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1. Project Summary

1.1. Project Title

HyDeploy

1.2. Project
Explanation

The project will demonstrate that natural gas containing levels of
hydrogen beyond those in the GS(M)R specification can be
distributed and utilised safely & efficiently for the first time in a
section of the UK distribution network. Successful demonstration
has the potential to facilitate 29TWh pa of decarbonised heat in the
GB, and more by unlocking extensive hydrogen use.

1.3. Funding
licensee:

National Grid Gas Distribution

1.4. Project
description:

1.4.1. The Problem(s) it is exploring

The UK has committed to substantial carbon savings; heat
contributes to a third of its current emissions. Reducing heating
carbon intensity via hydrogen over the gas grid provides a
customer-focused solution, but is limited by the current tight
GS(M)R UK limits.

1.4.2. The Method(s) that it will use to solve the Problem(s)

The first UK practical deployment of hydrogen onto a live gas
network since the transition from town gas. Taking advantage of
Keele University’s gas network risk manages project delivery and
enables a more ambitious trial than would otherwise be achievable.
This 3 year project, starting April 2017, is based on the principle of
survey, test & trial necessary to secure HSE Exemption to GS(M)R
and roll out the testing programme.

1.4.3. The Solution(s) it is looking to reach by applying the
Method(s)

The project provides a body of practical, referenceable data which
is an essential pre-requisite to enable wider deployment of
hydrogen and therefore delivery of cost-effective, non-disruptive
carbon savings to the customer.

1.4.4. The Benefit(s) of the project

Successful demonstration has the potential to facilitate 29TWh pa
of decarbonised heat in the GB, substantially more than the
existing RHI scheme is projected to deliver, with the potential to
unlock wider savings through more extensive use of hydrogen. It
addresses the energy trilemma, saving £8billion to consumers, and
avoiding 120 million tonnes of carbon by 2050, whilst providing a
greater level of diversity in supply.

1.5. Funding

1.5.1 NIC Funding
Request (£k)

1.5.2 Network 764
Licensee Compulsory
Contribution (£k)

6,777

1.5.3 Network
Licensee Extra
Contribution (£k)

0 i 1.5.4 External 0
Funding - excluding
from NICs (£k):

1.5.5. Total Project
Costs (£k)

7,635
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National Grid Gas Distribution
1.6. List of Project | Northern Gas Networks
Partners, External | Keele University

Funders and Health and Safety Laboratory

Project Supporters | [TM Power
Progressive Energy

1.7 Timescale

1.7.1. Project Start April 2017 1.7.2. Project End March 2020

Date Date

1.8. Project Manager Contact Details

1.8.1. Contact Name | Andrew Lewis 1.8.2. Email &

& Job Title Project Delivery Telephone Number Tel: 01455892524
Specialist, Network Mob: 07970831058
Innovation

1.8.3. Contact

Address National Grid (Gas Distribution)

Brick Kiln St, Hinckley LE10 ONA

1.9: Cross Sector Projects (only include this section if your project is a Cross
Sector Project).

1.9.1. Funding requested the from the [Gas/Electricity] NIC (£k,

please state which other competition) N/A

1.9.2. Please confirm whether or not this [Gas/Electricity] NIC
Project could proceed in the absence of funding being awarded for N/A
the other Project.

Section 2: Project Description
2.0. Executive Summary

The UK has recently signed up to its fifth Carbon Budget as part of its ambitious carbon
reduction plan. Heat contributes a third of the UK’s carbon emissions. The Carbon Plan
specifically identifies the need for low carbon heat in order to meet these targets. Whilst
progress is being made to decarbonize electricity, decarbonising heat has proved
challenging.

Great Britain has a world class gas grid and gas dominates the heat supply curve, heating
83% of its buildings and providing most of its industrial heat. Carbon emissions can be
reduced by lowering the carbon content of gas through blending with hydrogen. Compared
with solutions such as heat pumps, this cost effectively capitalises on existing gas
distribution assets which are designed to deliver peak heat, and importantly means that
customers do not require disruptive and expensive changes in their homes. This route has
the potential to deliver 29TWh per annum of decarbonised heat in Great Britain, saving £8.1
billion and 119 million tonnes of carbon by 2050.

The UK Gas Safety (Management) Regulations (GS(M)R) currently only permit 0.1%
hydrogen in the network, despite formerly distributing town gas with 40-60% hydrogen.
There has been substantial study work into hydrogen injection, but limited practical
experience. To pursue this decarbonisation route, the UK needs to undertake practical
hydrogen injection to establish feasibility and determine the appropriate level of blending on
current networks and in appliances. This requires carefully executed, safely managed, real
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deployment, to demonstrate that the practical, regulatory and operational barriers can be
successfully addressed. Specifically this project sets out to:

Demonstrate hydrogen injection into a network under safe & controlled conditions, at the
highest concentration that safe operation allows whilst maintaining appliance performance.

Develop practical experience in hydrogen mixing and injection, understand the impact on
network behaviour, end user appliances as well as metering, monitoring, and operations.

Build on international hydrogen injection knowledge & best practice, as well as UK best
practice in terms of unconventional gas injection, particularly that undertaken at Oban.

Develop best practice in a controlled environment for subsequent testing and roll out of
hydrogen injection onto the wider network including engagement with customers.

HyDeploy will provide a foundational reference work for the industry, address regulatory
barriers through securing a GS(M)R Exemption, providing a pathway to wider deployment.

2.1. Aims and objectives

2.1.1 The Problem(s) which needs to be resolved

The UK is committed to a pathway to carbon reductions through the Climate Change Act. On
the 30 June 2016 it adopted its ambitious and legally binding fifth carbon budget for the
period 2027-2032 as part of this trajectory. Heat contributes a third of the UK’s carbon
emissions. The Carbon Plan® specifically identifies the need for low carbon heat in order to
meet these targets. In its July 2016 Progress Report to Parliament® the Committee for
Climate Change has highlighted that whilst there has been progress in decarbonising the
power sector, there has been 'almost no progress in the rest of the economy’, citing
specifically the slow up take of low carbon heat.

The Carbon Plan identifies that by 2030 there is a requirement for between 83-165TWh of
low carbon heat per annum. In 2015 the combined domestic and non-domestic RHI
delivered less than 4.5TWh, with an expectation by DECC?® in 2016 that by 2020/21 the
Renewable Heat Incentive (RHI) could deliver 23.7TWh of renewable heat. Therefore a step
change in low carbon heat is required.

Great Britain has a world class gas grid and gas dominates its heat supply curve, heating
83% of its buildings and providing most of its industrial heat. Delivering low carbon heat via
gas capitalises on existing network assets cost effectively and means that customers do not
require disruptive and expensive changes in their homes. Alternative means of delivering
low carbon heat other than low carbon gas include:

Electrification: Efficient electric heat pumps will make a contribution, but, as recognised in
DECC'’s Heat Strategy®, and more recently in its RHI consultation, they require substantial
consumer capital outlay and disruption, as well as national infrastructure investment.

! The Carbon Plan: Delivering Our Low Carbon Future December 2011, updated 2013.

2 https://www.theccc.org.uk/publication/meeting-carbon-budgets-2016-progress-report-to-
parliament/

3https://www.gov.uk/government/uploads/system/uploads/attachment data/file/505972/T
he Renewable Heat Incentive - A reformed and refocussed scheme.pdf
“https://www.gov.uk/government/uploads/system/uploads/attachment data/file/190149/1
6 _04-DECC-The Future of Heating Accessible-10.pdf
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Consumers are required to change the basis of their heating system in terms of heat source
and low temperature heat distribution systems. Furthermore, electricity generation,
transmission and distribution network will require additional capacity to handle the
additional variable demand for heat.

Biomass Boilers: Biomass installations require substantial capital outlay, are large and
cause disruption. There are also concerns about potential air quality issues arising from
biomass combustion, particularly when running at part load, and in urban areas.

Heat networks: Heat networks have a role in delivering low carbon heat, but themselves
require a low carbon source of heat, new infrastructure and sufficient heat density of the
load which constrains their use, and have challenges associated with counterparties to
provide the basis for investment.

All of these approaches require that the consumer makes substantial changes to their own
heating system. This represents a substantial barrier to adoption of such low carbon heat
solutions, as demonstrated in the NIA Funded Bridgend study undertaken by WWU in 2015,
which drew the primary conclusion that ‘the majority of domestic consumers (87%) will not
change their existing heating provision unless significant financial benefits will be accrued,
and only then if they have funding available... If their current system was operating well
and providing heat for their homes they would not change their heating systems and spend
money unnecessarily.’ Delivery of a low carbon gas which can operate in existing appliances
requiring no modifications on the part of the consumer overcomes this substantial barrier.

The entire existing gas network asset has over 284,000km of pipelines, delivering over
720TWh per annum to over 23 million customers with 99.99% security of supply®. It is able
to meet peak demand for any 6 minute period over 20 years. The gas system not only
sustains peak heat demand but also supports the very large swings in demand within the
day through significant storage capacity. This asset has an important role to play in the cost
effective delivery of heat into the future’. A key element of this is delivering low carbon gas,
as outlined in NGGDs Future of Gas review.

Gas can be decarbonised by (a) using bio- rather than fossil- carbon, i.e biomethane,
already increasingly & successfully deployed in the UK, and (b) removing the carbon entirely
by using hydrogen. The latter is identified as important by DECC?® but recognises further
development activity is required. Two hydrogen scenarios are envisaged; either as a blend
in the network feeding existing appliances with no requirement for changes to equipment or
infrastructure, or as a conversion to 100% hydrogen. The former has the potential for roll
out in the near future. It offers not only valuable decarbonisation and financial savings
across the distribution system with no disruption to consumers, but it also provides a
pathway to establishing hydrogen more widely through areas of 100% conversion as
proposed by the H21 Leeds CityGate project. Key to taking this forward is establishing the
safe and practical feasibility of delivering a natural gas blend across the network and
utilising it in real appliances.

>http://www.smarternetworks.org/Files/Bridgend Future Modelling %E2%80%93 Phase 2
150910144351.pdf

6 http://www2.nationalgrid.com/UK/Industry-information/Future-of-Energy/Gas/

’*The Role of Gas in UK Energy Policy’, Le Fevre C, Oxford Inst. for Energy Studies (2015)

8 ‘The Future of Heating: Meeting the challenge’ DECC (March 2013)
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2.1.2. The Method(s) being trialled to solve the Problem

The UK currently only permits 0.1%vol hydrogen in the network, despite formerly
distributing town gas with 40-60%vol hydrogen. There has been substantial study work
undertaken supporting the theory of hydrogen injection into the grid, but limited practical
experience, and none in the UK. Examples of such work in Europe include the NaturalHy
Project and the GERG HIPS-net project. In Germany up to a 10%vol natural gas blend is
permitted, and a few projects have undertaken hydrogen injection. In Amerland®, work was
undertaken between 2007 and 2011 to establish the feasibility of injection of hydrogen up
to 20%vol into their natural gas grid. Recently the HSE issued a document!® assessing the
feasibility of injecting hydrogen into the gas distribution network, which concluded that
‘concentrations of hydrogen in methane of up to 20% by volume are unlikely to increase
risk from within the gas network or from gas appliances to consumers or members of the
public.” However, due to the current regulated limits, there has been no UK practical
experience of hydrogen injection into the gas grid.

The evidence base indicates that blending should be feasible at a level between 10-20%vol.
Accounting for the differences in volumetric calorific value between natural gas and
hydrogen, and based on a level of 414TWh pa in the distribution network, this equates to
15-29TWh pa of decarbonised heat. This is potentially more than the projected delivery of
renewable heat from the entire RHI by 2021 and is a material contribution to our low carbon
heating requirements.

The purpose of the project is to provide seminal unique & referenceable data for all GDNs
and other stakeholders looking to produce or utilise hydrogen delivered via the gas grid.
The knowledge generated will be from a set of existing appliances operating on a hydrogen
blend delivered through a live network, with the practical realities this entails. The specific
learning comprises appliance operation including gas mixing into and throughout the
network, pipeline and jointing materials issues, leak detection & network maintenance,
metering & associated commercial issues, and the principles of securing a hydrogen GS(M)R
Exemption from HSE. As part of potential wider regulatory changes, IGEM are seeking to
develop an evidence base for widening the GS(M)R regulatory limits, and this work will
provide an important contribution to this.

2.1.3 The Development or Demonstration being undertaken

The Project is a foundational study based on practical deployment. It builds on international
work and existing NIA activities including HyStart being undertaken by NGN and NGGD, as
well as best practice from other NIC projects.

Keele University has a closed, private gas network, which it is utilising as a ‘living
laboratory’ under its Smart Energy Network Demonstrator (SEND). It comprises a network
and appliances typical of the GB gas distribution systems, domestic & commercial users
including a CHP, but under the control of the University as a local, licenced supplier. It is an
ideal host for the first national step towards hydrogen deployment, risk managing the
delivery of the project & enabling a more ambitious trial than would otherwise be
achievable. The Method comprises 3 phases described in more detail in Section 2.3.

® PILOT PROJECT ON HYDROGEN INJECTION IN NATURAL GAS ON ISLAND OF AMELAND IN
THE NETHERLANDS, M.J. Kippers et al, International Gas Union Research Conference 2011
1 Injecting Hydrogen into the gas network - a literature search’ Hodges et al HSE (2015)
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PHASE 1: Using best practice from SGN’s Oban NIC, HyDeploy will engage with all local
customers, as on a public network. Every appliance and installation will be baseline
surveyed and tested locally on NG-H2 blends, including supporting offline tests. The
network will be surveyed, modelled & operational procedures for leak detection and
management processes established, including training of operational staff. The evidence
base will collated and a Quantitative Risk Assessment undertaken to seek an Exemption to
GS(M)R. In parallel the regulatory position with regard to billing of consumers on the
private network will be addressed with OFGEM as discussed in Section 7.

PHASE 2: Installation of onsite hydrogen production, injection plant & network monitoring.
Equipment will be capable of delivering up to 20% hydrogen, with network sample points
and compositional, pressure & flow analysis facilities installed.

PHASE 3: An extensive trial programme will be undertaken to confirm, understand and
document the operational behaviour of the network and appliances, validating network
modelling and developing best practice for network management. NGGD and NGN are
liaising with stakeholders within both GDNs to identify suitable public networks for a
subsequent project, based on the best practice developed in this programme. HyDeploy
results will be fully disseminated to ensure all stakeholders can benefit from this work.

2.1.4 The Solution(s) which will be enabled by solving the Problem.

By establishing the level of hydrogen blend which can be accommodated safely in the gas
distribution network, the project unlocks a solution to low carbon heat which cannot be
adopted otherwise. This has the potential to deliver up to 29 TWh per annum of non-
disruptive low carbon heat, substantially higher than the RHI scheme expect to deliver.

There is a suite of technologies available to deliver low carbon hydrogen, from biogenic
sources - particularly wastes, from electrolysis, and as well as from fossil sources with
Carbon Capture and Storage (CCS) as it becomes established. Combined, these sources
represent a diversification of heat supply, neither dependent on instantaneous electricity,
nor solely on gas, with other indigenous feedstock such as waste contributing sustainably.
These are discussed in more detail in Section 3 & 4. The carbon benefits are shown to have
the potential of saving a cumulative 119 million tonnes CO,eq by 2050 for the GB, and
offering financial savings of £8,060 million on a cumulative discounted basis, with the
assumptions provided in Appendix B. This route addresses the energy trilemma; substantial
carbon savings compared with natural gas, whilst being a significantly lower cost solution to
the consumer, and a greater level of diversity and therefore security of supply.

2.2. Technical description of Project

Injection of a hydrogen blend into the network has a potential range of impacts, including
changes to the combustion characteristics of the gas in appliances, mixing and the flow of
energy in the network, chemical effects on materials on the network and in appliances,
explosibility characteristics, impacts on leak detection and network maintenance, as well as
impacts on the billing, metering and therefore commercial regime necessary for
deployment.

Whilst the UK network historically operated on a hydrogen-rich town gas, this was phased
out in the 1970s. At that stage there was an extensive programme of burner adjustment
and replacements to operation on natural gas. Since then appliance design has evolved, and
there have been changes to materials used for pipeline design, network monitoring and
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management equipment and techniques. Based on the theoretical body of evidence, this
innovative project will execute the practical work to undertake a quantitative risk
assessment of hydrogen injection in a real GB network, to present the case for an
Exemption to the GS(M)R regulations, and to physically blend hydrogen into that network
with extensive network and appliance monitoring.

The details of the trials are described Section 2.3, the underlying technical issues being
addressed are summarised below. This summarises extensive foundational work which has
already been undertaken, both by this project team and a NGN/NGGD Network Innovation
Allowance project delivered by DNV-GL ‘HyStart’ focused on hydrogen blends. More detail
can be found in Appendix F.

The principle requirement for a change to gases being distributed to consumers is that they
provide similar heat inputs, good flame stability, reliable ignition and complete combustion.
Specifically this must also ensure that sooting is controlled, that the flame does not lift, and
light back does not occur. Ensuring that gases can be safely and efficiently combusted in
appliances without adjustment, ‘gas interchangeability’, was initially undertaken by BC
Dutton of the British Gas Corporation Research and Development Division. The key
characteristic is the Wobbe Index, this indicates the effect of composition change on
appliance heat input with a constant pressure supply. Based on this core parameter Dutton
produced the interchangeability diagram (See Appendix C), which provides an envelope of
acceptable Gas compositions and Wobbe. Dutton’s original work was expanded?!! to consider
a third axis which accounted for the effect of hydrogen on these factors, although it is
simplified in the GS(M)R as shown below, with the limits on Wobbe being 246.50 MJ/m3
and £52.85 MJ/m3, with the hydrogen at 0.1%vol.

All appliance sold post 1993 must comply with the 1990 Gas Appliance Directive
90/396/CCE (GAD), which demonstrates that they can operate on a wider range in gas
quality than specified in the GS(M)R. This includes a gas composition of 23% hydrogen.
However, not all appliances are post 1993 (although numbers are reducing, projected to be
at 2% by 2020'?), & the tests undertaken under GAD do not consider long term operation.

In practical terms, the issue is ensuring that installed appliances (boilers, cooking
appliances, fires and other heating units) of different burner types are able to maintain
performance and combust the hydrogen blend safely and that the flame characteristics
remain acceptable. In particular this must ensure that there is no significant change to the
thermal profile of the burner and associated equipment that affects the materials of
construction. This is an issue which could affect the longer term operation of the appliance.
Flame sensors which govern appliance control must also continue to operate.

In addition to the core combustion characteristics, the hydrogen blend has a number of
other potential impacts. Extensive assessment of these have been undertaken by both HSL
and DNV-GL as found in Appendices E & F, which summarise the outcome of previous
studies, as well as identify knowledge gaps that need to be addressed.

Hydrogen can have an adverse effect on network and appliance materials of construction.
Metals can be susceptible to hydrogen embrittlement resulting in loss of ductility and

11 A New dimension to gas interchangeability, Dutton BC (1984)
12 v Assessment of the size & composition of the UK gas appliance population”, Crowther M,
UKDTi (2005)
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reduced load carrying capacity. Polymers are generally not degraded by the presence of
hydrogen through physical or chemical means, although hydrogen can diffuse through
polymers more easily than metals. Whilst this does not have a significant leakage it may
have an adverse influence on the integrity of subsequent fusion joints. This, along with
other knowledge gaps relating to seals and elastomers as well as applicability of standards
to iron pipeworks are knowledge gaps that need to be addressed.

Initial reviews, particularly the HyHouse work?!3, indicates that the addition of up to 20%
hydrogen by volume is unlikely to present significant changes to the fire and explosion risk
following an uncontrolled leak, accounting for both explosibility limits and dispersion. This
will form part of the detailed risk assessment.

HyDeploy will be the first project in Great Britain to inject hydrogen into a natural gas grid.
The hydrogen injection and mixing unit is a key element in this project. It is critical that the
hydrogen properly mixed and that the blend is maintained as the gas flows vary, placing
stringent demands on the hydrogen production unit, the mixing unit control and analytical
equipment. HyStart has provided an initial functional specification for the mixing unit
(Appendix C), which will be developed through to equipment delivery and testing in
HyDeploy. Once in the gas grid it is important to confirm that the gas mix is maintained
throughout the network, through appropriate instrumentation.

Safe operation and management requires confidence that odourisation remains effective;
experimental already undertaken work has shown no evidence masking by Hydrogen in the
laboratory, although impacts on the network must be confirmed. Leak detection equipment
must also be selected and demonstrated to continue to be effective with hydrogen blends,
and operators need to be appropriately trained.

There are regulatory issues which need to be addressed; not only the GS(M)R Exemption
process, but also implementation of an appropriate billing regime with OFGEM, as described
in Section 7. Throughout, engagement with customers must ensure their needs are met and
that they understand their role in opening up new decarbonisation opportunities.

This innovative project will fill knowledge gaps which exist with regard to the technical
implications of operation on hydrogen including experimentally rigorous testing on British
appliances and their installation, it will develop the design of equipment suitable for
physically injecting hydrogen onto the network as well ensuring that equipment & processes
are developed to ensure safe network operation. Uniquely it will trail blaze the Exemption
process for a hydrogen blend. Through the operational work it will complete a body of data
that provides a platform for a trial on a public network and therefore wider roll out.

2.3. Description of design of trials

This section provides an overview of the trial being undertaken. A full description of the
project can be found in Appendix C, along with the programme in Appendix H.

2.3.1 Site Selection

Careful consideration has been given to the optimum location to undertake the first GB trial
of hydrogen injection. In discussion with experts, and as endorsed by the HSE, the strategy

13 http://www.igem.org.uk/media/361886/final%20report v13%?20for%?20publication.pdf
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of using a closed private network for the first trial of hydrogen injection prior to a
subsequent trial on a public network is considered to be the best strategic approach. It risk
manages the delivery of the project & is expected to enable a more ambitious trial than
would otherwise be achievable. Keele University has a network and appliances typical of the
GB gas distribution systems, domestic & commercial users but under the control of the
University as a local, licenced supplier on a private closed network. This is described more
fully in Appendix C and D; the key benefits are:

e Detailed data sets of historic gas consumption of consumers on the network.

e A comprehensive dataset on appliances in most buildings.

e University support facilitating property access reducing risk, & enabling engagement.
e A cohesive site team who can be trained in the changes associated with hydrogen.

e Closed network and supply arrangements enabling an appropriate billing regime.

e SEND programme provides strategic links into research & training opportunities.

This environment allows the project to focus on addressing the core hydrogen related
issues, risk managing project delivery (see Section 6). It also makes it less likely that an
individual constraint limits the level of blend achievable, and therefore significantly
increasing the experimental and enduring value of the work. It has always been planned
that, subject to success at Keele, a follow on trial would be undertaken on a public network
prior to roll out. Candidate sites are already being considered by NGGD and NGN and
provision is made in this NIC programme to define and plan that trial. Equipment and
facilities would be transferred from this project to such a site.

2.3.2 Phase 1: Pre-Exemption work

Customer Engagement

Delivering a customer-focused low carbon solution is the primary purpose of the project.
The programme involves surveys of customer installations and appliances to ensure
continued safe and reliable operation. Based on the best practice from SGN’s ‘Opening up
the Gas network’ NIC, both the impact on individual customers will be minimised and a
customer focused communications plan will be implemented. No specific customer
engagement will be undertaken until the communications plan has been approved by both
OFGEM and Keele's ethics committee, as discussed in more detail in Section 8.

Pre-Exemption Scientific Scope of Works

Delivery of the HyDeploy project requires a robust experimental programme and scope of
works, providing the scientific evidence to form the basis of the Safety Case to support an
application for an Exemption against the GS(M)R Regulations. It will also gather the
scientific evidence to confirm the safety and performance of a hydrogen / natural gas mix
when injected into the gas network at Keele, to underpin a subsequent trial on a public
network. The experimental scope of works falls into two main stages; the work undertaken
Pre-Exemption (outlined below), and the gathering of robust data during the deployment
trials (outlined in 2.3.5, Phase 3). Further detail can be found in Appendix C.

The purpose of the Pre-Exemption scientific investigative and experimental work is to inform
the safety case for hydrogen injection. In addition to the work necessary for the safety case
for injection at Keele, some experimental work is included in the project to understand the
effects of up to 100% hydrogen on system tightness in isolated parts of the network.
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Literature review: Through the extensive literature review work already undertaken by
HSL and DNV-GL to date, confidence has been gained that seeking a hydrogen blend
between 10-20% is a reasonable approach. This will need to be collated and reviewed to
provide a comprehensive reference set suitable for the Exemption for the trial at Keele as
well as a full gap analysis for wider deployment. This will cover appliance performance,
material embrittlement, explosion characteristics and hydrogen detection / odourisation. In
some areas the published data is either not available, or not suitable for GB applications.
Laboratory tests and offline experiments are required to complete the evidence base.

Laboratory Testing: Laboratory testing of 18 appliances with a variety of burner types will
be undertaken to assess safety performance of appliances with variable natural gas
compositions and additions of different quantities of hydrogen. Testing will cover the mix of
appliances at Keele, and based on the SGN Oban work will ensure good representation of
the GB. Measurements of CO, CO, and NOx will be made along with observations of flame
picture, flashback potential, temperature of burner head and flame and verification of
operation of safety devices. Testing will also be undertaken with dynamic changing of
Wobbe index and / or hydrogen concentration to mimic representative changes to gas
quality. Laboratory testing will also establish longer term performance of appliances when
exposed to hydrogen given that the hydrogen is expected to increase the burning
temperature with potential impacts on the longevity of appliance components. These
impacts will be studied, during laboratory based accelerated appliance tests, using
temperature measurement and component inspection techniques. Work to date suggests
knowledge gaps exist regarding the performance of solders and new plastic joints exposed
to hydrogen. This will be addressed with appropriate laboratory testing.

Testing at Keele prior to Exemption: The results of laboratory tests will be combined
with literature evidence and computational modelling by Keele (investigating flashback with
different hydrogen blends in selected burner geometries), and a view taken on a ‘safe’
injection limit. Once determined, this limit will be verified in all appliances at Keele
University using bottled gas with an onsite testing programme similar to Oban. During this
baseline appliance survey any poor installations will be identified and remedial works
undertaken. A full baseline condition survey of the Keele network will also be completed
prior to Exemption application. Identified areas of concern will be subject to remedial works
to ensure it is robust for the trials, whilst being representative of typical networks.

Scientific evidence for the Safety Case: The results from the laboratory testing, on site
testing and modelling work will be reviewed by the HSL and recommendations made about
safe limits for injection based on appliance and materials performance. In addition any
monitoring or mitigation measures required to support the safety case will be identified.

Specification for Mixing: The hydrogen must be well mixed with the natural gas at the
injection point. Detailed specification of this system and its fail safe controls will build on
HyStart, covering causes of excessive hydrogen injection, mitigation measures and
responses. If well mixed, the prevailing view is that the blend will likely remain
homogenous. Desk based study of previous work and first principles assessment of gas
properties will look to support this hypothesis, and confirmed experimentally during trials.

Detection: Building on work by HSL and HyStart, information on odourisation and
hydrogen / natural gas detection techniques will be collated and assessed in the context of
the trial, as well as wider roll out. This will include training for Keele and GDN teams on
appropriate hydrogen detection equipment as part of revisions to the emergency response.
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Explosion Characteristics: Building on the wider evidence base already available,
comprehensive assessment and documentation of the explosion characteristics of a blended
mixture compared with a pure natural gas mix will be completed to inform any changes to
area classification, venting, or emergency response procedures on site.

Composition Measurement and CV: For the purposes of the trial, analytical equipment is
currently available for determining composition / flow / pressure measurements and
resulting CV for hydrogen-natural gas blends. This will be specified for the trial, and
supported by third party accredited laboratory gas testing used to confirm the declared CV
for billing (Section 7). Wider deployment requires confidence that existing network pressure
and flow measurements remain suitable. New analysis equipment supplied with hydrogen-
blend entry units must be robust and reliable, and able to be accredited by OFGEM. Early
enabling work on this process will be undertaken in this project to support next stage roll
out. HyDeploy could act as a test bed for instrumentation developed by others.

GS(M)R Exemption

Based on the scientific evidence base, the case for an Exemption to GS(M)R by the HSE will
be developed (Section 7). Integral to this will be the Quantitative Risk Assessment,
informed by the testing work. The Exemption will include modifications to procedures in the
network Safety Case, including emergency response, to accommodate the hydrogen blend.
HyDeploy has already engaged extensively with the HSE, who has had an opportunity to
consider the scope of the evidence base to be presented, which it considers to cover the
relevant elements. The project is also working with IGEM who have been asked by the HSE
to provide an evidence base justifying widening of the GS(M)R gas quality requirements.

Metering and billing

Although HyDeploy is on a closed private network, gas is supplied to customers and so an
appropriate billing regime for the trial needs to be agreed with OFGEM (Section 7).

Equipment & Installation enabling works

To support the Exemption process, to de-risk the project and to expedite the installation
phase, key enabling work is required relating to hydrogen production, injection and
monitoring equipment including design, HAZOP assessment and permissions. This builds on
work already undertaken to define functional specifications & site assessments (Section 6).

Project Gateway

The Project steering committee will only permit the project to proceed to the next phase if
the Exemption has been secured, an agreed billing regime has been agreed, and the Keele
University’s Ethics committee & other partners have reviewed the revised risk assessment.

2.3.3 Phase 2: Installation of hydrogen production, injection plant & network monitoring

Phase 2 encompasses the placement of orders for fabrication of equipment, installation and
commissioning. This covers the hydrogen production equipment, the mixing and injection
unit, and associated connections and pipelines which interface with the existing network at
Keele. In addition, the analysis equipment will be procured and installed, including the
establishment of sampling points on the network for the flow, pressure and compositional
measurements as well as material test samples. Further details can be found in the project
description in Appendix C, along with the Project plan, Appendix H. During this phase
training of operatives from both Keele and the GDNs will be undertaken by HSL based on
the agreed procedures under the Exemption.
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2.3.4 Phase 3: Hydrogen Injection Trials

Data Capture during Injection

Post-Exemption data gathering during the trials will include checking actual appliance
performance and comparing this with expected appliance performance; monitoring
composition, pressure and flow around the grid; on site materials testing and gathering
anecdotal evidence of appliance performance from consumers. During the trials themselves
the following activities will be undertaken to collate evidence supporting the safe
performance of the network:

1. Some appliances will be revisited to check actual against anticipated performance.

2. Some appliances will also be instrumented during the course of the trial to provide real-

time data for the purpose of assessing safety and operational performance. In the case

of some of the larger boilers this instrumentation will be linked into the BMS.

Materials testing will be ongoing during the trial to inspect for degradation.

4. Mobile equipment will be deployed around the site to measure composition, pressure
and flow at a minimum of two simultaneous points on the network. This will act to build
up a picture of mixing and flow behaviour for model validation purposes.

5. As part of the study participants will be encouraged to report on appliance performance
using a dedicated phone line and website. Selected households will also be asked to
engage in a more in depth review of appliance performance during the course of the
hydrogen injection though monitoring activities and a number of in depth interviews.

6. During the project, a watching brief will be maintained on relevant developments in this
area (e.g. developments in gas analysis, changes to area classification standards etc).

w

The material from the study will be written up and disseminated as both a published
scientific report and in journals and at conferences. As a final output of the scientific study
there will also be a scientific gap analysis reported in order to inform the next trial on a
public network and wider roll out.

Next steps and Wider Dissemination

HyDeploy is the first key step to establishing roll out of hydrogen delivery via the gas
network. A trial on a public network is the final gateway to wider deployment, and will be
developed in the programme. NGGD and NGN are already liaising with stakeholders in both
GDNs to identify suitable areas of the public network, and have undertaken network
modelling on a potential site. HyDeploy has been developed such that much of the
equipment, learning and training will transfer over to the next trial.

The purpose of this project is to develop seminal reference data, as well as best practice for
all GDNs and other stakeholders looking to produce, or utilise hydrogen delivered via the
gas grid. Therefore knowledge dissemination is integral to the project, see Section 5.

2.4. Changes since Initial Screening Process (ISP)

There have been no significant changes since the ISP, although the Programme and costs
have been refined and reduced based on more detailed information arising from the
extensive work undertaken by the project team in developing this bid.
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Section 3: Project business case

3.0 Summary

This project is a key enabling step to the decarbonisation of the gas grid for the delivery of
low carbon heat. For the reasons outlined in Section 2.0, the GB’s mature and extensive gas
network delivers heat cost effectively to consumers using their existing appliances. The
programme will establish the use of hydrogen as a blend to reduce the carbon content of
the gas delivered via the network without requiring changes to either network or appliances.
The quantified benefits are laid out below.

3.1 Great Britain energy system benefits

Great Brtain has a world class gas distribution network delivering heat to consumers. This
existing asset is well suited to the profile of heat demand compared with other approaches
such as electrification. A key issue in supplying heat energy is the variable nature of heat
demand, as can be seen by the heat demand curves shown below.
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Peak and seasonal demand is extremely variable with peak capacity load on a daily basis
being over 500% of the lowest day and the hourly variation being even more substantial.
This presents a challenge for electrification, even using heat pumps as the need to peak
heat results in a substantial load on the electricity network. This requires not only
substantial additional generation'?, but importantly extensive reinforcement to both the
electricity transmission and distribution networks to deliver this power. Without this
consumers would not receive the heat they require on the coldest days. In contrast, the
existing gas grid is well proven in providing peak demand, being scaled to deliver the
maximum 6 minute demand in 20 years.

The approach of this Solution is to exploit this existing network by reducing the carbon
intensity of heat delivered through blending of hydrogen delivering up to 29TWh per annum

14 KPMG 2050 Energy Scenarios , July 2016
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of low carbon heat. This approach requires no changes to appliances and network providing
a non-disruptive to customers. Longer term, this approach has the potential to unlock even
deeper decarbonisation through 100% conversion of zones of the network, such as that
exemplified by NGN’s H21 project. This approach is focused on large conurbations, and so
anticipates that there will remain a considerable element of the network still operating on
conventional gas. Therefore, a natural gas-hydrogen blend will have an enduring role.

The majority of the benefits will be realised by gas customers by avoidance of installation of
heat pump solutions, as well as avoided the costs associated incremental reinforcement of
electricity networks, as summarised in Section 3.3.

3.2 Network licensee benefits

3.2.1 Aligned with Strategic direction

Both NGGD and NGN are seeking to make best use of the gas network in a low carbon
economy. For example NGGD's stakeholders have said they want NGGD to remove barriers
for the development of renewable gas and educate stakeholders on the role for gas in a low
carbon economy®®. This has been an ongoing activity for both parties, including specifically
the use of hydrogen. For example National Grid has recently launched a series of documents
engaging with stakeholders on the role of the Future of Gas!®, of which one dedicated to
renewable gas specifically recognises the role of Hydrogen!’. NGN have undertaken the
Leeds H21 project, which has recently reported. Together both NGGD and NGN have
undertaken the HyStart NIA project which has provided key background work on Hydrogen
blends!®. NGGD and NGN are not alone in their pursuit of Hydrogen; WWU, SGN have both
independently been involved in hydrogen related projects, are supportive of the HyDeploy
project and will sit on its Advisory Panel.

3.2.2 Individual network benefits

The connection of hydrogen production facilities into the distribution system will result in
lower NTS exit capacity costs for the individual GDNs. This benefit would start as hydrogen
is connected. If exit capacity charges continued at their current levels, 29 TWh of hydrogen
into the distribution system would represent savings of £5 million per annum in addition to
the more substantial wider benefits discussed below.

3.2.3 New opportunities

The transition to the use of hydrogen provides a platform for wider developments of the gas
system in the transition to a low carbon economy. For example introduction of hydrogen
may offer longer term opportunities such as delivery of hydrogen as a transport fuel.

3.2.4 Underpinning the life of the network

The use of hydrogen capitalises the existing asset base and extends the life of the gas
system. This exploits the sunk costs associated with an existing asset and avoids its costly
decommissioning. Work by NGGD suggests that this is of the order of £8 billion.

15 http://www.talkingnetworksngd.com/assets/downloads/2013 Committing.pdf
16 http://www2.nationalgrid.com/UK/Industry-information/Future-of-Energy/Gas/
17 http://www?2.nationalgrid.com/WorkArea/DownloadAsset.aspx?id=45609

18 http://www.smarternetworks.org/Project.aspx?ProjectID=1907
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3.3 Customer benefits

83% of households have their heat delivered over the gas grid typically for use in modern,
efficient gas boilers. Heating infrastructure is based around circulating hot water systems. A
low carbon solution for heat which utilises existing infrastructure offers substantial financial
and non-financial benefits.

3.3.1 Financial benefits

Gas customers receive their heat at present via the gas grid using gas boilers. If the gas
grid carbon intensity can be reduced, such as through hydrogen blending, then customers
can continue to use their existing appliances and consume gas. If this is not possible, then
an equivalent quantity of low carbon heat must be delivered via another means. As
discussed below the widely recognised alternative is air source heat pumps. Therefore such
customers would need to invest in new heating systems and associated electricity costs. The
financial benefits to customers has been analysed as summarised below, and explained in
more detail in Appendix B. As required, the modelling considers 3 horizons of assessment:
deployment across the whole network; deployment across the participating GDN's
networks; and the ‘post trial’ case, which is the redeployment of the Keele hydrogen
production and injection equipment onto a public network.

National Grid maintains a number of scenarios for the development of the energy system
into the future (Future Energy Scenarios). These produce forward curves of adoption of
different technologies and energy vectors to deliver electricity, heat and transport in the GB
energy system, based on a complex combination of constraints.

In all its scenarios, heat pumps play an important role in the decarbonisation of heat. Whilst
the timings of the introduction of such solutions varies between scenarios, in all cases heat
pumps are the ‘marginal’ low carbon solution adopted in order to meet the carbon targets
required. The introduction of hydrogen into the network allows the avoidance of an
equivalent proportion of the heat pump installations, providing that heat delivered by
hydrogen is more cost effective.

The approach taken has been to calculate the levelised cost of heat delivered by air source
heat pumps accounting for projections of cost and performance developments expected
over the period, based on referenced sources, along with the expected cost of power. The
cost of “business as usual” is then subtracted from this which is the supply of heat from a
natural gas fired boiler accounting for its efficiency, and purchase cost and retail cost of gas.
This excludes the cost of the electricity network reinforcement required for this
decarbonisation route, which is considered separately below.

Together, this provides the base case against which the costs of a hydrogen route can be
assessed. The purpose of this project is to ascertain the level of hydrogen blend feasible
without making appliance or network changes, therefore the key determinant is the cost of
the decarbonised hydrogen.

The three sources of hydrogen are considered: bio-hydrogen, electrolysis and from steam
methane reformation. The cost base of each (in 2016/17 prices) of these has been
calculated based on referenced data sources for capital cost and performance of the

Page 15 of 100



ofgem RIIOREY

production methods, as well as underlying energy pricing from the wider Future Energy
Scenario Modelling over the period. Against the mix of production technologies over time
shown in Appendix B, the hydrogen cost has been converted to a retail price for the
hydrogen, as for natural gas. The cost of a unit of useful heat has been calculated by
dividing the cost of hydrogen by the efficiency of the boiler as well as the costs of owning
and operating a gas boiler. The net additional cost of decarbonised heat from hydrogen
compared with gas is calculated and compared with heat delivered by heat pumps.

The cost of the decarbonised heat relative to natural gas for heat pumps and from hydrogen
is similar in 2020 at £80-84/MWhr. Whilst both are seen to fall over time, the cost of heat
via hydrogen does so rapidly, so that by 2030 the heat pump route is £67/MWhr compared
with hydrogen at £45/MWhr. At 2050, this is £55/MWhr and £38/MWhr respectively. This
excludes the cost of electricity network reinforcement for the heat pump solution.

Gas consumption on the distribution network is based on National Grid’s Slow Progression
scenario over the period. Two cases were considered; a 10%vol level which is already
permitted in parts of Europe and supported by the conclusions of the NaturalHy project, and
20%vol which is considered to be the maximum feasible level. The expectation is that this
work will establish a level of hydrogen blending between these two conditions. The
trajectory to attaining these volumes of hydrogen over the period is assumed to be
governed by the availability of hydrogen from the mix of production technologies. The
assumptions for which are laid out in Appendix B.

In addition, National Grid has calculated the savings associated with avoidance of network
reinforcement otherwise required to deliver the equivalent level of low carbon heat delivered
by heat pumps. This cost has been calculated on a per annum basis over time in Appendix
B.

The savings are calculated based on the level of decarbonised heat supplied for each year
over the period. These are expressed cumulatively on a Net Present Value basis (Discount of
3.5% for first 30 years and 3.0% thereafter) and are shown in the table below, consistent
with Appendix A.

Cumulative NPV Blend rate To 2020 To 2030 To 2040 To 2050
(Method) £million £million £million £million
GB Values 20% Blend (M1) 0 1,897 6,025 8,060
10% Blend (M2) 0 855 2,548 3,269
Licensees Values | 20% Blend (M1) 0 1,195 3,796 5,078
(63% of GB) 10% Blend (M2) 0 539 1,605 2,059
Post Trial Either blend 0 0.4 0.7 0.7

The savings are shown for the GB case, just the NGGD and NGN networks and a post trial
case, which is the relocation of the mixing & injection unit & electrolyser onto a public
network, avoiding 164 Air Source Heat pumps.

At its peak this equates to a GB saving of around £800 million per annum for the 20% case.

The costs associated with the requirement for increased generation capacity, estimated to
be around 8.8GWe, to service the peak demand of 3 million avoided heat pumps, has not
been included in this analysis. In reality these would need to be introduced via the capacity
market. At the £49 per kWe of installed capacity considered to be required to ensure
additional capacity, this would equate to a further £4,100 million saving over the period on

Page 16 of 100



ofgem RIIOREY

an NPV basis, which would ultimately be paid by consumers who would have had to move
from gas to electricity for their heating.

The potential role that Electrolysis units could offer as balancing services to the electricity
grid have also not been included, although this is widely recognise to be a valuable element
of the technology, and hydrogen storage has been included in the assumptions.

The costs associated with the decommissioning of the gas grid have not been accounted for.
These are estimated by National Grid to be around £8,000 million, which are avoided or
deferred by utilising the grid to deliver low carbon heat.

3.3.2 Non-financial benefits

The non-financial benefits are one of the key attractions of this approach inasmuch as they
enable households to participate in delivering carbon reductions without substantial barrier
(as discussed in Section 6). Both the WWU Bridgend study, as well as KPMG's recent report
conclude that customers want solutions which are (a) non-disruptive, (b) give the
functionality they want and have come to expect from their existing heating system and (c)
don’t require substantial capital outlay. This tends to mean that existing solutions want a
gas solution which requires no change on their part. Even new build infrastructure tends to
be based on gas heating; it is a low cost and low risk solution for developers and is trusted
by potential purchasers.

3.4 Environmental benefits

This is the key rationale for the project; to enable customers across the network to reduce
the carbon content of the heat they consume without disruption or capital outlay.

Analysis by the National Grid Future Energy scenarios team has evaluated the carbon
savings expected by blending hydrogen into the distribution system, thus reducing the
carbon intensity of the gas grid. This analysis is based on its extensive baseline scenario
modelling of the energy system and considers both 10% and 20% hydrogen blend cases.
Based on a wide range of references, the carbon intensity the three hydrogen production
techniques are established, and assumptions are made about the mix of these hydrogen
sources over the period to 2050. This is explained in more detail in Appendix B. The table
below summarises the results on a cumulative basis as required for Appendix A.

Cumulative Blend rate To 2020 To 2030 To 2040 To 2050
Carbon Saving (Method) Te CO, eqg Te CO, eq Te CO, eq Te CO, eqg
20% Blend (M1) 0 mill 8.7 mill 60.2 mill 119.3 mill
GB Values - - . .
10% Blend (M2) 0 mill 4.4 mill 30.1 mill 59.6 mill
Li