low turbulence
to minimise mixing. Power station burners tend also to be
suited to low NOx and high hydrogen. It is these power
station burners there can be several other fuels. It's not
unknown for a boiler burner to have five different fuels,
though one or two of these fuels may merely be a method
of disposing waste or vent gas from another process.
Coke oven and blast furnace gases are common, but they
do have a significant influence on the original design of
the burner. It is likely that one of the fuels may be 'plant
gas' shared by energy consumers throughout the plant.

These boiler burners are generally well suited to utilising
high hydrogen gases in a nozzle mix arrangement.
Furthermore, the control system fitted on a boiler is often
sufficiently well instrumented that air:fuel ratios can be
continuously controlled allowing gas composition changes
without notice. To achieve low NOx, one of the favourite
procedures is to reduce the combustion air to all burners
(making the flames sub-stoichiometric) and removing all
the fuel lance internals from the last row of burners, thus
supplying the 'secondary’ air at the end of the combustion
chamber. This design will need a further chamber for the
final combustion (probably flameless combustion) before
the exhaust gases pass into the convection section.

Figure 2: Small wall hugging burners use
convection to transfer heat of the flame to the
refractory using the Coanda effect, then radiation
to the process tubes




ONE BURNER FIRING HIGH
HYDROGEN CONTENT

FOUR BURNERS FIR-
ING NATURAL GAS

ALL BURNERS
LOW NO, USING
STAGED AIR (SEC-
ONDARY
AIR SUPPLIED
AROUND BURNER
QUARL)
o
PRIMARY AIR PLUS
100% GAS \. o
STAGED AIR BURNER ([ o
SECONDARYAIR ______ @ o
PLUS 100% GAS °

Figure 3: Roof-mounted burners with different
fuels
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Calculation or measurement of the Wobbe index can

be undertaken and is both a simple and effective way of
trouble-free inclusion of higher levels of hydrogen gases.
The Wobbe Index is a measurement of the ability of a
gas to deliver heat through a certain size jet, but this may
require a different amount of air to achieve it. So even if
you can get the same heat out of a burner, you may need
to put in more combustion air. This calculation is very
similar. The combustion air requirement index, CARI, is
the amount of air required to combust the gas so that the
air stays in ratio with the gas. It is common for such a gas
to be continuously monitored in a Wobbe index analyser.

There are many other matters to consider. For instance,
when we put high levels of hydrogen in the fuel, the
exhaust could turn white with condensing steam droplets
as it cools. So, the public may see a change in the stack
plume.

Summary

This review has looked at the development of burner
design to take account of emission regulations, specifically
NOXx. In the main, this requires separating the combustion
air into primary and secondary streams so as to achieve a
diffusion flame. This diffusion flame is larger, slower, and
cooler than its predecessor, the deflagration flame. So,
because changing to low NOx will probably require new
burners, it would make sound economic sense to choose a
burner design which is also suitable for high hydrogen.

Your plant is likely to be legally obliged to control the NOx
emissions. It is in your neighbourhood and your nation
you should be morally obliged to prepare for hydrogen.
It's not difficult. Burners can be designed for any gas
composition with hydrogen. It is just a little bit more
difficult if the composition changes excessively.

But undoubtedly, hydrogen is our friend in the furnace.
We just have to control it.
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Hydrogen in vehicular transport
Andy Brown AFIChemE and Jack Walden

)  reeze

} : ’ ' powered by hydrogen

o

Google the subject of this article, and you'll get hundreds of thousands of results. It is therefore a challenge to cover

everything in less than 2,500 words!

So, in this article a number of vehicular transport types
will be considered, albeit not at an exhaustive level; some
of the challenges facing each will be described, and a
number of potential opportunities will be noted.

In 1794 Robert Street patented what is arguably the
internal combustion engine concept, which used a liquid
fuel (petroleum), and then followed it by building a
working engine. And for the last 225 years his invention
has been the backbone of vehicular transport — to the
point at which around 16% of the entire world population
now owns a car’.

The big decision is, are we going to replace (carbon-
emitting) petrol in an internal combustion (IC) engine
with (carbon-free tailpipe emissions) hydrogen, or are we
going to use the hydrogen differently, such as in a fuel
cell? Or is the answer somewhere in between as a hybrid?
This is probably a good place to start.

Hydrogen infernal combustion
engines

The advantage of using IC engines such as Wankel and
piston engines burning hydrogen instead of petrol, is that
the cost of retooling for production and fitting the prime
mover into existing body shell and floor pan designs is
much lower.

The optimum fuel-to-air ratio for petrol is 14.7 (14.5

for diesel): for hydrogen it is 29. However, to minimise

the formation of NOXx, typically hydrogen engines

are designed to use about twice as much air as this.
Unfortunately, this also reduces the power output to about
half that of a petrol engine of the same physical size, so to
make up for this, hydrogen IC engines are usually much
larger than petrol engines.

Other issues also need addressing, such as the increased
potential for pre-ignition (knock or pinging) because
hydrogen flame speeds are higher than those for petrol or
diesel fuel.

A number of cars have been produced with hydrogen-
fuelled IC engines: BMW produced the Hydrogen 7 in
2005-2007, and Mazda produced a hydrogen version of
its rotary-engine RX-8, for instance. Neither of these are in
current production.

There is, however, a niche market for hydrogen IC
vehicles operating where there could otherwise be an
accumulation of CO-rich fumes, such as fork-lift trucks in
warehouses.



Hydrogen fuel cell cars

Earlier articles in this series present a case study, '‘Enabling
Hydrogen Fuel Cell Electric Vehicles?, and look at the
Toyota Mirai®. Fuel cells represent a better utilisation

of hydrogen energy in cars than a hydrogen-fuelled IC
engine, which is only about 40% compared to the possible
56% shown in Table 1* (blue rows show hydrogen fuel
cell, and grey and green show petrol and biodeisel IC).
However, because of the high energy requirement

to pressurise the hydrogen, the overall well-to-wheel
efficiency is not impressive. And neither is the price,
around twice that of the equivalent IC-engined vehicle.
What is impressive, is the emissions performance, with
only water vapour appearing at the tailpipe.

Honda, Hyundai, Mercedes-Benz and Toyota have
production models of fuel cell cars, with scores of other
manufacturers offering concept cars.

When designing a hydrogen vehicle, there is a balance
to be struck between making the fuel cell tolerant to
impurities in the hydrogen and requiring it to be '4 9s'
grade (ie >99.99% pure)®. The current market is to place
the onus on the supplier, avoiding additional fuel cell
costs, but this, in turn has its own suite of problems (see
Hydrogen supply infrastructure on next page).

Hydrogen fuel cell buses

In 1998 in Chicago, US and Vancouver, Canada, there was
an early demonstration of fuel cell buses, but it was 2006
when they began operating in Beijing on an experimental
basis. In 2004, London experimented with single-deck
hydrogen-powered buses and by the end of 2011 there
were eight. They are now a regular feature of London
traffic.

Martin Hoscik, Shutterstock
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EFFICIENCY (%)
PRIMARY : :
FACROY SORCE pRODUCTION | oisTRiBuTio | RETAL | VEHELE | OVERALL
39 89 90 56 18
34 89 90 56 15
24 89 90 56 n
68 89 90 56 30
86 98 99 30 25
Biomass 35 98 99 35 12

Table 1: Well-to wheel efficiency for cars

Later this year, 20 new Wrightbus double-deck buses

will be introduced into service in London. The StreetDeck
FCEV uses a Ballard fuel cell, a Siemens drivetrain and a
48 kW traction battery pack. The system delivers a 322 km
operating range, and a 426 km extended storage option

is also available. Refuelling the bus takes approximately
seven minutes®. With regenerative braking, frequent stop/
start operation, a city centre route base, and its ability

to accelerate rapidly into moving traffic, this promises

to be an important contribution to mass transport in the
approaching low-carbon era.




Other hydrogen road vehicles

Finding room for hydrogen storage tanks may be difficult
in a compact vehicle like a car (see below), but vans, and
trucks have a great deal more potential. Their stop/start
duty — especially if a significant amount of time is spent
queueing in heavy traffic — lends itself particularly well to
fuel cell operation, coupled with battery storage to allow
the fuel cells to generate at a fixed rate (ie base load).

Like buses, vans and trucks may also have the advantage
that, parked overnight in a depot, they could be filled with
hydrogen from a bulk supply, where all of the necessary
safety precautions can be put in place and secured.

Hydrogen trains

In September 2018 that the first Coradia iLint hydrogen
fuel cell train entered into commercial service in Germany.
Now, two of the trains built by the French train maker
Alstom are now operating on a 100 km stretch of line in
northern Germany. Electrical energy is generated on-
board in a fuel cell and intermediately stored in batteries,
as described above. The battery stores energy from

the fuel cell when it is not needed for traction, or from
regenerated energy of the train during (electrical) braking.
The batteries also allow additional support to boost energy
delivery to the motors during acceleration phases.

Both the fuel cells and the hydrogen tanks are mounted
on the roof, with cooler air providing additional cooling as
the train moves along the tracks at up to 80 km/h.

Hydrogen trains are expected to come into service in the
UK in 20227. These are not the same as the iLint models
because there is insufficient clearance in some UK tunnels
to permit the roof installation of tanks and fuel cells, thus
the designs tend to look more ‘conventional'.

Hydrogen supply infrastructure

Storing hydrogen on-board light vehicles for use in

fuel cells is one of the current limiting factors to their
widespread introduction to the marketplace. This is
because, as the least dense element in the universe, the
chemical energy it contains per unit volume is several
orders of magnitude lower than conventional hydrocarbon
fuels. For example, at 0 °C and 100 kPa, hydrogen has a
lower heating value (LHV) of 10.8 kJ/L, whereas petrol
at 15 °C and 100 kPa boasts an LHV of 32,000 kJ/L.

On a mass basis, this result is reversed, with hydrogen
demonstrating its promise as a future energy carrier
with an LHV of 120,000 kJ/kg vs petrol at 43,400 kJ/kg.
Therefore, while significantly less mass of hydrogen fuel
would be required to power a vehicle for the desired
range, the problem arises with the volumetric storage of
such a quantity.

Experience with existing prototypes reveals that a
hydrogen fuel-cell car has a fuel economy of 199 km/kg.
To have a typical range of 600 km, the tank of a hydrogen
car needs to hold about 3 kg of hydrogen. The problems
of storing hydrogen have been described elsewheres in
this series, and 3 kg of hydrogen would occupy

0.076 m* were it compressed to 70MPa, which, although

an engineering challenge in its own right, is typical. But
how does one get the hydrogen to the filling point?

This has long been the 'chicken-and-egg' conundrum
facing hydrogen for vehicular transport. There are three
main options:

1. bulk delivery (by road in a tube trailer);
2. bulk delivery (by pipeline); and
3. on-site manufacture (eg by electrolysis).

All three have obvious downsides. A large hydrogen tube
trailer can carry about 900 kg at 30 MPa’, or about 300
tank-fulls (neglecting additional compression loads) which
is enough for 120,000 vehicle-miles. A 44 t petrol tanker
holds 38,000 L. At an average consumption of 5.5 L/100
km, this equates to 161,680 vehicle miles, 35% more and
faster unloading times.

Bulk delivery by pipeline would require on-site purification
(eg removal of oderant and any other impurities necessary
to restore it to 4 9s), and compression from street-level
pressures (less than 7barg) to tank pressure, which could
be 70 MPa.

On-site electrolysis and compression represents a huge
energy penalty, and also has the possibility that the
electrical supply infrastructure may require reinforcement,
not just at the local (400 V) level but beyond into the 11
kV system.

On-board storage of hydrogen —
the problem

Optimising the compromise between gravimetric (per unit
mass, often expressed as kg, ,/kg or wt%) and volumetric
(per unit volume, often expressed as kg,,,/L) storage
capacities is therefore key. This naturally leads to the
question: Which is more important to a vehicle, mass or
volume?

To tackle this, first consider what we mean by gravimetric
storage capacity: the mass of hydrogen stored

divided by the total mass of the storage system and
hydrogen together. The inclusion of the entirety of the
storage system mass is what largely contributes to the
unfeasibility of many solutions, since tanks, pipework
and instrumentation equipment is heavy, compared to
the mass of gas stored. The volumetric storage capacity
divides by the volume of storage space required to
contain the desired mass of hydrogen. Working with a
set volume (once an acceptable mass of stored hydrogen
has been established) allows for some unconventional
and often innovative solutions, such as hydrogen buses
whose storage tanks are externally located on the roof,
or in some cars where tanks can be incorporated into the
floor and in otherwise dead space beneath seats etc'®. An
obvious (but important) principle to note is that volume
can be distributed around a vehicle whereas mass is mass
wherever you put it. Heavier vehicles require more fuel
to travel the same distance as lighter vehicles, requiring
more fuel, which leads to heaver vehicles... and the

cycle continues. Since the vehicle mass is likely to be

the limiting factor in hydrogen vehicle design, it is often
concluded that prioritising a high gravimetric capacity is
the more sensible option for cars.



On-board storage of hydrogen -
some solutions

Conventionally, as stated above, the solution to this
problem has been to utilise extreme high pressures (up
to 70 MPa) to compress hydrogen gas to such densities
that enough fuel can be stored to facilitate driving ranges
comparable to existing hydrocarbon fuelled vehicles.
However, there are some drawbacks to this approach. For
instance, the composite tanks required to safely operate
at such elevated pressures are expensive to fabricate and
can deteriorate structurally with repeated pressurisation
unless mitigation procedures are implemented. This
concern has led to the tight regulation of pressure vessel
specification, manufacture and transport, resulting in a
well-established, safe storage method for hydrogen.

Although storing hydrogen as a compressed gas is a well-
established technology, the development of alternative
storage systems is ongoing, with a plethora of adsorptive
solutions undergoing research. Adsorption is the process
by which molecules adhere to the surface of a solid
phase adsorbent via van der Waals intermolecular forces.
This can facilitate higher storage capacities at reduced
pressures but, in this application, is limited by small size
and neutrality of the hydrogen molecule, resulting in
very weak interactions with any solid framework. Novel
materials such as covalent-organic frameworks show
some promise in this area when doped with metal ions

to enhance the interaction energy of the two phases®,
potentially paving the way for a future where hydrogen
cars are the dominant means of personal transport.

www.icheme.org
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Hydrogen as a fuel for gas turbines
Andy Brown AFIChemE and Mike Welch

There are 39 Combined Cycle Gas Turbine power stations operational in the UK, with a nameplate capacity of almost 30
GW, as well as more than 350 industrial Combined Heat and Power (CHP) sites in the UK, producing around 5 GW of

electricity.

There are many suppliers of gas turbines with offerings ranging from units with outputs of just a few MW to the latest

utility-scale models of almost 600 MW in simple cycle.

Not all gas turbine manufacturers currently offer options for natural gas/hydrogen fuel mixtures but most of the major
ones have developed combustion systems to handle off-spec gases to service markets such as steelworks off-gases
(BFG, COQ), IGCC applications, and bio- and waste-derived syngases. These off-spec gases include those with a
high hydrogen content, and this article reviews the development status towards 100% hydrogen for one gas turbine

manufacturer, Siemens.

Intfroduction

The gas turbine industry has evolved a great deal over

the past century. The drivers for this in the power
generation market have been improved efficiency, lower
emissions, and increased output, whereas particularly

for the aerospace market, reduced weight and smaller

size have been the key criteria. These have often proved
to be mutually exclusive, but so intense has been the
competition between manufacturers that all the above
have been achieved, often as a result of the introduction of
new materials with improved properties.

The manufacture of larger gas turbines (>about 50 MW in
simple cycle) particularly for power and CHP applications,
has been dominated by a relatively small number of
companies: General Electric (GE), Siemens, Mitsubishi
Heavy Industries (MHI) and Ansaldo.

Medium-sized gas turbines (5-50 MW equivalent) are
often developed for aerospace applications as the main

market, though also find use in land-based applications
including in, and in smaller-scale electricity production such
as CHP or distributed power generation. There are other
gas turbines serving the sub-5 MW market but these are
not considered here.

Not all gas turbines will prove suitable for retrofit
modifications to enable hydrogen combustion, in part or
in whole. Redesign work with associated testing on older
models, for instance, may not be justified compared to
the cost of replacing the machine with a more up-to-date
model for which the work has already been done.

Hydrogen combustion evolution

For many years, the heat from burning coal was used to
boil water, superheat the steam and produce electricity
by expanding it through a turbine/alternator. This is
conventional power generation, the Rankine Cycle.

Another way to produce electricity was by burning natural
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Figure 1: Gas Turbine combustor design evolution.

gas in compressed air, expanding the hot combustion ‘wet' systems) for older models (in diffusion-type burners)
products through a power turbine and using the shaft and eventually 'dry’ variants for new machines, using staged
power to drive both the compressor and a generator, or lean premix combustion techniques (so-called 'Dry Low
known as gas turbine arrangement (Brayton Cycle). Emission’, or DLE burners).

Additional energy can be usefully extracted by usingthe ~ Because the DLE route avoids the use of water or steam, it is
hot exhaust gases to raise steam and produce further attractive because:

electricitx cor'lventior.lally in aturbing/alternator. This B water purity requirements are very high in order to
complnanon is described as a Combined Cycle Gas avoid impurities depositing on the expansion turbine
Turbine (CCGT). blades and reducing cooling, leading to hot spots;

When environmental damage to trees and land was linked
to sulfur dioxide (SO2) emissions from the coal flue gas of
power stations, two technological routes were developed.
One was to scrub the SO2 from the flue gas, the other B water is recognised as a resource and industrial

was to produce a synthetic gas ('Syngas', a mixture of freshwater use needs to be minimised to conserve it;
carbon monoxide and hydrogen) from the coal using a
process called gasification. The Syngas is fed that into a
gas turbine, to burn in a similar manner as natural gas.
Chemical processes developed for the petrochemical B water injection in particular, but steam as well,
industries, would wash the sulfur species from the syngas. reduces the lifespan of turbine blades; and
This process was called Integrated Gasification Combined
Cycle (IGCC). Because of the characteristics of the fuel
gas were different, this necessitated developing different
combustion arrangements for the gas turbines.

B water is emitted as steam with the exhaust gases,
which is a costly loss to the plant;

B under some climactic conditions a visible plume can
appear, which should be avoided if possible;

B the water volumes required are considerable, and
often cannot achieve the same levels of emission
reduction as the 'dry’ techniques.

In the meantime, health and environmental concerns On the positive side there was some power enhancement
were raised over NOx production. Coal-fired power as a consequence of increased mass flow through the
stations adopted low NOx burners and selective catalytic ~ €xpansion turbine, and as the water flashed off. For some
reduction. Gas Turbine manufacturers developed low fuels, wet combustors are currently the only choice,

NOx burners, using water- or steam-injection (so-called especially if very low levels of NOx emission are required.

Figure 2: DLE (Lean pre-mix)
combustion cans and fuel Injectors
(1990s) to present.
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Next, when global warming became linked to rising levels
of atmospheric CO:, emissions from the coal flue gas of
power stations were identified as one of the main sources.
Again, two technological routes were developed. One was
post combustion capture, which involved scrubbing the
CO:2 from the flue gas produced by conventional power
stations.

The other is pre-combustion capture and involves
processing the syngas from IGCC plants to produce just
hydrogen, and to feed that into a gas turbine, to burn in
the same way as natural gas. The CO: could be washed
out together with the sulfur species. Because of the
very different characteristics of hydrogen as a fuel gas,
compared to natural gas, even more combustion system
changes would be required, along with changes to the
auxiliary systems as well.

Again, two routes were followed for the gas turbines.
One was to develop further the water- or steam-injected
diffusion burners to use hydrogen, the other was to
redesign the DLE burners to burn hydrogen. Both
approaches are being developed by manufacturers, with
DLE being the ultimate goal because they avoid all of the
disadvantages described above.

Today, examples of each stage of development in the
combustion process (see Figures 1 and 2) are still in
use, even as the improved designs continue to become
mainstream.

Siemens

Siemens offers a wide gas turbine portfolio from the

KG2 Gas Turbine (2 MW in Simple Cycle) to the SGT5-
9000HL (593 MW as a Simple Cycle, more commonly
found in its combined cycle configuration, 870 MW in a
1x1 configuration). The smaller models are produced in
Lincoln (UK), Finspang (Sweden) and Montreal (Canada),
while the larger models are manufactured at its works in
Berlin.

As well as natural gas, the company has considerable
experience with both its small and large gas turbines
operating on high hydrogen fuels, predominantly process
off-gas, including large ‘frame’ machines operating on
syngas in IGCC plants.

Siemens has experience in excess of 2m operating

hours of burning fuels containing hydrogen derived

from refineries, steelworks and coking works. While
predominantly this experience has been gained on
diffusion combustors, a recent order in South America will
see a process off-gas with approximately 60 vol% (space
between 60 and vol%) used in a DLE combustor.

Large gas turbines

For natural gas/hydrogen mixtures, the larger machines
have different capabilities depending on which type of
combustor has been fitted. Siemens has tested its F-class
machines with a hydrogen content ranging from 30% to
73% in fuel gas'. The test results showed the emissions
and operation targets could be achieved.

Light industrial gas turbines

Considerable effort has been made in developing some

of Siemens' smaller industrial gas turbines to operate on
natural gas/hydrogen mixes, both for diffusion and DLE
combustors. Work in this area is continuing, particularly
with the DLE burners, and increased hydrogen capabilities
are under investigation.

For these smaller gas turbines fitted with DLE combustors,
introducing up to 30 vol% of hydrogen into the natural gas
system would apparently not present a technical problem
for most models, but above that some modifications from
the arrangement optimised for natural gas would be
necessary. However, the DLE combustor design used on
the turbines in the 25 MW-57 MW range (Simple Cycle,
natural gas fuel) has been demonstrated to burn up to

60 vol% hydrogen (40% natural gas). Development work
is in hand to deliver the low NOx performance at 100%
hydrogen, expected to complete in the mid-2020s.

Aeroderivative gas turbines

The SGT-A35 (27.2-32.1 MWe) aero-derivative with a
DLE combustor can handle 15 vol% of hydrogen in the
Natural Gas fuel, but with diffusion combustors, and
water injection for NOx control, for both the SGT-A35
and SGT-A65 (53.1-66 MW) up to 100 vol% hydrogen is
possible. (both gas turbine output figures are in Simple
Cycle and dependent on configuration and model, with
Natural Gas fuel at ISO conditions.)

Into the future

In common with other manufacturers, Siemens has

set a target of being able to offer gas turbines capable

of burning 100% hydrogen across the range, and is
developing DLE combustors to service the expected
demand. The challenge is to do this without compromising
efficiency, startup times, and emissions of NOx. This is
being achieved by developing combustor designs with
an increasing proportion of hydrogen in natural gas. The
DLE burner design used on the SGT-700 (33 MW) has
demonstrated up to 40 vol% H: capability. Recent testing
has shown that 50 vol% is possible on the SGT-800 (50
MW), which translates to 60 vol% on the SGT-600 (25
MW) as this operates at a lower temperature.

As the hydrogen economy unfolds over the next decade,
there is a clear intention that gas turbines will be ready to
meet the upcoming market without compromising today's
high performance expectations, in terms of emissions,
response and efficiency.

Footnotes

1. Roddy D, Ed, Advanced Power Plant Materials, Design
and Technology, Woodhead Publishing, Cambridge
UK, 2010



Heating with hydrogen

Tommy Isaac MIChemE

Hydeploy is the UK's first hydrogen demonstration project to inject hydrogen into a live gas network, up to 20 vol%,
with the aim of providing a launch pad for the hydrogen blending market within the UK. A UK wide 20 vol% blend for
domestic gas use would be the equivalent of removing 2.5m cars from the road".

The HyDeploy project is a collaboration between Cadent,
Northern Gas Networks (NGN), Progressive Energy, HSE
Bespoke Research and Consultancy, ITM Power and
Keele University. Key subcontractors are Otto Simon Ltd
(OSL), Dave Lander Consulting, and Kiwa Gastec. The
programme is funded by Ofgem through the Network
Innovation Competition and is the largest gas innovation
project ever funded by Ofgem.

HyDeploy is a 6-year programme which started in 2017
and is due for completion in 2023. The programme
involves three separate trials of blending hydrogen at 20
vol% into the gas distribution network — one on Keele
University's private network, one on NGN's network, and
one on Cadent's network.

The overarching aim of the project is to provide the safety
case for hydrogen blending and facilitate the clearance of
regulatory barriers necessary to kick start the hydrogen
blending market. By the end of the programme, the
objective is to enable a hydrogen producer to inject
hydrogen into the gas network — just as a biomethane
supplier can today.

Why 20 vol%?

Hydrogen and low carbon electricity, are likely to be the
two key pillars for a decarbonised energy system. The no-
regrets, low-risk, deployment of hydrogen is paramount to
establish the lowest cost pathways for the UK to achieve
its legally binding carbon reduction targets.

Previous work undertaken by the HSE? indicated that a
20 vol% blend of hydrogen would be unlikely to require
significant gas network interventions. Additionally, all

domestic gas appliances post the 1996 Gas Appliance
Directive (GAD) have been tested with 23 vol% hydrogen
as part of EU certification. The objective of HyDeploy

is therefore to build the necessary evidence base to
demonstrate that a 20 vol% hydrogen blend is as safe as
natural gas.

By demonstrating that current appliances and gas
networks are capable of adopting a 20 vol% hydrogen
blend without modification, the commercial deployment
of hydrogen becomes decoupled from the adoption of
bespoke appliances, removing the need for mandated
appliance change. This solves the 'chicken and egg'
problem of supply waiting for demand and vice versa. It
allows early hydrogen deployment to focus investment
on the necessary supply infrastructure needed to deliver
bulk production — most notably natural gas conditioning
and CCUS infrastructure, whilst laying the groundwork for
deeper carbon savings through transport fuel cells; low
carbon flexible electricity generation; and potentially full
gas grid hydrogen conversion.

Carbon savings

Heating demand in the UK accounts for just over half of
total emissions?, therefore small changes make a large
impact. Blending hydrogen at 20 vol% into the natural gas
network would unlock 29 TWh/y of low carbon heating
within domestic gas demand®.

To put this figure into perspective, in 2018 the Renewable
Heat Incentive (RHI) delivered a total of 11 TWh of low
carbon heat, and is forecast to deliver an additional 10
TWh/y by its end in 2021* (21 TWh/y in total). The RHI is

FULL RHI
2021

Figure 1: Low carbon heat comparison.
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the UK Government's support mechanism for low carbon
heat and covers both non-domestic (biomethane, waste,
etc) and domestic (biomass boilers, air source heat pumps,
etc) low carbon heat. The comparison with a hydrogen
blend is illustrated shown in Figure 1.

It is therefore clear that blending hydrogen at 20 vol%
would create material carbon savings, whilst de-risking the
early deployment pathway of hydrogen adoption.

Building the safety case

All gas distribution networks are licensed by Ofgem to
transport natural gas to consumers within the Gas Safety
(Management) Regulations (GS(M)R). The current
hydrogen limit within GS(M)R is 0.1 mol%®, therefore
HSE approval is required to transport gas with a greater
hydrogen content. HSE approval is granted via bespoke
Exemptions based on the presentation of scientific
evidence to demonstrate that any proposed change is ‘as
safe as' the current operation.

HyDeploy was granted the UK's first ever hydrogen
Exemption by the HSE in November 2018, for the first trial
at Keele University.

A separate approval process will be required for each trial,
therefore in total three Exemptions will be sought from the
HSE to enable all three trials to be delivered.

Why three trials?

The three-trial structure of HyDeploy has been
deliberately designed to appropriately manage the
delivery risk of a 20 vol% hydrogen blend. Each trial is due
to last for 10 months.

The first trial is due to commence in September 2019 and
will blend hydrogen into the one of the live gas networks
operated by Keele University. This first trial will deliver a
hydrogen blend to 100 homes and 30 faculty buildings.
As part of the evidence gathering to support the first
Exemption application, the gas appliances on the network
were:

B Gas Safe checked;
B leak tested with up to 28 vol% hydrogen; and,
B safety tested with up to 28 vol% hydrogen.

All appliances that were safe and leak tight on natural gas
were found to be safe and leak tight on blended natural
gas — with no exceptions.

The ultimate rollout of a 20 vol% hydrogen blend cannot
be contingent on visiting every home in the UK to Gas
Safe and test all gas appliances. Therefore, a pathway
exists between the appropriately-controlled trial at Keele,
and ensuring the evidence base is sufficiently compelling
to allow hydrogen to be blended without intervention.

By conducting two further trials, the necessary reduction
in pre-trial intervention can be incrementally delivered
as the evidence base allows. The two further trials will
commence in 2020 and 2021, each supplying a 20 vol%
blend to around 700 homes. The second trial will take
place on NGN's network in the North East and the third
will take place in Cadent's network in the North West.

Trial approval process

The successful approval process for each trial is
dependent on identifying, understanding and mitigating
the risk profile of the proposed undertaking. HSE Bespoke
Research and Consultancy is leading the generation of the
scientific evidence base. To support the first Exemption
application, 18 months of laboratory, desk and field work
was undertaken, with the key focus areas being:

appliances;
materials;

|
||
B gas detection;
|

gas characteristics; and,

B operational procedures.

A comprehensive evidence base was generated in each

of these areas, with a quantitative risk assessment (QRA)
developed to allow all of the evidence to be aggregated
into a single comparative analysis. The QRA was focused
on understanding the trial risk profile and concluded that
a blended natural gas containing 20 vol% hydrogen was as
safe as natural gas®.

SAFETY CASE m PRIVATE TRIAL

2017 2019

Figure 2: Overall programme timeline.
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Process design
The operational equipment used to deliver each trial will the Wobbe Index limits as specified by GS(M)R. The

be a 0.5 MWe electrolyser, supplied by ITM power, and a Wobbe Index is a measure of the energy delivery capacity
hydrogen grid entry unit (H-GEU), supplied by Thyson. The ~ of a gas, measured in MJ/m>.

electrolyser will be supplied with renewable electricity to A rigorous safety assessment has been undertaken
ensure the hydrogen generated is low-carbon. For each trial, throughout the design, including a Layers of Protection
amedium pressure natural gas supply line will be diverted  Analysis (LOPA) and HAZOP. The electrolyser and H.GEU
into a secure compound. Within the compound, hydrogen  have been designed to operate automatically, with manual
will be generated by the electrolyser and blended withthe  intervention only required to restart operation following a

natural gas within the H2GEU (see Figure 3). shutdown.

The blended gas will be returned to the medium pressure  Each trial will locate the electrolyser and H.GEU to

supply line, which will then be let down via the existing minimise risk according to ALARP principles. Following the
governor station into an isolated low-pressure network delivery of each trial, the electrolyser and H.GEU will be
supplying homes. The control scheme will maximise the decommissioned and transported to the next trial location
blend level, within process limits, whilst remaining within for installation and operation.

H, Pipeline
CO, Pipeline

i o= [ e

G G

W Liverpas!

5 v : i ‘ ] — Hydregen Preduction
!

-
Futura PoweT
Ganaration

o IV
etan
Chester

Jobs ond Sl B

Figure 4: HyNet project.
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Blending pathways

The purpose of HyDeploy is to provide a platform for
hydrogen blending deployment. Following the successful
delivery of the programme, a hydrogen supplier should
be capable of applying for an Exemption without the need
to generate any further evidence. This will kick start the
hydrogen blending market to bring hydrogen blending on
a par with biomethane as a low-carbon gas vector.

There are a number of deployment pathways that
hydrogen blending could take, two examples are bulk
supply, and power-to-gas projects.

Bulk supply of hydrogen blended gas, such as the HyNet
project (see Figure 4), enables widespread application

of blended natural gas. HyNet is designed to deliver a
hydrogen blend to over 2m consumers across the UK's
North West, along with decarbonising the North West
industrial cluster. The production approach will be natural
gas conditioning via auto-thermal reforming (ATR) in
combination with CCUS infrastructure to decarbonise the
gas and sequester the carbon dioxide.

Another blending deployment pathway is to utilise low-
carbon electricity, where available and economic to do
so, and generate hydrogen via electrolysis. This pathway
would be unlikely to provide bulk supply in the near
term’ but could prove instrumental in early production,
especially for distributed demand and high purity usage
such as fuel cells.

Deeper carbon savings

By decoupling hydrogen supply investment from use,
the investment requirements and deployment risk

profile of hydrogen adoption is substantially reduced.
This lays the foundations for hydrogen-based deeper
carbon savings via fuel cells, low carbon dispatchable
electricity generation — enabling use of more intermittent
renewables — as well as potentially full gas network
conversion.

HyDeploy is delivering practical deployment today,
providing a launch pad for hydrogen adoption within the
UK and beyond.
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Hydrogen transport
Andy Brown AFIChemE

Hydrogen is gathering support as a potential replacement for fossil-based fuels such as coal, oil, and natural gas. In
theory, and for most applications, this is an attractive option: a relatively plenteous material whose use causes only a
small environmental disturbance compared to, for instance, airborne emissions of carbon dioxide or particulate materials
(PM2.5 and PM10). Unlike fossil-based fuels, hydrogen needs to be processed out of something else and delivered to
the point of use. This article describes some of the delivery options, the factors that can influence the choice, and some
of the associated challenges.

Transporting almost any fluid requires for a number of Hydrogen is also stored in cryogenic conditions in
questions to be asked, perhaps the most relevant of which  insulated tanks (typically cooled to -253 °C and at

are: How much? How pure? What pressure? Clearly the pressures of between 6 and 350 bar), or using advanced
answers to these will depend on the end use. materials, (ie within the structure or on the surface of

certain materials).

?
How much?® The next increment up, as it were, is hydrogen trucks. In

the US, for longer distances, hydrogen is transported as
aliquid in insulated, cryogenic tanker trucks. Over long
distances, transporting liquid hydrogen by road is more
economical than as gaseous hydrogen because a liquid
tanker truck can hold a much larger mass of hydrogen
than a gaseous tube trailer. Challenges with liquid
hydrogen transportation include the potential for boil-off
during delivery.

For most applications, hydrogen will be used as a gas, but
that does not mean that it is always transported as a gas.
The majority of the hydrogen moved around has been in
steel cylinders or in specially-designed and refrigerated
tube trailers. Single cylinders typically contain typically 5-8
Nm? of hydrogen at pressures ranging between 150-300
bar. BOC has the Hydrogen Genie, which is a lightweight,
20 L cylinder, which holds 7 kWh of energy and around
450 g of hydrogen. Typically, hydrogen is transported in tube trailers in the
UK. A typical trailer (see Figure 1) would be filled to 228
bar, and would carry around 300 kg of hydrogen. There
are now available on the market, high capacity 300 bar
trailers, which could carry 600 kg at 228 bar and 900 kg at
300 bar. There are also 500 bar trailers in development?.

With the increasing possibility of there being more
hydrogen cars, there is the need for methods to store
hydrogen that are both lightweight and safe. Compressed
hydrogen can be stored on board in tanks based on

type IV carbon-composite technology, an all-composite

construction featuring a polymer, liner (typically a high- In the US, liquid hydrogen is also moved in bulk by rail in
density polyethylene (HDPE) with carbon fibre or hybrid tanks which have double walls (like a vacuum flask), multi-
carbon/glass fibre composite. The composite materials layer insulation and sunlight reflectors.

carry all of the structural loads. The pressures used A liquid hydrogen truck is shown in Figure 2.

are usually either 350 bar or 700 bar. Capacities vary
between manufacturers, but 5 kg is typical. The design
and engineering of these tanks has delivered dramatic
improvements over the past 10 years, as shown in Table 1'.

LH2-sized tank cars have a capacity of 7,711 kg. The
pressure within the tank is typically 1.7 bara or lower and
the temperature is usually below —252.87 °C. The boil-off
rate is around 0.3-0.6% per day”.

Hydrogen has been transported by pipeline since 1938.
Between the Rhine and Ruhr areas of Germany a 250-300
mm diameter, 240 km long line constructed of a standard
grade of pipe steel, has been carrying hydrogen at a
pressure of 20-210 bar*. Since then, hydrogen pipelines
are to be found in many different countries (see Table 2)
and new ones are being constructed.

More is understood about the potential metallurgical
impacts when hydrogen is transported in carbon steel
pipelines, particularly hydrogen embrittlement, than

was in 1938. Hydrogen embrittlement is caused by the
interaction of hydrogen atoms with the crystal lattices
within the steel. The presence of hydrogen enhances the
generation of stress corrosion cracks. Steels with body-
centred cubic lattice atomic structures (ferritic steels) are
susceptible under certain conditions (high tensile stresses
in the material). Metals with face-centred cubic lattice
atomic structures (eg austenitic steels, Al, Ni) are less

Table 1: Improvement In vehicle hydrogen storage systems
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Figure 2: Liquid hydrogen truck — Air Products & Chemicals.

susceptible. The likelihood of hydrogen embrittlement
taking place can therefore be reduced by a combination
of:

m lower partial pressure of hydrogen;

m lower temperatures;

m pipeline material selection; and

m conservative design (lower hoop stress).

In principle, bulk transport of hydrogen is little different
from that of natural gas, and current design codes (eg BS
PD 8010-1) apply. It is generally recommended?® that only
lower-strength API 5 5L grades (X52 or lower) should

be specified, which keeps the hoop stresses low, and
allows 'standard’ pipeline sizes, materials and welding
procedures developed for natural gas to be used.

IGEM is producing guidelines for more local distribution
of hydrogen by pipe. For low-pressure pipelines, the
same low grades of steel, as for high and medium
pressure pipelines are used, but for pressures of 7 bar
and lower, non-metallic pipelines become more cost-
effective, especially over long distances. There are two
polyethylene materials used for low pressure water and
gas infrastructure in the UK, known as PE80 and PE100.

PE8O has been widely used for gas, water and industrial
applications for many years. This material was earlier
known as MDPE (medium density polyethylene) and
HDPE (high density polyethylene).

PE100 is a higher performance polyethylene than PE8O,
and demonstrates improved resistance to rapid crack
propagation as well as to long-term stress cracking. PE100
also has advantages over PE8O at low temperatures, since
it is extremely crack resistant down to -20 °C. The higher

Australia 8
Belgium 613
Brazil 8
Canada 147
China 65
France 303
Germany 390
Italy 8
Japan 1
Korea 87
Netherlands 237
Pakistan 5
Sweden 18
Switzerland 2
Thailand 13
United Kingdom 40
United States of America 2,608
TOTAL 4,553

Table 2: Hydrogen pipeline lengths worldwide.



strength of PET100 permits thinner pipe walls than PE8O for
the same operating pressure: it uses less polymer material
and provides for a larger bore and increased flow capacity
for a given nominal pipe size. This can result in significant
cost savings at certain sizes and pressure ratings.

PE80 and PE100 are not recommended globally for
continuous pressure operation at temperatures above
40°C for any gases. In the UK, PE pipeline components
are rated up to 7 bar pressure (10 bar elsewhere) at up
to 20°C when carrying natural gas. There is currently
no equivalent rating for carrying natural gas/hydrogen
mixtures nor for 100% hydrogen.

Research work has been carried out, however®, to
compare the permeability of PE8O for natural gas with that
for hydrogen at 5 and 20 bar with a range of compositions
and temperatures. Permeability was not influenced by the
applied pressure, and there appeared to be no mixture
effect, in other words, for a given temperature, each gas
(hydrogen or methane) keeps its intrinsic permeability
coefficient whatever the composition of the feed mixture.
The phenomenon was consistent with Arrhenius' Law,
thus predictions could be made for pressures outside of
those applied in the laboratory. Other work” has stated
that the diffusion of hydrogen through PE pipelines is five
times higher than the diffusion of natural gas, but is still
negligible, with an annual loss of 0.0005-0.001% of the
total transported volume.

How pure?

The two purity grades most commonly produced are ‘high
purity' (99.98% H:) and 'ultra high purity' (99.999% H.,
so-called '5 9's purity'). Rarely will one find hydrogen of

a lower purity being transported because there has been
little market demand for it, as applications have demanded
high purity. These would include fuel cells (especially
proton exchange membrane (PEM) and alkaline fuel cells,
and use as a coolant in large alternators). However, some
types of fuel cells (eg molten carbonate) can use natural
gas and bio-gas, so could also use lower purity hydrogen.

Other applications use hydrogen as a reducing agent (eg
in glassworks to minimise oxidation potential) which again,
would not need to be of a high purity.

Delivering high purity and very high purity hydrogen in
cylinders has been commonplace for decades, and this is
likely to remain a market for some time into the future.

Current proposals to replace some or all of the natural gas
with hydrogen open up new opportunities for hydrogen,
and if 'slightly impure' hydrogen can be delivered, for
instance, to heat or domestic customers at a lower cost
than the high purity grades, without affecting the quality
of the product, it will improve the chances of a more
widespread uptake.

The possibility of distributing 'slightly impure' hydrogen
also opens up the possibility of a wider variety of
hydrogen production technologies, some of which might
result in small amounts of CHs, CO or Nz being present.
This would avoid the costly and unnecessary removal of
these species at low partial pressures from the bulk gas,
and could bring closer the move toward a hydrogen-
based economy.

But what about fuel cell applications requiring a higher
purity grade? Take, for instance, fuel cell vehicles,

won't this disincentivise hydrogen filling stations? Not
necessarily, it means that the filling stations can draw
their 'slightly impure' hydrogen from a wider pipeline
infrastructure and process it locally using pressure swing
absorption (PSA) or molecular sieve technologies in
conjunction with the high pressure compressors that
would be needed anyway.

It is very probable that pure hydrogen, introduced into
pipes previously used for natural gas (repurposing), will,
at the required levels in the ppmv (parts per million by
volume) range, pick up sufficient impurities to require pre-
treatment before use in a fuel cell anyway. Hence pipeline
transportation of bulk hydrogen becomes a distinct
possibility, even using existing infrastructure. Still more so
if hydrogen is present together with natural gas at low (eg
20 vol%) levels.

[ &

Hydrogen filling stations: can use 'slightly Impure' hydrogen - Alexander Kirch, Shutterstock.
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Garyville, Louisiana, US. Image courtesy of Air Products and Chemicals
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What pressure?

Hydrogen is a compressible gas, but because of the small
molecular mass, centrifugal designs are not ideal, as they
need to operate at tip speeds three times faster than that of
natural gas compressors to achieve the same compression
ratio. Because of hydrogen's small molecule size, axial
compressors are not very efficient either, as there is
significant inter-stage leakage.

Hence positive displacement (reciprocating) compressors
are often preferred, particularly where higher pressures
are required. Positive displacement compressors can be
reciprocating or rotary. Rotary compressors compress
through the rotation of gears, lobes, screws, vanes, or
rollers. Hydrogen compression is a challenging application
for rotary compressors due to the tight tolerances needed
to prevent leakage/hydrogen leakage back through the
mechanism.

Reciprocating (or piston) compressors use a motor,
sometimes with a linear drive, to move a piston or a
diaphragm back and forth. This motion compresses the
hydrogen by reducing the volume it occupies. These
compressors can be large, heavy pieces of equipment.
Figure 3 shows a 145 mm stroke 720 RPM compressor,
taking hydrogen at 30 barg and delivering it at 50 barg. The
motor power is 3.36 MW.

lonic compressors are available today at the capacities and
pressures required at hydrogen fuelling stations (>700 bar).

lonic compressors are similar to reciprocating compressors
but use ionic liquids in place of the piston. These
compressors do not require bearings and seals, two of the
common sources of failure in reciprocating compressors.

As a rule of thumb, hydrogen compression will require
over 4% of the energy content of the gas itself to power the
compressor. Higher compression without energy recovery
will mean that even more energy will be lost during the
compression step.

The answer, where possible, is to compress the source
chemicals upstream (water in electrolysers, natural gas in
autothermal reformers etc).

Figure 3: Ariel model JGU/6
hydrogen compressor — Air
Products & Chemicals.

Summary

High purity hydrogen has been transported for a long time.
Developing applications, like fuel cell vehicles have served
to stimulate innovation to overcome perceived obstacles.
The transition to a hydrogen-based economy will require
bulk transport: this is not without its difficulties, but none of
these seem insurmountable, and can draw significantly on
the custom and practice of the natural gas industries.
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Ho and NH3 - the perfect marriage
in a carbon-free society

Joseph El Kadi, Collin Smith and Laura Torrente-

Murciano

Transitioning our energy economy away from fossil fuel dependence towards one based on renewable and alternative

forms of energy requires novel solutions for energy storage, in which the role of hydrogen has promising potential. The
intermittency and seasonal variation of solar and wind power leads to a mismatch between energy supply and demand,
which will intensify as we decrease our dependence on traditional gas and coal-powered generators. This challenge has
driven extensive research into battery, capacitor and chemical energy storage as buffer systems to balance the variation

of renewable energy supply on the grid.

As detailed in a previous article of this series’, a significant
obstacle to the wider implementation of hydrogen in
energy trade is its costly and energy-intensive storage
coupled with safety concerns associated with its high
flammability. In this article, we focus on the chemical
storage of hydrogen in the form of ammonia to alleviate
hydrogen's storage and safety issues. Ammonia is
explored as a complementary future energy vector with
applications in specific cases.

Hydrogen carriers

Hydrogen-enriched compounds which are liquid at mild
conditions, such as ammonia, methane and methanol,
have recently gained attention as a distribution medium
or for storage of hydrogen. Gaseous hydrogen storage
requires high pressure vessels of up to 70 MPa while
liquid storage needs cryogenic tanks maintained at

-253 °C. Compared to conventional fuels, hydrogen has a

low volumetric energy density in both gas and liquid form.

In contrast to other forms of chemical storage, ammonia
is the only carbon-free hydrogen carrier and can be
synthesised from renewable sources as demonstrated by
the opening of a pilot plant by Siemens in Oxfordshire,
UK in June 2018 and a 'green ammonia’ plant by Nel
Hydrogen and Yara starting up in Western Australia

this year. In these projects, ammonia is produced by

www.icheme.org

combining hydrogen from water splitting with nitrogen
from the air. The ubiquitous abundance of nitrogen in
the air — as opposed to carbon - supports the use of a
carbon-free hydrogen carrier for a future, large-scale and
sustainable energy storage cycle?.
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HYDROGEN. H, AMMONA, NH

Volumetric energy

density (MJ/L) <

10 1)? ™ (g, 700 bar) 1l"(l)

Gravimetric energy

density (MJ/kg) 142 23

Flammability limit

(Equivalence ratio) 0IO=74l

0.63-1.40

Flammability

hazard* b L

Health hazard* (0] 3

* National Fire Protection Association (NFPA) 704 classification

Table 1: Energy density, flammability and hazard properties of

hydrogen and ammonia



Ammonia is a promising hydrogen carrier owing to its high
hydrogen content (17.65 wt%), established distribution
network and ability to be liquefied at 10 bar or -33 °C.
Key properties are provided in Table 1. Hydrogen can

be released on demand from ammonia through catalytic
decomposition and consumed in a proton exchange
membrane (PEM) fuel cell®. Alternatively, ammonia can be
combusted directly or used in an ammonia-fed fuel cell.
However, each of these conversions carries an energy
penalty.

While ammonia has a narrow flammability range and its
toxicity is a concern, its strong smell is, however, useful
for identifying leaks. To overcome the issue of toxicity,
ammonia can be stored in metal salts and released
reversibly at around 250 °C*.

Practical assessment of Ho and NH3
as energy carriers

The potential energy applications of hydrogen and
ammonia can be broken down into the following
timescales and sizes: short-term energy storage; long-term
energy storage; long distance transport/trade of energy;
and fuelling the transport sector. While each category is
likely to involve a combined solution, there are aspects
where hydrogen or ammonia are inherently more suitable,
as depicted in Figure 1.

Short-term (hours) energy storage

To match daily or hourly fluctuations in both supply and
demand, hydrogen is a more promising option because
the cycle of storing and harnessing energy in ammonia is
unable to cope with rapid changes. The modern Haber-
Bosch process which synthesises ammonia takes hours
to days to reach steady-state, making it completely
unsuitable for short-term storage.

Alternative ammonia synthesis technologies, such as
electrochemical or non-thermal plasma-assisted ones,
while more promising for rapid supply changes, are
currently hampered by poor energy efficiencies and
very low reaction rates due to simultaneous hydrogen
evolution. Therefore, hydrogen is more competitive than
ammonia for short-term energy storage.

Long-term (weeks-months) energy
storage

An even larger scale of energy intermittency occurs on
longer timescales — particularly between warm and cold
seasons. For indoor heating to be powered by renewable
energy, fluctuations in both weather and seasonal
renewable energy supply need to be accommodated.
Currently, reserves of natural gas are stored in the UK
for heating during the winter months in the event of
particularly cold periods.

Ammonia has a significant role to play in long-term
energy storage due to its most advantageous feature —
high volumetric energy density. When a large amount

RENEWABLE
ENERGY

_____

HABER-BOSCH
PROCESS

ENERGY s

\

MONTHS

Figure 1: Schematic representation of renewable energy
intermittency and mismatch with seasonal energy demand.
Hydrogen can be used to accommodate short-term fluctuations,
while ammonia can be used to accommodate long-term
fluctuations.

of energy needs to be stored for a long period of time,
liquid ammonia becomes much more competitive due

to the comparable volumes required for hydrogen gas
storage and the energy losses (>30%) when storing liquid
hydrogen®.

Liquid hydrogen is estimated to be at least ten times more
expensive to produce and store than liquid ammonia

due to the requirement to reach very low temperatures.
However, salt caverns, although geographically limited,
provide the possibility of storing a large amount of
gaseous hydrogen at a cost 10% less than liquid ammonia®.
Alternatively, various solid hydrides and hydrogen
adsorbents are being explored to increase the volumetric
storage density, but ammonia is still very cost competitive.

Long distance transport/trade of
energy

As renewable energy begins to be adopted worldwide, it
has become clear that some countries benefit from more
renewable energy potential than others. A similar situation
developed in the era of fossil fuels, when countries

with natural stores developed major export industries.
Unfortunately, it is generally much easier to transport
fossil fuels than renewable energy (electricity) over large
distances, but converting renewable energy into a dense
vector such as liquid ammonia may be a feasible — and
carbon-free — solution.

Recently, Australia has been exporting energy to Japan in
the form of liquid hydrogen due to the politically-driven
large campaign for hydrogen fuel in Japan, however
Australia has recognised liquid ammonia as perhaps a
more promising alternative in the long-term®.

When it comes to transporting either liquid ammonia or
liquid hydrogen, ammonia has an additional advantage
due to its already ubiquitous presence in world trade.



Synthetic ammonia has been used for over 100 years as

a fertiliser and in order to feed approximately 50% of the
world population, its current production exceeds 170mt
annually. Its distribution from centralised plants fed by
natural gas or coal is enabled by barges, rail cars, and
pipelines to create a worldwide market exceeding US$5bn
in20177.

A particularly interesting aspect of ammonia transport

is long-distance pipelines. The Magellan and NuStar
pipelines in the US transport liquid ammonia from the
coast and natural gas resources to fertiliser intensive
regions over thousands of kilometres. When applied to
energy transport, ammonia pipelines, rails, and trucks
lose less energy than electricity transmission lines when
transported over large distances?, making ammonia a
promising medium for an international trade of renewable
energy.

Fuelling the fransport sector

The powering of automobiles, trucks and buses
constitutes a major segment of energy consumption that
needs to be displaced by renewable energy. Due to space,
weight and cost constraints involved in transport, the high
volumetric energy density of liquid ammonia makes it
particularly attractive. However, the technological issues
associated with harnessing ammonia's energy, discussed
in the next section, currently impede its use to fuel
transportation. Therefore, hydrogen is currently a more
feasible route to fuelling the transport sector, particularly
with regards to large commercial vehicles where space
and cost are less of a constraint, while small consumer
vehicles may be more easily powered, at least in the time
being, with batteries.

Ammonia — challenges and options

Synthesis of sustainable hydrogen

To store renewable energy in ammonia, as depicted in
Figure 2, nitrogen can be obtained from air and hydrogen
from electrolysis rather than methane. The Haber-

Bosch loop compressors can be powered directly by
electricity rather than steam, increasing their efficiency
from ~45% to ~95%2. However, the hydrogen production
efficiency from renewable energy via water splitting is
significantly lower than from fossil fuels (ie reformation of
methane), highlighting the key importance for the future
development of efficient electrolysers to produce green
hydrogen and hence green ammonia.

Redefining the Haber-Bosch process

Aligning ammonia production with renewable energy
also requires re-defining the currently energy intensive
Haber-Bosch process into one that is more agile and of
low capital to match intermittent and isolated renewable
energy. The high pressures (>100 bar), high temperatures
(>400 °C), heat integration and a large recycle loop of the
process make it only operational at steady-state in large-
scale plants. Redefining the Haber-Bosch process could
be made possible through the discovery of new catalysts
— which has been an active area of research for over 50
years — or through the use of a new ammonia separation
technique (ie absorption) to replace condensation and
overcome the equilibrium limitations?.

ELECTRICALLY-DRIVEN AMMONA PROCESS FOR ENERGY STORAGE
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Figure 2: Simplified flow diagram of the current methane-driven process for ammonia synthesis and an electrically-

driven process for ammonia synthesis and energy storage.
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Harnessing energy from ammonia

Of the several ways to harness ammonia's energy,
combining the catalytic decomposition of ammonia with
commercial hydrogen PEM fuel cells is an attractive option
given the technological maturity of hydrogen fuel cells
compared to ammonia ones. A key challenge, however,
is the need to selectively remove hydrogen to prevent
unreacted ammonia from poisoning the fuel cell catalysts.
In addition, this process relies on developing catalysts
which crack ammonia at conditions aligned with those

of PEM fuel cells, as identified by the US Department of
Energy, leading to recent extensive research in the field®.

Direct use of ammonia as transport fuel rather than
hydrogen would be significantly cheaper when using

a direct ammonia fuel cell, but this technology is in

an early development stage. Alternatively, ammonia's
energy can be harnessed directly by combustion.

This approach suffers from high nitrogen oxide (NOx)
emissions, which has initiated research into low-NOx
ammonia combustion. Humidified blends of ammonia
and hydrogen have demonstrated low polluting flames
and efficiencies competitive with natural gas gas turbines.
However, further work is required regarding the reactivity
of unburned ammonia and water as well as scaleup to
industrial conditions®.

Round-trip efficiency

In the future implementation of ammonia in energy

trade and storage, a key aspect is the round-trip energy
efficiency - taking into consideration the energy required
to synthesise ammonia from excess renewable energy

and its delivery on demand. Currently, the round-trip
efficiency of liquid ammonia is 11-19%, which is similar to
the values of liquid hydrogen of 9-22%°. Technological
advancements in electrolysis and hydrogen fuel cells will
have an impact on both the viability of hydrogen and
ammonia as renewable energy storage mediums and
vectors, whereas improvements to ammonia synthesis and
decomposition, combustion and/or fuel cells will make the
use of ammonia more competitive.
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HyNet: demonstrating an integrated
hydrogen economy
Andy Brown AFIChemE and Dave Parkin

Hynet North West is a combined hydrogen energy and carbon capture, usage and storage (CCUS) project, the
immediate goal of which is to reduce carbon emissions from industry, homes and transport and support economic
growth in the North West of England. However, HyNet North West has a more strategic series of objectives, which
are to demonstrate the individual elements and provide and prove both hydrogen and CO: infrastructures to act as a

stimulus for other low carbon development into the future.

Why the North West of England?

The North West of England is ideally placed for a futuristic
project like HyNet. The region has a proud history of bold
innovation, and today, clean energy initiatives are thriving
(eg road and rail transport). On a practical level, the
concentration of industry, existing technical skill base and
geology (including a depleting oil and gas field close to
shore) means the region offers an opportunity for a project
of this kind. It has ample infrastructure and a massive
potential for growth and innovation. It also benefits from
forward-looking local government with a genuine appetite
to be leaders in reducing their carbon footprint.

Home to Stanlow, the second-largest refinery in the UK,
CF Fertilisers, Ineos, and Solvay, the region has much
experience in production and utilisation of hydrogen.

Hydrogen production

Analysis, carried out in mid-2016 for National Grid Gas
distribution (now Cadent Gas) identified natural gas

as the only practicable source of primary energy from
which hydrogen could be derived in sufficient quantities
able to meet the expected demand in a short timescale
(within ten years), and have the potential to meet the
requirements of being classified as 'low carbon’. The role
of electrolysis from renewable sources is acknowledged,
but it was appreciated that there was still some way to go

www.icheme.org

to decarbonise the electricity industry, and decarbonising
heat as well would require an unrealistic expansion, for
instance, of offshore wind or nuclear power.

Potential technologies were assessed by Progressive
Energy, and autothermal reformation was identified as
being the best, given the requirement for CO2 capture,
high product purity, and high overall efficiency.

Natural gas is first mixed with recycled Hz, preheated
and passed over catalysts and absorbents that convert
different sulfur species into H.S and then take them out
of the gas mixture. The gas is then saturated, mixed

with more steam, and preheated further before being
converted into syngas (a mixture of Hz, CO, and CO:) via
steam reforming within a gas-heated reformer (GHR) and
autothermal reforming with an oxygen-rich gas inside

an autothermal reformer (ATR). The GHR and ATR are
highly-integrated, with the ATR effluent providing the
heat of reaction for GHR whilst it is being cooled down.
The resulting syngas is cooled further down before being
shifted, resulting in a product comprising almost entirely
of CO:, Hz and unused water. Once the water is knocked
out, a proprietary acid gas removal separates out the CO:
which can be then sent for storage. The Ha-rich gas is
further purified using pressure-swing adsorption (PSA)
with the offgas being used for heating purposes within
the process. The pure hydrogen is exported. Heat
integration within the process maximises efficiency.



This process, which was featured in more detail in ‘Clean
Hydrogen. Part 1: Hydrogen from Natural Gas Through
Cost Effective CO. Capture™ in the online edition of The
Chemical Engineer, is fully scalable, placing the UK in
the forefront of large-scale hydrogen production with
associated CCS.

COz2 disposal

Previous CCS projects have all focussed on disposal in
the North Sea. This implies long pipelines, deep waters
and some of the harshest weather conditions in the
world. HyNet North West is different: the Liverpool Bay
fields are close to shore, in shallow waters and sheltered
by the surrounding landmasses. Although the fields

are some 30 km offshore, there is an existing pipeline
infrastructure, currently bringing in natural gas, and a
further 30 km on-shore pipeline (see Figure 1). Another
~30 km will be required to link this to where the hydrogen
would be produced. The CO: would be transported in
the gas-phase on land and initially offshore, eventually
transitioning to dense phase as additional CO: sources are
brought on line.

Disposal would be in the geological structures associated
with the Liverpool Bay oil and gas fields, which are
expected to be depleted within the timescales of the
HyNet North West project. The CCS infrastructure would
initially operate by receiving COz which is currently being
emitted to atmosphere by some of the local industries,
bringing an early win to the producers.

CCUS is a vital technology to achieve the widespread
emissions savings needed to meet the 2050 carbon
reduction targets. The HyNet North West project will
demonstrate simultaneously:

B multi-source collection of CO. from diverse
industrial sources (eg fertiliser production, cement
manufacture, petrochemical refining);

B new-build CO: pipeline design, construction and
gas-phase operation;

B repurposing of an existing on-shore natural gas
pipeline to take CO;

B repurposing of an existing off-shore pipeline to
take CO: in dense phase;

B dense phase CO: operation and lower pressure
injection into subsea strata; and

B re-use of offshore natural gas production
infrastructure for CO: disposal.

Hydrogen market development

A significant proportion (53%, excluding transport) of the
UK's heat is derived from the combustion of natural gas®.
Of this, over 96% is used for high and low temperature
processes and space and water heating®. Were this to

be replaced with hydrogen, there would be a significant
reduction in the associated emissions of CO2. HyNet
North West proposes to develop this market in a number
of different ways:
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Figure 1: The Liverpool Bay complex, oil and gas fields?

1. Substituting, in whole or in part, for natural gas in

large industrial processes. The North West is home

to some heavy users of natural gas, for instance in
glassmaking furnaces, brick kilns, and large industrial
steam and hot water boilers. HyNet North West is
working with such industries to find out how much
hydrogen can be substituted for natural gas without
adversely affecting the product, the process or the
environmental performance. A modest investment can
deliver significant reductions in CO2 emissions for high
hydrogen operation, making an important contribution
to 'greening' a company's production facilities, and
establishing world-class environmental performance.

2. The success of the UK's HyDeploy programme

has shown that introducing up to 20% hydrogen into
the natural gas supplies has a negligible impact on its
combustion properties, and is no less safe. A second
market for hydrogen can therefore be realised by
introducing it into the low pressure natural gas system,
enabling every home and every commercial premises
to make a contribution to the national CO: reduction
programme. Because of the negligible impact on the
combustion properties, this would not require the
replacement of any equipment, and would be at zero
cost to the vast majority of customers. And if, for some
reason, the scheme were not to work, there would be
no re-conversion cost to revert to natural gas once again
(ie a'no regrets' approach).

3. Hydrogen-burning gas turbines have long been a

dreamof the manufacturers, opening the door to a
reliable, predictable, carbon-free electricity supply. With
the arrival of low carbon hydrogen in bulk quantities,
this potential can be realised. More details on this can
be found in a recent article on their development?,

and this application is expected to open up another
significant market in the North West (and elsewhere in
the UK and internationally growing from it).



4. Transport applications, particularly for trains and larger
vehicles (vans, trucks, buses), are being trialled in
the North West, and the availability of a dispersed
hydrogen distribution infrastructure will facilitate this.
HyNet has the potential to offer this, by offering trunk
hydrogen pipelines from which branches to filling
stations' can be attached.

Hydrogen transportation

In June 2019 The Chemical Engineer published a report
on the options and challenges of transporting hydrogen®.
It concluded that pipelines represented the best option for
bulk transport, and that applications requiring very high
purity hydrogen (eg fuel cells) could benefit from local
purification. HyNet envisages a hydrogen transportation
system based on an arrangement shown as Figure 2.

The overall HyNet North West vision

The HyNet North West vision consists of three phases:
Phase 1: Building the evidence (2018-2023)

B Technical, cost and practical evidence to inform

government heat and carbon capture policy.
CCUS infrastructure created for industrial CO..

Customer experience of blended hydrogen
through the related HyDeploy project.

Phase 2: Project Delivery (2023-2026)

Hydrogen infrastructure in place.
Supply high hydrogen to industry.

Supply blended hydrogen and natural gas to

homes.
B CCUS infrastructure operational.

B Over Tmt CO: captured and stored every year.

Phase 3: Extension (2027-2035)

B Hydrogen supply extended to wider geography

and for flexible power and transport.

Realise opportunities for lower-cost H: and
‘negative emissions' via bioenergy with CCUS.

B Hydrogen transport fuelling network in place.

2050 vision (2035 - 2050)

B Hydrogen supply extended to a wider geography

and for flexible power and transport.

Realise opportunities for lower cost Hz and
‘negative emissions' via bio-energy with CCUS.

Hydrogen transport fuelling network in place.

Up to 10 million tonnes CO: captured and stored
every year.

LARGE INDUSTRIAL CONSUMERS

SMALLER USES OF |
GAS ON SITE

FEEDSTOCK

|

HYDROGEN
PRODUCTION
Co, FACILITY
B e —

BLENDING UNIT

NATURAL
GAS SUPPLY
POINT

INDIVIDUAL BURNERS ON LARGE
INSTALLATION EG BOILER,

NEW H, PIPELINE

LARGER USES OF MULTIPLE
BURNERS EG BRICK KILN

441

SMALLER USES
OF GAS ON SITE

—0

GLASS FURNACE

A A A

30

EXISTING NG PIPELINE

DOMESTIC AND COMMERCIAL CONSUMERS

Figure 2: Hydrogen distribution concept

www.icheme.org




L_'l w8 Wy

H, Pipeline
CO, Pipeline

Existing Gas
) Hyd Xisting &
S Distribution Network

Hydrogen Fuelling

Manchester

mrEar

& Liverpool

Industrial G5 Users

o
\
e

2 -
uture Power k'q
7

Figure 3: Overview of the HyNet project’

HyNet — gathering serious
momentum

The engineering of the HyNet project is making significant
progress. Pre-FEED work is complete on the hydrogen
production plant design and combustion testing (up

to 100% hydrogen on a glass furnace burner, and on

a package boiler, typical of over 80% of the industrial
designs in the UK). This work is currently in FEED.

Pre-FEED work is complete on the CO: export pipeline
and storage (including flow assurance) and on a number
of industrial capture sources. In parallel, the pre-FEED
study on the hydrogen distribution system is well
advanced with clear identification of demand profiles,
network topography and storage requirements to manage
variability in supply and demand.

In many respects, engineering HyNet is the simplest
hurdle to be crossed — there is nothing in the HyNet vision
that cannot be delivered with existing technologies and
competent engineers. The biggest challenge is ensuring
that a market framework is developed by government
which makes HyNet an investable proposition.

We are at the stage of HyNet where we are transitioning
from desktop studies to large-scale infrastructure delivery,
and this requires serious investment to undertake surveys,
consultations and secure consents.

The UK Government's level of focus in this arena has
changed out of all recognition in the last 18 months,
driven in large part by the Net Zero commitment and the
recognition at all levels of government that hydrogen
and CCUS is a necessity, and not an option. This has led
to a political commitment to deliver investable business
models for hydrogen and CCUS by the end of 2020,

g H}‘drogen Blend

T 0

np VO NPLONPNT

Future Hydrogen Storage
I

alongside with material levels of grant funding, and this
will catapult HyNet into the execution phase.

HyNet stands ready to be the first, lowest-cost and
lowest-risk integrated hydrogen/CCUS project in the

UK, delivering a low carbon industrial cluster in the North
West by the mid 2020s and building the infrastructure for
whole-scale low carbon transformation of the hard-to-
reach sectors of the economy.
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H21: the story so far

Tim Harwood

Climate Change, and how we tackle it, has become a defining issue for the global community in the last 12 months.

Greta Thunberg united a generation by calling out world leaders on their inaction. And although the Paris Agreement
clock was already ticking, when Teresa May in June 2019 committed the UK to reaching Net Zero emissions by 2050,

the deadline became even more ambitious.

While the UK power sector has made great strides in
decarbonising, a credible solution for heat is yet to be
settled upon.

The UK currently relies on 1,500 terawatt hours (TWh) of
energy to heat buildings, fuel transport and power electric
generation. Currently, less than 10% of this energy comes
from renewable sources.

Almost half of the energy consumed in the UK is used
for heat (760 TWh), with around 57% of this (434 TWh)
heating our homes and hot water. Natural Gas currently
heats 83% of our homes.

As a nation, we benefit from a world-class gas grid
designed to ensure the continued safe, resilient and
reliable supply of energy, whatever the weather.

At its peak, the network transports up to five times more
energy than the electricity networks, and by its nature,
acts as a giant storage facility.

In early 2018, when the so-called 'Beast from the East'
left the country under a thick blanket of snow for a week,
the Northern Gas Networks gas distribution grid alone
delivered 470 GWh of energy in one single day, and
provided 70 GWh of storage.

The scale of the challenge to replace it with a cleaner,
greener alternative pathway is huge. If it cannot be
repurposed, an asset worth £22 bn (US$26 bn), currently
being reinvested in for another 100 years via the Iron
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Mains Replacement Programme (IMRP), risks eventually
becoming stranded.

Hydrogen represents a credible pathway towards
decarbonisation of heat. Zero carbon at the point of use,
hydrogen could be deployed in our existing gas network,
meeting the vast energy demand that natural gas currently
supports today.

Repurposing the gas network to transport this clean gas
would not only generate huge carbon savings, but also
prevent disruptive and expensive change for consumers in
our homes and highways.

Leading the work to present Government with the
evidence on which to base policy is H21, a collaborative
UK gas industry programme led by Northern Gas
Networks, and focussed on conversion of the network to
carry 100% hydrogen.

H21 received £9m of Ofgem Network Innovation
Competition (NIC) funding in 2017, and a further
contribution of £1.3m from the other distribution
networks to deliver the first phase of critical safety
evidence required. This will aim to show that a hydrogen
network is of no greater risk than the methane network
heating our homes today. A full report is due in Q3 2020.

The NIC was followed with 2018's H21 North of England
report, a detailed engineering scenario written in
partnership with Equinor and Cadent.



This set out how 3.7m homes in the North's major urban
centres could be converted, and the associated production
and storage infrastructure, as well as CCS, that would be
required to deliver clean heat across the North.

At the end of 2019, H21 received £6.8m of further NIC
funding to develop Phase 2 of the safety case, which will
begin in Q2 2020

Background to H21

The H21 project began in Leeds as a feasibility study,
examining whether converting the gas distribution network
of a city (one of the same size and energy demand as
Leeds) was both technically possible and economically
viable.

In 2016, the Leeds City Gate study proved it was, and
the carbon savings, if the UK converted wholesale, were
calculated to be as much as 70% of total heat.

But without a robust and immoveable safety case to
underpin it, no Government policy decision around
hydrogen's use for domestic heat will materialise.

While the Government undertook the ‘downstream of the
meter’ work through Hy4Heat — a £25m project looking

at hydrogen's use in buildings and appliances — H21
shifted from desktop study into heavyweight research and
demonstration project to provide the Government with this
essential data on the network.

H21 NIC

The H21 NIC focussed on delivering the essential critical
safety evidence. This was aimed at proving that a 100%
hydrogen network was of no greater risk than the natural
gas network currently heating homes and fuelling industry
today.

Backed by all of the UK GDNs — Northern Gas Networks,
Cadent, SGN and Wales & West Utilities in collaboration
with the Health & Safety Executive and DNV-GL — Phase 1
has centred around two main workstreams since the start
of 2018.

Phase TA

Phase 1A comprises asset collection and background
testing on a bespoke facility at the Health and Safety
Executive's Science Division in Buxton.

This set of tests covers the huge range of metallic and

PE assets, valves, joints, fittings and pipes across the UK,
ranging in different pressure tiers and diameter. As part
of the UK IMRP, a cross section of these assets has been
removed from across the network, and transported to the
HSE site in Derbyshire.

Here, on a specially-built leakage test rig, controlled
testing with natural gas and 100% hydrogen is providing
the essential evidence for changes to background leakage
levels in a 100% hydrogen network.

Phase 1B

Phase 1B involves consequence testing at DNV-GL's rig at
RAF Spadeadam, in Cumbria.

This phase is measuring the risk associated with
background leakage from Phase 1a, such as failure
leakage, mains fracture, third-party damage and
operational repairs. Testing will establish the
consequences of leaking hydrogen, such as tracking and
dispersion, in scenarios with different potential sources of
ignition, and comparing them to those of natural gas.

In addition to the two key phases, the H21 NIC s also
delivering a quantitative risk assessment (QRA) and
master testing plan (MTP). The QRA will be used to
update the computer-based modelling systems for natural
gas to 100% hydrogen applications, while the MTP

was finalised for both sites' testing regimes, to ensure
credibility, and that tests were undertaken in accordance
with agreed methodology.

Interest in H21 has steadily grown since the Leeds City
Gate report, and around 100 stakeholders — including
Ofgem CEO Jonathan Brearley — visited the Buxton site
last July, to see this pioneering facility in action.

Results from Phase One will be shared in a full report in
Q3 2020.

Phase 1 - Various configurations of gas network assets assembled for testing at the bespoke facility based at
the Health and Safety Executive's Science Division, in Buxton, Derbyshire.



evidence base. National Grid and Leeds Beckett University
are also joining the H21 consortium for Phase 2.

The main focus of the work will involve simulating network
operations on a specially-constructed mini network in
Spadeadam, continuing to use the site deployed for

Phase 1.

Network research trials on an unoccupied test site will
also be undertaken, to demonstrate operational and
maintenance procedures — an essential prerequisite to live
trials — and will take place on a decommissioned part of
the gas network.

A combined QRA will bring together findings from the
network testing and that of the Hy4Heat programme,
currently exploring hydrogen's use in buildings and
appliances.

Customer research

Phase 2 will also build upon customer research carried
out as part of Phase 1, working with social sciences teams
from Leeds Beckett University to understand further
public perceptions of hydrogen.

With no established evidence for how customers would
respond to the prospect of a hydrogen conversion, and
its effects on heating and cooking, the initial research was
carried out to delve into the detail of public awareness of
hydrogen as an energy source, and unpack any perceived
associations or barriers to its use.

The full results of this research will be shared later in Q2
2020, at a special launch in Leeds, with outline findings
showing customers are broadly supportive of hydrogen
for heat, providing it comes at the right cost and without
major disruption.

The social sciences workstream for Phase 2 will focus
on developing resources to enable consumers to make
informed choices on their future energy.

H21 North of England

While the NIC work got under way, back in November
2018, the H21 team published a second major report: H21
North of England.

This was delivered in partnership with global energy giant
Equinor, a leader in the field of carbon capture and storage
(CCS) technology, and Cadent, the UK's biggest gas
network.

H21 North of England underpins the safety case,
presenting a conceptual design for converting the existing
networks of the North's major cities, and the precise
requirements of the production, storage, transmission and
CCS needed to deliver clean heat, at scale, across 3.7m
homes, between 2028 and 2035.

The blueprint includes a 12.15 GW hydrogen production
facility and 8 TWh of inter-seasonal storage, to generate
carbon savings of 20m t/y by 2035.

What's next

Clean energy demonstrator projects are likely to take on
increasing significance in the UK this year.

As the country prepares to host COP26 in November,
expectation for us to take the lead on decarbonisation
strategy will be high. Until Government policy on

hydrogen is set, industry will continue to develop the
evidence base to support it through projects like H21.

The H21 Phase 1 results report will be launched to key
stakeholders in Q3 2020.

As Phase 2 gets under way, plans are now in development
for Phase 3, involving a live demonstration in an occupied
area from 2022. Phase 4 — part conversion of the network
— could begin as early as 2024-25.

In the meantime, hydrogen's potential as a
decarbonisation solution is gathering strong support
overseas, and public awareness is growing.

Learn more about H21 by watching our NIC update film at
www.h21.green.

Spadeadam — Views of the H21 test houses, locaeted at the specialist rig at DNV GL, in Spadeadam Cumbria. The
houses are surrounded by a ring main that is fulled with hydrogen and released in a controllable manner.
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Japan: taking a lead in hydrogen
Sanjoy Sen FIChemE

If you think the energy situation in the UK looks challenging, just consider that of Japan. With double the population
(126m vs 65m)' crammed into brightly-lit, air-conditioned mega-cities, plus a vast manufacturing base to feed, total
energy consumption is the world's fifth largest®. But Japan's domestic natural resources (coal, oil, gas) are practically non-
existent.

From the 1960s onwards, Japan bet large on nuclear,
constructing over 50 reactors. lts first plant at Tokai was,
in fact, supplied by Britain's GEC. Then, in 2011, disaster
struck as a massive tsunami overwhelmed the Fukushima
Daiichi facility. With public confidence shattered, the
entire atomic fleet was shut down. Whilst some plants are
slowly returning to service following work to bolster their
safety cases, energy-hungry Japan remains the world's
largest LNG importer and the third largest coal importer®.

With a change of direction essential, Japan has identified
hydrogen as the answer, both for transportation and

in power generation. Via the 3E+S (Energy Security,
Economic Efficiency, Environment + Safety) principles
enshrined in its 2014 Strategic Energy Plan, Japan intends
to showcase hydrogen at the 2020 Tokyo Olympics®.
Some 40,000 hydrogen fuel cell vehicles (FCVs) and 160 Figure 1: Part-section of the Mirai - Toyota UK.
filling stations are to be ready for the Games, leading to

800,000 by 2030. As we're about to see, Japan's plans are

certainly ambitious — and not without challenges.

' . . . . . Power control unit:
Japan's massive car industry is getting on-board with

its 'big three' (Toyota, Nissan, Honda) teaming up with Traction motor
Air Liquide to boost the national re-fuelling network®.

And, having pioneered the Prius petrol-hybrid in the

90s, Toyota recently launched the Mirai (see Figures 1

and 2), the world's first purpose-built hydrogen fuel cell
vehicle. Its hydrogen-fed fuel cell can even power homes?,
potentially a life-saver in an earthquake-prone nation.

NiMH battery

Boost
converter
Fuel cell stack

Fuel cell vs electric

Hydrogen storage tanks

But whilst economies-of-scale might address the Mirai's
£60,000 price-tag’, some warn of Japan creating unique
‘Galapagos' solutions which cannot readily be marketed

Figure 2: Cutaway of the Mirai fuel cell-vehicle showing the
hydrogen tanks and fuel cell stack - Toyota UK



globally®. By constrast, North America is pursuing more

of an 'electrify everything' philosophy® as exemplified by
Elon Musk. Tesla's billionaire founder has slammed fuel
cell vehicles as 'really dumb®, betting instead on an electric
vehicle (EV) and domestic battery storage combination.
And with limited take-up of 'hydrogen highways' to

date, Europe also broadly favours the electrical route for
transportation.

The fuel cell vs electric argument is not clear-cut, however.
Electric vehicle proponents note that using renewables-
sourced electricity to directly charge up a battery-electric
vehicle is much more efficient (73%) than using the same
power to generate hydrogen to feed a fuel cell vehicle
(22%). Others counter that this may not provide the

full picture: hydrogen could be produced from surplus
'green’ power generated at effectively zero marginal cost.
And that electricity distribution infrastructure (designed
around relatively low mean demand) may struggle as
electric vehicle charging demand ramps up. According to
a German study, the overall cost of switching 20m vehicles
to fuel cells would be cheaper than for electric vehicles.
The study goes on to show, as we'll see below, that these
two so-called rivals might instead complement each other
with fuel cell vehicles used by larger, centralised users,
and electric vehicles preferred by private motorists.

Storage and transport

Storing and transporting hydrogen is not without its
challenges.

To prevent leakage and to ensure crash safety, automotive
engineers have equipped the Mirai with a sophisticated 90
kg carbon-fibre fuel tank™to contain the 5 kg of hydrogen
needed to provide a 482 km driving range. Meanwhile,
chemical engineers have been busily addressing hydrogen
challenges on a larger scale.

Building on its 30-year track record in LNG, Kawasaki

is promoting liquefied hydrogen solutions for bulk
shipping™'. And it's using its experience gained in storing
the liquid hydrogen used in Japan's space programme
to develop the national storage network. To maintain

the required temperature of -253 °C, highly effective
insulation is key: the tank is double-hulled with perlite (a
thermal insulation material) between the inner and outer
walls'.

Elsewhere, Chiyoda's SPERA concept proposes organic
chemical hydride (OCH) technology. By combining
hydrogen with toluene to form methylcyclohexane
(MCH), it can be transported long-distance by ship as a
liquid at ambient conditions. Upon arrival, the process
is reversed, releasing the hydrogen with the toluene
recycled™.

Such liquid organic hydrogen carriers (LOHCs) require
complex synthesis and regeneration processes, however:
Germany's Siemens instead proposes to convert hydrogen
into ammonia'for ease of storage and transportation
before using it directly as a fuel for power generation and
transport.
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Sourcing hydrogen

Returning to Japan, the issue of where to source hydrogen is
also proving contentious. Last year, The Chemical Engineer
reported that Kawasaki Heavy Industries and the Australian
Government entered into a pilot-plant partnership™ to
begin converting Australia's Latrobe Valley's vast lignite
reserves. Whilst a scaled-up development would include
carbon capture and storage (CCS), environmentalists

have lambasted it as yet another coal-based development.
Furthermore, they note that upon arrival in Japan, the
hydrogen could be bled into the supply to existing thermal
power stations?, thus prolonging the nation's dependence
on imported fossil fuels.

That said, with storage and distribution infrastructure
established, alternative hydrogen sources, including local
renewables, could follow. Plans are already underway in the
Fukushima prefecture'® to construct an 11.3 MWe solar-
powered plant to generate hydrogen via electrolysis. But
just to prove there are no perfect solutions, elsewhere in
densely-packed Japan, concerns have been raised' about
the destruction of forests to make room for solar farms.
Meanwhile, developments in floating offshore wind and
tidal energy could prove key in the deep and stormy waters
surrounding Japan.

What lessons can be learned?

So, what might the UK learn from Japan's early lead in
hydrogen? Whilst technology learnings are always there
to be shared, the deployment may be very different. In the
UK, the renewables sector is well-established and growing
further; some of this green electricity could be converted
into green hydrogen. This could then be used in power
generation to smooth out the intermittent output from
offshore wind.

Or it might be used a substitute for (or a diluent to) natural
gas for our heating needs as per the H21 concept™®. By
contrast, the typical Japanese home lacks central heating
(at least as we understand it). And with parts of the UK
North Sea oil and gas sector approaching decommissioning,
redundant offshore infrastructure could be re-purposed for
hydrogen production and storage.

And in transportation, we might see hydrogen best
deployed as a substitute for large-scale diesel users: imagine
the improvement in urban air quality of switching commuter
trains, buses, delivery vans and taxis over to hydrogen.

And as those major users can be re-fuelled from centralised
hubs, the need for widespread new infrastructure can be
much reduced, especially if the UK public plumps for EVs
for its personal transport.

There's no doubting the scale of Japan's hydrogen vision
and its determination to deliver on it. And whilst much

of this makes sense in the context of the nation's unique
energy challenges, the hydrogen roll-out won't be quick or
cheap. Few other places may choose to embrace hydrogen
as widely but there are sure to be valuable lessons to be
learned from the Japanese.






Hydrogen down under
Jacob Brown AFIChemE and Michael Kuhni

With the rise of electric vehicles, and increasing climate awareness amongst the world's population, hydrogen has
returned to the global agenda. Climate advocates seek a zero-emissions fuel, and oil majors are looking to hydrogen as
they seek to leverage their reservoir assets and fuel processing expertise in a climate-friendly energy economy.

This is nowhere more true than in Australia, a nation
which finds itself suddenly in possession of the basis for

a powerful hydrogen economy. Australia is an export
nation, and mega-projects run in its blood. Now that
Japan, a key export partner of Australian gas producers,
has announced its commitment to a hydrogen future,
Australia makes a natural choice as a supply partner.

The Australians, always sensitive to movements in
commodity prices, are keenly aware of this, and hydrogen
development is a rare point on which both sides of
politics largely agree. Whilst the promise of a A$1bn
hydrogen stimulus package died with the re-election of
Australia's Conservative Party at the federal level, the state
governments have been co-ordinated and effective in
their efforts to push for hydrogen development.

Japan published its 'Basic Hydrogen Strategy' in 2017,
and the following strategic relationship development with
Australia has catalysed considerable interest in the future
fuel. Due to false starts in the 70s and 80s, hydrogen

is still the subject of considerable scepticism within the
energy community. However, by all accounts, Japan is
serious about developing the technology and Alan Finkel,
Australia's Chief Scientist, has at least been convinced.
Over the past few years Finkel has been a strong advocate
of the hydrogen opportunity. In October 2018, he
presented to the Council of Australian Governments

Figure 1: Australia
current hydrogen projects
and recent activities,
November 2018.
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(COAQ), estimating hydrogen exports of 137,000 t/y by
2025. Whilst insignificant in comparison to Australian LNG
exports (soon to be the world's largest at around 70m t/y),
the opportunity has triggered a large amount of policy,
project, and research support for hydrogen activities
across the country (see Figure 1).

In this hydrogen-friendly climate, the past two years have
seen a number of world-leading projects announced.
This is good news for the development of a hydrogen
economy, but it should be noted that the climate
credentials of some of these projects are questionable.
Significant sums have been invested in renewable-
powered electrolysis projects, but they have also been
invested in strongly CO.-emitting brown coal gasification.
It is clear that Australia is interested in hydrogen, but it is
still an each-way bet as to whether the industry and the
government will choose the polluting path or the ‘clean’
one.

One of the most well-known projects, and probably
the most controversial, is the coal seam gas project in
the Latrobe valley of Victoria. The Latrobe valley is one
of Australia's largest coal regions, and a flare point for
much of the country's politics. Receiving A$100m in
government support, the Latrobe hydrogen project
could easily be seen as a political move, attempting to
bridge the ever-widening gap between supporters of
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the coal industry and those calling for climate action.

The hydrogen will be extracted from coal gasification in
the region, but it is as yet unclear what will be done with
the resultant CO-, and whether it will be captured and
injected back underground. The industrially interesting
test lies in the port facility, for which Kawasaki has recently
announced its intent to construct a A$500m hydrogen
liquefaction and export terminal. The incredibly cold
temperatures required for hydrogen liquefaction (around
-254 °C) will require extensive engineering consideration
and design; and success depends upon handling these
factors appropriately. At this stage, the project is just a
pilot, consuming 160t of coal, generating 100 t of CO2
and producing only 3 t of hydrogen over its 12-month
duration. It is unclear what steps will be taken after the
completion of this phase but, as the maxim goes: 'From
little things, big things grow'; proving the concept in
Latrobe may be the first step to much more extensive
investments in future years.

Whilst ‘brown' (CO: released) and ‘blue’ (CO: captured)
hydrogen from steam reforming have certainly been of
interest in the country, Australia's renewable hydrogen
proposals have so far dwarfed those of fossil-based
projects. With the precipitous drop in the cost of solar and
wind power (around 70% for wind, and 90% for solar) in
the past decade, many believe that the cost of hydrogen
will begin to follow the same downwards trajectory. Such
amovement could cause fundamental changes in energy
market economics and Australia's abundance of land, sun,
and wind has lured many large organisations to pursue
this opportunity.

Both the Yara ammonia plant in Western Australia, and
Neoen's Hydrogen Super Hub in South Australia have
announced the upcoming construction of 50 MW solar/
wind-powered electrolysers for the production of ‘green’
hydrogen. This is significant, and if deployed today, either
of these projects would be the largest of their kind in the

STORAGE

carbon c2
Sl0rag

2016 ) 2017

Natural Gas

CAPTURE 4

world. In addition to these specifically hydrogen-focused
deployments, an increasing number of renewables
projects are also incorporating hydrogen development
for grid balancing activities. The Asian Renewable Hub,
an enormous 15 GW renewable park proposal aiming to
deploy solar and wind energy in Australia's North-West,
has also made clear its intention to deploy hydrogen
electrolysis to make use of electricity in off-peak periods.

Whilst the industry is developing, some clear challenges
remain. Particularly, shipping of hydrogen fuel is not a
trivial task. Australian innovation, in the form of start-ups
and government-funded research, is attempting to work
around some of these barriers. One of the most interesting
developments is that from CSIRO, the country's national
science institution, announcing key advancements in
the reversible conversion of hydrogen to ammonia. This
is a key innovation for hydrogen, as ammonia carries
much more energy per unit volume and liquefies much
more readily. If CSIRO continues to achieve progress in
this direction, it is hoped that the easy inter-conversion
between hydrogen and ammonia will drastically reduce
the cost of shipping the fuel.

Another key piece of technology lies in the abatement

of CO: from fossil-based hydrogen projects (recall the
earlier figure of 70m t/y in LNG exports). If carbon capture
and storage becomes commercially viable, steam-
reforming of methane to produce blue hydrogen from
Australia's abundant natural gas reservoirs could become
amainstream practice. This opportunity, coupled with

the fear of climate-related political action, means that
Australia is keenly looking for a solution to this problem.
So much so, that the Australian CO2CRC research council
maintains the world's largest carbon capture research and
storage demonstration project. Since 2007, the council
has allocated over A$100m of government funds to end-
to-end CO:2 production and sequestration research (see
Figure 2).
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Figure 3: The Hazer Process.

One particularly interesting solution to the carbon capture
problem is found in the Australian startup Hazer Group.
Hazer is currently in the pilot stages of commercialising
an innovative carbon-capture technology in which CO:
production is completely avoided (see Figure 3). Based
on methane cracking technology out of the University of
Western Australia, the group aims to transform methane
directly into graphite and hydrogen using a cheap

iron ore catalyst. Such a process would eliminate the
need for expensive CO: capture and has the potential

to be disruptive if proven at larger scales. Successful
development of these carbon abatement technologies
could be a game-changer for fossil fuel companies seeking
to adapt to our changing energy system. If this sleeping
giant of the hydrogen economy is woken, it could lead

to rapid and large-scale deployment of hydrogen energy
globally.

Whilst the export opportunity is large, the attention
being paid to the area has also led to interest in domestic
applications. Much of the Australian housing system still
has gas connections, and several projects are looking at
distributing hydrogen throughout the network. The gas
network operator in Western Australia, ATCO Gas, built
and unveiled a 'green’ hydrogen facility in July 2019,
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and is injecting a low concentration of hydrogen into the
local network for use in homes. Virtually the same activity
is also being carried out in Sydney by the gas retailer
Jemena, arguing that customers are increasingly looking
for sustainable solutions. The existence of these projects
signals an unserved need in the Australian market; namely
that households want their gas connections, but that

they also want to lower their carbon footprint. As these
projects develop, it will be interesting to see exactly how
widespread the demand is for carbon-neutral fuel.

Energy is a vital part of Australia's economy; it has been,
and will continue to be, a vital source of jobs, prosperity
and political power in the country over the coming years.
Unlike other green energy technologies, hydrogen can
be a fuel, and stands to provide an important component
of the energy mix as the world decarbonises. Exports
can be sent to nations without renewable resources, and
it is reasonable to assume that the geopolitics of energy
supply chains will shift significantly if hydrogen exports
are proven viable in the next decade. Whether or not
hydrogen will become a dominant player is an open
question, but observers would do well to pay attention to
Australia's movements in the coming years.



Hydrogen in South Australia
Owen Sharpe

In 1972, academic professor John Bockris of South Australia's Flinders University coined the term 'hydrogen economy' in
Science Magazine®. As the decades and technological advancements progressed, hydrogen's role as a potential solution
to Australia's 'energy trilemma’' — balancing energy affordability, security, and sustainability — has gathered momentum.

Global demand for hydrogen is increasing as a carbon-
free fuel for transport, power and heating. Energy-hungry
nations such as Japan and the Republic of Korea are
seeking to utilise hydrogen to reduce their reliance on
imported fossil fuels.

As an energy export superpower to the Asia-Pacific
region, the International Energy Agency (IEA) and the
World Energy Council have declared that Australia has the
potential to be the world's largest hydrogen producer?.

Australia is leading a considerable amount of work —
both globally and domestically — seeking to quantify the
economic opportunities associated with hydrogen?®. The
IEA suggests Australia could produce the equivalent of
100mt of oil in hydrogen per year*, and the Economic
Research Institute for ASEAN and East Asia forecasts
Australia to export 42% of regional supply to East Asia by
2040.

As one of the world's leading jurisdictions in renewable
energy development, with over 51% renewable electricity
generation in 2018%, South Australia has a fundamental
competitive advantage in renewable hydrogen production
arising from coincidental, complementary and high
quality wind and solar resources. This advantage is

shared domestically only with the south-west of Western
Australia and small pockets of Queensland.

South Australia was the first Australian jurisdiction to
showcase its land and infrastructure, abundance of
renewable energy resources and experience in developing
cutting-edge energy projects — such as the world's largest
lithium-ion battery® — through the release of the Hydrogen
Roadmap for South Australia in September 2017.

Why so much interest now?

In December 2018, Australia's Chief Scientist Alan Finkel
achieved the endorsement of the Council of Australian
Government's Energy Council to develop an ambitious
National Hydrogen Strategy for consideration by the
Council at the end of 2019.

The Strategy has the aim of building a clean, innovative
and competitive hydrogen industry that benefits all
Australians and is a major global player by 2030”.

As Finkel explains in the COAG White Paper Hydrogen
for Australia’s Future ®, the impetus to decarbonise many
countries' economies has combined with the price of
solar and wind electricity dropping a hundredfold in the
decades since the concept of the hydrogen economy was
coined. Australia's near-neighbours are looming as major
and enduring customers.

Through its Basic Hydrogen Strategy, Japan has
established measurable objectives to showcase
hydrogen's production and use to the world at the Tokyo
Olympic Games in mid-2020 and beyond. Similarly,

the Republic of Korea released its Hydrogen Economy
Roadmap in early 2019, outlining its vision to become the
world's leading hydrogen economy, including its evolution
from a country of fossil resources to a major, eco-friendly
producer of hydrogen fuel®.

The South Australian Government has invested more than
A$15m (US$10.4m) in grants and A$27.5m in loans to
scaling up its renewable hydrogen production industry.



These projects include:

B Australian Gas Network's Hydrogen Park of South
Australia (HyP SA) in metropolitan Adelaide;

B the University of SA's Mawson Lakes Renewable
Energy System in metropolitan Adelaide;

B Neoen Australia's Hydrogen Superhub at the
Crystal Book Energy Park in the State's regional
mid-north; and

B the Port Lincoln Hydrogen and Ammonia Pilot
Project in the State's regional Eyre Peninsula.

The projects target a range of end uses such as gas
injection, transport, ammonia, and grid security services,
and one project is to construct a testing facility with
hydrogen consumed on-site.

Hydrogen Park of South Australia

Australian Gas Networks (AGN), part of the Australian Gas
Infrastructure Group (AGIG), received A$4.9m from the
South Australian Government for a A$11.4m hydrogen
electrolyser demonstration project at the Tonsley
Innovation District in Adelaide.

AGN owns gas distribution and transmission networks
across Australia, including in South Australia. In the short
term, AGN plans to blend 5% renewable hydrogen with
natural gas for supply to customers using its existing gas
distribution networks. This is a milestone first step towards
decarbonising the gas networks.

The project will involve Australia’s largest 1.25 MW
Siemens proton exchange membrane (PEM) electrolyser
that will use 100% renewable energy electricity contracted
through a Power Purchase Agreement to produce
renewable hydrogen.

The demonstration facility will inform the technical

and economic feasibility of injecting hydrogen into a

gas network more broadly in South Australia. It is also
expected to show how electrolysers can be integrated into
electricity networks to support energy stability, as more
renewable energy generation capacity comes onto the
grid.

Having completed the front-end engineering and design
study and ordered the Siemens electrolyser, AGN is now
working towards securing regulatory and development
approvals, procuring land, and undertaking community
and stakeholder consultation.

AGN aims to have the project operating in mid-2020.
The installation of tube and trailer filling facilities is being
considered as an expansion opportunity to Hydrogen
Park SA, which will enable hydrogen to be transported
and injected into other points in the network, as well as
industry refuelling and export.

AGN is also investigating working with Australian and
South Australian Governments and industry to establish
the Australian Hydrogen Centre, to maximise its
investment in and findings from the project.

www.icheme.org

Mawson Lakes renewable energy
system

The University of South Australia is building a A$8.7m
facility incorporating a solar installation, flow batteries, a
hydrogen fuel cell stack and thermal energy storage at its
Mawson Lakes campus.

The project — which attracted A$3.6m from the South
Australian Government — aims to produce data to support
multi-disciplinary research projects (such as optimising
performance, economics, and energy and emissions)

in hydrogen, battery storage and solar technologies.
Produced energy will supplement campus needs
especially at periods of peak demand.

UniSA announced the project in 2017, as building one
of the largest flow battery and hydrogen fuel cells in
any Australian university. It will feature solar panels on
18 buildings at Mawson Lakes, one hectare of ground-
mounted solar panels, and 1.8m L of thermal energy
storage.

The facility, to be completed during 2019, aims to increase
the availability of zero-carbon renewable energy, and
reduce pressure on the local electricity network and the
likelihood of power cuts on the campus.

Partnering with Australian renewable energy companies,
UniSA expects the facility to provide more than 250 MWh
of electrical storage annually, reducing the campus's peak
electrical load by 43%, cutting its emissions by 35% and
making renewable energy available on demand. Annual
energy savings are expected to be around A$470,000.

Neoen'’s Crystal Brook energy park

The Crystal Brook Energy Park development is a
renewable energy project that combines storage, solar
and wind, located approximately 3 km north of Crystal
Brook in South Australia. The park is a 275 MW renewable
energy facility with up to 125 MW of wind generation
comprising 26 turbines, 150 MW of solar PV and 130
MW/400 MWh of battery storage with a purpose built
sub-station to deliver the power back into the South
Australian grid.

Neoen has completed an initial feasibility study for an
A$600m renewable hydrogen production facility that
would be located at the energy park. The proposed 50
MW Hydrogen Superhub would be the largest co-located
wind, solar, battery and hydrogen production facility in
the world, with the potential to produce around 25 t/d of
hydrogen using 100% renewable energy.

Port Lincoln hydrogen power plant
(H2U)

Hydrogen infrastructure company Hydrogen Utility (H2U)
is developing a 30 MW electrolysis plant to generate
hydrogen and ammonia using 100% renewable energy

at Port Lincoln on the tip of Eyre Peninsula in regional
South Australia. The project is anticipated to provide
balancing services to the national electricity system and
fast frequency response support to new solar plants on
the Eyre Peninsula.



H2U's proposed A$117.5m green hydrogen and ammonia
demonstration plant — to be situated near local wind

farms and planned solar plants — will include a 30 MW
electrolyser plant, a 50 t/d ammonia production facility,
and a 16 MW hydrogen-fired gas turbine which will
supply power to the grid. The ammonia will be used for
the local industrial and agriculture markets and to support
development of a new export industry.

2019 International conference on
hydrogen safety

South Australia has attracted the 8th International
Conference on Hydrogen Safety to be held in Adelaide,
Australia on 24-26 September 2019. The conference

will be jointly delivered with HySafe — the International
Association for Hydrogen Safety, which is the focal point
for all hydrogen safety related issues — and facilitate
networking for the further development and dissemination
of knowledge, and coordination of research activities in
the field of hydrogen safety.

The conference is the premier hydrogen risk management
event globally and the first seven conferences, held
between 2005 to 2017, succeeded in attracting the

most relevant experts from all over the world. The

experts provide an open platform for the presentation

and discussion of new findings, information and data

on hydrogen safety — from basic research to applied
development and from good practice to standardisation
and regulatory issues.

Themes for the Adelaide conference include the physical
properties and behaviours of hydrogen, and how they
must be considered in energy-related innovation,
including the benefits and risks related to hydrogen
development; regulation codes and standards for
transporting and exporting hydrogen; and how to educate
and engage stakeholder groups and communities about
hydrogen's applications and potential in sectors ranging
from defence to residential electricity provision.

In South Australia, hydrogen has been a topic of
conversation for almost 40 years. This year, it's expected
to dominate discussions across government, industry
and the state's world-recognised tertiary institutions — so
perhaps the solution to that "energy trilemma" may soon
be within reach.
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Where next?

Although these articles demonstrate a wide range of examples where work on hydrogen is active, there is still work to
be done. Chemical engineers have a role to play in sharing knowledge with others in the profession and wider technical
landscape as well as informing policy- and decision-makers. There is a need and opportunity to raise awareness about
the importance of hydrogen as an energy vector for the future.

IChemE continues to promote the role of chemical engineering in a sustainable future. This collection of articles forms
part of the wider activity to promote knowledge and understanding on the topic of climate change and the transition to
net zero. So, where does hydrogen fit into this?

This series of articles provides evidence that hydrogen can:

be produced in large quantities using established technologies;
be transported in a number of ways over long distances;
be utilised in many ways, usually as a substitute for the burning of CO:-producing fossil fuels;

be a safe substitute for natural gas; and

if used responsibly, contribute towards the 'zero carbon' target and a fully sustainable energy system.

This series has also shown that no fundamental technological breakthroughs are necessary for the wide-scale adoption
of hydrogen as an energy vector. What it lacks is implementation and a business model to incentivise commercial
investment.

Enter the chemical engineer!

Working with a wide range of engineering and other disciplines, chemical engineers have the knowledge, skills and
experience to help to bring about what amounts to a revolution in global energy. A revolution that marks the end of
the carbon era that has had such a devastating impact on our planet, and the dawn of a new era for the world - the
hydrogen era and a significant step towards net zero.

IChemE's purpose is to advance the contribution of chemical engineering worldwide for the benefit of society. We
have the vision that we are led by members, supporting members and serving society. This work has been delivered by
members to inform other members with the aim to support a low-carbon future. As a learned society we are committed
to continuing to share knowledge on hydrogen, how to deliver a low-carbon future, and many other topics.

If you are a chemical engineer and would like to contribute to work that supports IChemE's vision then contact us at
chemengmatters@icheme.org.

www.icheme.org









