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Abstract:

This is the final report summarising the approach to the project, development of the data tool and the findings
from evaluating technology development opportunities in the networks. In the report, sections 2 & 3 cover the
scope and approach to the project including the test cases that were agreed in the earlier workshops. Section 4
describes the spatial analysis used to determine how the different vectors are affected by geography including a
reference to the maps generated for the test projects in the tool. Sections 5 & 6 are concerned with the analysis
undertaken by the project team and workshop groups in looking at near and longer term potential implications for
network development. Sections 7 & 8 describe the database itself (the user manual will go into more detail on
how to use the tool) and finally Sections 9 & 10 describe opportunities for future technology development and
developments of the tool outside of the current scope, identified by the project team and the workshop group.

Context:

The 2050 Energy Infrastructure Outlook project provides data on the costs associated with key types of fixed
energy infrastructure as well as identifying possible ‘grey areas’ where technology development could
significantly influence cost and performance. The project gathered data on different types of infrastructure
associated with electricity, gas, hydrogen and heat. It also looked at infrastructure types: transmission,
distribution, storage, conversion and connections. The data itself looked at costs relating to capital, fixed/variable
operating and maintenance, abandonment ('infrastructure decommissioning’) and repurposing (‘altering existing
infrastructure").
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Glossary

Term Definition

Abandonment period This describes the long-term functional life for an Assembly. This functional life might well exceed the
technical life of the Assembly. In this case, the Assembly would be replaced a number of times during the
functional life of the Assembly.

Assembly Assemblies are collections of Components assembled using quantity multipliers to produce composite
costs for these Assemblies. Components will be assembled for new build, refurbishment, re-purposing
and abandonment within Assemblies, as appropriate.

Baseline cost Baseline cost forms the basis upon which all cost adjustments for any Component are carried out. The
baseline cost should be the ‘normal cost’ expected to be incurred under ‘normal’ procurement and Project
delivery conditions, as at 2010.

Capacity Energy carrying capacity of the Component / Assembly.

Capital cost Initial construction costs and costs of initial adaptation where these are treated as capital expenditure.

Component Components represent the lowest level to which capital costs are disaggregated. For example, civil
engineering cost Components may include excavation, filling, surface re-instatement, etc. For larger
elements within the transmission and distribution networks, these may be transformers, pressure
reducing stations, etc. which may be ‘composite Components’.

Contaminated earth Excavated material which requires specialist handling and disposal as a result of chemical contamination
contained within the soil.

Discount rate Factor or rate reflecting the time value of money that is used to convert cash flows occurring at different
times to a common time. This can be used to convert future values to present-day values and vice versa.

Discounted cost Resulting cost when the real cost is discounted by the real discount rate.

Ease of excavation Degree of difficulty expected to be encountered in the excavation of trenches and holes during
construction. Ground conditions are described as:

. Soft and clean;
. Intermittent rock (20% by volume);
. Prolific rock / hard material (75% by volume).

End of life cost Net cost or fee for disposing of an asset at the end of its service life or interest period, including costs
resulting from decommissioning, deconstruction and demolition of an Assembly; recycling, making
environmentally safe and recovery and disposal of Components and materials and transport and
regulatory costs.

Ground water Water requiring intermittent or continuous pumping during construction operations, to keep excavated
areas safe and dry.

Lifecycle Consecutive and interlinked stages of the object under consideration. The life cycle comprises all stages
from construction, operation and maintenance to end-of-life, including decommissioning, deconstruction
and disposal.

Lifecycle cost Cost of an asset or its parts throughout its life cycle, while fulfilling its performance requirements.

Lifecycle costing Methodology for systematic economic evaluation of life-cycle costs over a period of analysis, as defined
in the agreed scope.

Maintenance cost Total of necessarily incurred labour, material and other related costs incurred to retain an Assembly or its
parts in a state in which it can perform its required functions. Maintenance includes conducting corrective,
responsive and preventative maintenance on constructed assets, or their parts, and includes all
associated management, cleaning, servicing, repainting, repairing and replacing of parts where needed
to allow the constructed asset to be used for its intended purposes.

This cost database considers maintenance costs to be a Component of ‘OPEX’ cost.
Net Present Value Sum of discounted future cash flows
Operating cost Costs incurred in running and managing the installation, including administration support services.
This cost database considers operating costs to be a Component of ‘OPEX’ cost.
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Term Definition

Optimism Bias Optimism bias is the demonstrated systematic tendency for appraisers to be over-optimistic about key
project parameters. Government requires it to be accounted for explicitly in all appraisals, and can arise
in relation to: Capital costs; Works duration; Operating costs; and Under delivery of benefits. The tool has
a facility for adjusting for optimism bias at Project level.

Project Projects are collections of Assemblies, assembled using quantity multipliers to produce whole Project
cost estimates.

Rate Modifier Percentage adjustment to a cost rate to simulate a condition which would result in the cost being be
lower or higher than ‘normal’.

Real cost Cost expressed as a value at the base date, including estimated changes in price due to forecast
changes in efficiency and technology, but excluding general price inflation or deflation.

Real discount rate Factor or rate used to relate present and future money values in comparable terms, not taking into
account the general or specific inflation in the cost of a particular asset under consideration.

Replacement cycle Technical life expectancy of an Assembly. Technical life may be influenced by a number of factors, such
as quality of materials, workmanship during installation, maintenance regime, accessibility, availability of
spares / servicing skills, external environmental factors, aggressive nature of materials transported within

the pipe, etc.

Rock in excavations Rock is considered to be any hard material which required specialist removal such as blasting.

Rural Locations with <30 dwellings per hectare

Scale The extent of construction of a particular Component or Assembly. Construction costs may vary for small
volumes vs. larger volumes of installation works, based on the procurement and delivery methods
employed.

Semi-Urban Locations with 30 -60 dwellings per hectare

Technology Cost Curve | Technology costs change over time due to different factors such as volume and learning curves. To
account for this, five cost curves have been included in the cost model to represent generic changing
costs of a spectrum of different types of technology over time. Each assembly has been assigned a
Technology Cost Curve that best matches its technology type.

Urban Locations with >60 dwellings per hectare
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1 Executive Summary

The 2050 Energy Infrastructure Outlook project was commissioned by the ETI to deliver data and identify research
and development opportunities for the UK on different types of fixed energy infrastructure from now until 2050. The
purpose of the study was to compile cost and performance data in relation to the key infrastructure elements of
electricity, gas, heat and hydrogen networks to enable the evaluation of different energy scenarios out to 2050.

The study was undertaken by a project team led by Buro Happold in close association with the Sweett Group. Buro
Happold undertook technical scoping and analysis and the Sweett Group developed the cost framework and built and
populated the cost model. The core team was supported by experts from a number of universities including
Southampton and De Montfort, with a Professor from Cambridge University providing a stewardship role.

The project was structured over four work packages undertaken over a 20 month period to November 2013. This is
the Final Report for the project and presents the work undertaken, the outputs and key conclusions drawn. The
Infrastructure Cost Model is available separately.

Technical Scoping

The project started with an in depth scoping exercise to ensure appropriate coverage of infrastructure types across all
four energy vectors. This included a review of near and potential far term technology developments across each
vector, exploring the drivers for these developments to ensure as wide as possible a scope was incorporated.

The primary output of this work was an outline technical scope for each infrastructure element included in the
database, illustrated using a diagram detailing the boundary of each asset, its key components, land take and
efficiencies. These diagrams formed the technical basis for the costing exercise.

Test cases out to 2050

In order to ensure the project reflected the widest possible set of outcomes, a number of test cases of possible energy
trajectories out to 2050 were developed with the ETI Steering Group through a workshop and with input from the
project team. Key influencing factors taken into consideration were decisions over centralised v decentralised
systems, particularly in relation to generation; decisions over ‘pipes v wires’, particularly in relation to hydrogen; and
the extent to which space heating is electrified.

The first test case, ‘High Electricity’, reflects a world in which electricity becomes the dominant energy vector requiring
upgrading of related electricity infrastructure. This test case assumes a predominantly centralised approach to
generation and transmission. The next, ‘High Heat’, reflects a world in which there is considerable progress in rolling
out heat networks in urban centres, with the mix of energy vectors otherwise being similar to today. The test case
suggests a more decentralised infrastructure with more localised forms of generation. The final test case, ‘High
Hydrogen’, is one in which a transmission and distribution network for hydrogen is developed. The key distinction
between this and the High Electric case is the upstream conversion of energy to hydrogen and consequent need for
hydrogen pipelines. Under this test case, large amounts of hydrogen and produced, mainly by electrolysis that is used
as a grid balancing demand load to mitigate the variability of input from renewables.

ETI Energy Infrastructure 2050 Revision 02
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These test cases were used to ensure the cost model scope included elements that may not necessarily be
commonplace today but could be in future (eg. some of the HVDC infrastructure elements, and hydrogen
transmission). They also helped to frame the analysis of potential research opportunities undertaken progressively
throughout the project.

Developing the Cost Model

The structuring and development of the Infrastructure Cost Model was undertaken iteratively throughout the study
period. Initial work involved the exploration of cost influencers and the selection of those that could usefully be
incorporated into the model and those that could reasonably be left out. The structure and functionality of the tool was
developed to strike a balance between complexity and the need to have something workable. There were particular
challenges in relation to operational costs for which data is generally more aggregated reflecting the way in which
networks are managed.

The result of this work is a flexible tool that allows for a level of user input to reflect specific views (eg. on future cost
trends) and detailed requirements (eg. on ground conditions or region). It is also structured so that new elements can
be easily added and existing ones refined should more detailed cost data became available.

The next major step was to populate the Model with cost data. Data was collated from a variety of sources ranging
from direct project experience of the project team, to third party data which may or may not have had to be modified
so suit the technical scope, to costs derived or synthesised from limited third party data or theoretical costs for a given
solution. Each element is indicated with a ‘RAG’ rating reflecting the quality of data used.

The capital costs were built up from Component level (over 900 elements) which then fed through to Assemblies (over
200) each of which reflects the technical scope of a specified piece of energy infrastructure as described above. As
the model is designed to explore costs out to 2050, it also incorporates modifiers to take into account changes over
time. Specifically this relates to trends in labour, material and plant costs and changes in relation to technology
maturity and deployment scales for which five ‘Technology Cost Curves’ are incorporated, each reflecting a different
technology type. Another time related factor is the technology lifecycle that is the replacement cycle over the life of the
asset. Again, this is likely to differ for different infrastructure types and thus a series of options are included in the
model that can be selected as they are, or amended by the user as required.

A more top down approach to operational data was used reflecting the nature of the cost data available. The project
team was assisted by PPA Energy who explored utility approaches to network operating cost management and
reporting. From this were developed a number of operational cost profiles representing different asset types
depending on their level of innovation and whether or not they were passive (eg pipes and wires) or active (eg
pressure reducing stations), both factors affecting key operational parameters such as failure rates and hence the
need for reactive maintenance.

Another aspect of infrastructure operation is its efficiency — that is the quantity of energy out versus the quantity of
energy in. This is a complex aspect of infrastructure behaviour and it is not possible to calculate losses and parasitic
load in energy terms without knowing more about the design and operation of a network which was outside the scope
of this project. Load factor significantly influences losses in electrical networks and parasitic load in gaseous networks
and heat networks. Data regarding efficiency (losses and parasitic load) are provided as percentages of annual
energy per unit (eg km for linear infrastructure) and are available outside the model.

ETI Energy Infrastructure 2050 Revision 02
Final Report 22 November 2013
Copyright © Buro Happold Limited Page 18




Programme Area
Energy Storage and Distribution

energy
technologies

\ institute

Using the Cost Model

The data is then available for analysis with a facility for costing individual infrastructure projects. These projects need
to be designed outside the tool by a specialist engineer. From this design, a ‘bill of quantities’ can be input to the
model, selecting the type and quantity of assemblies that make up the project from the data base. Data is then
available on an annual basis (capital cost, operating cost, replacement and abandonment) out to 2050. The data is
displayed and analysed through a dashboard, and can also be readily exported for use in other formats.

Research and Development opportunities

Complimentary to this work, research opportunities for each vector were explored. Again, this started with a broad
scoping phase, using the near and far term reviews, and scanning the research space for activities in the field
including research programmes, demonstrator trials etc. This was undertaken with ETI through a workshop and with
input from experts in the field. Establishing priorities from this ‘long list’ of options involved exploring possible cost
‘pinch points’ associated with building out new networks that could indicate a potential area that would benefit from
innovation, and a more qualitative analysis looking at what the potential benefits of a particular innovation might be
and the ability of the ETI to capture those benefits.

This work identified priority areas for each vector. For all vectors, storage is an area in which there are a number of
research opportunities, particularly at transmission level. Possibilities include flywheels and cryogenic liquid air
storage for electricity, or geologic interseasonal storage for heat. Condition monitoring is important both for ‘pipes’ and
‘wires’. For ‘pipes’ — which comprise the most significant cost, particularly of transmission networks — maintaining
asset condition is important to extend asset life and reduce maintenance and operating costs. For electrical
infrastructure, two areas for consideration are, firstly at the individual plant level where there needs to be increased
levels of condition monitoring deployment among secondary, auxiliary and lower value primary assets, and secondly
at network level where benefits would be seen by improving condition monitoring of the working environment,
improving operational real-time assessment of network condition and making full use of smart meter data to assess
the condition of the last mile of distribution circuits.

Specific areas for each vector include power electronic technology for electricity which is strongly linked to the
concepts of a super-grid and future smart-grid. District heating technologies are relatively mature, however much of
the experience is from overseas with some benefit to be gained from transferring techniques effectively to the UK.
There are also system design opportunities — such as developing lower temperature networks among existing
buildings. For gas, developing improved techniques for pipe handling and trenchless technologies would provide value
to the industry reducing the costs of installation and replacement / repair.

The hydrogen innovation space is very broad and incorporates all elements of infrastructure design to some degree.
Repurposing of gas pipelines to carry differing purities of hydrogen mix is identified as an important research area.
The other area is the conversion of electricity to hydrogen (ie. the electrolyser and associated equipment such as
compressors). Although this is not strictly ‘infrastructure’ as defined for this project, it is a key area that would impact
upon hydrogen development. Clearly the extent to which hydrogen emerges as an energy vector will have a major
influence on pathways for technology development.
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Summary

This pioneering project has brought together detailed infrastructure costs across four energy vectors in the UK,
developing a valuable and accessible dataset for use by ETI members and others. It will support the development of
energy scenarios that take into account not only supply and demand but also the means of transporting energy in a
variety of forms from one to the other.
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2 Introduction

21 The 2050 Energy Infrastructure Outlook Project

By 2050 the UK will need to be meeting stringent targets requiring an 80% reduction in CO2 emissions, whilst
maintaining a sufficient supply of energy. In order to appropriately assess the opportunities for meeting these targets it
is necessary to understand, amongst other things, the costs and performance of the energy infrastructure that will
carry energy from where it is generated to where it is consumed.

The 2050 Energy Infrastructure Outlook project was commissioned to deliver data and identify research and
development opportunities for the UK on different types of fixed energy infrastructure from now until 2050. The
purpose of the study was to compile cost and performance data in relation to the key infrastructure elements of
electricity, gas, heat and hydrogen networks to enable the evaluation of different energy scenarios.

Key aspects of the study brief are as follows:
. Existing Infrastructure Review, and Scenario Confirmation for Study in conjunction with ETI:
e Literature Review of Existing Infrastructure and Baseline Technological Solutions

e Scenarios (later referred to as ‘test cases’) to identify a basis for study (defined by supply, demand and
key energy vectors)

. Implications for Transition

* Identification of key technological challenges and constraints with existing infrastructure with respect to
changing demand and supply characterisation for each scenario.

. Technical Options and Research Opportunities

¢ Construction of scope diagrams of ‘typical’ or indicative energy infrastructure with respective
performance and efficiencies for each section and conversion point

e Outline status reports of research and development opportunities for each energy vector and section to
improve efficiency and allow transition to realisation of each scenario.

. Costing Data
e Procurement models for infrastructure development
¢ Model of costs for each infrastructure element with appropriate range and sensitivity

This is the Final Report of the project, prepared to provide background and context to the Infrastructure Cost Model
and the associated research opportunities which have been developed as the primary outputs of the study. In
providing an overview of the project, it is intended as a guide to users of the model to help understand both its
potential and its limitations, and for the wider ETI community to understand the scope and value of the project as a

whole.
ETI Energy Infrastructure 2050 Revision 02
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The study was undertaken by a project team led by Buro Happold in close association with the Sweett Group. Buro
Happold undertook technical scoping and analysis and the Sweett Group developed the cost framework and built and
populated the cost model. The core team was supported by experts from Southampton University (high voltage
electricity), De Montfort University (hydrogen), and individual gas and heat experts. Input from PPA Energy was
provided to support the development of the operating costs aspect of the model. A Professor of Engineering from
Cambridge University also provided a stewardship role in developing and implementing the project. Overall project
management was undertaken by Buro Happold.

2.2 Approach and methodology

The Project was undertaken over a 17 month period ending in [August 2013] and was broken down into four work
packages with the two key outputs being an Infrastructure Cost Model and an outline of potential research and
development opportunities for each vector (Figure 2—1).

The first work package (Interim Work Package 1 — IWP1) was focused on developing the technical scope of the
project. A review was undertaken of existing UK infrastructure of the four energy vectors and this provided the basis
for the definition of the individual elements to be included in the cost model.

In order to set the scene for the research aspect of the project, reviews were also undertaken of near term
developments and far term research activities. A context for identification of research opportunities was provided by
developing ‘test cases’ of possible future scenarios each with a different bias aimed at pushing the boundaries of the
research review.

The second work package (IWP2) developed both strands of work, refining the technical scope and constructing
‘typical’ or indicative schematics for each element, and undertaking a wider ‘scan’ of potential research opportunities.
During this work package the cost framework was developed and the initial structuring of the cost model undertaken.

The emphasis of the third (IWP3) and fourth (IWP4) work packages was on building and populating the cost model,
first for heat as a way of testing the model, and then for electricity, gas and hydrogen. Further work on integrating
operating costs into the model was also undertaken. The research opportunities for each vector were reviewed and
analysed qualitatively and in respect of outputs from the model to short list candidates that could be of interest to the
ETI in future projects.

This final stage is aimed at integrating the outputs of the earlier work packages in order to provide a summary report
to guide ETI members and other users of the model as to the background, development and ultimate uses of the
model.

Each work stage was accompanied by a detailed Interim Update Note. This Final Report summarises that work and
readers are directed to the Update Notes for further detail.
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Figure 2—1: overview of project approach and methodology as aligned with the project work packages (IWP1-4 plus Final Report)

2.3 Report structure
The report is structured around the key elements of the work undertaken.

Chapter 3 provides an overview of the technical scope of the project based on the in depth scoping phase. It outlines
particular challenges and how these have been addressed. This is followed by some spatial analysis in Chapter 4 that
validates the technical scoping in relation to the linear infrastructure. It also contains details of test projects used to
validate the model.

Chapter 5 provides a summary of the near term review across each energy vector and leads into Chapter 6 which
describes the development and outputs of the test cases.
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Chapters 7 and 8 consider the cost model itself. As noted, the development of the model was undertaken on an
iterative basis, with these chapters providing an overview of the final outputs. Chapter 7 focuses on how the model is
structured, how it relates to the technical scope, its key features and what were particular challenges. Note that
information on the detailed mechanics of the model is provided separately in the User Manual issued alongside the
model itself. Chapter 8 considers the key user interface of the model in the form of the Project functionality that allows
users to create and cost different project types. It outlines potential uses of the model and how the user interfaces
have been developed to support detailed analysis.

The identification of research opportunities for each vector is covered in Chapter 9.

Finally, Chapter 10 provides a summary of some issues that arose during the study but that were outside its scope.
These are provided for potential follow up by ETI at a later date.
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3  Technical Scope

3.1 Overview

This chapter outlines the technical scope of the project and discusses the challenges and associated limitations
inherent in the approach.

The scope and model extends to all infrastructure elements associated with the four energy vectors, electricity, natural
gas, heat and hydrogen.

The infrastructure elements for each vector are defined as:

. Transmission (including off shore where relevant): high voltage / pressure networks including relevant
ancillary equipment (eg. towers for overhead lines; valves and special crossings for pipes). Heat
transmission not included.

. Distribution: medium to low voltage / pressure networks including relevant ancillary equipment.

. Conversion: plant and equipment required to convert one pressure / voltage / temperature to another (of the
same vector) such as an electrical substation converting power from 400kV to 132kV, or a pressure
reduction station converting gas from high pressure to intermediate pressure.

. Connection: all equipment necessary at the consumption end to connect end users to distribution networks.
Including industrial, commercial, residential and vehicle connections.

. Storage: utility scale storage upstream of connections.

A summary of the study scope by vector is provided in Table 3-1. For each infrastructure element, the scope covers
new build, refurbishment and abandonment and includes detail on performance in relation to losses and / or parasitic
load (that is, energy required to operate the asset, for example, to compress gas in a compressor station, or transport
water / steam through a district heating network).

An additional aspect of the project is to enable energy analysts to consider the relative cost of new build versus that of
repurposed assets. To this end, an analysis is also provided of the technical actions required to enable infrastructure
associated with one vector to carry (or transform) another. Further detail on repurposing is provided in Section 3.3.3.

Overall a total of over 200 infrastructure elements are included across the four vectors, each of which is presented in
four different stages from new build to abandonment. These elements are built up from around 900 constituent
components and include information on operational and lifecycle costs. Variation of each of these items is allowed for
within the cost model as discussed in Chapter 7.

An important point to note in the construction of the Infrastructure Cost Model is that it provides cost data on individual
elements of infrastructure and does not provide any information on system design. Data can be extracted from the
model to inform the cost of a system, however the design of that system has to be undertaken as a separate exercise.
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Table 3-1: Outline project scope
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Q S Q S Q IS 3 <
e | &3 g | &% g | &% e | & |2
313 | 5|3 |35 |35 |58 |8 |3|5|8|58|38|35|581/32
= x x < 2 x x < 2 x x < = x x <
Off-shore HVDC AC n/a n/a n/a
transmission >400kV - 400KV
200-400kV - 132kV
<200kV
On-shore HVDC AC 347 347 n/a
transmission >400kV - 400kV 32 32
200-400kV - 275kV 28” 28"
<200kV
Distribution - 132kV - HP: 347, 327, 30", 287, - HP: 347, 327, 30", 28", 120°C | 70°C 50°C
- 33kV Overhead, 267, 24", 20", 16” 267, 24", 20", 16” 150mm 150mm 150mm
- 22KV buried and -IP: 8 -IP: 8 300mm 300mm 300mm
S 11KV tunn'elled -MP: 6 _MP: 6" 450mm 450mm 450mm
versions » . ”
- 6.6KV where -LP: 12 -LP: 12
- 400V appropriate
- 230V
Storage - Pumped hydro - LNG storage - LNG storage - Large scale aquifer

- Compressed air storage
- Flow batteries

- High pressure vessels
(‘bullet’)

- High pressure vessels
- Low pressure vessels

- District level thermal
store (large scale
accumulator)

- Utility scale batteries - Low pressure vessels - Salt cavern
(‘gas holder’)
- Salt cavern
Conversions -HVDC to ACVSC - Compressor station - Compressor station 120°C to 70°C
- HVDC to AC CSC -NTS to HP -NTS to HP 120°C to 50°C
- 400kV to 132kV -HPto IP -HPto IP 70°C to 50°C
- 400kV to 275kV - IP to MP (‘city gate’) - IP to MP
- 275kV to 132kV - MP to LP (‘district -MP to LP
- 132kV to 33/22/11kV governor’)
- 33kV to 11/6.6kV
- 11kV to 400V pole &
ground mounted
- various sealing end
terminals
Connections - Residential (230V / 2- - Residential (LP/2") - Residential - Residential

5kVA)
- Commercial office (400V

- Commercial office
(LP/127)

- Commercial office
- Industrial

- Commercial office / large
residential

/ 200kVA) - Industrial (LTS/20”) - Vehicle refuelling - Industrial

- Industrial (33kV/ - Vehicle refue"ing - Power generation

10MVA) (LP/12) 9
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(230V / 3.7kVA) (NTS/34")
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3.2 Approach

For each infrastructure element, a clear description of an indicative piece of infrastructure was developed to inform the
cost database. The outcome of this exercise is a series of ‘Scope Diagrams’, each one detailing the boundary of the
asset, its key components and land take. An example is shown in Figure 3—1 and a full set of Scope Diagrams is
included in Appendix A.

Technical aspects associated with the refurbishment, repurposing and abandonment of each element were developed
in order to guide the costing process. All technical data is collated in a Technical Scope Table for each vector which
are included as supplementary files with the Cost Model and included in Appendix A. Summary details for each vector
are provided in Section 3.4 below.

Wherever possible the scope diagram has been defined to represent a typical network arrangement. In some cases,
for example, off-shore transmission, a pragmatic approach has had to be taken due to the lack of existing
infrastructure and/or the range of different configurations.

In practice there is an almost infinite range of possible designs. It is not possible to cover all eventualities, nor would
this add value as the range of cost variations is unlikely to significantly increase. Using the experience of the project
team and the review undertaken in the first work package, indicative designs have been developed. These are not
intended to be detailed drawings, but merely serve to accurately define the scope of the cost and performance data.
Caution should be exercised in using the diagrams to develop projects in the tool; an experienced engineer is
required.
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Figure 3—1: Example ‘scope diagram’ as prepared for each infrastructure element of each vector. A full set is available in Appendix
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3.3 Challenges
3.3.1 Defining ‘indicative’

A significant challenge for the project was to develop technical scopes that could be said to be indicative. Even in the
case of the linear infrastructure — such as pipe lines or overhead cables — there are many different variants in terms of
the number and type of components. This is even more the case with above ground assets such as substations or
different types of storage.

The need to define the different infrastructure types required a trade-off between the complexity of real life and the
simplification needed to ensure the final model was usable. To address this issue, industry expertise was relied upon
to select the most relevant or typical variant. Where it cannot be said that there is a ‘typical’ infrastructure unit, such as
salt cavern storage for natural gas, a case study approach was used.

The modular nature of the cost model (as described in Chapter 7) ensures that, where users find an asset type critical
to their analysis has been omitted, or where the variant selected does not match their needs, additional elements can
be added with ease.

3.3.2 Efficiency

The efficiency of a piece of infrastructure is a measure of the energy in versus the energy out. For the purposes of the
project, it has split into losses (that is for example energy lost along cables or pipes) and parasitic load (that is where
additional energy is required to run a piece of plant such as a gas compressor station) and is presented as a
percentage of annual energy. The approach for each vector and infrastructure type is summarised in Table 3-2 below.

It should be noted that efficiency as defined here is treated outside the cost model. It is not possible to calculate
losses and parasitic load in energy terms without knowing more about the design and operation of a network which is
outside the scope of this project. Load factor significantly influences losses in electrical networks and parasitic load in
gaseous networks and heat networks. As these vary depending on the location of the assembly in the infrastructure
system and its overall load versus capacity, it is recommended that loss calculations are made once these factors are
known. A number of methodologies for calculating losses have been used’

A follow up piece of work would be to allow users to build up losses, and their associated costs, within the tool for a
given project, based on inputting a range of assumptions such as load factors, energy load profiles etc.

' For example: Negra N.B., Todorovic J. & Ackermann T. (2006). Loss evaluation of HVAC and HVDC transmission solutions for
large offshore wind farms. Electric Power Systems Research. 76(11): 916-927.
National Grid Electricity Transmission plc (2010). Offshore Development Information Statement 2010. Appendix 4.:A28-A30
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Table 3-2: summary of approach to efficiency (losses and parasitic load) for each vector

Vector Infrastructure type Losses Parasitic load
Electricity Transmission / distribution | % of annual energy per 100km. A n/a
132kV range is given due to the influence of
load factor.
Distribution 33kV and % of annual energy; blended figure n/a
below from across all DNOs
Conversion % of annual energy per conversion n/a
Connection % of annual energy per connection n/a
Storage % of annual energy n/a for most; included in losses figure
for pumped hydro
Gas / hydrogen | Transmission Minimal n/a
Distribution % of annual energy n/a
Conversion % of annual energy per conversion Compressor station - % annual energy
Connection % of annual energy per connection n/a
Storage % of annual energy n/a
Heat Distribution W/m kWh/MWh
Conversion Minimal n/a
Connection Minimal n/a
Storage % of annual energy % annual energy stored where
applicable

3.3.3 Repurposing

Repurposing is deemed to be the alteration of a piece of infrastructure designed to carry one vector to enable it to
carry another. For example, natural gas pipe lines can be repurposed to carry hydrogen. It is a complex issue for
which a balance has had to be struck between the wide range of alternatives possible and the structure and
functionality of the model.

The objective of including repurposing is to enable an understanding of what the lowest cost system for energy
delivery might be. At its most straightforward, a scenario in which one energy vector is changed to another may be
discounted due to the high cost of removing and replacing the existing infrastructure. On the other hand, this scenario
may become plausible if existing infrastructure could effectively be reused at lower cost to carry the new vector. Any
repurposing does of course introduce other issues, such as a potentially lower level of performance than if new
dedicated infrastructure were installed, which must also be considered.

This highlights two extreme approaches, one being effective replacement (of all the existing infrastructure with new
infrastructure), the other being effective reuse (of the existing infrastructure as it is without modification).
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For the purposes of this project and to retain the functionality of the model, a specified number of repurposing options
has been defined with a maximum of two per infrastructure element?. A detailed review confirmed that in almost all
cases only two repurposing options were practical. The approach to defining each repurposing option out of the broad
range of options that could be considered possible has been to select something that has some technical and
pragmatic rationale. Thus options have been discounted where considered not technically feasible. Options selected
are summarised in Table 3-3 below with a paper providing the rationale for each included in Appendix C.

It is assumed that the repurposed infrastructure will impact upon the performance of that infrastructure in relation to its
new build equivalent. Estimates of losses for repurposed options are included in the Technical Scope Tables. In cases
where no precedent for repurposing exists, performance has been estimated.

2 Note that due to the structure of the model, the second repurposing option has had to be included as a new version of the same
Assembly. This will become clear on use of the model.
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Table 3-3: Summary of repurposing options included in the model

Vector Function Repurposing 1 Repurposing 2 Comments
Electricity | Transmission | 400kV HVAC OHL - Technically repurposing is deemed to refer
converted to HVDC to changes from one vector to another.
275kV HVAC OHL However, it was considered of value to
converted to HVDC include estimates of repurposing of
electrical transmission infrastructure form
AC to DC. Due to converter station costs
and losses, HVDC is only currently used
over relatively long distances such as are
covered by a 400/275kV National Grid
transmission system.

Distribution Out of scope

Conversion Out of scope

Connection Out of scope

Storage Out of scope

Gas Transmission | Repurpose to Repurpose to CO,
hydrogen
Distribution Repurpose to - It was agreed that repurposing to heat is
hydrogen not achievable for reasonable cost or to a
standard which would provide assurance
for future reliability without effectively totally
replacing the gas mains.

Conversion Repurpose to - It is noted that compression is an important

hydrogen part of transmission and thus repurposing
of compressors to CO; is relevant. It has
however been excluded from scope of the
current iteration of the model.

Connection Repurpose to - It was agreed that repurposing to heat is

hydrogen not achievable for reasonable cost

Storage Repurpose to Repurpose to CO,

hydrogen
Heat Distribution Repurpose to gas Repurpose to hydrogen

Conversion - - QOut of scope

Connection Repurpose to gas Repurpose to hydrogen

Storage - - Repurpose to CO, not technically possible

Hydrogen | Transmission | Repurpose to gas Repurpose to CO,

Distribution Repurpose to gas - As per gas distribution.

Conversion Repurpose to gas - It is noted that compression is an important
part of transmission and thus repurposing
of compressors to CO; is relevant. It has
however been excluded from scope of the
current iteration of the model.

Connection Repurpose to gas - As per gas connection.

Storage Repurpose to gas Repurpose to CO,

energy
technologies

\ institute
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3.3.4 Hydrogen

The lack of any significant UK hydrogen infrastructure throws up particular challenges for defining indicative elements
and then costing those elements. Broadly speaking a technical approach has been taken using natural gas
infrastructure as a basis and adapting the design to take into account the different physical characteristics of hydrogen
gas. A full paper outlining this approach is provided in Appendix D. Key technical conclusions are summarised below.

. There is a general limited understanding of the practical aspects of hydrogen pipeline construction at the
scale associated with natural gas transmission. There are around 3,000km of existing hydrogen pipeline
operating at pressures of up to around 100 bar, and diameters of <400mm. Most is repurposed oil pipeline,
built from low grade steel.

. For costing purposes, hydrogen pipelines have been assumed to operate at 84bar to give the same energy
output as natural gas pipelines of the same diameter at 70bar. The assumptions on pipeline operation (e.g. a
~20% increase in pressure) are supported in the literature, however there is one conflicting view but the
maijority of sources concur with the approach taken in this Project.

. Centrifugal compressors can be used for hydrogen but they require multi-stage compression due to low
compression ratios, and so result in very high compressor energy consumption. A compressor station
configuration using 2no. compressor trains, each consisting of 5no. 8 stage barrel compressors arranged in
series has been assumed based on industry input.

. A review of the materials suitable for use with hydrogen pipelines concluded that steel grade below X52
should be used, resulting in thicker, more expensive pipe compared to a X70 natural gas lines. There is
some research work which suggests that higher grade steels are suitable for use with hydrogen but this is
not conclusive. There is conclusive evidence that inclusion of a small amount of pollutant (oxygen or carbon
monoxide at around 500ppm) results in significant reduction in higher grade steels’ susceptibility to fatigue
crack growth. The use of this approach has been assumed for both new build pipelines and repurposing to
hydrogen. This means that some low temperature fuel cells would require technology to clean impurities from
the hydrogen stream. However, impurities could also be introduced from sources such as compressor
lubrication and certain hydrogen production routes.

Further work is recommended on a number of issues. Odorisation of hydrogen is reported as problematic in some
sources and should be reviewed. Crack propagation and hydrogen environment embrittlement (HEE) in higher grade
steels is still a key challenge. Some work on X80 and X100 steels, which have lower fracture toughness but still give
thinner pipelines, has been undertaken and the results suggest these steels could be used subject to higher safety
factors. Further work on cyclic fatigue behaviour is still considered to be required. Pressure reduction equipment has
not been considered in any references in detail. It was excluded from NaturalHy and only a few papers mention it in
passing, stating that the Joule Thompson effect is less pronounced than in natural gas and leads to heating rather
than cooling of the gas (but not to the extent that any cooling of the gas is required). A review of the impact of
hydrogen on steel used for compression and expansion units is also recommended.
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3.4 Technical scope by vector

The following sections provide the context for the technical scope of each vector, commenting on any particular issues
that arise in defining the scope. Each section also includes an overall system schematic to show how the individual

infrastructure elements connect and interact.

A summary scoping table is provided for each element of each vector. These include a definition of scale based on a
combination of an energy carrying / conversion capacity and a physical size (typically a length of linear element, or an
area of a connection / conversion where appropriate) as shown in Table 3-4.

Table 3-4: approach to definition of scale for each infrastructure type

Function Technology Energy carrying / Physical dimensions
type conversion capacity
Transmission / distribution — | cables MVA An indicative cable length is given which includes a
electrical defined number of infrastructure elements such as
poles, circuits, joints (for buried cables) etc. Land take
is also defined.
For overhead lines the area of land required for the
towers or poles is given, and where significant an
approximate corridor of land including safety setbacks
is given
Transmission / distribution — | pipes m3/day An indicative pipe length is given which includes a
gaseous defined number of crossings, line valves, pigs etc.
Land take is also defined.
Conversion — electrical Sub-station MVA Land take (m?) for the assumed conversion capacity to
include all relevant pieces of equipment.
Conversion — gaseous PRS/ m®/day Land take (m?) for the assumed conversion capacity to
compressor include all relevant pieces of equipment.
Conversion - heat Sub-station MW Land take (m?) for the assumed conversion capacity to
include all relevant pieces of equipment.
Connection — electrical cables kVA Land take (m?) for the assumed connection capacity
where appropriate
Connection — gaseous / heat | pipes / valves m®hr Land take (m?) for a single unit (generally small).
(natural gas / Hy)
MW (heat)
Storage - electrical batteries MWh Based on an associated power (MW) and energy
power ratio
Storage - gaseous tanks / m?® Land take for a unit of defined storage capacity.
underground
Storage — heat tanks / MWh Land take for a unit of defined storage capacity.
underground
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3.4.1 Electricity
System overview

Electricity infrastructure in Great Britain comprises a transmission network (on-shore and more recently off shore) and
a series of regional distribution networks. The existing power transmission system was mainly built during the middle
of the last century to provide a method for bulk electricity transmission from large generators to load centres. It has
been designed to facilitate conventional generation injecting large amounts of power to the transmission system to be
delivered to the end user at a number of voltage levels via passive distribution networks.

Original network design incorporated high levels of resilience, which assured operational security of supply. This has
resulted in long life times and low outage rates. In more recent times, all network operators have programmes in place
to monitor/assess the health of network assets and have maintenance, repair and replacement strategic plans;
however, a significant proportion of the original plant installed during the middle of last century is still in operation
today.

A schematic showing existing electricity infrastructure in the UK is provided in Figure 3—2 below.
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Figure 3—2: Schematic of existing UK electricity infrastructure
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Off-shore transmission

Existing off-shore transmission networks consist of three HVDC interconnectors - with France (2,000 MW), the
Netherlands (1,000 MW), and a 500MW HVDC interconnector with the Republic of Ireland; and the HVAC connection
between the Isle of Man and the UK mainland. In addition there are 132 kV AC export cable connections to some of
the Phase 1/2 off-shore windfarms.

The off-shore transmission network is under development. Ofgem and DECC favour a coordinated approach and are
developing an appropriate regulatory framework and incentives regimes.

Each of the off-shore elements included in the model are based on a typical length of 100km of undersea cable
bounded by AC/DC conversion stations or substations at either end. High, medium and low capacities are provided for
each voltage based on case studies of existing and planned projects taken from publically available data and
compared with National Grid Off-shore Development Information Statement (ODIS)4.

A summary of the off-shore electrical transmission scope is provided in Table 3-5.

Table 3-5: electricity off-shore transmission technical scope

Function Mode Rating Installation Capacity Boundary
(low / med /
high) MVA
Transmission HVDC >400kV Off-shore 1,500 Includes bipole i.e two cables side by side buried 1-2m
2,200 deep. Layout differs slightly depending on depth of
3,000 water. Based on National Grid's Western Link Scheme
+-600kV bipole.
Transmission | AC 400kV Off-shore 900 Includes double circuit, with 3 single core cables per
1,800 circuit buried in separate trenches, with spare 4th
3,600 conductor per circuit. Limited to around 50km length due
to charging currents.
Transmission AC 132kv Off-shore 183 AC power take-off from off shore wind farms is at 132kV.
366 Assumed that cable length is less than 50km and so no
549 joint required.
Transmission HvVDC 200-400kV | Off-shore 300 Includes bipole i.e two cables side by side buried 1m
700 deep. Layout differs slightly depending on depth of
1,000 water. Based on ABB HVDC Light (similar to EstLink but
smaller diameter cables used).
Transmission HVDC <200kV Off-shore 200 Includes bipole i.e two cables side by side. Layout differs
400 slightly depending on depth of water. Based on Estlink
600 HVDC link +/-150kV uprated to account for technology
development.

® Off-shore Transmission Coordination Project Conclusions Report, Ofgem / DECC, 2012.
* Note that ETI requested data for 400kV HVAC cables but 50km represents a practical limit to them due to impedance.
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On-shore transmission

The UK transmission system is operated by four different Transmission System Operators (TSOs). Each network is
bounded by connections to generators and interconnectors at one end and connections (via substations) to the
distribution network at the other. These boundaries are reflected in the definition of the different elements included in
the project in this category.

In all cases, power from the generators is stepped up to transmission voltage levels through step up transformers at
generator station substations. Power flows between the different voltage levels on the transmission system through
transmission substations — which also act as interconnection nodes for the system. Power is delivered to the
distribution interface via substations called Grid Supply Points (GSP) which step down the voltage to distribution
levels.

Elements included in this category include both AC (400kV and 275kV in England and Wales with the addition of
132kV in Scotland) and DC (600kV, 350kV and 150kV). As for off-shore transmission, high, medium and low
capacities are included for each voltage. For on-shore HVDC the lack of precedents in the UK means that
international case studies have had to be used.

A summary of the on-shore electrical transmission scope is provided in Table 3-6.

Table 3-6: electricity on-shore transmission technical scope

Function Mode Rating Installation Capacity Boundary
(low / med /
high) MVA
Transmission HVDC >400kV Overhead 1,100 Tower mounted bipole. 4 no. twin conductors, ~417m
2,200 spacing based on increased distance versus 400kV
3.000 HVAC legacy network.
Transmission | HVDC >400kV Buried 1,000 Includes HVDC transmission cables at +-600kV found in
2,200 between AC/DC converter stations. Joint boxes will be
4.400 found along the network. Based on National Grid’s
' Western Link Scheme (Wirral end) +-600 kV bipole.
Transmission | AC 400kV Overhead 3,190 To include suspension towers every 366m.
6,380
6,930
Transmission | AC 400kV Buried 3,190 Buried transmission system cables including joints, laid
6,380 in twin double circuit configuration (e.g. Four sets of
6.930 single core cables, three cables per circuit)
Transmission | AC 400kV Tunnelled 1,100 To include at least 2 head houses.
1,600
2,400
Transmission | AC 275kV Overhead 1,800 To include suspension towers every 366m.
2,600
4,200
Transmission | AC 275kV Buried 1,420 Includes 275KV electricity transmission cables from Grid
1,580 Substation to a 275kV /132kV transformer which will
1.740 reduce the voltage down to 132kV. Joint boxes can be

found along the network.
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Function Mode Rating Installation Capacity Boundary
(low / med /
high) MVA

Transmission | AC 275kV Tunnelled 750 To include at least 2 head houses.
1,100
1,650

Transmission HVDC 200-400kV | Overhead 300 Tower mounted bipole. Standard spans between
700 suspension towers 366m. Based on ABB HVDC Light.
1,000

Transmission | HVDC 200-400kV | Buried 300 HVDC cables between AC/DC convertors, +-300kV.
700 Based on Nordbolt HVDC light system being developed
1,000 by ABB.

Transmission HVDC <200kV Overhead 200 Tower mounted bipole. Based on voltages used for
400 Estlink, with uprated capacity. HVDC link +/-150kV.
600

Transmission HvVDC <200kV Buried 200 Includes bipole i.e two cables side by side buried 1m
400 deep. Based on Estlink HVDC link +/-150kV uprated to
500 account for technology development

Distribution

The UK electricity distribution system is divided into a number of independently operated networks. There are
currently (2013) 14 licensed distribution network operators (DNOs) in England, Scotland and Wales, each responsible
for a distribution services area, and four independent network operators who own and run smaller networks
embedded in the DNO networks. There is a separate DNO in Northern Ireland.

These networks have been designed to function as passive networks to transport power from transmission system
grid / bulk supply points to the end user. Voltage levels tend to be:

. Sub-transmission — 132kV, 33kV and 22kV
. Distribution 11kV and 6.6kV down to LV (400V and 230V) to deliver to customers.

Electricity enters the distribution network at a number of points including Grid Supply Points (England and Wales) or
Bulk Supply Points (Scotland) which are the interface with the transmission system. It also enters via generators
connected directly to the distribution system rather than to the transmission system (so called ‘embedded’ generators)
and some cross border arrangements with neighbouring distribution networks.

Electricity leaves the network at the premises of end users and is metered at that point. The boundary of the
distribution elements in the model ends at their points of connection to substations or consumer connections.

A summary of the electricity distribution scope is provided in Table 3-7. For distribution, unlike for transmission, only
one capacity has been included for each voltage.
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Table 3-7: electricity distribution technical scope

Function Mode Rating Installation | Capacity Boundary

Distribution AC 132kV Overhead 670 MVA Includes electricity distribution cable from a step-down
substation. Suspension, angle and terminal towers can
all be round along the network

Distribution AC 132kV Buried 335 MVA Includes electricity distribution cable from a step-down
substation. Joint boxes can be found along the network.
Distribution AC 132kV Tunnelled 320 MVA Includes tunnelled portions of 132kV distribution cables.

Headhouses can be found along the network. Excludes
control room, communication room, storage room,
ventilation shaft etc

Distribution AC 33kV Overhead 25 MVA Includes Section Poles and Intermediate Wooden Poles

Distribution AC 33kV Buried 25 MVA Includes joint boxes along the network

Distribution AC 22kV Overhead 16 MVA Includes Section Poles and Intermediate Wooden Poles

Distribution AC 22kV Buried 16 MVA Includes joint boxes along the network

Distribution AC 11kV Overhead 6.6 MVA To include section poles and intermediate wooden poles

Distribution AC 11kV Buried 6.0 MVA Will include ring main units including circuit breakers and
switches

Distribution AC 6.6kV Overhead 4 MVA To include section poles and intermediate wooden poles

Distribution AC 6.6kV Buried 3.5 MVA Will include ring main units including circuit breakers and
switches

Distribution AC 400V Overhead 122 kVA To include 5 x section poles and 15 x intermediate
wooden poles

Distribution AC 400V Buried 122 kVA To include 2 x circuits, 1 x link box, 5 x straight joints, 80
x Tees

Distribution AC 230V Overhead 70 kVA To include 5 x section poles and 15 x intermediate
wooden poles

Distribution AC 230V Buried 70 kVA To include 2 x circuits, 1 x link box, 5 x straight joints, 80
x Tees

Conversion

In the context of electricity infrastructure, the conversion technologies are primarily substations which act as an
interface between the different voltage levels within the network as well as acting as interconnection nodes. In addition
there are convertor substations which convert Alternating Current (AC) power from the grid to Direct Current (DC)
power to transmit across interconnectors and vice versa.
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Generally, substations will contain busbars of the different voltage levels. Incoming and outgoing conductors will be
connected to the busbars of the same voltage level. Transformers will be connected between the busbars — these are
the central component of any substation and provide the interface between the different voltage levels. Other crucial
components are circuit breakers and switches. Substations may also contain capacitor banks and other devices to
provide voltage support and reactive power compensation.

Specifying what might be considered an indicative substation was difficult in this category particularly at the larger
scales as they tend to be bespoke depending on their location within the network. No allowance has been made for
reactive power compensation or other devices.

A summary of the electricity conversion scope is provided in Table 3-8.

Table 3-8: electricity conversion technical scope

Function Mode Rating Installation Capacity Land take | Boundary
Conversion HVDC- 350kV above 1,000 MVA 8,400m? Includes AC filter compound and converter
AC VSC ground station buildings
Conversion HVDC- 600kV above 2,000 MVA 48,125m? Includes AC filter compound and converter
AC CSC ground station buildings
Conversion AC 400kV Sealingend | 6930 MVA 4,000m? Interface between 400kV overhead and
terminal 400kV buried
Conversion AC 400kV 132kV 720 MVA 22,500m? Includes everything in between and including
the 400kV and 132kV switchboards
Conversion AC 400kV 275kV 1100 MVA 22,500m? Includes everything in between and including
the 400kV and 275kV switchboards
Conversion AC 275kV 132kV 720 MVA 22,500m? Includes everything in between and including
the 275V and 132kV switchboards
Conversion AC 132kV Sealing end 335 MVA 540m? Interface between 132kV overhead and
terminal 132kV buried; more land hungry than
compound platform
Conversion AC 132kV Sealing end 335 MVA 176m? Interface between 132kV overhead and
terminal 132kV buried; less land hungry than
platform compound
Conversion AC 132kV 33/22/11kV 120 MVA 3,068m? Includes everything in between and including
the 132V and 33/22/11kV switchboards
Conversion AC 33kV 11kV 25 MVA 630m? Includes everything in between and including
the 33V and 11kV switchboards
Conversion AC 33kV 6.6kV 10 MVA 630m? Includes everything in between and including
the 33V and 6.6kV switchboards
Conversion AC 11kV 400V 500kVA 16m? From switchboard to switchboard including
(ground protection. Ground mounted
mounted)
Conversion AC 11kV 400V (pole 200kVA 16m? From switchboard to switchboard including
mounted) protection. Pole mounted
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Storage

The only type of utility scale, grid connected electricity storage in the UK is in the form of pumped hydro with four
major schemes offering 27.6 GWh°®. Other forms of storage exist, such as compressed air energy storage (CAES),
flow batteries and utility scale batteries but these are not yet grid connected in the UK.

For the purposes of the project, a range of large scale storage options were included from pumped hydro, to different
forms of battery. Again, the difficulties of specifying an ‘indicative’ element were significant, particularly in the case of
pumped hydro which is highly dependent on geography. An indicative pumped hydro plant was therefore described by
taking the average GWh capacity of the four major UK plants. The associated power and working volume were then
calculated by taking Dinorwig plant values and multiplying by the ratio of average UK plant GWh capacity to Dinorwig
GWh capacity. This ensured all parameters were consistently scaled for the indicative case.

A summary of the electricity storage scope is provided in Table 3-9.

Table 3-9: electricity storage technical scope

Function Mode Rating Installation Capacity Land take Boundary
(low / med /
high)
Storage DC 4AMW Flow 10 MWh 27.5kWh/m® | Based on typical 4MW VRB demo
Batteries 20 MWh projects and 5:1 energy power ratio for
40 MWh flow batteries
Storage DC 1MW Utility Scale | 7.2 MWh 250m? Based on 2 units, each with 7.2MWh
Batteries 14.4 MWh capacity and 1MW peak output
28.8 MWh
Storage AC 135MW Compressed | 800 MWh 1,200m? for Associated output 135MW
Air 1.600 MWh turbo machinery
3,200 MWh
Storage AC 1.36GW Hydro 3.45 GWh variable Mean of 4 major UK plants. Associated
pumped 6.9 GWh power 1.36GW and based on 5:1 energy
13.8 GWh to power ratio at Dinorwig

Connections

Connections are varied depending on end user scale and type, however are deemed to end at the fiscal meter
entering the customer’s property. For domestic dwellings, they generally involve a 230 V single phase supply
incorporating a 100 Amp fuse prior to the meter. For industrial and other users, 3 phase connection can occur at 400
V, 11 kV or 33 kV dependent on customer requirements. Very large industrial connections may be made at 132kV
(e.g. paper mills, steel works) however these would be largely equivalent to 132/11kV substations. Storage after the
meter is excluded from the scope of the study.

A summary of the electricity connections scope is provided in Table 3-10.

*ERP (2011) http://www.energyresearchpartnership.org.uk/energystorage
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Table 3-10: electricity connections technical scope

Function Mode Rating Installation | Capacity Land- Boundary
take
Connections | AC 400V Commercial | 200kVA nil Connected at LV, assuming nearby 11kV
Office substation. 3 phase supply.
Connections | AC 33kV Industrial 10MVA 240m? Assumed to be medium industrial consumer,

connected via 33kV network

Connections | AC 230V Residential 2-5kVA nil Drawings will include individual single phase,
individual 3 phase and multi-residential
Connections | AC 230V Vehicle 3.7kA 1.785m? | Assume uses feeder pillar to connect to
recharging recharge | dedicated charging pillar
area
342 Gas

System overview

Natural gas pipelines in the UK are divided into two categories: high-pressure, larger-diameter transmission pipelines
and lower-pressure distribution mains. Gas flows through these pipelines from import terminals to the end users, the
flow being supplemented by storage facilities and controlled and regulated through compressor stations and pressure
reduction installations (PRIs).

Gas infrastructure assets can be divided into three categories:

. those that have a long history dating back to the “town gas” era of local gas manufacture and distribution, i.e.
low pressure gas holders, district governors and cast iron mains;

. those that date back to the 1970s, when natural gas was introduced, and the transmission system had to be
constructed, i.e. the transmission system itself, national off-takes; and

. those buiilt since the early 1980s, the Local Transmission System (LTS) and Pressure Reduction Installations
(PRI's) and the new Polyethylene (PE) network.

A schematic showing existing gas infrastructure in the UK is provided in Figure 3—3 below.
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ETI 2050 -

Gas Schematic - Existing
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Figure 3—3: Schematic of existing UK gas infrastructure
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Transmission

Gas enters the system via the seven UK gas terminals (six in England and one in Scotland) and the five Liquefied
Natural Gas (LNG) stores (three in England, one in Wales and one in Scotland) with one terminal in England using
LNG carriers connected to LNG piers and similar terminal in Wales. LNG plants include evaporation equipment to
return the liquefied gas to gas form, as well as compressors.

From the import terminals, gas is transferred to the high-pressure National Transmission System (NTS). The NTS
comprises pipelines made of high grade welded steel that transport gas from the entry points to major centres of
population and some large industrial users, such as power stations. The NTS is owned and managed by National Grid
Gas. Northern Ireland is connected to the Great Britain NTS via a pipeline from Scotland.

There are 175 off-take points through which the NTS supplies gas to:

. the twelve local distribution zones (LDZ) that contain pipes operating at lower pressure which eventually
supply the smaller end consumers, including domestic customers

. some end users which are primarily large industrial consumers and power stations

Most of the NTS was built in the 1970s and early 1980s after major increases in North Sea production. The total
length of the NTS is around 4,720 miles and operates at pressures up to 85 bar. The gas is pushed through the

system by 23 (mostly gas turbine driven) compressor stations and fifteen pressure regulators located around the
country. Gas moves through the system at an average of 25mph.

For the project, differing capacities for gas transmission are taken into account by including different pipe diameters. A
key determinant of cost of transmission pipelines is the number of special crossings encountered in a particular
stretch. For the study average numbers of river, rail and road crossings were assessed for a 100km stretch using GIS
mapping of the gas transmission network and counting actual numbers of crossings over three different sections.
Clearly these numbers will vary according to geography.

A summary of the gas transmission scope is provided in Table 3-11.

Table 3-11: gas transmission technical scope

Function Mode Rating Installation Capacity Length Boundary

Transmission NTS 34" Buried 30mill 100km Includes 1 x CP; 17 Special Crossings; 5 x
m®/day Line Valves and 2 pigs

Transmission NTS 32" Buried 25mill 100km Includes 1 x CP; 17 Special Crossings; 5 x
m®/day Line Valves and 2 pigs

Transmission NTS 28" Buried 20mill 100km Includes 1 x CP; 17 Special Crossings; 5 x
m®/day Line Valves and 2 pigs
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Distribution

There are eight gas distribution networks (GDNs) in Great Britain, which each cover a separate geographical region.
There are also a number of Independent Gas Transporters who mostly supply residential developments. The Northern
Ireland distribution system is operated by Phoenix Natural Gas.

Pipes in the distribution system were mostly ductile iron. These are now being replaced Polyethylene (PE). High
Pressure (HP) pipework will remain in steel. A summary of network pipes and pressures is given in Table 3-12.

Table 3-12: Distribution network pipeline pressures and materials

Rating Symbol Pressure Typical Pipe Material

High pressure HP 10 — 38 bar High grade steel

Intermediate pressure P 2 -7 bar Steel/polyethylene

Medium Pressure MP 75 mbar — 2 bar Steel/polyethylene/cast iron/ductile iron
Low Pressure LP 30 — 75 mbar Polyethylene/cast iron/ductile iron

A number of different pipe diameters are included in the project at different pressures from the off-take from the NTS
down to connection to end consumers. Special crossings are only included at the higher pressures; at the lower ones,
crossings are deemed to be ‘standard’ and included in the cost of the pipe work.

A summary of the gas distribution scope is provided in Table 3-13.

Table 3-13: gas distribution technical scope

Function Mode Rating Installation Capacity Length Boundary

Distribution HP 36" Buried 30mill 100 km Includes Special Crossings; 7 x Line
m®%day Valves and 3 pigs

Distribution HP 34" Buried 28mill 100 km Includes Special Crossings; 7 x Line
m®%day Valves and 3 pigs

Distribution HP 32" Buried 25mill 100 km Includes Special Crossings; 7 x Line
m®%day Valves and 3 pigs

Distribution HP 30" Buried 23mill 100 km Includes Special Crossings; 7 x Line
m®%day Valves and 3 pigs

Distribution HP 28" Buried 20mill 100 km Includes Special Crossings; 7 x Line
m®%day Valves and 3 pigs

Distribution HP 26" Buried 18mill 100 km Includes Special Crossings; 7 x Line
m®%day Valves and 3 pigs

Distribution HP 24" Buried 15mill 100 km Includes Special Crossings; 7 x Line
m®%day Valves and pigs

Distribution HP 20" Buried 13mill 100 km Includes Special Crossings; 7 x Line
m®%day Valves and 3 pigs
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Function Mode Rating Installation Capacity Length Boundary

Distribution HP 16" Buried 10mill 100 km Includes Special Crossings; 7 x Line
m%day Valves and 3 pigs

Distribution IP 8" Buried 400,000 Urban Typical length for urban to include 3 x
m%day 10km; special crossings; 3 x Line Valves. Rural to

rural 15km | include: 5 x special crossings; 2 x Line
Valves

Distribution MP 6" Buried Urban 10km 2 standard crossings; 11 line valves
300,000
m®%day
Rural 75,000
m®%day

Distribution LP 12" Buried Urban Urban and | Urban to include: 2 x standard crossings;
20,000 rural 10km | 21 x Line Valves; rural to include: 2 x
m®%day standard crossings; 11 x Line Valves.
Rural 5,000
m®%day

Conversions

Gas flow through the system is regulated by a series of installations. These are:

. Compressor stations to maintain pressure in the system. They are all within the NTS. There are 23, mostly

gas turbine driven.

. Pressure Reduction Installations (PRIs), at both transmission and distribution level, that manage pressure

reduction through the system as the gas approaches end users. PRIs are of varying scales.

. Gas governors, at the distribution level. These perform a similar role to PRIs but operate at lower pressures

and do not require any pre-heating technology. Also known as Pressure Reduction Stations (PRS), and
analogous to a transformer in the electricity system.

There is a large variety of possible capacities for conversion and only a relatively limited number have been specified.

A summary of the gas conversion scope is provided in Table 3-14.

Table 3-14: gas conversion technical scope

Function Mode Rating Installation | Capacity Land take | Boundary
Compressor NTS n/a Above 50 mill 15,000m? Includes 2 gas fired turbines in acoustic
station ground m®%day housing; filters, condensate tanks,
compressors, fan coolers, standard control
and SCADA rooms.
Conversion NTS/HP | n/a Above 10 mill 40,000m? Includes filters; a heat exchanger and a
ground m%day water bath to preheat gas and control
temperature drop; Pressure Reduction
sub-component and standard Control and
SCADA rooms. Odour will be injected at
this point.
Conversion HP/IP n/a Above 1 mill m*day | 5,625m? Includes filters; a heat exchanger and a
ground water bath to preheat gas and control
temperature drop; Pressure Reduction
sub-component and standard Control and
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Function Mode Rating Installation Capacity Land take | Boundary
SCADA rooms.
Conversion IP/MP n/a Above 30,000 m*hr | 50m? Includes filters and valves
ground
Conversion MP/LP n/a Above 5,000m*/hr 25m? Includes filters and valves
ground
Storage

Gas is stored in a number of different ways, including as LNG (5 stores in GB), underground (salt caverns) (7 stores),
High Pressure Storage (so-called ‘bullets’) and Low Pressure Storage (‘gas holders’). There is also a technique known
as line packing which is increasingly used, making use of excess capacity in the network, increasing the pressure
overnight to build up supplies and making use of this at peak demand periods. Line packing was not covered by the

project.

A summary of the gas storage scope is provided in Table 3-15.

Table 3-15: gas storage technical scope

Function Mode Rating Installation | Capacity Land take | Boundary
(low / med /
high)

Storage n/a n/a LNG on- 100,000 m* | 60,000m® | Average of four 85m diameter tanks
shore 150,000 m® for4 nr (150,000m3 per tank). Boundary does not
storage 200.000 m® tanks; , include unloading jetty, LNG gasification

’ 15,000m and gas export facilities
average
per tank

Storage n/a n/a Saltcavern | 330 millm® | 40,000m? | Includes above ground pumping

storage 400 mill m® plant area; | equipment; brine pump and reservoir; brine
900 mill m? 475ha disposal / water intake.
overall

Storage n/a n/a High 100 m3 300m? 1 compound, average of 3 tanks (50m® per
pressure 150 m® tank) including valves, piping, drains,
vessel - 200 m? regulators, water sprinkling system , gas
‘bullet’ leak detection system & suitable control

panel

Storage n/a n/a Low 100,000 m®* | 2,800m? includes storage tank (60m diameter),
pressure 150,000 m® support frame, working room allowance
vessel - 'gas 200.000 m?
holder' ’

Connections

Connections are varied depending on end user scale and type, however are deemed to end at the fiscal meter

entering the customer’s property. They generally involve an emergency shut off valve and possibly a governor to

regulate flow.
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A summary of the gas connections scope is provided in Table 3-16.

Table 3-16: gas connections technical scope

Function Mode Rating Installation | Capacity Land take | Boundary
Connections LP 127 Commercial | 350 m3/day 4m? Typically connections for commercial or
Office small industry may be taken off IP/MP or
LP mains and will require U16-U160
meters
Connections LTS 20” Industrial 100,000 625 - Typically Large Industry connections are
m®/day 2,500m? taken off the LTS and will incorporate a
Daily Metered site and a PRS
Connections NTS 347 Power 1 mill m*day | 2,500m? Typically taken off NTS, includes daily
generation metered site and AGI (pressure reduction
station); filter and valves
Connections LP 2’ Residential 6 m%hr n/a - Typically taken off LP mains; includes
internal valve and meter (excludes service pipe).
Connections LP 12" Vehicle 300 m¥hr n/a - Assumes an inlet pressure of 13 bar and a
refuelling internal connection of 45 kW
stations -
CNG
3.4.3 Heat

Heat is not currently a regulated public utility akin to mains grid gas or electricity. Due to the disparate nature of heat
distribution networks in the UK it is difficult to state the exact extent and cumulative distance of existing installations. A
large percentage of the heat infrastructure is privately owned and, furthermore, there are no utility type record
drawings for existing heat networks. Some local information is available, such as the Greater London Authority (GLA)
London Heat Map, showing existing and planned district heating networks (DHN) across the city.

Although significant networks exist in major cities, it is estimated that less than 2% of the UK’s heat demand is
supplied by DHNs. The UK has no examples of conveyance of heat from conventional large scale power stations, a
strategy that is commonplace in Scandinavia and other European countries.

A typical schematic showing heat infrastructure is provided in Figure 3—4 below. Heat can be distributed over tens of
kilometres and there are precedents for this. Provided sufficiently large capacities are used losses in percentage
terms can be small. Capacity increases with the square of the pipe diameter, losses with diameter. However,
compared to gas and electricity, distances are small and so for the purposes of this project all heat networks are
considered to be distribution rather than transmission.
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ETI 2050 - Heat Schematic - Existing
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Figure 3—4: Schematic of heat network infrastructure
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Distribution

DHNs can be categorised into three types as described below. A fourth category has been proposed which could be
categorised as local transmission networks. These would connect large scale thermal power stations, such as a
carbon capture and sequestration (CCS) cluster in the Thames Gateway and Bradwell nuclear plant, into a large heat
demand area, such as London. No such large scale networks exist in the UK at present. The anticipated scale of this
type of network is 500MWth to 1GWth with pipe diameters of 800mm being expected depending on temperature.
Networks of this scale are not included in the study.

The following network definitions are based on work done by the Greater London AuthorityG:
. Type 1 Networks

Type 1 networks are small-scale systems, between 0.1 and 3MWe, consisting of CHP units in building plant
rooms. These can serve two or more commercial or public sector buildings and/or up to approximately 3,000
residential units (or equivalent), in a local area. Examples include the Barkantine Heat and Power scheme
and the King’'s Cross scheme which are both operational.

. Type 2 Networks

Type 2 networks represent medium size CHP units, between 3 and 40MWe based in an adjacent energy
centre. They can serve several areas of demand and anchor loads, about 3,000 to 20,000 residential
buildings or equivalent, possibly connecting into an existing heat distribution system. Heat sources include
large-scale gas engines, biomass heat only boilers, energy from waste (EfW) or waste heat from local
industry. Operational examples include the Olympic Park scheme or the Citigen scheme.

. Type 3 Networks

Type 3 networks consist of large-scale generators and industrial sources of waste heat linked to areas of
demand economically suitable for district heating via longer distance heat distribution lines, serving the
equivalent of >100,000 homes. This includes large heat customers such as industry and commercial centres,
and combinations of smaller-scale heat networks (e.g. Type 1 or 2 schemes). Heat sources include larger
scale natural gas CHP plant (typically combined cycle gas turbine (CCGT)), waste heat from existing power
stations or larger EfW plant. Examples include the London Thames Gateway Heat Network, which is under
development.

The pipe diameters included in the study reflect this variety of network scales by spanning from the larger diameter
450mm pipe down to the smaller 150mm approximately corresponding to Type 3 and Type 1 respectively. A range of
different temperatures are also included. These would meet the needs of the three different network types described
although clearly in reality, a wide range of different pipe sizes are used. Service pipes (eg. from distribution mains to
consumer premises) are included within the connections category.

A summary of the heat distribution scope is provided in Table 3-17.

® These scales were originally developed by the GLA in their 2009 report “Powering ahead: Delivery low carbon energy for London”,
and were subsequently revised in the 2011 study “Decentralised energy capacity study”
http://www.london.gov.uk/priorities/environment/climate-change/decentralised-energy
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Table 3-17: heat distribution technical scope

Function Mode Rating Installation | Capacity Land take | Boundary

Distribution 120°C 450mm Buried 75 MW 2,920 Pipework including ancillaries (valves,
m/km expansion, trenching etc)

Distribution 120°C 300mm Buried 27 MW 2,540 Pipework including ancillaries (valves,
m?/km expansion, trenching etc)

Distribution 120°C 150mm Buried 3 MW 2,130 Pipework including ancillaries (valves,
m?/km expansion, trenching etc)

Distribution 70°C 450mm Buried 50 MW 2,920 Pipework including ancillaries (valves,
m%/km expansion, trenching etc)

Distribution 70°C 300mm Buried 18 MW 2,540 Pipework including ancillaries (valves,
m?/km expansion, trenching etc)

Distribution 70°C 150mm Buried 2 MW 2,130 Pipework including ancillaries (valves,
m%/km expansion, trenching etc)

Distribution 50°C 450mm Buried 25 MW 2,920 Pipework including ancillaries (valves,
m%/km expansion, trenching etc)

Distribution 50°C 300mm Buried 9 MW 2,540 Pipework including ancillaries (valves,
m%/km expansion, trenching etc)

Distribution 50°C 150mm Buried 1MW 2,130 Pipework including ancillaries (valves,
m%/km expansion, trenching etc)

Conversion

District heating conversion temperatures are driven by three primary factors:

1. Heat generation temperatures — process heat will normally be at the higher end of the scale, whereas
heat from renewable sources is generally in the range of 70°C — 90°C or lower.

2. Distribution temperatures — higher distribution temperatures are generally used to distribute over
longer distances. The higher the distribution temperature the greater the heat losses, although the
majority of losses occur in the service pipes to consumer premises.

3. Final use temperatures — older buildings traditionally operate space heating systems at 82/71°C, newer
buildings have a wider delta T and often operate at 80/60°C or 70/50°C, however, underfloor heating will
be significantly lower, operating at circa 50/40°C. The required domestic hot water generation
temperature is 65d°C throughout the UK.

Typical distribution temperatures for district heat networks are:

. Medium Temperature Hot Water (MTHW) — flow temperatures 105 to 120°C

. Low Temperature Hot Water (LTHW) — flow temperatures 70°C to 95°C
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. Very Low Temperature Hot Water (VLTHW) — flow temperatures 45°C to 70°C

The main conversions from each of these distribution temperatures are:

. 120°C to 70°C
. 120°C to 50°C
. 70°C to 50°C

In practice, return temperatures and flow rates as well as pipe diameters govern capacity. Assumptions based on
common practice have been used to estimate capacity but these should be checked by users of the cost model.

A summary of the heat conversion scope is provided in Table 3-18.

Table 3-18: heat conversion technical scope

Function Mode Rating Installation | Capacity Land take | Boundary

Conversion 120°C n/a 50°C 12 MW 50 - Connections up to isolation valves from
100m? DHN

Conversion 120°C n/a 70°C 18 MW 50 - Connections up to isolation valves from
100m? DHN

Conversion 70°C n/a 50°C 12 MW 50 - Connections up to isolation valves from
100m? DHN

Storage

Existing thermal storage for DHNs in the UK is predominantly limited to district level above ground accumulators
(large tanks). Stores are provided for CHP systems as a means to store heat when there is no or low direct heat
demand on the network; this heat can then be discharged when demand increases allowing electricity and heat
production to be decoupled. Stores also act as a buffer during periods of peak demand to allow a greater proportion of
the peak load to be delivered by the CHP plant versus “top up” peak load boilers. This increases return on investment
and environmental benefits. Storage can also be used to capture heat from intermittent sources, or used to dump
excess energy from intermittent electricity producing plant such as wind turbines.

Typical campus scale thermal stores are in the order of 50 — 100m”. Large-scale thermal stores are installed in many
cities in Denmark, reaching 65m in height and a height-to-width ratio of 1.5. The largest thermal store in Germany is
30,000m? in volume. Such stores can also be used to pressurise the heat network. The Olympic Park and Pimlico
schemes in London both have large thermal storage tanks of around 800m?® in volume.

Future thermal storage is likely to include the greater exploitation of below ground aquifer and borehole systems.
These allow large scale interseasonal storage captured in summer / low load conditions and used to reduce the
impact on peak load requirements.

A summary of the heat storage scope is provided in Table 3-19.
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Table 3-19: heat storage technical scope

Function Mode Rating Installation | Capacity Land take | Boundary
(low / med /
high)

Storage n/a n/a District level | 800 m® 110m? Low capacity, 800m° tank above ground
thermal 5,000 m® steel insulated tank; connections up to
store 20,000 m® isolation valves from DHN

Storage n/a n/a Large scale 20 GWh 75,000m? Medium capacity, 25MW charge, over 3
aquifer 25 GWh for above months, 24/7, with around 50% capacity.
storage ground Note above ground area is only partially

30 GWh A
plant occupied. Losses assume store has
reached close to equilibrium with
surrounding ground.

Connections

District heat networks are predominantly suitable for connection to building space heating and domestic hot water
systems. Low pressure steam systems do exist but are not generally used for new build systems. They are not
suitable for process heating applications due to the higher temperature generally required. Public sector and
commercial buildings use a mixture of indirect connections e.g. plate heat exchangers (PHX), and direct ‘heat station’
connections, usually built into pre-fabricated heat stations.

. Direct Connection

The direct connection method is normally used in systems where temperatures are below 90°C and
pressures below 6 bar. Direct systems tend to be associated with systems that are predominantly made up of
domestic dwellings.

. Indirect Connections

The indirect connection method is normally used in large systems whose temperatures and pressures are
not suitable for the direct connection method or a hydraulic break is preferred for contractual reasons. A
larger system could involve temperatures above 90°C and pressures above 6 bar, i.e. higher than a typical
building heating system can operate. Hydraulic breaks are also required for connection to tall buildings and in
topographically varied areas.

A summary of the heat connections scope is provided in Table 3-20.

Table 3-20: heat connections technical scope

Function Mode Rating Installation | Capacity Land take | Boundary

Connections | n/a n/a Industrial 0.5 MW n/a - Connections are all assumed to be indirect
internal

Connections | n/a n/a Commercial 0.25 MW n/a - Connection from tee off in the street to

Office internal main isolation valve and heat meter, PEX
on consumer side

Connections | n/a n/a Residential 0.03 MW n/a - Connection from tee off in the street to

internal main isolation valve and heat meter, PEX

on consumer side
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3.4.4 Hydrogen
System overview

The UK's current hydrogen infrastructure is extremely sparse compared to electricity and natural gas networks;
however it does exist and can be categorised under three classes: industrial pipelines, merchant gas supplies and
new energy infrastructures. These are outlined in the following sections.

In order to ‘set the scene’, the schematic in Figure 3—5 illustrates the potential role(s) that hydrogen could play within
the UK energy system. For this project, the important aspect to consider is the mode of delivery (rather than end use).
The choice is essentially between the pipes (ie. energy transported in the form of hydrogen gas) and wires (ie. energy
transported in the form of electricity). In the former case, the scenario could be that hydrogen was generated
upstream (for example alongside pre-combustion CCS gas power stations) from where it could be moved through
pipes to end users. And in the latter case, hydrogen would be generated downstream from electricity in smaller units
closer to the point of use (be this for vehicles or on-site industrial use).

Transmission / Distribution

Hydrogen is delivered by pipeline in several industrial areas of the United States, Canada, and Europe however there
is only one relatively short section in the UK.

As discussed in Section 1.1.1 above, due to the limited precedents for hydrogen infrastructure in the UK, a technical
approach was taken to defining the different pipe diameters required. Based on the assumption that a hydrogen
transmission / distribution system would operate on a similar scale to that of gas, pipe diameters for hydrogen
transport are assumed to be the same as for natural gas with pressures and pipe thicknesses being altered to allow
for the transmission of the same energy capacity. The literature review undertaken suggested a pressure increase of
around 20% would be required (see Appendix D for details).

A summary of the hydrogen transmission and distribution scope is provided in Table 3-21.
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ETI 2050 - Hydrogen Schematic - Potential
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Figure 3—5: Schematic of potential hydrogen infrastructure
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Table 3-21: hydrogen transmission and distribution scope

Function Mode Rating Installation | Capacity Length Boundary
Transmission NTS 34" Buried 35 mill m3/day 100 km Includes 1 x CP, 5 x Line Valves and 2 pigs;
17 special crossings; 5 x rail, 2 x road, 10 x
river
Transmission | NTS 32" Buried 29 millm¥day | 100 km | as above
Transmission NTS 28" Buried 23 mill m¥day | 100 km as above
Distribution HP 36" Buried 35 mill m¥day | 100 km 7 x Line Valves and 3 pigs; Special
Crossings include: 3 x rail, 4 x road, 1 x
canal, 2 x river
Distribution HP 34" Buried 32 mill m3/day 100 km as above
Distribution HP 32" Buried 29 mill m3/day 100 km as above
Distribution HP 30" Buried 27 mill m*day | 100 km as above
Distribution HP 28" Buried 23 millm¥day | 100 km as above
Distribution HP 26" Buried 21 millm¥day | 100 km as above
Distribution HP 24" Buried 17 mill m¥%day | 100 km as above
Distribution HP 20" Buried 15 mill m¥%day | 100 km as above
Distribution HP 16" Buried 12 mill m¥%day | 100 km as above
Distribution IP 8" Buried 464,000 10 km Urban to include 3 x line valves, 3 x special
m®%day (urban) crossings; 1 x rail, 1 x road, 1 x river.
15 km Rural to include 2 x line valves, 5 x special
(rural) crossings; 2 x rail, 2 x road, 1 x river
Distribution MP 6" Buried 348,000 10 km 2 x standard crossings, 11 x line valves
m®%day (urban)
87,000 m*/day
(rural)
Distribution LP 12" Buried 23,200 m*/day | 10 km Urban to include: 2 x Standard Crossing; 21
(urban) x Line Valves
5,800 m*/day Rural to include: 2 x Standard Crossing; 11 x
(rural) Line Valves
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Conversions

The technology required to convert hydrogen from one pressure to another is perhaps the most different from that
used for natural gas as discussed under the Approach Section 3.2 above.

For compression, the use of multi-stage barrel type compressors is assumed with around five compressor stages
rather than 1-2 usually used for natural gas.

For PRI/PRS no pre-heating is required. Unlike gas, hydrogen heats up on expansion but only very slightly. Air blast
coolers have been allowed for but may not be required.

A summary of the hydrogen conversion scope is provided in Table 3-22.

Table 3-22: hydrogen conversion scope

Function Mode Rating Installation Capacity Land take | Boundary
Compressor NTS n/a Above 58 mill 15,000m? Includes 2 gas fired turbines in acoustic
station ground m3/day housing; filters, condensate tanks,

compressors, fan coolers, standard control
and SCADA rooms.

Conversion NTS/HP | n/a Above 12 mill 40,000m? Includes filters; a heat exchanger and a
ground m3/day packaged temperature control unit to
control temperature drop; Pressure
Reduction sub-component and standard
Control and SCADA rooms. Odour will be
injected at this point.

Conversion HP/IP n/a Above 1.16 mill 5,625m? Includes filters; a heat exchanger and
ground m%day cooler to control temperature increase on
expansion; Pressure Reduction sub-
component and standard Control and

SCADA rooms.
Conversion IP/MP n/a Above 34,800 m*hr | 50m? Includes filters and valves
ground
Conversion MP/LP n/a Above 5,800 m*/hr 25m? Includes filters and valves
ground

Storage

There are a number of different approaches to large scale storage of hydrogen, none of which are currently used in
the UK on any scale. There are some smaller scale storage units attached to hydrogen vehicle fuelling stations,
mostly as part of a trial or test site. As a proxy for the utility scale storage that would be required for a national
hydrogen system, natural gas equivalents have been used. It should be noted that hydrogen needs to operate at
higher pressures to store the same amount of energy as natural gas.

A summary of the hydrogen storage scope is provided in Table 3-23.
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Function Mode Rating Installation | Capacity Land take | Boundary
(low / med /
high)
Storage NA NA Liquefied H2 | 122,000 m® 60,000m? Average of four 85m diameter tanks
storage 174,000 m® (174,000m3 H2 per tank). Boundary does
226.000 m? not include unloading jetty, LH2
’ gasification and gas export facilities
Storage NA NA Salt cavern/ | 380 mill m® 40,000m? Includes above ground pumping
geologic 460 mill m® plant area; | equipment; brine pump and reservoir; brine
storage 1,035 mill m 475ha disposal / water intake.
overall
Storage NA NA High 1,500 m* 800 m? 1 compound, average of 3 tanks (667m3
Pressure 2,000 m* per tank) including valves, piping, drains,
Vessel - 2500 m® regulators, water sprinkling system , gas
tanks ’ leak detection system & suitable control
panel
Storage NA NA Low 122,000 m® 2,800m? Includes storage tank (60m diameter),
Pressure 174,000 m® support frame, working room allowance
Vessel 226,000 m®

Connections

As for natural gas, connections for hydrogen will be varied depending on end user scale and type. Again, in the

absence of actual precedents, natural gas equivalents have been used as a proxy. Research such as the NaturalHy

project’ suggests this approach is feasible.

Table 3-24: hydrogen connections scope

Function Mode Rating Installation | Capacity Land take | Boundary
Connections LP 127 Commercial | 400 m*/day 4m? Connections for commercial or small
Office industry likely to be taken off IP/MP or LP
mains and to require U16-U160 meters
Connections MP 20” Industrial 116,000 625 - Large Industry connections likely to be
m®/day 2,500m? taken off the LTS and to incorporate a
Daily Metered site and a PRS
Connections NTS 347 Power 1.2 mill 2,500m? Taken off NTS, including daily metered site
generation m®/day and AGI (pressure reduction station); filter
and valves
Connections LP 2’ Residential 7 m3/hr n/a - Likely to be taken off LP mains; including
internal valve and meter (excludes service pipe).
Connections LP 12" Vehicle 350 m3 /hr n/a - Assumes an inlet pressure of 15 bar
refuelling internal
stations

7 NaturalHy is a project co-funded by the European Commission to support the transition to a hydrogen economy. www.naturalhy.net
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4  Spatial Analysis

41 Overview

Spatial analysis was undertaken to support the validation process of the cost tool. The initial exercise was to review
linear infrastructure in the context of its geographical distribution to validate technical assumptions particularly in
relation to special crossings.

Supplementary to this, once the cost model was complete, geographical data and associated ‘bills of quantities’ for a
number of projects for transmission and distribution networks for each vector (distribution only for heat) were
compiled. The maps and project data are summarised in Section 4.3.1 of this chapter with details included in
Appendix E. ArcGIS files are available separately.

4.2 Linear infrastructure review: special crossings
421 Gas
Gas transmission

The national networks of motorways, A Roads, railways and rivers were sourced from the Ordinance Survey (OS) and
the existing Gas Transmission network was sourced from the National Grid website. All networks were mapped in
ArcGIS. The mapping of this data allowed for the selection of representative 100km stretches of gas network to
explore intersections with roads, rail and rivers.

Three 100km stretches were selected (Figure 4—1). Special crossings as defined for this study are motorways and
major A roads (estimated to be approximately 95% of all A roads), rivers and railways. So, for each 100km stretch,

intersections with these elements were counted. The results of this exercise are shown in Table 4-1 along with the

number of special crossings included in the relevant infrastructure scope to confirm alignment.

Table 4-1: assessment of numbers of special crossings for each 100km stretch compared with that included in the transmission

pipeline scope diagram

Feature Count per 100km case study stretches Included in scope
diagram
Area A Area B Area C Average
Rail 4 6 5 5 5
Motorway 2 2 0 1-2 1
Major A roads ~1 ~1 ~1 ~1 1
Rivers 5 11 9 8-9 10
Total 11 18 14 14-15 17
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