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1 INTRODUCTION

National Gas (NG) and ROSEN have completed an initial project to investigate the “Inhibition of
hydrogen embrittlement effects in pipeline steels using gaseous inhibitors”. Following completion of this
initial project which identified some inhibiting effect from the presence of Oxygen (02) on hydrogen (H2)
embrittlement; NG have requested a Phase 2 to consider the operational feasibility of using a gas
inhibitor.

2 SCOPE OF WORK

ROSEN agreed with NG to deliver the following work packages:
Work Package 1 (WP1) — Feasibility of Maintaining Oxygen Inhibitor in Gas Flow Analysis

This work package will review current available data and model gas flow to understand how the oxygen
concentration can be controlled within the gas flow, consider where you would want to measure the gas
composition and where to inject more oxygen.

Work Package 2 (WP2) - Feasibility of Technology Implementation
The following scope of work and deliverables were agreed with the NG project team on 27th June 2025:

1. Comprehensive list of technology requirements identifying areas of further work for
consideration in Phase 3 scope

2. Conduct a feasibility level HAZID following the principles of Section 3.2 of T/SP/HAZ/8 to reflect
the current stage and knowledge of the project.

3. Integrity management (technical report) — as proposed in item (2) from Gas inhibitors WP2-
WP3 prioritisation’ including review of CPChem R&D program summary received from NG on
30th June 20252

4. High level CBA (technical report) — as proposed in item (3) from Gas inhibitors WP2-WP3
prioritisation’

Note: it was agreed with NG that the term HAZID should not be used to describe the safety exercise
executed as part of WP2 as it was not possible to fully meet the requirements of HAZ/8 — it is therefore
referenced in the following documentation as a high level hazard review.

This report consolidates all deliverables from this phase into a single document. Each deliverable is
presented in the following Appendices.

' K.Hamadi, National Gas Transmission — Gas Inhibitors WP2-WP3 — Prioritisation-NGT.xIsx —
18.06.2025
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1 EXECUTIVE SUMMARY

National Gas Transmission (NGT, part of National Gas) and ROSEN have completed an initial project
to investigate the “Inhibition of hydrogen embrittlement effects in pipeline steels using gaseous
inhibitors”. Following completion of this initial project which identified some inhibiting effect from the
presence of Oxygen (O2) on hydrogen (Hz2) embrittlement; NGT have requested a Phase 2 to consider
the operational feasibility of using a gas inhibitor.

NGT have specified that there will be three work packages to the project, Ref. [1].
Work Package 1 (WP1) — Feasibility of maintaining Oxygen inhibitor in gas flow analysis.

This work package will review current available data and model gas flow to understand how the oxygen
concentration can be controlled within the gas flow, consider where you would want to measure the gas
composition and where to inject more oxygen.

Work Package 2 (WP2) — Feasibility of technology implementation

High level review of business case and technical feasibility for oxygen inhibition to see if it fits into
existing infrastructure and can be safely managed. Consider if customers can accept oxygen in gas.

Work Package 3 (WP3) — Economic Considerations

Based on the output of WP2 and WP3, a high level review of the cost of injection and monitoring against
the operational benefits will be conducted.

A kick-off meeting was held on the 16™ of December with representatives from NGT, ROSEN and the
Computational Fluid Dynamics (CFD) specialist, where ROSEN presented the modelling basis and
methodology and received comments from NGT, Ref. [2]. Following this a formal basis of modelling
document was issued by ROSEN and approved by NGT which defined the approach to addressing the
WP1 scope [3]. This report presents the findings of WP1 which includes the development of Excel and
OLGA models to investigate the feasibility of maintaining the oxygen inhibitor using gas flow analysis.

Simulations were performed for all the sensitivities shown in the modelling basis for a simple pipe
system including?:

e Hydrogen mixtures of 100, 20 and 5% in natural Gas

e Concentrations of oxygen of 500, 250 and 1000 PPM

e Most of the modelling assumed 0" order reaction kinetics, however a single sensitivity
also considered a 1% order reaction.

Following agreement with NGT, further modelling was conducted on a complex network based on the
north section of the NTS, considering the following cases:

e CASE-1: Investigate the current “North” network and the way it is operated. Does the
system have consistently low periods of velocity for NG?
e CASE-2: As for CASE-1, but with 20% H2

2 The base case value is the first number in each list.
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e CASE-3: As for CASE-1, but with 100% H:
e CASE-4: 500-1000-500 PPM square wave Oz concentration perturbation representing
a high oxygen concentration fault scenario

The flowrate ranges associated with the 100% hydrogen network are not currently known, but it
anticipated that that may be significantly less than the equivalent NG flows (at same combustion
energy).

In addition to the OLGA modelling described above, additional modelling has been performed using
CFD to determine three dimensional (3D) aspects of flow that cannot be defined using the pseudo one
dimensional OLGA model. Of particular concern was the potential for density based stratification of the
gases and molecular diffusion.

1.1 Conclusions and Observations

The conclusions and observations based on the modelling work relative to the scope requirements are
summarised in Table 1-1. Findings from the Excel and OLGA models are shown in text with a white
background, whereas findings based on the CFD modelling is shown with a grey background.

One of the most important findings is that if O2 consumption is equivalent to circa 10 micron/year steel
corrosion, it would take more than 30 days of residence time for O to fall below 250 PPM, with the
associated velocity of 2 m/s in L1 & 3 and 0.02 in the L2 branch. However, the operating procedures
must guard against system shut-in scenarios of no/very low flow.

It should be noted that square wave Oz concentration perturbations were partly modelled to represent:

1. Atemporary loss of Oz generation/supply e.g. one train of a two train supply was lost or suffered
a reduction in output.

2. Or atemporary increase of O: either through a fault in generation / supply or due to a period of
low flow (and or flow reversals) in the gas branch such that a local plug of higher concentration
O2 built up (at inlet of L1) before being swept forward on resumption of normal flow.

However, it also covers a more general case for the NTS where gas flows from different parts of the
network meet at pipe junctions. If the gases come from different sources (gas terminals or
interconnectors etc.) then they may have had different residence times and Oz consumption. The diurnal
swings will give transient concentration perturbations as gas is redirected around the system. The 1000
PPM O:2 concentration perturbation provides a useful insight on controlling high (i.e. greater than 500
PPM) Oz concentrations.

© ROSEN
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Can O2 concentration be
controlled within the prescribed
safe operating limits? (250 —
1000ppm)
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Table 1-1 Summary of Main Conclusions / Observations for WP1

Conclusion / Observation
Preliminary assessment suggests implementation should be possible if O2 consumption is equivalent to circa 10 micron/year steel
corrosion. At this consumption rate it would take > 30 days of residence time for Oz to fall below 250 PPM, with the associated
velocity of 2 m/s in L1 & 3 and 0.02 in the L2 branch. However, operating procedures must guard against system shut-in scenarios
of no/very low flow.

Initial findings on adding O2 to
form the mixture.

Without static mixer, it would typically take 80 to 100 pipe diameters to get uniform mixture for gas streams that are closely matched
in rate. However, this can be far more difficult if the flow rates of the mixing streams are widely different as is the case here. It may
be worth considering a pre-dilution skid whereby Oz is partially dispersed into a slipstream of the network gas to form an intermediate
concentration, before mixing into the main network stream. However, there would be a safety implicationN°! if mixtures were too
high in Oz.

Where is a suitable location to
inject and measure oxygen to
maintain and manage the
concentration?

As noted above, for normal network velocities (>1 m/s) it would require >> 1000 kilometres of residence time to reduce the O2
concentration to 250 PPM. This suggests injection as close as possible to the source of Hz, measuring either side of injection with
alarms to warn of flow reversals or similar leading to a slug of higher concentration Oz building up.

The complex model (85) suggests that average velocities are > 1 m/s, so no significant reduction in Oz based on consumption rates
considered in this work.

Recommendation to incorporate injection with existing measuring or equipment sites on the network. If average velocities are greater
than 1 m/s, possibly no need for additional injection sites apart from the Hz injection point (as above).

Likely requirement for multiple measurement points. If Oz is injected in sections with potential for low or shuttle type flow, then
provision must be made for monitoring High/Low O2 concentration either side of injection.

Residence time of gas through the pipework is the primary controlling factor. Flowrates would have to be extremely low to produce
a significant reduction of Oz over distances between key operating sites (i.e. circa 100 km). Pipe condition in terms of: (a) pipe
roughness, is likely to have little impact since most flows highly turbulent. (b) MAOP may have to be lowered for Hz service. This
would actually give lower residence times since density of gas would be lower. It should be noted that residence time can be averaged
over many days, so if Oz injection is stopped completely for a short period 1 hour it likely have minimal impact on the average Oz
concentration seen by the majority of the pipework.

At normal flows the system is highly turbulent, so mixing is likely to be rapid. The CFD work has shown that if a significant spike in
concentration does arise then the combination of forced turbulence and diffusion would take circa a hundred pipe diameters at 0.2
m/s velocity (flat pipe). At very low velocities such as 0.02 m/s diffusion and turbulence will take many hundreds pipe diameters to
re-establish a homogeneous mixtureNo2, Branches and fittings will only make a small difference since they typically contribute circa
50 extra diameters of effective mixing / pressure drop (see below).

Large Mol. Wt. difference between H2 and O2 leads to significant density difference with a 500 PPM conc. difference in Oz. At low
flows (0.02 m/s) this is sufficient to allow stratified flow to establish and potential for counter current flow. At normal flows (~2m/s)
momentum dominates over buoyancy effect (i.e. stratified flow not expected) and rate of Oz migration is close to the mean flow
velocity.

iv Define the positions / intervals of
injection points.

% Are positions / intervals of
injection points dependant on pipe
condition or other factors?

vi Impact of key features of the
model:

e  Flow velocity
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At low flow velocities, transport of Oz becomes dependent upon the local slope of the pipeline, particularly when the slope is near to
horizontal. For horizontal and downward terrain, Oz migrates within the lower part of the spur at a rate that is faster than the mean
flow velocity. For slight upward terrain, the rate of Oz migration is reduced compared to horizontal and downward terrain, but remains
above the mean flow velocity.

e Branches

A perturbation of increased Oz concentration entering a spur at a tee junction will be lower than the concentration of Oz within the
main line due to mixing at the junction. This is most apparent if the slope of the spur off the main line is horizontal or downward. If
the slope of the spur off the main line is upward, the concentration of O2 entering the spur is predicted to approach that within the
main line.

e Bends

Bends predicted to make only make a marginal difference to the mixing of the Oz as it migrates along the spur. The greatest degree
of turbulent mixing at bends occurs at high flow velocities, but this coincides with non-stratified flow when the Oz concentration will
already be fairly uniform. At low flow velocities, when the flow may be stratified and the Oz concentration is non-uniform, the degree
of turbulent mixing at bends will be much reducedNotes,

viia

Square wave perturbation of O2
concentration - Simple Pipe Model

Using OLGA for perturbation spikes lasting up to two days it was found that the spike was almost unchanged in sections of the
network at normal flow. However, in spurs with very low velocity (0.02 m/s) the concentration spike was diluted by the pre/post spike
gas, such that the change in concentration was significantly less extreme. The CFD work showed that much of this was due to
numerical smearing, and that in reality true molecular diffusion will produce a somewhat similar effect, but of much smaller magnitude.

In spurs with very low velocity (0.02 m/s) the concentration spike was diluted by the pre/post spike gas, such that the change in
concentration was significantly less extreme. Much of this was due to numerical smearing, and that in reality turbulent diffu sion will
produce a somewhat similar effect, but of much less magnitude.

viib

Square wave perturbation of O2
concentration — Complex Network
Model

For all branches except one, the concentration spike went through as a bell curve within circa 2.5 days. However, in the longest
continuous branch (and lowest flow) the concentration spike was shuttled back and fore in the pipe as part of the diurnal swing.
Although this is not a concern when the oxygen is added outside the boundaries of the pipe, it might become a concern (for controlling
O2 below say an upper bound of 1000 PPM) if O2 were added inside the branch boundaries, particularly at a low flow node within
the pipe, such that the concentration could potentially accumulate over time if oxygen were added at a fixed rate rather than in
relation to the flow to achieve a certain concentration.

viii

How long / far will the oxygen last
within the pipeline and at what
repeat distance must additional
Oz be added to maintain the
minimum requirement for both
steady state and during no flow
conditions.

See above. For a 250 PPM margin between the injected (500 PPM) vs the minimum O2 concentration (250 PPM). At normal network
velocities (>1 m/s) it would require >> 1000 kilometres of residence time to reduce the Oz concentration to 250 PPM.

For low flow rate spurs a very small improvement was seen in the Oz concentration when the diurnal pressure variation was included
in the model. No flow spurs (i.e. dead legs) are covered by the same residence time constraints listed above i.e. if the combination
of low and no flow results in an average gas residence time of 30 days or more then the Oz concentration is predicted to fall below
the minimum concentration of 250 PPM.

Will stratification of oxygen occur
where the concentration can then
build up outside of the safe limits?

Not predicted. It is important to note that the two-layer stratification predicted by the full CFD model does not constitute reseparation
of O2 from a fully mixed mixture. When fluid within the spur is fully mixed, there is no evidence to suggest that Oz can separate out
of the mixture for the time and length scales of interest to the gas network.

Notes:
1.

It is important to consider the oxygen concentration of any intermediate blends of Oz with hydrogen so as to minimise or preferably eliminate mixtures within the

flammability limits. However, this may lead to longer mixing lengths or higher differential pressures (if static mixers are employed).
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Conclusion / Observation
In the absence of sources/sinks of Oz, the concentration is bounded by the concentration at the injection and the background concentration - 1000 ppm and 500 ppm
respectively. There is a sink due to corrosion, so the concentration can fall below 500 ppm. Without a mechanism to act as a source (other than the injection itself),
the concentration must be less than (or equal to) 1000 ppm. (The mixture will not unmix within the spur to form a higher concentration Oz accumulation.)
3. Once mixed the mixture will not "unmix" to higher Oz concentrations. Hence, not predicted to see Oz concentration higher than that injected.
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1.2 Suggested Further work

The suggestions for further work based on the modelling results and relative to the scope requirements
are summarised in Table 1-2 below. It should be noted that this study was designed as an initial
screening of the Oz inhibition concept. This report provides a response to all questions raised by NGT
based on the desk based engineering assessments conducted and information available. Later stages
of engineering will require more detailed investigation.

Table 1-2 Suggestions for Further Work

# | Issue | Suggested Further Work

i Can O2 be controlled within the prescribed
limits?

One of the fundamental assumptions of the work in this
report was the rate of consumption of Oz on the pipe
wall. Experimental studies are required to quantify the
rate of oxygen consumption on the pipe wall for all Hz2
gas mixtures and pipe materials of interest. Work is also
required to determine the order of reaction and to
determine any other factors that impact the rate. At the
start of the project Edinburgh University were contacted
regarding potential experimental work, this or one of the
other research establishments that study gas-surface
interactions should be considered.

i Initial thoughts on adding Oz to form the
mixture.

O2 monitors should be investigated since these are
essential to ensure Oz is well mixed and that confirm
concentration is within acceptable limits.

il Where is a suitable location to inject and
measure oxygen to maintain and manage the
concentration?

One of the key uncertainties identified is understanding
the lowest sustained gas velocity within the network,
since this determines the residence time of the gas and
the percentage of Oz consumed. The complex model
was based on a “worst case winter’ scenario for a
previous project on linepack. ROSEN recommend that
NGT consider work to identify scenarios likely to give
very low gas flows and velocities in the system and
extract results from the SIMONE model.

iv Define the positions / intervals.

Y Are these dependant on pipe condition or other

factors?

Vi Impact of key features of the model - branches
/ fittings.

viia | Square wave perturbation of Oz concentration -
Simple Pipe Model

viib | Square wave perturbation of Oz concentration

— Complex Network Model

viii | How long / far will the oxygen last within the
pipeline and at what repeat distance must
additional O2 be added to maintain the
minimum requirement for both steady state and
during no flow conditions.

See (i) and (jii) above.

iX Will stratification of oxygen occur where the
concentration can then build up outside of the
safe limits?

The CFD work identified that Oz+H2z mixtures in
particular could potentially give rise to density induced
effects. This could be investigated visually using
Schlieren optics/photography or similar.
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ABBREVIATIONS

CFD | Computational Fluid Dynamics
CcVv | Calorific Value
Hz | Hydrogen
HHV | Higher Heating Value
ID | Inner Diameter
LFL | Lower Flammability Limit
NGT | National Gas Transmission
NG | Natural Gas
NTS | National Transmission System
02 | Oxygen
PPM Parts Per Million (expressed on a mole/standard
volume basis for this work)
UFL | Upper Flammability Limit
WP1/2/3 | Work package 1/2/3
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2 SCOPE OF WORK

2.1 WP1

The flow assurance methodology, which will be applied to meet the defined objectives listed in Work
Package 1 in Section 2 is presented below. Blends from 5%, 20% H2 / Natural Gas to 100% H: will be
considered while maintaining a minimum Oxygen concentration of 250 ppm (by volume). The flows will
be adjusted to have the same calorific value (i.e. the volumetric flow will increase with increasing Hz
concentration in the Hz2/ NG blends) so that the blends can be compared on a similar basis with respect
to gas usage.

For this work it will be assumed that an initial uniform concentration of uniform concentration of 500 ppm
(or other values) can be achieved and is available at the inlet of the modelled system. The use of static
mixers is well known and routine in many industries to facilitate more rapid mixing, otherwise it can take
from 20 to 100 pipe diameters to achieve mixing in the gas stream. This report will include comments
based on general literature, achieving a uniform concentration is not part of current SOW, but will be
addressed in WP2.

2.1.1 Simplified Pipe System

Using OLGA (version 2024.1), flow assurance software marketed by Schlumberger, the initial work will
aim to demonstrate if the required oxygen concentration can be controlled and maintained in the
network within the required / prescribed limits. A range of simplified pipe systems will be used for the
initial modelling (as shown in Figure 3-2), which will demonstrate the impact of key features in the gas
network such as branches and loss of Oz in the system. The results will also be used to determine if
the required Oz concentration can be maintained in various parts of the system.

Based on the analysis the following issues will be addressed:

e Where is a suitable location to inject and measure oxygen to maintain and manage the
concentration?

e Flow reversals and their frequency in the vicinity of injection points is an operational issue. The
system will need specific oxygen detection in the main line either side of the injection point to
ensure that oxygen concentration does not exceed specified limits due to no flow or flow
reversal in the main line. This will be discussed in WP2 work, but is not included in the SOW
for the flow assurance studies, apart from a sensitivity to investigate the perturbation of the
oxygen concentration to 1000 PPM. Issue will be addressed as part of WP2.

e Help to define the positions / intervals of injection points

e Confirmation whether the injection locations are dependant on pipe condition or other factors

e Pressure affects the molar concentration per unit volume of the oxygen, so if Oz consumption
per unit length is fixed, then increasing the pressure would also increase the number of moles
of Oz available per unit volume. Rate of diffusion is inversely proportional to pressure, so
diffusion will reduce at higher pressures. Density is proportional to pressure so velocity and
Reynolds number will both be affected. All the above are known quantifiable affects so a simple
sensitivity in Excel will be performed rather than using OGLA.

As part of the initial tests square wave Oz concentration variations will be added to the system while
maintaining fixed volumetric flowrates and pressures. Simulations will also model the potential loss of
oxygen in the system. The initial modelling performed in OLGA to determine the overall dynamics of
the system will include:
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e Straight pipe section with flow and no flow at steady state and over a transient shut-in (no flow)
period.

e Bend pipe sections with flow and no flow will be studied using CFD only, since OLGA is pseudo
one dimensional model that does not consider bends.

o Pipeline “T” to form “Dead Leg” i.e. no or limited flow at various ratios of flow Q1 / Q2 (as shown
in Figure 3-2). The square wave Oz concentration perturbation will be generated and followed
through both L2 and L3 legs of the system of time period of three times that required for the
perturbation to pass through the system.

e The size of the system must be sufficient to allow the streams to achieve a fully developed flow
pattern; this typically 80 to 100 pipe diameters for a turbulent gas system. Hence, as a
conservative estimate the L1, L2 and L3 legs will be at least 1000 pipe diameters.

e The primary variables to be studied are the flowrates Q1 and Q2 (and by difference Q3). The
flowrates at a given pressure and temperature will define the Reynolds number in each section
and hence the degree of turbulence.

e The pipe diameter is of secondary importance since it will predominately change the flowrate
required to achieve a given Reynolds number. However, two diameters will be studied.

e The pressure and temperature of the system define the density and viscosity of the gas. Three
pressures will studied after agreement with NGT.

e Studies will also be performed whereby oxygen is consumed by the pipework or lost in reactions
with system components. A key aim will be to determine how long / far will the oxygen last
within the pipeline and at what repeat distance must additional Oz be added to maintain the
minimum requirement for both steady state and during no flow conditions (in a branch).

2.1.2 CFD Modelling

Additional modelling will be performed using CFD to determine three dimensional (3D) aspects of flow
that cannot be defined using the pseudo one dimensional OLGA model. Of particular concern is the
potential for density based stratification of the gases and molecular diffusion.

e Impact of bends on mixing and flow distribution.
e Impact of diffusion in dead legs with complete cessation or very low flows.

Where possible the CFD models will also be used to infer the behaviour in previous ROSEN and
SANDIA test set ups to help understand previous test results:

e Does stratification of gases occur?
e Could this be improved in future tests if the gases are flowed (i.e. continuous purge)?

2.1.3 Modelling A Subsection of the Network

A more complex geometry (i.e. a mini network or part of the NG gas network such as a specific city or
region) will be studied at a minimum of three conditions determined from the matrix of cases for the
simplified system described in Section 2.1.1 and any learnings from the CFD modelling described in
Section 2.1.2. The extent / details of the complex geometry will be agreed with NG.

The network model will allow shippers and customers to have a variable supply / demand including
periods of no flow. Worst case diurnal and seasonal cases will be used to explore the envelope of
potential cases.
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3 BASIS AND METHODOLOGY

3.1 Background

The high level requirements for a simplified and a more complex pipeline model were set out in §2.1.1
and §2.1.3 respectively. This study is predominantly interested in areas of the network with minimal or
no flow since these regions are the most likely to show:

e The impact of loss of Oz due to consumption on the walls of the pipeline (O2 consumption has
more time to take effect without arrival of fresh gas).

e The ratio of internal pipe area to volume of contained gas is larger for smaller pipelines, so the
relative consumption of Oz will be greater (particularly when stagnant).

e The impact of turbulence from bends and fittings and

e Potential stratification of the gas species due to molecular weight difference (when turbulence
of gas is minimised).

In 2023 NGT commissioned ROSEN to investigate the impact of hydrogen and hydrogen blends on
linepack capacity and assess the potential solutions to increase and manage linepack in the future (see
Ref. [4] and [5]). In order to determine the linepack flexibility (i.e., the useable gas storage), static
(steady state) and transient simulations were required to define the change of linepack over defined
timeframes e.g. diurnal swings, cold snaps, seasonal changes etc.

A model was constructed using the transient pipeline modelling software OLGA of the North section of
the National Transmission System (NTS) which includes the inlet gas supply at | with pressure

boundaries at the southern end of the system (S

e The model also included all the known demands (such that gas left the system at these points)
and the pressure boost due to compressor stations. The model was fast to run (less than 10
minutes) and fully compositional.

o OLGA model was built as a complement to NG's existing high fidelity SIMONE model, allowing
fast prototyping of different scenarios.

e The data held in the OLGA model is useful for this current study.

Figure 3-1 Northern Section of the NTS
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The I - 2 good example of a region of the UK where demand for gas to smaller
diameter offtakes along the gas transmission pipes may be very low during parts of the diurnal or
seasonal swings, since the housing and industrial density is low in this area. For the JJJil]l section of
the NTS the maximum and minimum pipe inner diameter (ID) size was 1.12 m and 0.586 m respectively.

The various aspects of the scope will be investigated using the three main techniques i.e. the simple
pipe model, CFD and the more complex network pipe model as shown in Table 3-1 and described in
the following sections. The main objective of studying a section of the network will be to investigate how
the impact of Oz concentration changes in the main line affect the multiple demand points on the smaller
branches as opposed to very short spurs with a single demand at the terminus.

Table 3-1 Methodology Matrix

Complex Geometry /
Section of Network

Simple Pipe Model

Network is essentially

Straight Pipe collection of straight pipes

Straight parts of “T”

Turbulence factor of

Bend bend

Physics notin OLGA Physics notin OLGA

Dead Leg Will look at “T” system

Based on corrosion rate at

Consumption of Oz wall of pipe

Too complicated for CFD and Complex Geometry

Perturbation of Oz
Concentration (square-
wave) + Blends

Follow square wave of

concentration change as

profile plot and trend. +
blends

Used to show diffusion
component

Follow square wave of
concentration change,
Impact on demand points

and boundary. + blends

Stratification / Diffusion of Based on Fick’s law

02 . o and Literature values
Physics for Stratification

and diffusion not in OLGA

Physics for stratification

T and diffusion not in OLGA
Impact on diffusion. &

Pressure stratification.

Notes:

Cells with grey shading indicate that simulations will be excluded for these modelling techniques for that particular
issue.

3.1.1

General assumptions are defined in this section. Other assumptions are given in the specific sections
below:

General Assumptions

e ROSEN and SANDIA test setups will not be modelled explicitly, but behaviour will be inferred
from general CFD results.

e Consumption of Oz will be considered as proportional to the rate of corrosion at the pipe wall
(ROSEN will assume 10 um/yr as base case)
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3.2

The pipe diameter is of secondary importance as a sensitivity since it will predominately just
change the flowrate required to achieve a given Reynolds number. However, two diameters will
be studied for simple pipe system.

No valve closures — flow in side branch can decline to zero (dead leg) but no valve separation
from main pipeline.

The rate of consumption of Oz by the pipe wall will be some currently unknown function of
concentration. For this study as a conservative base case assumption the Oz consumption rate
will be assumed to be independent of O2 concentration (i.e. 0" order reaction). NGT requested
at the kick off meeting that 5% gas mixture (of Hydrogen in NG) should be included, but that
the 2 % mixture could be removed. Similarly to concentrate on 500 ppm O: as the base case
rather than 250 ppm.

Simple Pipe Model

The simple pipework model illustrated in Figure 3-2 consists of a trunk line with a smaller spur line
connected via a T-branch. The details of the spur are set out below.

Based on analysis in Ref. [5] for a winter case the average absolute speed ranged from 0.1 to
7.2 m/s with an overall average of 2.4 m/s. The nominal maximum velocity in the NTS is 20
m/s. It is proposed that the flow in the main branch is set at 10 % of this value (i.e. 2 m/s) as a
typical velocity, which is sufficiently large that no issues with stratification or poor diffusion are
expected. The smaller line section from the branch of the "Tee" is where we will mainly
investigate stratification / diffusion and this is at far lower velocity. These values could be
adjusted later based on future findings, but investigating other velocities in main branch is not
part of this phase of the work.

Based on a review of spurs (Il that cannot be ILI inspected Ref. [6], the average ID was
0.5281 m with a minimum 1D of 0.1 m and a maximum length of Il m.

By coincidence in the |l part of the network, there is an 18.1 km section from | NN
I \ith a diameter of 0.5858 m.

Hence, the I il be used as the basis of the simple pipe model (i.e. L2). The
main branch (L1 and L3) will be modelled as 0.889 m ID 18.1 km stubs either side of the small
ID T-branch.

L3
- L1 > < >

© ROSEN

L

Square wave concentration
perturbations of the 250 ppm 02

. L2
concentration

D Loss of 02 by reaction or process.

Figure 3-2 Schematic of Pipeline Test System

This document is classified as confidential Page 19 of 80


LMoor
Highlight

LMoor
Highlight

JSheppard
Highlight

JSheppard
Highlight

JSheppard
Highlight


Title: Phase 2 — Gas Inhibitors for H2 Pipelines — WP1 Report

Client: National Gas A

Project Number: 19878

Revision: 1 empowered by technology

Date: 07/07/2025

3.2.1 Thermal Modelling

Thermal effects will be simplified to a uniform temperature across the model (i.e. adiabatic). The only
exception will be compressor stations (if required), where the temperature will rise due to pressure
boosting. However, the temperature will be restored immediately downstream of the compressor using
an aftercooler. As noted previously stratification is more likely to occur at low temperature, so the base
case temperature will be assumed to be 0 °C (winter) with summer (25 °C) and average (15 °C) as
potential sensitivities.

3.2.2 Gas Composition, Properties and Heating Values

A natural gas composition was supplied as part of the work described in the previous ROSEN Linepack
Flexibility report, Ref. [5] and will be used as the basis for this work (see Table 9-2). The following
reference conditions will be used for conversion between mass and volume:

e Standard Molar Volume of an ideal gas at 273.15 K and 101.325 kPa is 2.241383 x 102 m3/mol.

e Gross (higher) calorific value (CV) / Higher Heating Value (HHV) expressed in MJ/m? at
metering and combustion reference conditions of 15 °C and 101.325 kPa. Hence, volume
corrected to this temperature is 2.3645 x 102 m3mol.

e The density (relative to air) is given by dividing the average molecular weight to the fluid by the
molecular weight of air (28.97).

e The Wobbe number is given by dividing the HHV by the square root of the relative density.

The CV was based on Higher Heating Values shown in Table 9-1. It should be noted that the CV
supplied by NGT as part of the previous linepack study Ref. [5] , by averaging the CV across multiple
testing stations was within 1 % of the value calculated by averaging the compositions across the same
stations and using the HHV values from Table 9-1. The increase in volumetric flow of gas required to
provide the same heating value as natural gas for various Hz blends is shown in Table 9-4.

3.2.3 Pressure Boundaries

The previous linepack study reviewed the pressures across the network for the PEAK case, Ref. [5].
Based on the average pressures a value of 60 bar will be used for the arrival pressure of the simple
pipe model.

Table 3-2 Min, Max, and Average pressure at reading stations (Reproduced from Ref. [5]
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3.24 Simulation cases

The base case conditions and that of the sensitivities are shown in Table 3-3. The base case is shown
with a green background. Each sensitivity will be achieved by varying only one of the other variables at
a time (i.e. those with a yellow background) all other variables will stay at the base case condition.
Sensitivities will be investigated using either the OLGA model or with Excel spreadsheet models if
appropriate. The flow in this smaller T-branch will be studied over two orders of magnitude i.e. 0.2, 0.02,
0.002 m/s as well as a stationary (i.e. zero flow) flow case®.

3.3 Complex — Network Model

The section of the NTS from IIEEEENENEGgGEEEEEEEE s 2pproximately 190 km with an 1D of
0.586 m and will be taken as the representative a larger scale “T” from a higher flow branch (i.e. from

I - T e main objective of
studying a section of the network will be to investigate how the impact of Oz concentration changes in
the main line affect the multiple demand points on the smaller branches as opposed to very short spurs
with a single demand at the terminus.

Figure 3-3 shows a comparison of the pipes used for the Simple model (I 2nd
Complex model (I » the form of a high level schematic. The pipe details (internal
diameter and length) are shown in Figure 3-4 (a more complete view of the entire north section is shown
in Figure 9-1). The customer demand points relative to the start (I ) and end () are from
the linepack OLGA model from earlier work, Ref. [5] are shown in Figure 3-5 and Table 9-6. For the
modelling in this work the flow out of respective demand points will be made relative to the total flow
into the pipe at the ratios defined by Table 9-6 so as to achieve the inlet velocities required.

b Zero flow in the “T” section only.
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Table 3-3: WP1 Base Case and Sensitivities for Simple Pipe Model

Main Branch (L1) Flow Side Branch (L2) Flow Arrival/Min Ambient Consumption | L2 -ID pipe

Flowrate (kg/hr) | Gas Velocity Flowrate Gas Pressure Temperature of O2 based on (mm)

) (kg/hr) Velocity (barg) (oC) corrosion rate

(m/s) (mm/year)

ez Shut-in L2

Note-1 0.002

Square Wave

I Base Case
Sensitivity Case
I Unlikely Sensitivity Case
Case Excluded
Notes:

1. Flowrate such at which 10 % or 1 % of Oz concentration is consumed at exit of pipe.
2. Square wave 500-0-500 ppm, with zero flow over period of 4 hours.
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Figure 3-3 Schematic of Pipes: Simple (IIIIIIEIEGNMEEE) and Complex (NG

Figure 3-4 Pipe Details |G

© ROSEN

This document is classified as confidential Page 23 of 80


LMoor
Highlight

LMoor
Highlight

LMoor
Rectangle

LMoor
Rectangle

LMoor
Highlight


Title: Phase 2 — Gas Inhibitors for H2 Pipelines — WP1 Report

Client: National Gas A

Project Number: 19878

Revision: 1 empowered by technology

Date: 07/07/2025

Figure 3-5 Section of OLGA Linepack Model from NG

3.3.1 CV monitoring Points

In order to define the suitable locations to inject and measure oxygen to maintain and manage
concentration, the starting point will be to consider the current CV monitoring points since adding
additional equipment to an existing measurement site is likely to be with considerably lower CAPEX
and OPEX compared with a new location. In addition to this, the impact of injected oxygen on the CV
of the gas must also be considered. Hence, CV will be reduced slightly in proportion to the concentration
of oxygen in the gas (i.e. 0.05%). A comment will be added in the final report.

NGT are correct to point out that many of the concentrations of the hydrocarbon gases will be analysed
using a flame ionisation detector or similar. This will not detect nitrogen or oxygen. Non-combustible
gases can be detected using a thermal conductivity detector, but the difference in thermal conductivity
between nitrogen and oxygen is very small so a specialist technique may be required for oxygen
concentration.

Figure 3-6 shows the existing CV monitoring points in the north of the NTS, such that the complex

system modelled in this work has monitoring at || NG
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Figure 3-6: CV Monitoring points
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4 SIMPLE PIPE MODEL BUILD AND RESULTS

4.1 Oxygen consumption and Order of reaction

Many corrosion mechanisms require liquid water in order for any significant reaction to occur. For
transmission quality gas the water content will be circa 60° PPM (i.e. all water is vapour phase, with no
liquid water phase), so rapid corrosion should not be possible unless out of specification gas enters the
system. Similarly COz and HzS / Sulfides should be tightly controlled and not contribute to a significant
corrosion risk; only pure oxides of iron will be considered for this work.

However, there is evidence that oxygen can react at the pipe inner surface. Black powder is the name
given to the mixture of iron oxides, carbonates and sulfides found in gas pipelines, and can also include
salt, sand, clay, mineral scales such as calcium carbonates and gypsum, strontium and barium sulfate
etc. The variability of black powder is illustrated by reports of the powder being completely iron sulfide
() to completely iron oxide.

The basic hypothesis for this work is that the consumption of oxygen by some form of corrosion at the
pipe wall is possible. The iron component of steel can undergo a number of potential reactions with
oxygen. However, it is not within the scope of this work to determine the exact nature of the corrosion
products formed, the specifics of the reaction pathway, temperature/pressure dependence of corrosion
rate or the reaction kinetics. Some of the potential iron oxides are listed in Table 4-1.

Table 4-1 Some of the Oxides of Iron, Ref. [7]

| Iron Oxidation State | Formula | Stoichiometry Ratio O2/Fe |
Magnetite 1/ FesO4 0.667
Iron(ii) Oxide Il FeO 0.5
Hermatite 1l Fe203 0.75
Iron(ii) Oxide i FesO2 0.333

The basic reaction kinetics for metal wall reaction with oxygen is discussed in Appendix B (see §10).
The rate of consumption of Oz by the pipe wall will be some currently unknown function of concentration.
For this study as a conservative base case assumption the Oz consumption rate will be assumed to be
independent of Oz concentration (i.e. 0" order reaction).

k
da _
For A = Products, /6t =k

Hence, for the base case modelling the rate of rection of oxygen consumption was only dependent on
k, it was independent of the concentration of oxygen.

As shown above various oxides of iron are possible as a conservative treatment the basic formula used
was the one that gave the highest consumption of Oz (i.e. highest Oz/Fe ratio)

4Fe 4+ 30, — 2Fe,05. Hence 0.75 moles of 0, consumed for every mole of Fe corroded.

¢ 50 mg/sm?
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The moles of Oz consumed for the base case were calculated depending on a loss of 10 um/year of
iron (density of iron 7850 kg/m® and molecular weight of 55.85 kg/kmol).

4.2 Excel Modelling

421 Excel Model Build

A simple matrix / table form Excel model® was constructed for the base case velocity of 0.02 m/s. For
the L2 spur (see Figure 3-2) the gas travels 1728 m over the course of day and the gas has a total
residence time in the 18 km pipe of 10.41 days. The L2 distance and the time were each divided into
10 intervals. A schematic is shown in Figure 4-1, it can be seen that for the first length section, the gas
is always coming in from the left at approx. 500 ppm, so it only changes by a single loss of oxygen
consumption i.e. it does not lose further oxygen over time. For the subsequent length sections the gas
enters from the section to the left, so will have already lost oxygen in that previous section then
continues to lose further oxygen as it is consumed in that new section. The diagram shows how the gas
concentration information is transferred with respect of distance (left to right) and in regards to time
(from top to bottom). After approximately 10 days the system reaches steady state with no further
change in the oxygen concentration in terms of distance or time. A simple overview of the method can

be understood by considering a small sample of gas of length d1 as it enters L2 and emerges from the
far end of L2 10.4 days later.

Distance (km)
P> 0000
— Section-1, day-1 Section-2, day-1 Section-3, day-1
[
=
=
w
=
E
Over time period of Dt, Volume of Gas goes to wall Over time period of Dt, Volume of Gas goes to wall Over time period of Dt, Volume of Gas goes to wall
and 02 is consumed. Volume of Gas flows back and 02 is consumed. Volume of Gas flows back and 02 is consumed. Volume of Gas flows back
from the wall with zero Oxygen from the wall with zero Oxygen from the wall with zero Oxygen
Section-1, day-2
Over time period of Dt, Volume of Gas goes to wall Over time period of Dt, Volume of Gas goes to wall Over time period of Dt, Volume of Gas goes to wall
and 02 is consumed. Velume of Gas flows back and 02 is consumed. Volume of Gas flows back and 02 is consumed. Volume of Gas flows back
from the weall with zero Oxygen from the wall with zero Oxygen from the wall with zero Oxygen
Section-1, day-2
4
Over time period of Dt, Volume of Gas goes to wall Over time period of Dt, Volume of Gas goes to wall Over time period of Dt, Volume of Gas goes to wall
[] and 02 is consumed. Volume of Gas flows back and 02 is consumed. Volume of Gas flows back and 02 is consumed. Volume of Gas flows back
from the wall with zero Oxygen from the wall with zero Oxygen from the wall with zero Oxygen
[
[
L]

Figure 4-1 Schematic Diagram of Excel model

9 Only the L2 section of the system was modelled in Excel.
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Figure 4-2 Flow Diagram of Excel Model

422 Excel Model Base Case

The base case data shown in Table 4-2 was used in the Excel model described above with ten 1728 m
sections over 10 days the output from the Excel model for a single day is summarised in Table 4-3. It
is also shown graphically for the 10 day period as trend and profile plots of the Oz concentration in
Figure 4-3 and Figure 4-4 respectively. Extrapolating the data to the full 10.4 days of residence time
(for a pipe length of 18 km, based on a gas velocity of 0.02 m/s) gives a final O2 concentration of 421
PPM.

Table 4-2 Base Case Data Summary

Parameter | value | Units | Comments
Density Steel 7850.00 | kg/m3
MW O2 32.00 g/mol
MW Iron 55.85 g/mol
MW H2 2.02 g/mol
Concentration of Oz 500.00 ppm
Velocity of Gas 0.02 m/s See Figure 4-1 and Figure 4-2
Pipe length 1000 m Values in Table 4-3 are based on first 1 km
section of the total 18 km spur
Pipe ID 0.59 m
Pressure | bar
Temperature 0.00 °C
Stoichiometry 0.75 ) Moles of Oz consumed relative to Fe corroded
Corrosion rate 10.00 micron/year
Notes:
© ROSEN

This document is classified as confidential Page 28 of 80


LMoor
Highlight


Title: Phase 2 — Gas Inhibitors for H2 Pipelines — WP1 Report

Client: National Gas A

Project Number: 19878

Revision: 1 empowered by technology

Date: 07/07/2025

Table 4-3 Base Case Calculated Values (1%t Kilometre, 15t Day)

| Parameter | Units | value | Comments

Multiflash Calculations

Gas Density 5.26 kg/m?3

Molar Density (All 2.59 kmol/m?3

Gases)

Ave. Mol Wt. 2.03 kg/kmol

Calculation of O2 Consumed at wall Relative to Oz in gas phase

Steel Corrosion 0.0184 m3/year Volume iron corroded (1 km of pipe/year)

O2 consumed 5.32E-0° kmol/day Oz corroded per day (1 km of pipe)

1.97E-0° kmol/m?3 02 consumed per m3 (of gas volume)

Initial O2 Conc. 1.30E-08 kmol/m?3 Initial Concentration of O2

Final O2 Conc. 1.28E-08 kmol/m?3 02 Concentration at end first day
493 PPM Concentration of gas after 1 day

02 Concentration Trend (Plotted at 1728 m intervals)

Cxygen Con.c (PPM)
&

0 2 4 &

oo

10 12

Time (days)
——5eC. 1 (1.7km) —ge—35ac. 2 (3.4km) Sec. 3 (5.1km) Sec. 4 (6.9km) —ge—5ac. 5 (B.6km)

—g—SeC 6 (10.3km) ——gre=Sec 7 (12km)  ——ge—=Se B (13.Bkm) —g—S5ec.9 (15.5km) =——ge—Sec. 10(17.2km)

Figure 4-3 Excel Model - Base Case, Oz Concentration Trend Plot (for each Section)
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02 Concentration Profile (plotted at 1 day intervals)
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Figure 4-4 Excel Model — Base Case Oz Concentration Profile Plot (for each Day)
4.2.3 Excel Model Sensitivities

As discussed above the key dependence for a O™ order reaction is the residence time in the pipe. The
sensitivities are described below and summarised in Table 4-4.

4.2.3.1 ES1 - Oxygen concentration (1000 PPM)

Based on the simple 0™ order reaction kinetics discussed above, increasing the oxygen concentration
(500 to 1000 PPM) leads to the same absolute loss of oxygen in PPM, but from a higher base, i.e. the
percentage change is lower, but the differential change is the same. If the reaction was taken as higher
order (i.e. 15t of 2" rather than 0") then the rate of reaction would increase at higher concentrations of
oxygen.

4232 ES2 - Order of Reaction (15 Order)
An assessment was made of the impact of a 1% order reaction® compared with the 0" order used in the

base case Excel model (and all the OLGA models). As shown in Appendix B (see §10) the integrated
form of the rate equation for 1%t order reaction is:

k.t= Ln[ao/a]

€ At the current time there is no detailed understanding of either the rate or order of the reaction. Better
understanding of both may lead to significant savings regarding the amount of oxygen required and the
complexity of the instrumentations systems required to ensure minimum concentration levels.
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Hence, the k factor was calculated based on the initial slope of the reaction rate (1.77 e-7 s2).

As expected the 1% order reaction showed a slower rate of loss (0" order reaction is conservative (i.e.
more Oz consumed over time). For example after 10 and 40 days residence time with a 0" order reaction
15.2% and 60.9% of Oz was consumed, whereas with 1st order reaction only 14.2% and 45.8% was
consumed respectively.

The approximation of a 0" order reaction simplifies the calculation and does not lead to a significant
degree of inaccuracy when the reduction of oxygen concentration is relatively low (circa 15%).

4.2.3.3 ES3 - Corrosion Rate (1 pm/year)

This Sensitivity lowered the corrosion rate by an order of magnitude relative to the base case (1 um
compared with 10 um for base case). For the 0™ order reaction loss of oxygen concentration with
(residence) time is directly proportional to the reaction rate i.e. loss of oxygen concentration is one tenth
that of the base case.

4,234 ES4 - Pressure (Jij bar)

On increasing the pressure from [l bar the mass density increased from 5.264 to 6.118 kg/m?
and the molar density increased from 2.592 to 3.013 kmol/m?3. Hence, the initial oxygen concentration
increased from 0.001296 to 0.001506 kmol/m?3. It can be seen in Table 4-4 that although the residence
time has increased from 10.4 to 12.1 days', the increased molar concentration ensures that the overall
loss of oxygen at the end of L2 is not significantly different to the base case. However, this may well
vary to some extent for reaction rates at orders higher than 0™.

The change in viscosity with pressure was found to be very small, and remains effectively unchanged
from the base case for the purpose of the ES4 sensitivity. A small reduction in the Reynolds number
was observed relative to the base case (7219 to 7216) predominantly driven by velocity change.

4.2.3.5 ES5 - Temperature (Summer, 25 °C)

At 25 °C the mass density decreases from 5.264 to 4.822 and the molar density decreased from 2.592
to 2.374 kmol/m3. It can be seen in Table 4-4 that although the residence time has decreased from 10.4
to 9.5 days, the decreased molar concentration ensures that the overall loss of oxygen at the end of
L2 is not significantly different to the base case. However, this may will vary to some extent for reaction
rates at orders higher than 0™,

A small reduction in the Reynolds number was observed relative to the base case (7219 to 6802)
predominantly driven by density and viscosity change.

4.3 OLGA Modelling

43.1 OLGA Model Build

Figure 4-5 shows the simple (compositional) OLGA model defined in §3.2. The model has three external
boundaries with one internal node to form a "Tee" pipe system. The mass was injected at the Inlet of

"i.e. higher density leads to a longer residence time (if we keep same energy at bumner tip).
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branch-1 (L1) and initially flows to pressure boundaries of JJj bar at the outlet of branch-2 (L2) and
branch-3 (L3). A negative source atend of L2 (Pipe-7-1) extracts the required flow?. Hence, the pressure
settles to the required value to maintain the flow in L2. Fluids were defined within Multiflash and OLGA
FEED blocks with 500 PPM and 0 PPM Oz compositions. Additional FEED blocks were added for the
5%, and 20% H:z in NG (again with 500 PPM and 0 PPM O) to be used in later sensitivities described
below. The L2 spur is connected to the L1-L3 main branch using an internal node". Each branch was
made up of six' pipes (with each pipe consisting of three sections) undulating in a sawtooth pattern of +
50 m elevation change'.

Similar to the Excel model discussed above, the consumption of Oz by the pipeline due to corrosion is
modelled in OLGA as a 0™ order reaction using a Pull (O2 consumed from the gas by the pipe wall
section) and Push (O2 depleted gas returned to the pipe section). Figure 4-6 shows how a small purge
stream volume of gas is taken out using a negative mass source at the original Oz PPM concentration,
the Oz is removed from the gas and a slightly depleted volume of gas is injected back into the pipe
section as gas with zero oxygen content.

Within OLGA, each section (for a given ID) has the same mass of oxygen removed, regardless of
flowrate® or distance along the pipeline (i.e. 0™ order reaction). However, OLGA does take account of
the flowrate of gas since the Oz removed is fixed, but the gas flowing from section to section can be
varied. The schematic of the OLGA model (Figure 4-5) shows the separate Pull / Push gas sources in
each section of the model.

9 Starting at three hours ramping up over 1 hour. A the same time valve is closed at the outlet of L2 and
thereafter approaches steady state.

" The node plays no other active part in the modelling.

'Branch-2 (L2) had a 7™" pipe, but this was purely to hold the additional negative mass source and valve
associated with the flow/velocity control.

I Equivalent to a slope of 1.6%.
K However, the oxygen consumption does depend on the internal surface area of the pipe so actual

moles of oxygen consumed vary with internal diameter for a given gas velocity.
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Figure 4-5 OLGA Model of the Simplified Pipe Base Case
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Figure 4-6 Consumption of O2 at the Pipeline Wall Schematic

432 OLGA Model Base Case

The initial conditions of the OLGA model were set using the Steady State solver. Hence, at time zero
all three branches of the model were filled by hydrogen with 500 ppm of O2. The impact of the
consumption of Oz at the walls starts at time zero, such that it takes the full residence time of the gas
(flowing from left to right) in each of the sections before steady state is achieved. This is effectively the
same approach as the Excel model, but executed at far smaller time steps.

Figure 4-7 shows that pressure varies very little over the main branch (L1 and L3) before and after the
'TEE' to form the L2 spur. As defined in by the base case model (see §3.2.4), the velocity in L1 and L3
was set as 2 m/s and in L2 as 0.02 m/s. The main impact on the pressure profile is caused by the
undulations in topography (+ 50 m). Figure 4-8 shows the Oz concentration profile at various times up
to 30 days. It can be seen that the system does not come to a steady state equilibrium until shortly after
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the gas residence time of 10.4 days. As with the excel based model the decline in O2 concentration is
directly proportional to distance (which equates to residence time, see Figure 4-9".

Figure 4-7 Pressure Profile — Base Case

't should be noted that the pipe position is shown in the from branch#-Pipe#-Section# e.g. BRCH2-P2-
S3.
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Figure 4-8 O2 Concentration Profile — Base Case
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Figure 4-9 O2 Concentration Trend — Base Case
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4.3.3 OLGA Model Sensitivities

It should be noted that most of the sensitivities were conducted at the same thermal flow (i.e. on
combustion) as the base case. Hence, for 0S4 (5% Hz in NG), OS5 (20% Hz in NG) the gas velocity
was reduced, because on a volume basis the gases have a larger HHV than 100% Ha. By contrast for
0OS6 (L2 diameter reduced to 100 mm) the velocity goes up since the same gas volume is forced to
flow through a considerably reduced cross sectional pipe area.

Sensitivities OS2 and OS3 are at higher (0.2 m/s) and lower (0.002 m/s) velocities. Hence, the thermal
flow on combustion is also a factor of ten higher / lower than the base case respectively.

The key results for each of the OLGA sensitivities are summarised in Table 4-5
4331 OS1 - Square Wave Composition Perturbations

Following a Restart from the base case steady state condition (at 30 days) the OLGA model was
adapted to allow square wave perturbations of Oz concentration (starting at the entrance of L1) to be
investigated (both starting at 35 days):

e 0OS1-A: the first was a two day reduction from 500 down to 250 then back up to 500 PPM. This
represents a temporary loss of Oz generation/supply e.g. one train of a two train supply was
lost or suffered a reduction in output.

e (OS1-B: the second was a two day increase from 500 up to 1000 then back up to 500 PPM.
This represents a temporary increase of O: either through a fault in generation / supply or due
to a period of low flow (and or flow reversals) in the gas branch such that a local plug of higher
concentration Oz built up (at inlet of L1) before being swept forward on resumption of normal
flow.

Figure 4-10 shows that the minimum Oz concentration seen in OS1-A was at the start of branch-2
(BRCH2-P1-S3 of the L2 spur, approximately 3 km from the “Tee”) shortly after end of the perturbation.
However, the perturbation is now seen at the end of L2 but not until 11 days later. Obviously at the
“Tee” separating L2 from L1 and L3, the concentration keeps in line with the concentration in branch-
1 (L1), but to reach 3 km (i.e. end of the first pipe) takes approximately 1.7 days, such that the
concentration perturbation “bleeds out” into the 500 PPM gas either side of it due to numerical
smearing/diffusion, such that the minima gets smaller as it passes through L2. This is discussed in
more detail in the CFD work (86).

Similarly Figure 4-11 shows that the maximum PPM observed in L2 for OS1-B (Pipe 1 - Section 3) was
850 PPM was seen at start of L2 shortly after end of the perturbation, but not until 11 days later at the
end of L2. Once again the maximum in the concentration perturbation “bleeds out” into the 500 PPM
gas either side of it, such that the maxima gets smaller as it passes through L2.

It is noted that for OS1-A the consumption of Oz at the pipe wall acts in the same direction as the O2
perturbation such that the concentration minimum is initially weakened by dilution, but then starts to be
strengthened at the back end of L2 as the consumption of O2 forces the minima to lower values once
more. For OS1-B the dilution effect and consumption at the wall operate in unison both reducing the
maxima as it passes through the pipeline.
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4.3.3.2 OS2 - Gas Velocity L2 (0.2 m/s)

The larger gas velocity leads to a higher thermal flow. Residence time was reduced by factor of 10.
Hence, the final Oz concentration at end of L2 is reduced by 7.7 PPM compared with a reduction of 68
PPM for the base case. The larger flow also gave a far larger Reynolds number pushing it further into
the turbulent™ region.

4.3.3.3 OS3 - Gas Velocity L2 (0.002 m/s)

The smaller gas velocity leads to a lower thermal flow. The residence time and hence Oz consumption
increased by factor of 10. Hence, final Oz concentration at end of L2 reduced by 388 PPM compared
with a reduction of only 68 PPM for the base case. The lower velocity also gave a far smaller Reynolds
number, such that the flow in L2 was predicted to be laminar.

4334 0S4 - Composition (5% mol Hy)

As discussed above, this sensitivity at 5% H2 in NG was at the same thermal flow at the burner tip, so
the velocity was reduced, and the residence time increased by approximately a factor of 4. Hence, the
final Oz concentration is lower (i.e. more consumed, because residence is longer). The gas density is a
factor of 10 higher than the base case. The Reynolds number doubled (more turbulent).

4.3.35 OS5 - Composition (20% mol Hy)
Similar to 0S4, but magnitude of change was reduced.
4.3.3.6 OS6 - L2 Diameter (ID =100 mm)

Once again this sensitivity was at the same thermal flow as the base case, with the L2 diameter reduced
to 100 mm the velocity in L2 increased substantially from 0.02 to 0.68 m/s. The consequence was a far
shorter residence time (down from 10.4 to 0.3 days), so final Oz concentration was far larger than the
base case (gas Oz concentration was only reduced by 11 PPM). The higher velocity also gave a far
higher Reynolds number (6x higher, so significantly more turbulent).

It should be noted that if different diameter pipes are compared at the same velocity, then smaller pipes
display a higher rate of Oz loss per day. This can be attributed to the greater inner metal surface for a
given flow cross section area. Figure 4-12 shows the rate of decline of Oz based on the diameter of the

pipe.

™ The Laminar flow regime was taken as Re <2000, The turbulent regime as Re > 4000 and the
transition region as between 2000 — 4000.
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Figure 4-12 Loss of Oz Per Day of Residence Time vs Internal Diameter

4.3.3.7 OS7 Shut-in from Steady State (after 35 days)

Following a Restart from the base case steady state condition the OLGA model was adapted (additional
valve at the end of branch-3) to allow the system to be shut-in (at 35 days). The pressure settled out as
the outlet valves on branch-2 and branch-3 were closed and the entry mass source was ramped to zero
such that new gas no longer flowed into the model. After shut-in (see Figure 4-13) the gas velocity also
declined to zero (apart from any thermally driven natural convection) see Figure 4-14. Oz was then
consumed at the pipe wall based purely on residence time".

It can be seen that if the minimum required Oz concentration is taken as 250 PPM, then it would take
approximately 35, 45 and 70 days of shut-in at the end of the L2 spur (Pipe-6-3), start of the spur (Pipe-
1-1), and in the main pipeline (branches 1 and 3) respectively. As shown in Figure 4-12 the rate of
decline of the Oz is lower in L1/L3 than L2 because of the difference in diameters.

Using the simple relationship between residence time and Oz concentration these are plotted against
the reciprocal of gas velocity in Figure 4-15 (actual velocities in m/s are shown as labels against the
residence time data). The plot is shown for a 0.5858 m ID pipe with a length of 1000 km (610 miles)
such that most of the UK NTS would be covered within this size of system. As shown in Figure 4-12,
the rate of loss of O2depends on the internal diameter, so for other pipe sizes sightly different gradients
would apply.

" Such that the Oz concentration fell (almost) linearly from the local steady state defined by the original
local velocity (0.02 m/s for base case) and the distance from the 500 PPM gas source maintained in
the main branch.
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SIM08B_S7 Shutln

= BRCH1-P6-53 = BRCH2-P1-51 = BRCH2-P6-53 BRCH3-P6-53

550

500

450

400

350

300

02 Concentration [ppm]

250

200

150
30 40 50 60 70 80 90 100

Time [d]

Figure 4-13 O2 Concentration Trend — OS7 — Shutin of System from Steady State at 35 days

Gas Velocity Trend Plot
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Figure 4-14 Gas Velocity Trend — OS7 — Shutin of System from Steady State at 35 days
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Impact on 02 Conc. For a 1000 km System (ID = 0.5858 m)
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Figure 4-15 Oxygen Concentration and Residence Time vs Inverse Velocity (actual velocity shown as
labels)
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Description

Table 4-4 Summary of Excel Sensitivity Results Relative to Base Case

Sensitivity Departure

from Base Case

Gas Density

(kg/m3) /
(kmol/m®)

Gas

Viscosity

(Ns/m)

Outlet Oy, L2

[PPM/APPM / % Loss]

Velocity /
Residence
Time L1&3

(m/s)/ (d)

ROSEN

empowered by technology

Velocity (m/s) /
Residence
Time L2

Quantification of Sensitivity

(m/s)/ (d)

Excel model gives similar but lower
Base Case 4217-791-15.8% fidelity results than OLGA
1000 ppm starting O, Same loss of oxygen in APPM, but from
Esi O, conc. 1000 .concentration spec 021/ -79/ -7.9% higher base.
PPM instead of base spec
of 500 ppm.
Order of First order reaction 5.26412.592 8.56E° 2/0.104 0.02/10.4 Rate of oxygen consumption declines
ES2 Reaction model used instead of 425/ -75/ -15% with falling O, concentration
zeroth order.
Corrosion rate of Rate is order of magnitude smaller,
ES3 Corrosion 1 um/yr used instead 492/ -8/ -1.6% which is reflected in % loss.
Rate of 10 um/yr base case ’
value.
Both residence time and oxygen molar
density have increased. Hence, result is
Note-1 -06 _ - 0, !
ES4 Pressure 6.119/3.013 8.56E 421/ -79/-15.8% 1.72/0.121 0.0172/12.1 similar to base case.
Temperature - Density, residence time and oxygen
ES5Note-2 Sum?ner 25 °C instead of 0 °C 4.822/2.374 9.07E 421/-79/15.8% 2.18/0.09 0.0218/9.54 molar density have decreased. Hence,
result is similar to base case.
Notes:
(1) The change in viscosity with pressure was found to be very small, and remains effectively unchanged from the base case for the purpose of the ES4 sensitivity. Small reduction in Reynolds
number from base case (7219 to 7216) predominantly driven by velocity change.
(2) Small reduction in Reynolds number from base case (7219 to 6802) predominantly driven by density and viscosity change.
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Table 4-5 Summary of OLGA Sensitivity Results Relative to Base Case

© ROSEN

This document is classified as confidential Page 43 of 80


LMoor
Rectangle


Title: Phase 2 — Gas Inhibitors for H2 Pipelines — WP1 Report
Client: National Gas A

Project Number: 19878

Revision: 1 empowered by technology
Date: 07/07/2025
) COMPLEX NETWORK MODELLING

As discussed in 82.1.3, 83.1.1 and 83.3 an OLGA model was constructed of the North section of the
National Transmission System (NTS) for a previous project (Ref. [5]) which includes the inlet gas supply
at I ith pressure boundaries at the southern end of the system (IEEEEEEGEGNGEGENE
I

The aim was to study a more complex geometry at three conditions determined from the matrix of cases
for the simplified pipe system and any learnings from the CFD modelling (86). The main objective was
to investigate how the impact of Oz concentration changes in the main line affect the multiple demand
points though the system as opposed to very short spurs with a single demand at the terminus
(described in the simple pipe model). As discussed in 84, for the Oth order reaction considered the
consumption is principally controlled by residence time. It was considered impractical to add the impact
of Oz consumption explicitly to the complex model, so the study is based solely on identifying regions
of the system that experience periods of low gas velocity.

The lines from GG s p'y major cities (NG Similarly the line
from NG s<"<s B 2nd the line from | contains the Irish
interconnector. Hence, for this work the investigation concentrated on: | EEEEEEININGEEEEEE
I for the study of lines that are likely to give low velocity. As for the simple
pipe model (84.3.3) the cases for the complex model flows were maintained at the same calorific value
(i.e. the volumetric flow was increased with increasing H2 concentration in the H2/NG blends). The
cases shown below are described over the following sections:

o CASE-1 Investigate the current “North” network and the way it is operated. Does the system
have consistently low periods of velocity for NG.

e CASE-2 As for CASE-1, but with 20% H2

e CASE-3 As for CASE-1, but with 100% H:

e CASE-4 500-1000-500 PPM square wave Oz concentration perturbation

5.1 CASE-1, NG

Simulation results from Ref. [5] for CASE-1 are reproduced as Table 5-1 and Figure 5-1. These show
the gas steady state velocity and pressure profiles (i.e. inlet flowrates, demand outflows and pressure
boundaries were held constant). It can be seen that for some of the branches the flowed in to the system
from one of the pressure boundaries rather than flowing out of it so the gas velocity was shown as
negative (I Hence, the minimum gas velocity was not the
same as the minimum gas speed (i.e. absolute value of velocity). On re-examination of the original data
set as gas speed values the difference is not significant for any of this CASE-1 apart from | EENEGEGzG-
With this correction the lowest minimum gas speeds are seen in (decreasing values): IR
|

However, the steady state results do not capture the change in gas velocity/speed, and pressure during
the normal diurnal swing where the inlet flows, demand outflows across the network and the boundary
pressures all vary with time. Hence, in order to capture the time variation of the gas velocity/speed a
transient case from Ref. [5] was also considered. Figure 5-2 shows a contour plot with colour bands
representing gas speed as a two dimensional plot of time against distance for |} EEEEEE (plots for

I, 2re shown in Appendix D (§10).
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Table 5-1 Steady State Pressure and Velocity (NG, Ref. [5])

Steady State Velocity Profiles (NG)
R17439-CLC-02-SIMO1_H1

Figure 5-1 Steady State Velocity Profiles (NG, Ref. [5])

Table 5-2 shows a summary of the gas velocities, speed and pressure for the transient results. It can
be seen that although a minimum and maximum gas speed of 0.002 and 2.71 were recorded these
were only for relatively brief periods. When the speed and velocity were averaged over the entire | IR
I branch and time duration of the diurnal swings they were found to be 1.384 and 1.380 m/s
respectively®. The | branch is far longer (372 km, as a continuous run, a residence time of

° For the network model the component pipes and underlying sections lengths are not equal, such that
shorter sections will prejudice the mean values. However, for the purpose this study they still give a
reasonable approximation to the true mean.
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3.1 days) than the other branches considered. By contrast the |l branch is 189 km, with a
mean velocity of 2.58 m/s and a residence time of less than one day (20.3 hours).

Figure 5-2 Gas Speed Contour Plot (Time vs Distance, I NG)

Table 5-2 Averaging of Transient Velocity, Speed and Pressure for Key Branches (NG)

5.2 CASE-2, 20% Hz2in NG

CASE-2 is similarto CASE-1, but with 20% H: (in NG) instead of only NG. As discussed previously
the 20% Hz (in NG) case was at the same thermal flow at the burner tip as the NG case, so overall
the gas flowrates and velocities increased relative to CASE-1.

Simulation results from Ref. [5] for CASE-2 are reproduced as Table 5-3 and Figure 5-3. These
show the gas steady state velocity and pressure. In general the positive and negative velocities
have increased. However, there are a few exceptions as gas flow balances around the system.
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Table 5-3 Steady State Pressure and Velocity (20% H2z in NG)

Steady State Velocity Profiles (20% H2)
R17439-CLC-02-SIM0O3_A1

Figure 5-3 Steady State Velocity Profiles (20% H2)

Figure 5-4 shows a summary of the gas velocities, speed and pressure for the transient results at 20%
Hz. It can be seen that for | 2'though a minimum and maximum gas speed of 0.002 and 2.4
m/s are recorded these are only for relatively brief periods. When the speed and velocity were averaged
over the entire branch and time duration of the diurnal swings, they were found to be 1.03 and 0.446
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m/s respectively. Hence, the average speed/velocity has increased relative to CASE-1 for all branches

excluding N

Figure 5-4 Gas Speed Contour Plot (Time vs Distance, I 20% H2)

Table 5-4 Averaging of Transient Pressure and Velocity for Key Branches (20% H2 in NG)

5.3 CASE-3, 100% H2

CASE-3 is similar to CASE-1, but with 100% H: instead of NG. As discussed previously the 100%
H2 case was at the same thermal flow at the burner tip as the NG case, so overall the gas flowrates
and velocities increase dramatically (approximately a factor of three) relative to CASE-1.

P The boundary pressures were held constant, so it simply reflects re-balancing of the system at the
higher volume flow required for the Hz blend.

© ROSEN
This document is classified as confidential Page 2 of 8


LMoor
Highlight

LMoor
Highlight

LMoor
Rectangle

LMoor
Rectangle


Title: Phase 2 — Gas Inhibitors for H2 Pipelines — WP1 Report

Client: National Gas A

Project Number: 19878

Revision: 1 empowered by technology

Date: 07/07/2025

Simulation results from Ref. [5] for CASE-3 are reproduced as Table 5-5 and Figure 5-5. These
show the gas steady state velocity and pressure. The positive and negative velocities have
increased significantly. The pressures at the inlet of the system have increased?, but not as much
as one might initially expect owing to the decrease in fluid viscosity with increasing hydrogen
concentration.

A transient simulation was not performed in Ref. [5] for 100% hydrogen. However, from the steady
state results it can be seen that the velocities are significantly greater than for CASE-1 or CASE-2.

Table 5-5 Steady State Pressure and Velocity (100% H2

Steady State Velocity Profiles (100% H2)
R17439-CLC-02-SIM04_A1

Figure 5-5 Steady State Velocity Profiles (100% H2)

9 Pressures at the outlet boundaries were fixed to be the same as CASE-1.
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5.4 Impact of Diurnal Pressure Variation on Spurs

The work in 85.1 to 85.3 showed that even though sections of the “North” network exist at very low
flowrate conditions for brief periods, when considered over the normal diurnal swings the average
velocities are all greater than 1 m/s (NG, 20% Hz and 100% H). Hence, from Figure 4-15 it can be seen
that even for a 1000 km pipe system the residence time is under twelve days, so the loss of Oz across
the line would be circa 100 PPM'".

Although the short spurs discussed in 83 may not be subject to the same diurnal changes in flowrate
as CASE 1 to 3, they will still be subjected to the diurnal pressure swings at their connection points to
the NTS.

The base case simple pipe model described in 84.3.2 (100% H2z with 500 PPM oxygen) was used to
demonstrate the impact of diurnal pressure variation on short spurs at their connection point to the
network while maintaining the same very low flowrates through the spur (i.e. mass flowrate boundary
at the exit). Hence, the pressure estimates taken from the sections above based on data from Ref. [5]
were used such that gas was pushed into and pulled out of the spur depending on the pressure
variations seen in the network (see Figure 5-6). The OLGA results in Figure 5-7 (trends) and Figure 5-
8 (profiles) show the pressure and Oz concentration.

| Circa 0.88 km either side of mid point | | Flow out of spur at 0.02 m/s ||:>

Connection to main branch | | 18 km Spur Line
<l

| initially 60 bar @ mid point |

Figure 5-6 Schematic of “Gas Piston” Effect in the Spur Line owing to Diurnal Pressure swings

It can be seen that when +/- 3 bar pressure cycling (i.e. 6 bar peak to peak) was added as a diurnal
swing the mean Oz concentration were observed to cycle by about 7 PPM at the exit of the spur for
each oscillation in pressure. A simple analysis based on compressibility of gas can be used to explain
the oscillation of Oz concentration with changes in pressure. From the base case results the total
decline in Oz concentration across branch-2 is circa 70 PPM i.e. 3.9 PPM/km. So if we consider the
pressurisation / depressurisation of il around the midpoint of i, it corresponds to a piston of
gas (0.9 km) being displaced into and back out of the midpoint i.e. a concentration change of 7.74 PPM
in total (the gas displacement is shown schematically in Figure 5-6).

It can also be seen that the steady state Oz concentration at the end of the spur (branch-2) moved from
a midpoint of circa 429 PPM to a new higher midpoint of 431 PPM (i.e. 1.4 PPM higher Oz at the end of
the spur when pressure fluctuations were included). As for the earlier work this change is on the same

" If we consider Figure 4-15, at a gas velocity of 1 m/s, the residence time is 11.6 days (blue line) and
the Ozis reduced to 400 PPM (orange line).
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timescale as the residence time in the 18 km spur (at 0.02 m/s i.e. 10.4 days). A further small change
occurs after this, but at a far shallower gradient and of far smaller magnitudes.

Hence, we can conclude that for the pressure fluctuations likely to be seen in the NTS over a diurnal
swing (typically greater than |l peak to peak) should have a small beneficial effect regarding the
loss of Oz in spurs of the main network. The benefit is expected to be directly proportional to the size of
the pressure fluctuations in the main network.

Figure 5-7 Pressure and Oz Concentration Trend at Outlet of Spur Line

s The author cannot give an explanation of this later change, but it is thought to be the result of second
order effects as the system establishes equilibrium.
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02 Concentration Profile Plot - Branch 2
19878-CLCO2-SIMO9A_PresVar
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Figure 5-8 Oxygen Concentration Profile at Outlet of Spur Line
5.5 CASE-4, 500-1000-500 PPM Square Wave Concentration

Perturbation in Complex Model, NG

The objective of this case was to investigate how a high oxygen concentration flow scenario at the inlet
(M) il impact the rest of the system. This will be used to inform potential safety conditions from
a build-up of Oz concentration in the system. The model is relatively complicated, so the changes made
to the model were restricted to a 500-1000-500 PPM Oz concentration spike (in NG) for eight hours.
The total duration of the simulation was 3 days (i.e. the supplied “Peak” case repeated three times to
create three diurnal cycles. Although the physical properties of hydrogen and flow rates are likely to be
significantly different to NG; ROSEN believes this case gives useful Insite into the movement of a
concentration spike through the system.

Figure 5-9 shows the Oz concentration at the end of each branch of the model. As gas emerges from

I s-ction (N the initial 8 hour square wave of 1000 PPM O:arrives

largely unchanged, except for some rounding (i.e. from square wave to bell shaped curve with peak at
9.7 hours). As the gas emerges near | I (N thc rounding of the bell curve is
more advanced and the maxima has reduced to 960 PPM (at 19.4 hours). Hence, by the time the
concentration spike passes into the pipes south of |l a full diurnal oscillation in conditions has
occurred, such that the concentration spike further into the system splits into multiple peaks at reduced
concentrations. For example with gas emerging at | I () shows two peaks of
similar concentration (770 PPM) at 1.5 and 1.7 days respectively. After 2.3 days (with the exception of
) (he oxygen spike had predominantly passed out of the system.

If we look at I n more detail (Figure 4-10), we can see that the concentration falls
dramatically as it passes down the pipeline, but because of the very low flowrates highlighted in §5.1,
the diurnal swings tend to push the gas back and fore in the pipe such that the unlike all the other pipes,
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the gas is still significantly above the 500 PPM level after 3 days. For this case the 1000 concentration
spike is seen to be broken up by the diurnal swings. The concentration spike is shuttled back and fore
in the pipe as part of the diurnal swing. Although this is not a concern when the oxygen is added outside
the boundaries of the pipe, it might become a concern if Oz were added inside the | pipe
boundaries, particularly at a low flow node within the pipe, such that the concentration could potentially
accumulate over time if oxygen were added at a fixed rate rather that in proportion to the flowrate (i.e.
to achieve a certain concentration).

Figure 5-9 Oz Concentration Trend at the Exit of Pipeline Branches (500-1000-500 PPM Square Wave)
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Figure 5-10 Oz Concentration Trend within |l Pipeline (500-1000-500 PPM Square Wave)

6 CFD MODELLING

The possibility of gas-gas unmixing was first discussed by Van der Waals and Korteweg at the start of
the 20" century (see Ref. [8]). It was shown that the mixture critical line could move to temperatures
higher than the critical temperatures of the two components (i.e. gas-gas unmixing). Thus, certain fluid
mixture with very weak attraction between unlike components can unmix at temperatures well above
the critical temperatures of the individual components. Although discussed at the start of the 20"
century, it took a further forty years till, Krichevskii and Tsiklis measured binary mixture phase
separation above the critical temperatures of both components in the system ammonia-nitrogen.
Several other systems have since been found to exhibit gas-gas unmixing, but they do not include the
pairs of components under consideration for this study. Hence, it was concluded that this phenomenon
could be ignored for this work.

6.1 CFD Studies from the Literature Related to Mixing and
Stratification of H2 in Pipelines

6.1.1 Hydrogen - Methane Mixtures : Dispersion And Stratification Studies,
Marangon, Ref. [9]

The aim of the work was the investigation of the dispersion and stratification properties of hydrogen and
methane mixtures. Experimental activities were carried out in a large scale closed apparatus!,
characterized by a volume of 25 m3, both with and without natural ventilation. Mixtures of 10% vol.

t At a pressure close to atmospheric.
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hydrogen — 90%vol. methane and 30%vol. hydrogen — 70%vol. methane were studied with the help of
oxygen sensors and gas chromatography.

In all the experiments a non-homogeneous mixture concentration within the apparatus was observed,
both with and without natural ventilation and independently of the natural ventilation openings position.
Moreover for long residence time and no ventilation a tendency to homogenization was also observed.
For test carried out with a higher mixture release flow rate, the gas concentration measured at the centre
of the ceiling, was higher than the concentration measured from sensors located at the same height but
not directly above the release. Instead for a smaller release flow rate and no natural ventilation, the
concentration within the apparatus was well stratified with same values in the horizontal planes.

For a test carried out with natural ventilation realized with openings on opposite sides of the apparatus
(in the upper part on one side and the bottom part in the other side), the gas concentration was not
homogeneous in the horizontal planes of the apparatus. This non uniform gas concentration was due
to the air flow through the ventilation openings that created different zones, characterized by different
concentration’s values, even in the horizontal direction.

For experiments carried out with only one opening located or in the bottom or in the upper part of the
apparatus, the results were dependent on the difference in temperature between the internal volume of
the apparatus and the external ambient air. When the differences in temperature between the internal
volume and the outside ambient air were smaller, a stratification was found within the apparatus. Instead
for higher temperature’s differences, the measured gas concentration was not uniform in the horizontal
planes of the apparatus and the concentration measured by the sensor located in the opposite side,
with respect to the opening location, was higher.

In the test carried out with only one opening in the bottom port, it was demonstrated that it was not
efficient in diluting the mixture’s concentration. Moreover with only one opening in the lower part of the
apparatus and a difference in temperature, between the internal volume and external ambient air, of
about 3°C, the stratification was well evident with homogeneous concentration’s values in the horizontal
planes of the experimental facility.

Finally, sample analysis with gas chromatograph technique, showed, for the presented experiment
configurations and mixture’s residence time within the apparatus, that the constituent gases in the
mixture (hydrogen and methane) do not separate.

6.1.2 Equilibrium Distribution and Diffusion of Mixed Hydrogen-Methane
gas in gravity field, Peng et al. 2024, Ref. [10]

This study systematically examined the equilibrium distribution of hydrogen-methane mixtures in a
gravity fields:

e The molecular dynamic simulations of H2 and CHa gases in a gravity field show that gravitational
stratification of these gases requires either an extremely strong gravity field or very large drops
in altitude (on the order of 100 km), in agreement with Boltzmann distribution theory predictions.

e Large pipe height and low temperature promote the stratification. However, even with a low
temperature of 150 K and a large height of 1500 m, the stratification is insignificant and will not
significantly affect the risk of hydrogen embrittlement.

e Thediffusion time required to reach thermodynamic equilibrium increases linearly with pressure
and the square of pipe height. It takes approximately 300 years to reach equilibrium in a 1500
m high pipe, and temporary interruptions in pipeline gas transportation will not cause significant
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stratification. However, if gases are not well blended initially, it can lead to the misleading
conclusion that gas can stratify in a gravity field.

6.1.3 Masters Thesis: Simulation of flow conditions for natural gas and
hydrogen blends for different points of the distribution natural gas
network. Fernandes, Ref. [11]

The objective of this work was to explore the issues of mixing hydrogen with natural. Hydrogen is nine
times less dense than natural gas, such that (temporary) stratification phenomenon often occur, such
and the effective mixing of the two gases is delayed for a considerable distance, depending on the flow
characteristics.

A possible strategy to prevent this is the introduction of a static mixer in the gas pipeline to provide an
efficient mixing within a short distance without causing a significant flow pressure loss. Using Ansys
Fluent, three different cases were simulated to test the mixing of hydrogen with methane. The
performance of an helicoidal mixer (KM) and a KVM mixer were analysed and compared to the standard
T-junction hydrogen injection without static mixer. The necessary distance needed to achieve a
homogeneous mixture, using the Coefficient of Variation COV" as the measure criteria, in the different
cases was calculated and compared with the consequent pressure loss associated. The three cases
were analysed for hydrogen injection percentages to 20% and for a (realistic size dimension) gas
pipeline connecting the transmission line to the distribution line (pressures around ). A faster
homogenization of the mixture was achieved with the use of static mixers, with the KVM mixer, being
the most efficient mixer, since it is the mixer with the lowest distance needed to obtain the homogeneity
of the mixture and with the lowest pressure loss, when compared with the helicoidal mixer. The T-
junction without the T-mixer is, as expected, the case with the lowest pressure loss, but to achieve
homogenization of the mixture required circa 30 diameters of distance from the exit of the T-junction.
By contrast the mixers KVM and KMS were, for all the conditions tested, able to obtain a homogeneous
mixture in a maximum distance of 7 and 12 diameters, respectively, from the exit of the static mixer.

Author’s key conclusions:

e The Portuguese natural gas grid was considered. It was concluded that there were many
potential hydrogen injecting locations.

e Despite the superior homogenization performances of the static mixer, they induce an
increased pressure loss. The T-junction case gave least pressure loss, followed by the KVM
static mixer and the helicoidal static mixer.

e The lack of experimental results to validate the CFD work was identified as a significant issue.

6.2 Specific CFD Simulations Conducted for this Study

The CFD work conducted for this study is reported in full in Appendix E (813) and summarised below:

U The coefficient of variation is defined as the ratio of the standard deviation to the mean. It shows the
extent of variability in relation to the mean of the population.
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6.3 Discussion of CFD Results

It is important to note that the two-layer stratification predicted by the full CFD model does not constitute
reseparation of Oz from a fully mixed mixture. When fluid within the spur is fully mixed, there is no
evidence to suggest that Oz can separate out of the mixture for the time and length scales of interest to
the gas network.

The two-layer stratification presented within this document is strictly related to an increase in the
concentration of Oz at the entrance of the spur; this incoming O: is not mixed with the fluid already
within the spur and the stratification is not related to separating of the mixture. Once mixed into a
homogeneous fluid the Oz will not separate out into stratified layers from either hydrogen or its mixtures
with NG".

It was shown in the OLGA simulations that all the cases are well into the turbulent region - the only
exception is if we drop the flowrate from 0.02 to 0.002 m/s. With CFD, the code has to be instructed to
enable a turbulence model”. For all cases considered (0.02 m/s or more), the flow is turbulent. The CFD
shows that bends will only make a marginal difference to the mixing of the Oz as it migrates along the
spur. The greatest degree of turbulent mixing at bends occurs at high flow velocities, but this coincides
with non-stratified flow when the Oz concentration is fairly uniform, and mixing an already uniform
concentration does not affect the Oz concentration. At low flow velocities, when the flow may be stratified
and the Oz concentration is non-uniform, the degree of turbulent mixing at bends is much reduced, so
a longer total mixing length will be required.

It was shown in the excel modelling that the viscosity was largely unaffected by pressure (I
increase) and hence diffusion is not likely to change much (diffusion inversely proportional to viscosity).
However, viscosity is affected by temperature, so as temperature goes up, viscosity increases and
diffusion rate would go down.

For the CFD work a |l change in pressure is unlikely to affect the mixing behaviour. The pressure
will change the density. However, the buoyancy effect is proportional to Ap/p, so density cancels out
and should not be significantly affected by pressure-induced density changes. For the cases considered
the flow is turbulent, turbulent mixing will dominate over molecular diffusion.

At very low non-turbulent flow (i.e. below 0.02 m/s), it is expected that the behaviour will depend upon
the gradient of the spur. For cases C3 (horizontal) and C9 (downhill, 10%) which are nominally zero
velocity (dead leg), a buoyancy-driven two-layer stratified recirculation becomes established with each
layer travelling at around 0.05 m/s in opposing directions (so 0.1 m/s relative to each other). The
interface between the two layers is therefore likely to be turbulent, and the Oz concentration is predicted
to fall along the spur in the CFD model. Case C6 (uphill, 10%) is also nominally zero velocity, but there
is no two-layer stratification for this uphill case. Instead, the migration of Oz along the spur is much
slower and it is likely limited by molecular diffusion. The concentration of Oz is maintained close to 1000
ppm as it migrates along the spur.

v A high level HAZID is planned as part of WP2, where safety issues such as this will be discussed.

“i.e. the CFD model does not calculate that a turbulence model is needed internally within the code.
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6.3.1 Study A — Passive transport of Oz (like-for-like with OLGA), 3 Cases

e When stratification effects were ignored, the predicted arrival time from the CFD model at the
downstream locations considered was in close agreement with the expected arrival time*.

e This was not the case for the OLGA model. This discrepancy is likely due to numerical diffusion
within the OLGA model caused by the long discretisation of the spur (segments are 1 km each)
[Ref. 4]. (the long segments in the OLGA model were related to the practicality of programming
the Oz consumption within OLGA).

6.3.2 4.2 Study B = Full CFD (including stratification), 3 Cases

e An Oz concentration variation of 500 ppm is not insignificant, while this may only be 0.05% on
a volumetric basis, it is around 0.8% on a density basis.

e For the base case (Case B1: gas velocity at entrance = 0.02 m/s), an 0.8% density difference
was sufficient to quickly establish a two-layer stratified flow, with dense Oz rich fluid propagating
quickly along the spur in the lower part of the section and a counterflow with Oz at 500 ppm in
the upper part of the section.

e Forthe first sensitivity case considered (Case B2: gas velocity at entrance = 0.2 m/s), the higher
gas velocity was relatively more important than the buoyancy effect and was sufficient to
overcome the counterflow in the upper part of the spur.

e At the base case gas velocity of 0.02 m/s, a two-layer stratified flow was established; it was
inferred that terrain effects may be an important additional consideration.

e For the second sensitivity case considered (Case B3: gas velocity at entrance = 0.02 m/s with
a 1% uphill slope), the arrival time is delayed when compared to the base case (Case B1) which
is perfectly horizontal.

7 IMPLICATIONS FOR WP2

The conclusions from this report and recommended further work relevant to WP2 are summarised
against the original scope of work in and. If an intermediate concentration (before mixing into the main
network stream) was used to help formation of the final Oz concentration (as discussed in Table 1-1
and Table 1-2). However, the UFL of hydrogen in Oxygen is 94% hydrogen (i.e. 6% oxygen) so even
with 5000 PPM oxygen it would be 12 times lower than this limit.

*j.e. distance divided by gas velocity.
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9 APPENDIX A - ADDITIONAL DATA FROM LINEPACK
MODEL
Table 9-1 HHV Values for Natural Gas Mixtures
Component | HHV (MJ/kg) | HHV (kJ/mol)
Hydrogen | 141.79 | 285.8
Methane | 55.50 | 890.4
Nitrogen | 0.00 \ 0.0
Carbon Dioxide | 0.00 \ 0.0
Ethane | 51.88 \ 1560.0
Propane | 50.35 \ 2220.2
Isobutane ] 49.53 \ 2878.7
Butane | 49.41 | 2871.8
iso-Pentane | 48.90 | 3528.5
Pentane | 49.01 | 3536.4
n-Hexane | 48.68 \ 4195.0
n-heptane | 48.44 \ 4853.8
n-octane | 48.26 \ 5512.6
Table 9-2 Natural Gas Composition
Hydrogen | 0
Methane | 89.76105263
Nitrogen | 1.374078947
Carbon Dioxide | 1.290131579
Ethane | 5.513947368
Propane | 1.519342105
Isobutane | 0
Butane | 0.406710526
iso-Pentane | 0.001447368
Pentane ] 0.084473684
n-Hexane ] 0.045657895
n-heptane ] 0.000789474
n-octane | 0.000394737
Notes:
1. For brevity other components in the original composition that
had a value of zero were left out of this table.
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Table 9-3 HHV Molar Contribution Values for different Hydrogen Blends

Hz Blends (Mol)

100% Mol H2

Nat. Gas 2% Mol H2 20% Mol H2

Mol% Mol% Mol% Mol%
Hydrogen 0 2 20 100
Methane 89.761 87.966 71.809 0
Nitrogen 1.374 1.3466 1.0999 0
Carbon Dioxide 1.290 1.2646 1.0329 0
Ethane 5.514 5.4037 4.4119 0
Propane 1.519 1.4890 1.2154 0
Isobutane 0 0 0 0
Butane 0.4067 0.3986 0.3254 0
iso-Pentane 0.00145 0.00142 0.00115 0
Pentane 0.08447 0.08278 0.06757 0
n-Hexane 0.04565 0.04474 0.03652 0
n-heptane 0.00079 0.00077 0.00063 0
n-octane 0.00039 0.00038 0.00032 0
Total 100.0 100.0 100.0 100.0
HHV (kJ/moal) 935.7 922.6 805.6 285.9
HHV (MJ/kg) 51.92 52.12 54.36 141.8
HHV (MJ/m?3) 39.57 39.02 34.07 12.09
Relative Density 0.6220 0.6110 0.5115 0.06959
Wobbe Number 50.18 49.92 47.64 45.83

(MJ/m?3)
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Table 9-5 Summary of NG GCS-LP data
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Figure 9-1 Schematic of North Pipeline System (Zones 0, 1 and 2)
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Figure 9-2 Static PEAK Case Gas Demand at Outlets for North Section
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Table 9-6 Summary of Static PEAK Case Gas Demand at Outlets for NG (North Section)

© ROSEN

This document is classified as confidential Page 2 of 8


LMoor
Rectangle

LMoor
Highlight


Title: Phase 2 — Gas Inhibitors for H2 Pipelines — WP1 Report

Client: National Gas A

Project Number: 19878

Revision: 1 empowered by technology

Date: 07/07/2025

10 APPENDIX B - TIME CONCENTRATION AND
TEMPERATURE

The following description is based on Reaction Kinetics by M.J. Pilling, which should be consulted for
further details if required, Ref. [12]. Chemical kinetics is principally governed by the variables of time,
concentration and temperature as described below.

10.1 Time and Concentration

The reaction rate ¢ may be defined as the rate of disappearance of a reactant, or as the rate of
appearance of a product.

d|reactant| N d|product]

¢= ot or ¢= ot

¢ has units mol.dm3s-1 and is often found to depend on the molar concentration of the reactants:
¢ = ka®bPac” ..

Where a, b, ¢ are the concentrations of reactants A, B, C. The exponents a is termed the order of the
reaction with respect to A, whilst the overall order n = a+B+y... In elementary one step reactions, n, «,
B and y are integers, but in multi-step reactions they may be non-integer. The constant k is known as
the rate constant; its units depend on the value of n as shown in Table 10-1. These equations are valid
for like reactants (e.g. A+A), or for stoichiometrically equivalent reactants (e.g. A+B) with equal initial
concentrations. When the initial molar concentrations are not the same, or when the reactants are not
stoichiometrically equivalent (e.g. A + 2B), more complex expressions are required.

Table 10-1 Differential and Integral Forms of Rate Equations (Reproduced from Ref. [12])

Order da/dt kt Units of k
0 -k (ao-a) mol.dm3s*
1 -ka Ln(ad/a) st
2 -ka2 (1/a)-(1/a0) dm®mol?s?
3 -ka3 (1/2a%)-(1/2a0%) dm®mol2s?
10.2 Temperature

Reaction rates usually increase with temperature. An interpretation of this effect was developed by
Arrhenius after initial work by vant Hoff [Ref. [12]].

The equilibrium constant for a reaction is given by the ration of the rate constants of the forward (k1)
and backward (k-1) reactions

k
K, = —withk, = Ae FV/FT and k_, = Ae E2/RT
k_y

Where A is the pre-exponential factor, usually both E1 and Ez are non-zero, such that there is an energy
barrier between reactants and products (in our case the oxygen/metal and corrosion product) which
has to be overcome for the reaction to take place. E1 and E: are termed the activation energies for the
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forward and reverse reactions. As the temperature rises, the reaction rate increases, because the
reactants acquire greater kinetic energy, and so can get over the barrier more easily. For this simplified
work it is assumed that E2 >> E1 such that once corrosion has occurred there is very little reaction in
the reverse direction.
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11 APPENDIX C - ADDITONAL OLGA FIGURES
SIMPLE PIPE MODEL

11.1 0S2 Gasvel.L2 (0.2 m/s)

02 Concentration Trend Plot
SIMO3A_S2_GasVel

Figure 11-1 O2 Concentration Trend — OS2
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11.2 0OS3 Gas vel. L2 (0.002 m/s)

02 Concentration Trend Plot
SIMO4A_S3_GasVel

Figure 11-2 Oz Concentration Trend — OS3
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11.3 0S4 5% H2

02 Concentration Trend Plot
SIMO5A_S4_5pcH2inNG_500pp_02

Figure 11-3 Oz Concentration Trend — 0S4
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11.4 OS5 20% H2

02 Concentration Trend Plot
SIMO6A_S5 20pcH2inNG_500pp_0O2

Figure 11-4 Oz Concentration Trend — OS5
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11.5 0OS6 L2 with Internal Diameter of 100 mm

02 Concentration Trend Plot
SIMO7A_S6_ID_100mm

Figure 11-5 O2 Concentration Trend — OS6
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12 APPENDIX D - ADDITONAL OLGA FIGURES
COMPLEX MODEL

12.1 CASE-1 NG

Figure 12-1 Gas Speed Contour Plot (Time vs Distance, I CASE-1, NG)

Figure 12-2 Gas Speed Contour Plot (Time vs Distance I CASE-1, NG)
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Figure 12-3 Gas Speed Contour Plot (Time vs Distance, . CASE-1, NG)

Figure 12-4 Pressure Contour Plot (Time vs Distance, . CASE-1, NG)
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Figure 12-5 Pressure Contour Plot (Time vs Distance, |l CASE-1, NG)

Figure 12-6 Pressure Contour Plot (Time vs Distance, . CASE-1, NG)
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Figure 12-7 Pressure Contour Plot (Time vs Distance, | CASE-1, NG)

12.2 CASE-2 20% H:

Figure 12-8 Gas Speed Contour P9lot (Time vs Distance, I CASE-2, 20% H2)
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Figure 12-9 Gas Speed Contour Plot (Time vs Distance, . CASE-2, 20% H:)

Figure 12-10 Gas Speed Contour Plot (Time vs Distance, . CASE-2, 20% H>)
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Figure 12-11 Pressure Contour Plot (Time vs Distance, . CASE-2, 20% H2)

Figure 12-12 Pressure Contour Plot (Time vs Distance, | CASE-2, 20% H>)
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Figure 12-13 Pressure Contour Plot (Time vs Distance, . CASE-2, 20% H2)

Figure 12-14 Pressure Contour Plot (Time vs Distance| . CASE-2, 20% H2)

© ROSEN

This document is classified as confidential Page 2 of 8


LMoor
Rectangle

LMoor
Rectangle

LMoor
Highlight

LMoor
Highlight


Title: Phase 2 — Gas Inhibitors for H2 Pipelines — WP1 Report
Client: National Gas A
Project Number: 19878

Revision: 1
Date: 07/07/2025

13 APPENDIX E = CFD MODELLING
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| INTRODUCTION

1.1 Background

Rosen is a global technology company specializing in pipeline inspection and asset integrity management
solutions for critical industrial assets. Rosen is involved in a project with National Gas (NG) investigating the
impacts of introducing hydrogen (H2) into the existing gas distribution network in the UK. Of particular interest
is the phenomenon of H2 cracking and embrittlement in steel, which may lead to a strength reduction of steel
pipes carrying H2 or its mixtures relative to pipes carrying natural gas. Any reduction in the strength of the
steel may require a corresponding reduction in the Maximum Allowable Operating Pressure (MAOP) for the

network, which could have a significant impact on its packing capacity for short-term storage of inventory.

The first phase of the project has identified that the strength reduction due to H2 cracking and embrittlement
can be mitigated by introducing a small concentration of oxygen (02) to the H2 mixture, with O2 seemingly
acting as an inhibitor by preferentially adsorbing on the steel surface at the crack tip, preventing H2 entry into
the steel [Ref. 1-2]. For this to be effective, the minimum O2 concentration should be maintained above
250 ppm, since this concentration is found to provide recovery of over 85% of the in-air fracture resistance

with crack growth rates close to those in air [Ref. 3].

The second phase of work currently underway is concerned with the operational feasibility of using O2 as a

gas inhibitor. This second phase includes three work packages:

e  Work package 1 (WP1) — Feasibility of maintaining O2 inhibitor in the gas flow.

e  Work package 2 (WP2) — Feasibility of technology implementation.

e  Work package 3 (WP3) — Economic Considerations.

As part of WP1, Rosen has undertaken modelling to gain an understanding of how O2 concentration can be
controlled within the gas flow, in terms of where the gas composition should be measured and where O2 should
be injected. The modelling has been undertaken at the network scale using OLGA, which is widely recognized
as one of the leading simulation tools for this kind of analysis. The model considers the north section of the
National Transmission System (NTS) from I
I, [Ref. 4].

In order to represent such large length scales, however, there are some pragmatic simplifications within the
OLGA approach: specifically, all flow parameters (for example, velocity and composition) at each location
along a pipeline are represented by a single average value at that location within the OLGA model. As such, it

is not possible to consider stratification and the possibility for backflow with OLGA.

To validate OLGA for this application, Rosen has contracted Abercus to undertake a scope of analysis work
using computational fluid dynamics (CFD). CFD is a first principles approach that is not subject to the same

simplifications as OLGA. Flow behaviour including turbulence is solved in detail, such that the variation in
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each flow parameter can be understood throughout the fluid domain of interest. Stratification and the possibility

for backflow can, therefore, be considered with CFD.

This report presents four CFD studies, specifically for the case of a square wave O2 concentration perturbation

travelling along a spur which has been modelled by Rosen with OLGA [Ref. 4]:

e Study A: assuming that transport of O2 is passive and does not affect the flow behaviour (so
stratification effects are ignored). This is intended as a like-for-like comparison with the OLGA

modelling.

e Study B: solving for the full flow behaviour, including stratification and the possibility for backflow.

e Study C: considering the effect of mixing at the junction at the entrance to the spur.

e  Study D: considering the mixing effect due to a 90° bend within the spur.
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2 TECHNICAL APPROACH
2.1 General
The simulations undertaken consider single-phase, isothermal flow. All simulations are undertaken using
ANSYS FLUENT 2022 R2 [Ref. 5].
2.2 CFD model
For studies A and B, transport of O2 within a 300 m spur is considered. For both studies, the CFD model
comprises an equivalent 2D slice with a diameter of 0.5858 m rather than a 3D round section for the spur, to
allow the CFD simulations to run quickly.
Studies C and D focus on local mixing behaviour of O2 at the junction at the entrance to the spur, and at bends
within the spur. For both studies, the CFD model comprises a 30 m 3D spur and, in the case of Study C,a 30 m
3D section of the main line. An equivalent square section with an edge length of 0.5858 m is considered rather
than a round section, again to minimise the CFD mesh count and allow the CFD simulations to run quickly.
For all studies, the mesh edge length is 0.05 m in the vertical direction and 0.1 m and axial direction.
2.3 Boundary conditions
The simulation domain is bounded at the following locations:
e Wetted surfaces within the main bore: an adiabatic wall boundary is imposed.
Input parameter: Surface Roughness (roughness height assumed to be 25 microns).
e Upstream: uniform flow is imposed.
Input parameters: incoming flow velocity; turbulence quantities (turbulence kinetic energy assumed
to be .
e Downstream: uniform static pressure or outgoing velocity is imposed.
Input parameter: Static pressure, outgoing flow velocity.
The assumptions for the boundary conditions for each case considered are summarised in Section 3.
2.4 Fluid properties
The fluid is assumed to be a two specie mixture comprising H2 and O2. Each specie is assumed to behave as
an ideal gas, described by its molecular weight. The corresponding assumptions are summarised in Section 3.
2.5 Turbulence

Turbulence effects are modelled using the standard-ke model. The wall function approach is used to capture

the boundary layer in the near wall region.
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3 ASSUMPTIONS
3.1 Boundary conditions
3.1.1 Wetted surfaces
The roughness for all wetted surfaces is assumed to be:
e Roughness height = 25 micron.
3.1.2 Upstream boundary for incoming flow
The turbulence quantities at the upstream boundary are assumed to be:
e  Turbulence intensity = 5%.
e Mean turbulent diameter = 0.5858 m.
These assumptions are representative of fully-developed flow within a long pipe.
3.1.3 Downstream boundary
The static pressure at the downstream pressure is assumed to be:
o Downstream pressure = |
3.2 Fluid properties
3.2.1 Density
The fluid is assumed to be a two specie mixture corresponding to H2 and O2. Each specie is assumed to behave
as an ideal gas, described by it’s molecular weight: 2 kg/kmol for H2 and 32 kg/kmol for O2.
3.2.2 Molecular viscosity
The molecular viscosity of the fluid mixture is assumed to be 8.411E-06 Pa.s.
3.2.3 Mass diffusivity
The mass diffusivity for each specie is described by kinetic theory.
240702-TN-001-B www.abercus.com 4 April 2025
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STUDY A - PASSIVE TRANSPORT OF O2 (LIKE-FOR-LIKE WITH OLGA)

The OLGA result for a square wave perturbation of O2 within the spur is shown in Figure 1. This is the result
for the base case considered by Rosen, where the gas within the network is 100% H2 and the velocity within
the spur is 0.02 m/s [Ref. 4]. The square wave represents a sudden increase in the O2 concentration from 500

ppm to 1000 ppm at the entrance to the spur, which lasts for 2 days (starting at day 35).

Mole Fraction of O2 Trend Plot
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Figure | OLGA result for a square wave perturbation of O2 within the spur

Consider the orange curve, which is the prediction for the O2 concentration at a location 3 km downstream of
the entrance to the spur. At a velocity of 0.02 m/s, the expected arrival time to reach 3 km (simply calculated
as the quotient of the distance and flow velocity) is 42 hours (=1.7 days), as shown by the vertical black dashed
line in Figure 1. The orange curve for the OLGA result, however, starts to increase much sooner after only
8 hours. This is unexpectedly short and is perhaps indicative of pseudo-diffusion within the OLGA model —an
arrival time of 8 hours would correspond to a flow velocity of around 0.1 m/s, simply calculated as distance

travelled divided by time taken.
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In this study, the CFD model is constrained to replicate behaviour that is like-for-like with that expected in the
OLGA model. Specifically, transport of O2 is forced to be passive within the CFD model, as it is in OLGA,
such that buoyancy effects and the possibility of stratification and backflow are not considered, which is a
reasonable assumption for small variations in O2 concentration. Three cases are considered within this study,

as summarised in Table 1. The CFD predictions are presented in Appendix A.

Table | — Summary of cases for Study A

Case Nominal flow velocity within spur Square wave duration
Al 0.02 m/s 1500 s
A2 0.02 m/s 750 s
A3 0.02 m/s 250 s

The like-for-like CFD prediction for the spur is shown in Figure 2. This is for the same base case (Case Al:
nominal flow velocity within the spur=0.02 m/s, gas =100% H2, diameter =0.5858 m) but the CFD
predictions shown in the graph are for shorter distances along the spur (the blue curve is at 100 m, the green
curve is at 200 m, and the red curve is at 300 m, which is one-tenth of the distance of the orange curve for the
OLGA prediction shown in Figure 1), and a shorter duration square wave at the entrance to the spur is
considered (lasting only 1500 s). From this prediction, it is immediately apparent that the predicted arrival time
at each of the three locations is consistent with the expected arrival time, (1.4 hours at 100 m, 2.8 hours at
200 m, and 4.2 hours at 300 m), and that the leading edge of the wave remains sharp in the sense that the time
taken for O2 to rise from the base concentration of 500 ppm to the perturbed concentration of 1000 ppm

remains a small fraction of the arrival time (of the order of 10%).
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Figure 2 CFD result for Case Al: 1500 s square wave perturbation of O2 within the spur,

assuming passive transport of O2 (like-for-like with OLGA)

It is noted that diffusion affects the behaviour at the leading and trailing edges of the wave as it propagates
along the spur. For the 1500 s square wave perturbation considered in Figure 2, the leading and trailing edges
are sufficiently separated so that diffusion effects at each edge do not interact, the mean O2 concentration
within the central part of the square wave at each downstream location plateaus at 1000 ppm, which remains
consistent with the perturbation at the spur inlet. The effect of diffusion does, however, become increasingly

noticeable as the distance along the spur increases, as the leading and trailing edges become less sharp.

The prediction for a reduced square wave of 750 s (Case A2) is shown in Figure 3. For this case, it is clear that
the leading and trailing edges are close enough for the diffusion effects at each edge to interact, and the
maximum O2 concentration at each location no longer plateaus at 1000 ppm but instead its declines with
distance along the spur. For the short square wave of 250 s in Figure 4, the diffusion effects at the leading and
trailing edges are interacting significantly. It is clear, therefore, that the downstream response is not only
dependent upon the magnitude of the square wave perturbation at the entrance to the spur, but also upon its
duration, although it is noted that for the shorter pulses, the predicted arrival time remains in line with the

expected arrival time.
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Figure 3 CFD result for Case A2: 750 s square wave perturbation of O2 within the spur,
assuming passive transport of O2 (like-for-like with OLGA)
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Figure 4 CFD result for Case A3: 250 s square wave perturbation of O2 within the spur,

assuming passive transport of O2 (like-for-like with OLGA)
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STUDY B - FULL CFD (INCLUDING STRATIFICATION)

For small variations in O2 concentration, it is reasonable to assume that the corresponding density differences
and buoyancy effects due to these variations are also small and can be neglected — this is essentially the major
assumption for the passive transport of O2 presented in Section 2. For this study, however, buoyancy effects
due to the variations in O2 concentration are included within the CFD model, such that stratification can be
resolved. Nine cases are considered within this study, as summarised in Table 2. The CFD predictions are

presented in Appendix B.

Table 2 — Summary of cases for Study B

Case Nominal flow velocity within spur Square wave duration Slope
B1 0.02 m/s 1500 s Horizontal
B2 0.2mls 150's Horizontal
B3 0.5m/s 60 s Horizontal
B4 1.0m/s 30s Horizontal
B5 2.0m/s 15s Horizontal
B6 0.02 m/s 1500 s Uphill, 1%
B7 0.02 m/s 1500 s Uphill, 10%
B8 0.02 m/s 1500 s Downbhill, 1%
B9 0.02 m/s 1500 s Downbhill, 10%

The prediction for the base case (Case B1: velocity = 0.02 m/s, gas = 100% H2, diameter = 0.5858 m, perfectly
horizontal spur) with O2 buoyancy effects included is shown in Figure 5: specifically, this shows the maximum
02 concentration at each downstream location with time. Comparing this graph with Figure 2, it is immediately
apparent that the inclusion of O2 buoyancy effects has a significant influence upon the downstream response

to the perturbation:

e The arrival time at each downstream location is much shorter than the expected arrival time — around
0.4 hour compared to an expected arrival time of 1.4 hour at 100 m, and around 0.9 hour compared

with an expected arrival time of 2.8 hour at 200 m.

e The concentration at each downstream location no longer consistently reaches the 1000 ppm of the

perturbation at the spur entrance, but instead this maximum decays with distance along the spur.

e A long tail is developed whereby the concentration remains at around 600 ppm (around 100 ppm

above the baseline O2 concentration) for a prolonged period following the initial arrival of the wave.
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Figure 5 CFD result for Case Bl: 1500 s square wave perturbation of O2 within the spur,

for a nominal flow velocity of 0.02 m/s (O2 buoyancy effects included)

The cause of these differences is clear from Figure 6, which shows a snapshot of the predicted O2 concentration
on a vertical slice within the spur at the end of the 1500 s perturbation (see also the prediction for Case B1 in
Appendix B). Specifically, whilst a change in O2 concentration from 500 ppm to 1000 ppm may be small
(around 0.05%) in a volumetric sense, when coupled with the significant difference in the molecular weight of
the two gases (32 kg/kmol for O2, compared with 2 kg/kmol for H2), this represents a density difference of
around 0.8% which is significant. As such, the flow for the base case is quickly predicted to become stratified,
with dense O2-rich fluid propagating quickly along the spur in the lower part of the section (shown by the

orange contours) and a counterflow with O2 at 500 ppm in the upper part of the section.

Entrance
G Two-layer > —_—
to spur stratified oW
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O2 Concentration [ppm]
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Figure 6 Case Bl: Snapshot of the predicted O2 concentration on a vertical slice within the

spur at the end of the 1500 s perturbation (O2 buoyancy effects included)
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The effect of the flow velocity in the spur is considered as part of a first sensitivity set (cases B2, B3, B4 and
B5). The prediction for Case B2, with a nominal flow velocity of 0.2 m/s, is shown in Figure 7. The predicted

behaviour at this higher gas velocity is similar in some aspects to that observed in Study A:

e The arrival remains sharp and the arrival time is closer to the expected arrival time (although arrival
is still a little sooner than expected).

e The maximum concentration at 100 m is predicted to be ~1000 ppm, which is consistent with the

perturbation at the entrance (although this is predicted to decay along the spur).

e The long tail is still evident (and is clear in the contour plot for O2 for Case B2 in Appendix B).

However, the length of this tail is shorter than that for Case B1, at the lower flow velocity.

This indicates that the higher gas velocity is sufficient to largely overcome the O2 buoyancy effects and
associated stratification and counterflow predicted for Case B1.

The predictions for cases B3, B4 and B5 presented in Appendix B show that as the flow velocity in the spur
increases further, the behaviour within the spur tends toward the ideal behaviour corresponding to the passive
transport of 02, as considered in Study A. The prediction for Case B5 in particular, with a flow velocity of

2.0 m/s, corresponds closely to the behaviour observed in Study A.
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Figure 7 CFD result for Case B2: 150 s square wave perturbation of O2 within the spur, for

a nominal flow velocity of 0.2 m/s (O2 buoyancy effects included)
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The effect of the slope of the spur is considered as part of a second sensitivity set (cases B6, B7, B8 and B9).

The prediction for Case B6, with the spur arranged on a 1% uphill slope, is shown in Figure 8. For this case:

e The arrival time is delayed compared to Case B1, so it is closer to the expected arrival time (although

arrival is still arrives sooner than expected).

e The maximum concentration at 100 m is predicted to be ~680 ppm, which is less than that predicted
for Case B1 (~850 ppm).

e The tail for this case remains significant (and is clear in the contour plot for O2 for Case B6 in
Appendix B). This is to be expected for stratified flow at low flow velocity, as the propagation of O2

up the slope is working against the effect of gravity.

This indicates that the transport of O2 within the spur for the low gas velocity cases is dependent upon the

terrain and associated slope of the spur. This is further supported by the predictions for cases B7, B8 and B9

in Appendix B.
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Figure 8 CFD result for Case B6: 1500 s square wave perturbation of O2 within the spur,
for a nominal flow velocity of 0.02 m/s and a 1% uphill slope (O2 buoyancy effects

included)
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STUDY C - MIXING AT THE JUNCTION AT THE ENTRANCE TO THE SPUR

For this study, nine cases are considered as summarised in Table 3. The CFD predictions are presented in
Appendix C. The velocity within the main line is assumed to be 2.0 m/s for all cases, and the perturbation is
assumed to be long (essentially a step increase in the O2 concentration from 500 ppm to 1000 ppm is

considered within the main line).

Table 3 — Summary of cases for Study C

Case Nominal flow velocity within spur Slope
C1 0.02 m/s Horizontal
c2 0.2m/s Horizontal
C3 Zero (dead leg) Horizontal
C4 0.02 m/s Uphill, 10%
C5 0.2m/s Uphill, 10%
C6 Zero (dead leg) Uphill, 10%
C7 0.02 m/s Downbhill, 10%
C8 0.2 m/s Downbhill, 10%
C9 Zero (dead leg) Downbhill, 10%

The prediction for Case C1 in Figure 9 shows stratified flow, with O2 migrating along the lower part of the
spur. It also shows that the concentration of O2 entering the spur at may be lower than the concentration of O2
within the main line due to mixing at the junction. This is due to mixing within a recirculation zone that
becomes established within the entrance to the spur, as shown in Figure 10. The recirculation zone is driven
by the flow in the main line and causes the incoming fluid from the main line (at 1000 ppm O2) to mix with
the fluid already within the spur, thus lowering the concentration of O2 effectively entering the spur. This
mixing effect is most apparent if the nominal flow velocity in the spur is low, and if the slope of the spur off

the main line is horizontal or downward:

o If the slope of the spur off the main line is upward, the concentration of O2 entering the spur is
predicted to approach that within the main line and the migration of O2 along the spur is relatively

slower — see Case C4 in Appendix C.

e At higher flow velocities within the spur, the incoming flow is sufficient to dominate such that the
concentration of O2 entering the spur is equal to that within the main line, 1000 ppm — see cases C2,
C5 and C8 in Appendix C.
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e Inthe case of a dead leg (cases C3, C6 and C9), the concentration of O2 entering the spur is predicted
to be lower than for the corresponding low velocity cases (nominal flow velocity of 0.02 m/s, cases

C1, C4 and C7) and the rate of propagation of O2 along the spur is also reduced — see Appendix C.
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Figure 9 CFD result for Case Cl: 1500 s square wave perturbation of O2 within the spur,
for a nominal flow velocity of 0.02 m/s and a 1% uphill slope (O2 buoyancy effects

included)
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Figure 10  Recirculation zone in the entrance to the spur
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7 STUDY D - MIXING AT A BEND WITHIN THE SPUR

For this study, the effect of bend radius is considered for six cases, as summarised in Table 4. The bend is a
90° bend located 15 m downstream of the entrance to the spur. The nominal flow velocity within the spur is

0.02 m/s for all cases, and the spur is horizontal.

Table 4 — Summary of cases for Study D

Case Radius of bend
D1 Zero (square bend)
D2 1m
D3 2m
D4 4m
D5 8m
D6 14 m

The CFD predictions in Figure 11 (and Appendix D) show the O2 concentration before and after the bend. The
first graph shows that the profiles entering the bends are identical for each simulated case, which is to be

expected. From the second graph, there are two inferences:

e The arrival time is shorter for the larger radius bends. In fact, this is to be expected and is a
consequence of monitoring the O2 concentration in a fixed location in the CFD model — the distance
travelled is shorter for the larger radius bends (with a larger radius, the flow effectively cuts the

corner.)

e The concentration for the larger radius bends is higher than for the square bend. This indicates that
there is most turbulent mixing at the square bend and that this falls as the radius of the bend is
increased. The effect is modest, with the fall in O2 concentration from around 820 ppm for the largest

radius bend to 790 ppm for the 1 m bend, and a further fall to around 760 ppm for the square bend.
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Figure Il  Concentration of O2 upstream and downstream of bend
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8 INFERENCES
8.1 Study A - Passive transport of O2 (like-for-like with OLGA)
From the discussion in Section 4, the following inferences are drawn:
e When stratification effects are ignored, the predicted arrival time from the CFD model at the
downstream locations considered is in close agreement with the expected arrival time.
e This is not the case for the OLGA model. This discrepancy is likely due to numerical diffusion within
the OLGA model caused by the long discretisation of the spur (segments are 1 km each) [Ref. 4].
(It is understood that the reason for the long segments in the OLGA model is related to the practicality
of programming the O2 removal term due to corrosion within OLGA.)
8.2 Study B - Full CFD (including stratification)

From the discussion in Section 5, the following inferences are drawn:

An O2 concentration variation of 500 ppm is not insignificant — whilst this may only be 0.05% on a

volumetric basis, it is around 0.8% on a density basis.

For the base case (Case B1: nominal flow velocity within the spur of 0.02 m/s), an 0.8% density
difference is sufficient to quickly establish a two-layer stratified flow, with dense O2-rich fluid
propagating quickly along the spur in the lower part of the section and a counterflow with O2 at

500 ppm in the upper part of the section.

The first set of sensitivity cases (cases B2, B3, B4 and B5) show that as the flow velocity in the spur
increases, the behaviour within the spur tends toward the ideal behaviour corresponding to the passive
transport of O2, as considered in Study A. The prediction for Case B5 in particular, with a flow

velocity of 2.0 m/s, corresponds closely to the behaviour observed in Study A.

The second set of sensitivity cases (cases B6, B7, B8 and B9) show that the transport of O2 within

the spur for the low gas velocity cases is dependent upon the terrain and associated slope of the spur.
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8.3 Study C - Mixing at the junction at the entrance to the spur

From the discussion in Section 6, the following inferences are drawn:

e The concentration of O2 entering the spur at may be lower than the concentration of O2 within the
main line due to mixing at the junction. This is due to mixing within a recirculation zone that becomes

established within the entrance to the spur.

e  This mixing effect is most apparent if the nominal flow velocity in the spur is low, and if the slope of

the spur off the main line is horizontal or downward.

- If the slope of the spur off the main line is upward, the concentration of O2 entering the spur
is predicted to approach that within the main line and the migration of O2 along the spur is

relatively slower.

- At higher flow velocities within the spur, the incoming flow is sufficient to dominate such

that the concentration of O2 entering the spur is equal to that within the main line.

- Inthe case of a dead leg, the concentration of O2 entering the spur is predicted to be lower
than for the corresponding low velocity cases (nominal flow velocity of 0.02 m/s) and the

rate of propagation of O2 along the spur is also reduced.

8.4 Study D - Mixing at bends within the spur

From the discussion in Section 7, the following inference is drawn:

e The concentration for the larger radius bends is higher than for the square bend, which indicates that
there is most turbulent mixing at the square bend and that this falls as the radius of the bend is
increased. The effect is modest, with the fall in O2 concentration from around 820 ppm for the largest

radius bend to 790 ppm for the 1 m bend, and a further fall to around 760 ppm for the square bend.

8.5 General comment

It is important to note that the two-layer stratification predicted by the full CFD model does not constitute
reseparation of O2 from a fully mixed mixture. When fluid within the spur is fully mixed, there is no evidence
to suggest that O2 can separate out of the mixture for the time and length scales of interest to the gas network.
The two-layer stratification presented within this document is strictly related to an increase in the concentration
of O2 at the entrance of the spur — this incoming O2 is not mixed with the fluid already within the spur and the

stratification is not related to separating of the mixture.
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9.1

9.2

9.3

9.4

RECOMMENDATIONS

Study A - Passive transport of O2 (like-for-like with OLGA)

Whilst it is understood that the reason for the long segments in the OLGA model is related to the practicality

of programming the O2 removal term due to corrosion within OLGA:

e It is recommended that a mesh sensitivity study be undertaken for the OLGA model, with the
corrosion term removed, to allow the sensitivity of the numerical diffusion with discretisation length

within OLGA to be better understood for the zero-corrosion case.

Study B - Full CFD (including stratification)

For the low gas velocity cases of interest within this study, stratification with counterflow may become
established, and the transport of O2 may then become dependent upon the local terrain and associated slope of

the pipeline of interest. This behaviour is not realistically predicted with OLGA.

If realistic prediction of O2 transport for low gas velocities is required, two options are recommended:

1. Consider using CFD for specific scenarios of interest. This option is appropriate for geographically

local studies but may not be appropriate for modelling behaviour on a larger network scale.

2. Consider developing a network flow model, similar to OLGA in many respects but including vertical
discretisation such that stratification and counterflow may be considered (either through localised
coupling to CFD, or by utilising correlations developed in advance by CFD/machine learning).
Development of such a tool may not be trivial and would require investment, but it may provide a

capability for realistic prediction of O2 transport on a larger network scale.

Study C - Mixing at the junction at the entrance to the spur

For the low gas velocity cases of interest within this study, mixing at the junction at the entrance to the spur
can have a significant impact upon the concentration of O2 entering the spur. This behaviour is not realistically
predicted with OLGA, and is dependent upon both the nominal flow velocity within the spur and the slope of

the spur off the main line.

If realistic prediction of O2 transport for low gas velocities is required, consider using CFD for specific

scenarios of interest.

Study D - Mixing at bends within the spur

For the cases considered, the mixing effect due to bends within the spur is modest, particularly if the bend
radius exceeds 2-4 m. The mixing effect due to bends is of secondary importance compared to the effects
described in Study B and C relating to stratification/terrain effects at low flow and mixing at the junction at the

entrance to the spur at low flow velocities.
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APPENDIX A CFD PREDICTIONS FOR STUDY A, PASSIVE TRANSPORT OF O2 (LIKE-FOR-
LIKE WITH OLGA)
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Case: Al
Flow velocity: 0.02 m/s
Pulse duration: 1500 s
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Case: A2
Flow velocity: 0.02 m/s
Pulse duration: 750 s
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Case: A3
Flow velocity: 0.02 m/s
Pulse duration: 250 s
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APPENDIX B CFD PREDICTIONS FOR STUDY B, FULL CFD (INCLUDING STRATIFICATION)
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Case: Bl
Flow velocity: 0.02 m/s
Pulse duration: 1500 s

Slope: Horizontal
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Case: B2
Flow velocity: 0.2 m/s
Pulse duration: 150 s

Slope: Horizontal
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Case: B3
Flow velocity: 0.5 m/s
Pulse duration: 60 s

Slope: Horizontal

240702-TN-001-B www.abercus.com 4 April 2025



Prepared by Abercus

Oxygen inhibition in hydrogen pipelines

for Rosen CFD simulation support to Rosen Appendices
I.E-03
—Inlet
|o|os 20(|>s — 100 m
|.E-03 : : 200 m
: : —300 m
|
— 8.E-04 | |
5 | |
‘S | |
g | |
; | |
5 6.E-04 | | J
=] | |
5 I I
= | |
N | |
O 4E-04 | |
| |
| |
| |
2.E-04 l l
| |
| |
| |
| |
0.E+00 | |
72 144 216 288
Time [s]
30 Entrance 100 m 200 m 300 m
: .
| | |
72s I . _
44 — [ " _
216 — - —
O2 Concentration [ppm]
B T
500 550 600 650 700 750 800 850 900 950 1000

Case:
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Case:
Flow velocity:
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Case:
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Case:
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Case: B7 (shown horizontally)
Flow velocity: 0.02 m/s
Pulse duration: 1500 s

Slope: Uphill, 10%
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Case:
Flow velocity:
Pulse duration:
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B7 (shown inclined)
0.02 m/s
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Uphill, 10%
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Case: B8 (shown horizontally)

Flow velocity:
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Slope:

0.02 m/s
1500 s

Downhill, 1%
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Case: B9 (shown horizontally)
Flow velocity: 0.02 m/s
Pulse duration: 1500 s

Slope: Downhill, 10%
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APPENDIX C CFD PREDICTIONS FOR STUDY C, MIXING AT THE JUNCTION AT THE
ENTRANCE TO THE SPUR
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Case: C1
Flow velocity in spur: 0.02 m/s
Flow velocity in main line: 2.0m/s
Slope: Horizontal
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Case: C2
Flow velocity in spur: 0.2m/s
Flow velocity in main line: 2.0m/s
Slope: Horizontal
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Case: C3
Flow velocity in spur: Zero (Dead leg)
Flow velocity in main line: 2.0m/s
Slope: Horizontal
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Case:
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Uphill, 10%

240702-TN-001-B

www.abercus.com

4 April 2025



Prepared by Abercus

Oxygen inhibition in hydrogen pipelines

for Rosen CFD simulation support to Rosen Appendices
10m 20m 30m
Entrance
60 s
120 s
| |
|
180 s I I
| |
|
240 s ' |
| |
300 s I I I
| |
| |
360 s ! | |
O2 Concentration [ppm]
I I T
500 550 600 650 700 750 800 850 900 950 1000

Case: C5
Flow velocity in spur: 0.2m/s
Flow velocity in main line: 2.0m/s
Slope: Uphill, 10%
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Case: C6
Flow velocity in spur: Zero (Dead leg)
Flow velocity in main line: 2.0m/s
Slope: Uphill, 10%
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Case:
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2.0 m/s

Downhill, 10%
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Case:
Flow velocity in spur:
Flow velocity in main line:

Slope:

C8
0.2 m/s
2.0 m/s

Downhill, 10%
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Case: C9
Flow velocity in spur: Zero (Dead leg)
Flow velocity in main line: 2.0m/s
Slope: Downhill, 10%
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APPENDIX D

O2 [Mole Fraction]

O2 [Mole Fraction]

CFD PREDICTIONS FOR STUDY D, MIXING AT BENDS

10 m along spur
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Case: D1-6
Flow velocity: 0.02 m/s
Pulse duration: 1500 s
Slope: Horizontal
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1 INTRODUCTION

The purpose of this task is to identify a list of critical technology elements (CTE’s) related to the adoption
of an Oxygen inhibitor on the National Transmission System (NTS).

While all CTE's need to be addressed prior to full technology implementation; the path to implementation
is iterative and this process will also allow a prioritised approach to be taken with the CTE's scored
based on technology risk, cost and time.

This report presents the methodology and key findings from the assessment — the full assessment
findings are populated in the associated excel file'.

1.1 Approach

In order to provide a robust process of identifying critical technology elements; IGEM TD/1 Edition 6
(Steel pipelines for high pressure gas transmission), IGEM TD/1 Edition 6 Supplement 2 (High pressure
Hydrogen pipelines) and IGEM TD/16 Edition 2 (Biomethane injection) were reviewed and problem
statements considered for each Section headers based on the content in each standard. In this process
each header became a critical technology element to be considered for problem statements associated
with the use of oxygen as an inhibitor.

1.2 Scoring

Each problem statement was then considered against the technology risk, the problem solving cost and
the time to solve each problem. A qualitative scoring was considered based on numbers 1 to 3.

1. What is the technology risk where; 1 is low, 2 is medium and 3 is high
2. What is the problem solving cost where; 1 is low, 2 is medium and 3 is high (IIIIININININIIINNNDSN)

Note - this is separate from any potential cost of implementation on the network

3. What is the expected time to answer the problem, where; 1 is low, 2 is medium and 3 is high
(<1week, <1month, <1year)

An overall score for ranking was then calculated as = (3*technology risk) + (1 * cost) + (1 * timescale),
with the technology risk being weighted more heavily to account for the potentials for showstoppers.

1.3 RAG status

A RAG status (Red, Amber, Green) was then applied based on the following scores:
Green =5
Amber=6109

Red = Greater than 10

T ROSEN(UK), “19878 O2 Inhibition — CTE Matrix, Rev0.xIsx“, J.Sheppard, 22.08.2025.
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1.4 CTE Priorities

The CTE's have been ranked based on their overall score with the reds detailed in work sheet 'CTE
Priorities' ranked by their score from high to low with duplicates removed; therefore, identifying what
are considered the biggest risks to the introduction of oxygen as an inhibitor. Additional information on
potential solutions and outputs has been included for high priority items.
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KEY FINDINGS

Problem Statement

Full scale experimental testing is
required to physically test
performance of full systemincluding
injection, storage, top up, etc the
results of which is unknown

Oxygen inhibition does not mitigate
against hydrogen embrittlement and
failure by fracture occurs

Oxygen inhibition does not mitigate
against hydrogen embrittlement
therefore fatigue life is reduced to
unacceptable levels

Oxygen inhibition may not be effective
over industrial timescales

Legislation may restrict use of oxygen
as an inhibitor

Maximum level must not reach lower
explosive limit across the network
including any dead legs

This document is classified as confidential

Solution

Full scale demonstration of
design across operating
envelope

Lab and full scale testing to
demonstrate inhibiting effect
across range of materials on
NTS

Lab and full scale testing to
demonstrate inhibiting effect
across range of materials on
NTS

Lab and full scale testing to
demonstrate inhibiting effect
across range of materials on
NTS over applicable
timescales

Desktop study requiring
industry and government
engagement

Full scale demonstration of
design across operating
envelope

Tech.
Output Risk
Validation of design and 3

system performance

Validation of previous testing
across wider pipe and fitting 3
population

Validation of previous testing
across wider pipe and fitting 3
population

Validation of previous testing
across proposed timescales

for the wider pipe and fitting
population

Legislation updated 3

Validation of proposed
mitigation
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10

11

12

© ROSEN

Significant volumes of oxygen will be
required this may be tankered in or
piped. Site storage may be required
and sufficient precautions to ensure
safety

A method to maintain 500 ppm of
oxygen into the gas product to be
developed across the range of flows
and pressures

A minimum level shall be maintained
for inhibitor to work; consider oxygen
consumption rate and other variables

The recommended oxygen
concentration based on testing in pure
Hydrogen has not been confirmed for
hydrogen blends.

Gas with oxygen inhibitor may be
outside of gas quality requirements
and customers (& storage or
interconnectors) cannot accept gas or
the customer may not want to accept
gas with increased oxygen content

Understand all other
components/impurities in the line
which could consume oxygen

This document is classified as confidential

Agreed design solution and full
scale demonstration across
operating envelope

Agreed design solution and full
scale demonstration across
operating envelope

Lab and full scale testing to
identify oxygen consumption
rate across range of materials
on NTS over applicable
timescales

Lab and full scale testing to
demonstrate inhibiting effect
across range of materials on
NTS with H2 blends

Desktop study requiring
industry and government
engagement

Lab and full scale testing to
identify oxygen consumption
rate across range of materials
on NTS over applicable
timescales

Validation of design and
system performance

Validation of design and
system performance

Confirmed operating
variables for design

Confirmed operating
variables for design

Confirmation of acceptance
by industry and government

Confirmed operating
variables for design
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Agreed design solution with
Oxygen inhibitor loss of supply leading appropriate control measures  Validation of design and

13 : . - A e 2 2 2
to immediate pipeline failure and mitigations demonstrated  system performance
across the operating envelope
Operating parameters with oxygen Agreed design solytlon and full Validation of design and
14 N . scale demonstration across 2 2 2
inhibitor to be defined . system performance
operating envelope
R . Validation of t i
Oxygen inhibitor alters the purgingand Desktop study and full scale /Selngnlonrc:);lgl:(:gs Etr”gmg
15 venting procedures so IGEM/SR/22 or  demonstration to validate acce tagnF():e of updates / new 2 2
IGEM/SR/23 can no longer be followed updated procedures P P
procedures
Sufficient oxygen is required to be Agreed design soly'uon and full Validation of design and
16 . S scale demonstration across 2 2 2
available to inhibit the network . system performance
operating envelope
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EXECUTIVE SUMMARY

ROSEN completed an initial project to investigate the Inhibition of hydrogen embrittlement effects in
pipeline steels using gaseous inhibitors. The Phase | work helped to quantify the inhibiting effect from
the presence of oxygen on hydrogen embrittiement. ROSEN are currently in the process of completing
Phase Il work regarding the operational feasibility of using a gas inhibitor.

As part of the Phase Il, Work Pack 2 (WP-2) a high level hazard assessment was requested by National
Gas to run through the proposed process to identify potential hazards and consider whether they can
be effectively managed and mitigated.

The Hazard Review Workshop was held on Wednesday the 23™ of July in a Microsoft Teams call
between National Gas and ROSEN. It covered the following areas:

e Area 1 is the primary oxygen generation for the network

e Area 2 is the primary oxygen injection and control into the network

e Area 3 is the contingency for oxygen top-up into the network should it be required to maintain
required levels.

There were considered to be no major Hazards identified in the workshop that could not be overcome
in the Conceptual Design phase of the project.

The most significant discussion points were;

1. It was considered unlikely that it would be practical to transport in, and store liquid oxygen in
the volumes required to feed the network demand at the primary entry point. This method would
likely be suitable for top up at remote locations where piping oxygen in could be difficult and if
on-site production using bespoke technology is not possible.

2. The importance of the control system for oxygen injection is key to the safe operation of the
network,

a. Primarily to ensure sufficient oxygen injection to mitigate the threat of hydrogen
cracking as there is thought to be very limited tolerability to under injection. The risk of
hydrogen cracking is predicted to manifest itself almost immediately when oxygen
injection stops.

b. The control system also needs to accommodate the potential for ‘no flow’ or ‘reverse
flow’ scenarios in the network.

c. Of secondary concern is over injection of oxygen which could ultimately lead to an
explosive mixture within the gas network. The likelihood of this is thought to be lower
given the injection rate is orders of magnitude lower than the concentrations required
to realise this threat.

3. The physical process of getting a homogeneous mix of oxygen into the network at the required
dosage needs careful consideration to avoid local parts of the network immediately adjacent to
the injection point being over or under dosed. This is not thought to be an insurmountable issue.

4. There is currently ambiguity over the likely oxygen consumption rate within the network and the
possible need for oxygen top up stations to maintain the required dosage. This needs further
investigation in the next phase of the work.

The table below presents the full list of actions identified during the Workshop:

Page 3 of 36
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No. Action Description
1 Consider if metering systems (equation of state) need to be modified if oxygen is in the system.
2 Investigate whether direct oxygen injection or premixing is more appropriate for this application
considering risks associated with storage of mixed gas and associated on site equipment.
3 Investigate the process/equipment required to ensure homogenous oxygen mixture considering
current operational requirements, i.e. inline inspection.
4 Consider the potential for hydrogen leakage through materials or fittings.
5 Clarify that the required oxygen concentration for inhibition is either in relation to the total
pressure or the partial pressure of hydrogen.
6 Investigate the effects of oxygen on the aging of seals. Related to this are the risks of explosive
decompression of seals.
7 Investigate the compatibility of oxygen with current materials and seals in network.
8 Investigate if failed compressor bearings, or any other ignition source, could reach autoignition
temperature of hydrogen-oxygen mixture.
9 Investigate the compatibility of current odorant with O2 / H2 network.
10 Further evaluate the measures to be put in place to manage reverse flow and its effect on
oxygen concentrations exceeding the LFL.
1 Evaluate appropriate emergency shutdown requirements e.g. ESV/control system/procedures
to safeguard against abnormal process events.
12 Further investigate the threats associated with overdosing oxygen into the pipeline, i.e.
flammable mixtures, reduced calorific value, etc.
National Gas to provide details of the frequency of process trips (low/no flow) in the network to
13 understand the impact on O2 injection and more generally the effect on protecting all
components in the network from hydrogen embrittlement.
14 Investigate the viability of lowering the pressure in the line as a safeguard if oxygen supply is
compromised.
15 Assess the risks associated with the treatment of gaseous oxygen, including mixing,
compression, drying, etc. once process design is confirmed.
16 Identify and assess any confined spaces within the Gas Network infrastructure where oxygen
could accumulate such as valve pits.
17 cF:eqonsider explosion risk and whether current mitigations are adequate following concept
esign.
18 Review suitability of vibration monitoring in line with industry best practice (Energy Institute
AVIFF guideline) as part of next phase of work
19 ICon?ider the viability of piping in gaseous oxygen to meet volume requirements for various entry
ocations.
20 Consider Pressure Swing Adsorption (PSA) or membrane technologies for separating gases or
oxygen.
21 Consider the possibility of injecting oxygen straight into the pipeline without storing it.
22 Investigate potential impurities which may be present in the gaseous oxygen that could ignite
(commissioning hazard).
23 Consider the viability of using liquid oxygen to meet volume requirements.
24 Investigate current condition of the pipeline. Any defects present that will alter safety
considerations of new oxygen system should be known
25 Investigate compatibility of oxygen with current odorisation methods.
26 Investigate the presence of other components/impurities in the line which could consume
oxygen.
27 Investigate the fuel for compressor gas turbines, will oxygen have an effect on the fuel apart
from the slightly reduced energy density?
28 Recommended 250ppm concentration is based on testing in pure Hydrogen — further test work
is required to confirm volumes of oxygen required for hydrogen blends.
29 Full scale experimental testing is required to physically test performance of full system including
injection, storage, top up, etc.
30 Assess the suitability of the compressor stations in terms of space for new equipment or
changes to the safety case regarding the change of use.
31 Investigate the impact on end users considering gas quality
Page 4 of 36
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1 INTRODUCTION

ROSEN completed an initial project to investigate the Inhibition of hydrogen embrittlement effects in
pipeline steels using gaseous inhibitors. The Phase | work helped to quantify the inhibiting effect from
the presence of oxygen on hydrogen embrittiement. ROSEN are currently in the process of completing
Phase Il work regarding the operational feasibility of using a gas inhibitor. Results from Work Pack 1
(WP-1) of the Phase Il work were issued recently [1].

As part of the Phase Il, Work Pack 2 (WP-2) a high level HAZID type assessment was requested by
National Gas to run through the proposed process to identify potential hazards and consider whether
they can be effectively managed and mitigated. ROSEN proposed following the general principals of
National Gas Transmissions Specification for Hazard Identification Studies [2] section 3.2 for HAZIDs
undertaken at the Feasibility stage.

However, at the start of the workshop on the 23" July 2025, Justin George, National Gas Process
Safety, requested that the session was altered to focus more generally on project risk rather than
following the principals of a HAZID as it wasn’t completely aligned with National Gas Specification. This
document provides the background and structure for the workshop as well as summarising its outputs.
The scope of the review is focused on the Oxygen stream and its introduction into the gas transmission
network, the boundaries of which are shown in Figure 1-1.

Workshop Agenda

Introductions — Chair

Purpose of meeting — David Phelps

Brief overview of work done to date overview Justin Sheppard/Gareth Smith
Team review of the high level threats

Workshop Purpose

o Identify possible threats in the methodology

e Assess the possible consequenses of the threats

e |dentify possible safeguards

¢ Recommend prevention, control, or mitigation methods
Inputs

e Summarise work done to date
e Outline schematic of Gas Network
o Worksheet template (See Appendix)

Outputs
o Complete worksheet for Oxygen injection section of nework.
e Agree scribed notes for the workshop.

National Gas Attendees
¢ Robert Best, Kousseyla Hamadi, Justin George, Steven Johnstone, Simon Kidd, Matthew
Hammond, Mick Jarvis, Daniel Knowles

ROSEN Attendees
David Phelps, Gareth Smith, Justin Sheppard, Neil Gallon, Dave Anderson (chair), Karl
Dahlgren (scribe)
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1.1 Background and Design Intent

The primary purpose of the ROSEN project for NGT is to establish the feasibility of using Oxygen as an
inhibitor to prevent hydrogen embrittlement and to define what equipment and procedures would be
required for oxygen to work as an inhibitor within the NTS pipework in the future.

A previous ROSEN report [3] concluded that, based on the laboratory results, oxygen was an effective
inhibitor of hydrogen embrittlement at levels of 250 ppm or greater. The use of such an inhibitor could
allow National Gas Transmission to continue to operate Hydrogen pipelines and Hydrogen / Natural
gas blended pipelines in the National Transmission System (NTS) at the same pressures and design
factors that they currently operate with for Natural Gas. If no inhibitor is injected into the network it can
be assumed that design factors in line with IGEM/TD/1 Edition 6 Supplement 2 [4] will be introduced for
hydrogen and blended pipelines; this would limit operating pressures across the NTS.

1.1.1 How is the process / system likely to function:
Based on current knowledge the use of Oxygen as an inhibitor to hydrogen embrittlement will require:

e A continuous mix of at least 500 PPM oxygen in the gas flow at inlet points and all points in
the system must be kept above 250 PPM.

e A maximum level of 1000 PPM oxygen.
e No loss of supply is acceptable

e Oxygen could potentially be mixed and injected at all entries of the NTS. Until a better definition
of the project is established this could be at methane and or hydrogen inlet points.

o At compressor stations, gas quality measurements will be taken and any additional oxygen
mixed and injected, where required. The initial assumption is that any additional oxygen top-
up would only occur at the existing (or new) compressor stations'. There are currently circa 24
compressor stations across the NTS system for NG operation. This may well change for
hydrogen blends or pure hydrogen operation. The number of oxygen top-up points will depend
on the actual consumption of oxygen at the pipe wall. oxygen consumption has not been
validated with experimental work at the time of writing.

e A system of monitoring and control will be required to ensure continuous injection of oxygen
relative to the quantity of hydrogen and NG that it is being mixed with.
o Safe system requirements may need to be in place ensuring a secondary injection line
should the initial system fail (i.e. duty and standby for failure and or maintenance). Also
additional storage as a contingency for oxygen supply interruptions.

" No assessment was conducted as part of this work to assess the suitability of the compressor stations
in terms of space for new equipment or changes to the safety case regarding the change of use.
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o Similarly it will be important to ensure that the oxygen concentration does not exceed
the maximum concentration of 1000 PPM.

11.2 At each injection site:

Oxygen will be required to be safely stored and managed (see §1.1.5).

. Gas quality measurements will need to be taken and the required oxygen mixed and
injected.
. Flow and pressure control will be required, with pressure relief valves for safety
precautions.
. Metering will be required.
113 In situations of no flow in NTS:

The Oxygen injection system design will be required to have suitable provision to prevent the risk of
backflow from NTS into the Oxygen supply system when there is no flow in the NTS (i.e. when no
Oxygen injection is required). This will likely require to be of a higher integrity than a non-retum valve.

1.1.4 At offtakes to the LTS and customers:

There may be customers that require the removal of oxygen depending on future gas quality
requirements.

. This may be possible via deblending [this will not be within the scope of this hazard review]
. Offtakes to LTS and customers will be metered.

Further to the above, a system block diagram has been developed as shown in Figure 1-1 below.
11.5 High Level Estimate of Likely Oxygen Volumes

A high level estimate was made of the likely oxygen demand at one of the entry points in the UK NTS:

. The 1 in 20 year peak demand flow at | I is circa IR

. If we assume for the worst case of pure hydrogen, the volumetric flow would be three times
that of NG due to the lower calorific value on a volume basis. Hence, the volumetric
flowrate of oxygen (at 500 PPM by volume) would be of the order of | N

. It was concluded that storage of oxygen as compressed gas (at | in 26 inch pipe
bullets) would only be possible for relatively short periods of duty, since this would require
5.8 km of pipe storage for each day of operation.

. If oxygen was stored as cryogenic liquid and delivered to site in road based tankers (26.1
m?3), then approximately 6.7 tankers per day would be required, which may not be practical.

. Obviously if oxygen is co-generated with the hydrogen during the electrolysis of water then
the oxygen could simply be compressed, dried and filtered on the same site and delivered
by plant pipework.

. However, if oxygen consumption requires top-up of oxygen at compressor stations or other

AGI, then piped oxygen supply would be a more difficult option. If we assume that the
oxygen required would be that to boost the level from the minimum level of 250 PPM back
up to 500 PPM then would be expected that the oxygen demand would range from 0.6

tankers/day at BB Compressor Station to 4 tankers/day at NN
compressor station.
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1.2 Engineering Design Process

It should be noted that we are currently at the early stage of the design process and no significant
engineering design or safety studies have been performed. The first part of a design process for a
novel technology such as this would (at a minimum) include at least some of the items defined in
Table 1-1.

1.3 Odorisation of Gas at Boundary of NTS and LTS

Natural gas is odourless, so odorants are added to it as a safety measure to detect leaks. This normally
occurs as the gas enters the LTS from the NTS. In the UK, natural gas (primarily methane) distributed
through the NTS is odorized using a blend known as Odorant NB, which consists of t-butyl mercaptan
(TBM) and dimethyl sulphide. ROSEN’s current understanding is that the odorant used for hydrogen is
likely to stay the same as for NG.

Although the LTS is outside the scope of the current HAZID, it is noted that adding oxygen to hydrogen
and or hydrogen + NG mixtures may lead to the reaction of the chemicals within the odorant with oxygen
leading to the potential for elevated corrosion rates in the low pressure system or in consumer
equipment.

Tert-butyl mercaptan reacts with oxygen in a redox reaction. This reaction typically produces a
disulfide and water, and in some cases, can also produce sulphur dioxide (SO2). The reaction is often
catalysed by metal oxides (such as iron oxide e.g. on the inside pipe wall), the specific products and
reaction conditions can vary. It is known that some parts of the LTS are water wet due to the ingress
of standing water from outside the pipeline; this would exacerbate corrosion with sulphur compounds.
This should be covered in later HAZIDs dealing with the complete system.
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Figure 1-1: High Level Schematic of O2 Inhibitor Injection and Boundaries of the Hazard review
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Table 1-1: Summary of Engineering Design Process and Progress in Current ROSEN Project

Engineering Desigh Phase Progress in ROSEN Project

Basic Feasibility Assessment:

Basic investigation of technical feasibility — desk top studies

Completed as part of Phase Il work

Basic laboratory scale investigations:

o Proof of inhibition effect at 250 PPM

Completed as part of Phase | work

0 Underlying chemistry of oxygen inhibition

Basic understanding from existing literature.

0 oxygen consumption by the pipeline walls

Preliminary discussions held with university researchers, but no detailed desk top or
experiment work within current scope.

o Initial ideas for concepts

Some ideas generated as part of WP1 studies, but WP2 and WP3 have not been
completed.

Concept Selection:

design aims to address.

Problem Definition: Clearly identifying the problem or need that the

Much of this should be identified at high level as part of WP2 and WP3. However, full
definition will not occur until a full concept engineering study is conducted.

solutions, user needs, and technical constraints.

Research: Gathering information related to the problem, including existing

The rate and order of the reaction for consumption of oxygen at the pipe wall must
be defined by experimental studies, before more detailed engineering or costing can
be properly developed. It is outside the scope of the current ROSEN work.

Brainstorming: Generating a wide range of potential solutions and ideas.

Concept Generation: Developing and refining these ideas into distinct
design concepts.

Concept Evaluation: Assessing the feasibility, cost, and performance of
each concept against the defined criteria.

Selection: Choosing the most promising concept(s) for further

development.

Experimental Evaluation: Given that this is a relatively new concept,
laboratory or small scale pilot plant studies would be useful to confirm the
basic concept and inform the future FEED studies.

Concept Phase HAZID or high level HAZOP: A full HAZID/HAZOP
assessments can not take place until each concept is well defined with
engineering drawings, safety definition and a basic operating philosophy.

Some elements of this will be addressed as part of the WP2 and WP3. However, a
full concept engineering study will be required after this with discipline engineering
support to generate engineering drawings, develop operating philosophies, safety
studies and define the cost of each concept.

Front End Engineering Design (FEED): Further definition of selected concept.

HAZOP would be conducted as part of FEED. Outside scope of current ROSEN
project.

Detailed Design: Design at level to build plant.

HAZOP would be conducted as part of design. Outside scope of current ROSEN
project
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1.4 Flammability

Fire, or burning, is the rapid exothermic oxidation of an ignited fuel. Combustion always occurs in the
vapor phase and for this HAZARD the fuels of interest all exist in vapour form at normal pipeline
conditions. Hence, the flash point and flame point associated with liquid fuels can be ignored [5].

When fuel, oxidizer, and an ignition source are present at the necessary levels, buring will occur. This
means a fire will not occur if:

(1) fuel is not present or is not present in sufficient quantities,
(2) an oxidizer is not present or is not present in sufficient quantities, and
(3) the ignition source is not energetic enough to initiate the fire.

A common example of the three components of the fire triangle are gas, air, and a spark where the
terms Lower Flammability Limit (LFL) and Upper Flammability Limit (UFL) are used to define the fuel
concentration limits (% vol) of combustion. However, for this HAZARD the main concern is hydrogen
(or hydrogen and NG) with pure oxygen such that the combustion limits are different and the terms
Lower Oxygen Limit (LOL) and Upper Oxygen Limit (UOL) are used.

In the past, the sole method for controlling fires and explosions was elimination of or reduction in ignition
sources. Practical experience has shown that this is not robust enough, since ignition energies for most
flammable materials are too low and ignition sources too plentiful. As a result current practice is to
prevent fires and explosions by continuing to eliminate ignition sources while focusing efforts strongly
on preventing flammable mixtures.

Table 1-2 summarises the limits of flammability in oxygen, the minimum ignition energy and the
autoignition temperature (sometimes called the Spontaneous Ignition Temperature) for hydrogen,
methane and ethane. It can be seen that the ignition energy of hydrogen is a factor of fifteen lower than
that of methane. The other value of particular interest is the UOL, it can be seen that the maximum
hydrogen concentration is 94%, so for a mixture of hydrogen and oxygen the minimum oxygen
concentration would be circa 6%. For hydrogen and natural gas mixtures the maximum fuel
concentration is lower, so the minimum oxygen concentration would be higher.

It should be noted that the local pressure and temperature of the gas at pipeline conditions will influence
all the parameters shown in Table 1-2.

Table 1-2: Limits of flammability in oxygen for hydrogen, methane and ethane

Lower (LOL) in Upper (UOL) in Minimum Autoignition

Compound Formula pure oxygen pure oxygen Ignition Energy Temperature
(%vol) (%vol) (mJ) (°C)
Hydrogen hydrogen 4 94 0.018 535
Methane CH4 5.1 61 0.28 600
Ethane C2H6 3 66 0.24 515
Page 14 of 36
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1.5 Summary of Issues Identified in WP1
For convenience the summary of the main conclusions / observations for WP1 are reproduced as Table
1-3. The most significant items affecting this hazard review are shown in bold.

It is noted that one of the most important findings of the WP1 work was that if oxygen consumption is
equivalent to circa 10 micron/year steel corrosion, it would take more than 30 days of residence time
for oxygen to fall below 250 PPM, with the associated velocity of 2 m/s. However, the operating

procedures must guard against system shut-in scenarios of no/very low flow.

Table 1-3: Conclusions and Observations from WP1 with Significant impact on Hazards

# \ Issue Conclusion / Observation

i Can oxygen concentration | Preliminary assessment suggests implementation should be possible if
be controlled within the | oxygen consumption is equivalent to circa 10 micron/year steel corrosion. At
prescribed safe operating | this consumption rate it would take > 30 days of residence time for oxygen
limits? (250 — 1000ppm) to fall below 250 PPM, with the associated velocity of 2 m/s in L1 & 3 and

0.02 in the L2 branch. However, operating procedures must guard
against system shut-in scenarios of no/very low flow.

ii Initial findings on adding | Without static mixer, it would typically take 80 to 100 pipe diameters to get
oxygen to form the | uniform mixture for gas streams that are closely matched in rate. However,
mixture. this can be far more difficult if the flow rates of the mixing streams are

widely different as is the case here. It may be worth considering a pre-
dilution skid whereby oxygen is partially dispersed into a slipstream of
the network gas to form an intermediate concentration, before mixing
into the main network stream. However, there would be a safety
implication°'*! if mixtures were too high in oxygen.

iv Define the positions / | Recommendation to incorporate injection with existing measuring or
intervals of injection points. | equipment sites on the network. If average velocities are greater than 1 m/s,

possibly no need for additional injection sites apart from the hydrogen
injection point (as above).

Likely requirement for multiple measurement points. If oxygen is
injected in sections with potential for low or shuttle type flow, then
provision must be made for monitoring High/Low oxygen
concentration either side of injection.

ix Will stratification of oxygen | Not predicted. It is important to note that the two-layer stratification
occur where the | predicted by the full CFD model does not constitute reseparation of
concentration can then | oxygen from a fully mixed mixture. When fluid within the spur is fully
build up outside of the safe | mixed, there is no evidence to suggest that oxygen can separate out of
limits? the mixture for the time and length scales of interest to the gas network.

Notes:

1. Itisimportant to consider the oxygen concentration of any intermediate blends of oxygen with hydrogen
so as to minimise or preferably eliminate mixtures within the flammability limits. However, this may lead
to longer mixing lengths or higher differential pressures (if static mixers are employed).
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2 HAZARD REVIEW

The Hazard Review Workshop was held on Wednesday the 23™ of July in a Microsoft Teams call
between National Gas and ROSEN. A diagram of the envisaged additions to the gas network was
prepared to facilitate the review (Figure 1-1) and the 3 key focus areas identified (Figure 4-1), namely:

e Area 1 is the primary oxygen generation for the network

e Area 2 is the primary oxygen injection and control into the network

e Area 3 is the contingency for Oxygen top-up into the network should it be required to maintain
required levels.

The key hazards discussed at the workshop are recorded in the Table 4-3 along with likely
consequences, safeguards and actions. Also included in Table 4-4 are the minutes of the meeting in
table form to record the discussions held.

2.1 Summary of outputs

There were considered to be no major Hazards identified in the workshop that could not be overcome
in the Conceptual Design phase of the project.

The most significant discussion points were:

1. It was considered unlikely that it would be practical to transport in, and store liquid oxygen in
the volumes required to feed the network demand at the primary entry point. This method would
likely be suitable for top up at remote locations where piping oxygen in could be difficult.

2. The importance of the control system for oxygen injection is key to the safe operation of the
network,

a. Primarily to ensure sufficient oxygen injection to mitigate the threat of hydrogen
cracking as there is thought to be very limited tolerability to under injection. The risk of
hydrogen cracking is predicted to manifest itself almost immediately when oxygen
injection stops.

b. Of secondary concern is over injection of oxygen which could ultimately lead to an
explosive mixture within the gas network. The likelihood of this is thought to be lower
given the injection rate is orders of magnitude lower than the concentrations required
to realise this threat.

3. The physical process of getting a homogeneous mix of oxygen into the network at the required
dosage needs careful consideration to avoid local parts of the network immediately adjacent to
the injection point being over or under dosed. This is not thought to be an insurmountable issue.

4. There is currently ambiguity over the likely oxygen consumption rate within the network and the
possible need for oxygen top up stations to maintain the required dosage. This needs further
investigation in the next phase of the work.

While none of these points are viewed as showstoppers, it is recommended that future scopes further
evaluate them as well as the other actions summarised in section 2.2, to develop solutions.
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2.2 Workshop Actions

Table 2-1: Workshop Actions

Action Description

1 Consider if metering systems (equation of state) need to be modified if oxygen is in the system.
2 Investigate whether direct oxygen injection or premixing is more appropriate for this application
considering risks associated with storage of mixed gas and associated on site equipment.
3 Investigate the process/equipment required to ensure homogenous oxygen mixture considering
current operational requirements, i.e. inline inspection.

4 Consider the potential for hydrogen leakage through materials or fittings.

5 Clarify that the required oxygen concentration for inhibition is either in relation to the total pressure
or the partial pressure of hydrogen.

6 Investigate the effects of oxygen on the aging of seals. Related to this are the risks of explosive

decompression of seals.
Investigate the compatibility of oxygen with current materials and seals in network.

Investigate if failed compressor bearings, or any other ignition source, could reach autoignition
temperature of hydrogen-oxygen mixture.
Investigate the compatibility of current odorant with O2 / H2 network.

10 Further evaluate the measures to be put in place to manage reverse flow and its effect on oxygen
concentrations exceeding the LFL.

11 Evaluate appropriate emergency shutdown requirements e.g. ESV/control system/procedures to
safeguard against abnormal process events.

12 Further investigate the threats associated with overdosing oxygen into the pipeline, i.e. flammable
mixtures, reduced calorific value, etc.

13 National Gas to provide details of the frequency of process trips (low/no flow) in the network to

understand the impact on O2 injection and more generally the effect on protecting all components
in the network from hydrogen embrittlement.

14 Investigate the viability of lowering the pressure in the line as a safeguard if oxygen supply is
compromised.

15 Assess the risks associated with the treatment of gaseous oxygen, including mixing, compression,
drying, etc. once process design is confirmed.

16 Identify and assess any confined spaces within the Gas Network infrastructure where oxygen
could accumulate such as valve pits.

17 Reconsider explosion risk and whether current mitigations are adequate following concept design.

18 Review suitability of vibration monitoring in line with industry best practice (Energy Institute AVIFF
guideline) as part of next phase of work

19 Consider the viability of piping in gaseous oxygen to meet volume requirements for various entry
locations.

20 Consider Pressure Swing Adsorption (PSA) or membrane technologies for separating gases or
oxygen.

21 Consider the possibility of injecting oxygen straight into the pipeline without storing it.

22 Investigate potential impurities which may be present in the gaseous oxygen that could ignite
(commissioning hazard).

23 Consider the viability of using liquid oxygen to meet volume requirements.

24 Investigate current condition of the pipeline. Any defects present that will alter safety
considerations of new oxygen system should be known

25 Investigate compatibility of oxygen with current odorisation methods.

26 Investigate the presence of other components/impurities in the line which could consume oxygen.

27 Investigate the fuel for compressor gas turbines, will oxygen have an effect on the fuel apart from
the slightly reduced energy density?

28 Recommended 250ppm concentration is based on testing in pure Hydrogen — further test work is
required to confirm volumes of oxygen required for hydrogen blends.

29 Full scale experimental testing is required to physically test performance of full system including

injection, storage, top up, etc.
Assess the suitability of the compressor stations in terms of space for new equipment or changes

30 to the safety case regarding the change of use.
31 Investigate the impact on end users considering gas quality
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Appendix A - Summary of Main Conclusions / Observations for WP1

Can oxygen concentration be
controlled within the prescribed
safe operating limits? (250 —
1000ppm)

Table 4-1: Summary of Main Conclusions / Observations for WP1

Conclusion / Observation
Preliminary assessment suggests implementation should be possible if oxygen consumption is equivalent to circa 10 micron/year
steel corrosion. At this consumption rate it would take > 30 days of residence time for oxygen to fall below 250 PPM, with the
associated velocity of 2 m/s in L1 & 3 and 0.02 in the L2 branch. However, operating procedures must guard against system shut-in
scenarios of no/very low flow.

Initial findings on adding oxygen
to form the mixture.

Without static mixer, it would typically take 80 to 100 pipe diameters to get uniform mixture for gas streams that are closely matched
in rate. However, this can be far more difficult if the flow rates of the mixing streams are widely different as is the case here. It may
be worth considering a pre-dilution skid whereby oxygen is partially dispersed into a slipstream of the network gas to form an
intermediate concentration, before mixing into the main network stream. However, there would be a safety implicationN°e! if mixtures
were too high in oxygen.

Where is a suitable location to
inject and measure oxygen to
maintain and manage the
concentration?

As noted above, for normal network velocities (>1 m/s) it would require >> 1000 kilometres of residence time to reduce the oxygen
concentration to 250 PPM. This suggests injection as close as possible to the source of hydrogen, measuring either side of injection
with alarms to warn of flow reversals or similar leading to a slug of higher concentration oxygen building up.

The complex model suggests that average velocities are > 1 m/s, so no significant reduction in oxygen based on consumption rates
considered in this work [1].

Recommendation to incorporate injection with existing measuring or equipment sites on the network. If average velocities are greater
than 1 m/s, possibly no need for additional injection sites apart from the hydrogen injection point (as above).

Likely requirement for multiple measurement points. If oxygen is injected in sections with potential for low or shuttle type flow, then
provision must be made for monitoring High/Low oxygen concentration either side of injection.

Residence time of gas through the pipework is the primary controlling factor. Flowrates would have to be extremely low to produce
a significant reduction of oxygen over distances between key operating sites (i.e. circa 100 km). Pipe condition in terms of: (a) pipe
roughness, is likely to have little impact since most flows are highly turbulent. (b) MAOP may have to be lowered for hydrogen service.
This would actually give lower residence times since density of gas would be lower. It should be noted that residence time can be
averaged over many days, so if oxygen injection is stopped completely for a short period 1 hour it likely have minimal impact on the
average oxygen concentration seen by the majority of the pipework.

At normal flows the system is highly turbulent, so mixing is likely to be rapid. The CFD work has shown that if a significant spike in
concentration does arise then the combination of forced turbulence and diffusion would take circa a hundred pipe diameters at 0.2
m/s velocity (flat pipe). At very low velocities such as 0.02 m/s diffusion and turbulence will take many hundreds pipe diameters to
re-establish a homogeneous mixtureN°2, Branches and fittings will only make a small difference since they typically contribute circa
50 extra diameters of effective mixing / pressure drop (see below).

Large Mol. Wt. difference between hydrogen and oxygen leads to significant density difference with a 500 PPM conc. difference in
oxygen. At low flows (0.02 m/s) this is sufficient to allow stratified flow to establish and potential for counter current flow. At normal

iv Define the positions / intervals of
injection points.

% Are positions / intervals of
injection points dependant on pipe
condition or other factors?

Vi Impact of key features of the
model:

e  Flow velocity
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flows (~2m/s) momentum dominates over buoyancy effect (i.e. stratified flow not expected) and rate of oxygen migration is close to
the mean flow velocity.

e Terrain

At low flow velocities, transport of oxygen becomes dependent upon the local slope of the pipeline, particularly when the slope is
near to horizontal. For horizontal and downward terrain, oxygen migrates within the lower part of the spur at a rate that is faster than
the mean flow velocity. For slight upward terrain, the rate of oxygen migration is reduced compared to horizontal and downward
terrain, but remains above the mean flow velocity.

e Branches

A perturbation of increased oxygen concentration entering a spur at a tee junction will be lower than the concentration of oxygen
within the main line due to mixing at the junction. This is most apparent if the slope of the spur off the main line is horizontal or
downward. If the slope of the spur off the main line is upward, the concentration of oxygen entering the spur is predicted to approach
that within the main line.

e Bends

Bends predicted to make only make a marginal difference to the mixing of the oxygen as it migrates along the spur. The greatest
degree of turbulent mixing at bends occurs at high flow velocities, but this coincides with non-stratified flow when the oxygen
concentration will already be fairly uniform. At low flow velocities, when the flow may be stratified and the oxygen concentration is
non-uniform, the degree of turbulent mixing at bends will be much reducedNoe3,

viia

Square wave perturbation of
oxygen concentration - Simple
Pipe Model

Using OLGA for perturbation spikes lasting up to two days it was found that the spike was almost unchanged in sections of the
network at normal flow. However, in spurs with very low velocity (0.02 m/s) the concentration spike was diluted by the pre/post spike
gas, such that the change in concentration was significantly less extreme. The CFD work showed that much of this was due to
numerical smearing, and that in reality true molecular diffusion will produce a somewhat similar effect, but of much smaller magnitude.

In spurs with very low velocity (0.02 m/s) the concentration spike was diluted by the pre/post spike gas, such that the change in
concentration was significantly less extreme. Much of this was due to numerical smearing, and that in reality turbulent diffu sion will
produce a somewhat similar effect, but of much less magnitude.

viib

Square wave perturbation of
oxygen concentration — Complex
Network Model

For all branches except one, the concentration spike went through as a bell curve within circa 2.5 days. However, in the longest
continuous branch (and lowest flow) the concentration spike was shuttled back and fore in the pipe as part of the diurnal swing.
Although this is not a concern when the oxygen is added outside the boundaries of the pipe, it might become a concern (for controlling
oxygen below say an upper bound of 1000 PPM) if oxygen were added inside the branch boundaries, particularly at a low flow node
within the pipe, such that the concentration could potentially accumulate over time if oxygen were added at a fixed rate rather than
in relation to the flow to achieve a certain concentration.

viii

How long / far will the oxygen last
within the pipeline and at what
repeat distance must additional
oxygen be added to maintain the
minimum requirement for both
steady state and during no flow
conditions.

See above. For a 250 PPM margin between the injected (500 PPM) vs the minimum oxygen concentration (250 PPM). At normal
network velocities (>1 m/s) it would require >> 1000 kilometres of residence time to reduce the oxygen concentration to 250 PPM.
For low flow rate spurs a very small improvement was seen in the oxygen concentration when the diurnal pressure variation was
included in the model. No flow spurs (i.e. dead legs) are covered by the same residence time constraints listed above i.e. if the
combination of low and no flow results in an average gas residence time of 30 days or more then the oxygen concentration is
predicted to fall below the minimum concentration of 250 PPM.

Will stratification of oxygen occur
where the concentration can then
build up outside of the safe limits?

Not predicted. It is important to note that the two-layer stratification predicted by the full CFD model does not constitute reseparation
of oxygen from a fully mixed mixture. When fluid within the spur is fully mixed, there is no evidence to suggest that oxygen can
separate out of the mixture for the time and length scales of interest to the gas network.
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Notes:

1. Itis important to consider the oxygen concentration of any intermediate blends of oxygen with hydrogen so as to minimise or preferably eliminate mixtures within the
flammability limits. However, this may lead to longer mixing lengths or higher differential pressures (if static mixers are e mployed).

2. Inthe absence of sources/sinks of oxygen, the concentration is bounded by the concentration at the injection and the background concentration - 1000 ppm and 500
ppm respectively. There is a sink due to corrosion, so the concentration can fall below 500 ppm. Without a mechanism to act as a source (other than the injection
itself), the concentration must be less than (or equal to) 1000 ppm. (The mixture will not unmix within the spur to form a higher concentration oxygen accumulation.)

3. Once mixed the mixture will not "unmix" to higher oxygen concentrations. Hence, not predicted to see oxygen concentration higher than that injected.
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4.2

Appendix C — Focus areas in the plant

Table 4-2: Focus Areas

Design Intent:

P&ID Number(s):
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Major Equipment Items:

1 Gaseous oxygen storage and ROSEN Diagrams oxygen storage tank,
treatment dryer, heater
2 Oxygen injection process into ROSEN Diagrams Injection equipment,
hydrogen or hydrogen/gas stream, control system
including control system
3 HAZID Area 2 (liquid oxygen ROSEN Diagrams Cryogenic liquid oxygen
storage) storage
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Figure 4-1: Simplified Process Flow Diagram with Focus areas shown
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4.3 Appendix D — Threat review Table

Table 4-3 shows the Threat review table which was populated during the workshop.

Node | Process Description  Ref.  Event | HazardousEvent |

Table 4-3: Threat Review Table
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 safeguards | Acon | WorkshopNotes

1 | Gaseous Oxygen 1.01 | Loss of Loss of containment leading High oxygen concentrations can have VSA2 and VF4 inspections for external No agreed actions Air vs oxygen density differences more pertinent to liquid
Storage and containment to oxygen accumulation and long term health impacts. 25% oxygenis | corrosion. oxygen than gas. Gas leak more likely to mix into air.
Treatment potential risk of asphyxiation. | damaging to health over long term

exposure. Pressure Systems Safety Regulations NG have confined spaces in network for example around
2000 (PSSR) visual inspections as a valve pits.
oxygen is slightly heavier than air so baseline.
pure oxygen would sink relative to air.
1.02 | Fire Combustion of any oxygen Enhanced risk of fire with higher Prevention against fire by protecting No agreed actions
which has accumulated as a | concentrations of oxygen. against loss of containment so same
result of a leak / upset safeguards are relevant as 1.01.
process.
Oils and greases on threads are
prohibited on lines with oxygen.
1.03 | Explosion Ignition in the presence of Potential for extreme damage and Prevention against fire by protecting No agreed actions
large oxygen source in a potential loss of life if an explosion was against loss of containment so same
confined area. to occur. safeguards are relevant as 1.01.
Need to conduct confined space risk
assessment to enter confined space
areas.
1.04 | Spontaneous Oxygen plant defect which Risk is release of oxygen and escalation | System design would need to specify Review suitability of
Failure could fail leading to a loss of | to any of the points mentioned in 1.01- seals which are appropriate for pure vibration monitoring in
containment. 1.03. oxygen. line with industry best
practice (Energy Institute
Vibration could lead to a Certain parts of the network which are AVIFF guideline) as part
fatigue crack prone to vibration have a level of of next phase of work.
monitoring.
1.05 | Abnormal Upstream process upset Loss of containment of oxygen and Design to include pressure monitoring. No agreed actions Seems unlikely to have oxygen piped in if it's a remote
Operation leading to overpressure in associated risks as discussed above. National Gas monitor the pressure of all facility, would need long lines to be installed.
oxygen plant. equipment anyway so there shouldn’t
Rupture leading to fragment missiles. be a significant procedural change from Liquid oxygen considered due to likely infeasibility of piping
existing system. gaseous oxygen in which is covered in Node 3.
Design to include relief valves as part of
PSSR.
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. safeguads  Acion WorkshopNotes |

1.06 | Operating Hazards associated with not Interrupted oxygen supply not tolerable - | During planned outages would still Consider Pressure Swing | If there are planned outages would still need to provide
Modes following correct start up leads to unprotected pipeline and potentially need a supply of oxygen. Adsorption (PSA) or oxygen to the network.
/shutdown procedures. potential for hydrogen induced cracking. May need additional plan to produce membrane technologies
oxygen or ship it in. for separating gases or If oxygen is produced alongside hydrogen in an electrolysis
Need security of supply for oxygen. May not need as | process there will be more than enough oxygen to support
the oxygen production much compression duty if | hydrogen cracking inhibition as oxygen is produced at half
source. PSA is used as oxygen the rate of hydrogen.
produced will be
pressurised (around 10 If oxygen is not produced on site would need backup oxygen
bar). storage if supply is disrupted as the system can'’t tolerate not
injecting oxygen due to hydrogen cracking threat.
Consider the possibility of
Injecting it straight into Would need kilometres of pipe volumes for a days oxygen
the pipeline without supply even if compressed.
storing it.
Could even use multiples
types of oxygen
generation.
1.07 | Ignition Static electricity which could Fire Careful consideration to risks in Look into potential Pure oxygen is not ignitable so leaks might not have as great
Sources ignite in the presence of any construction and operation commissioning hazards of a consequence as in co-mingled section.
impurities in the oxygen Explosion regarding impurities in
stream oxygen stream which However, metals can get hot enough to combust in pure
could ignite. oxygen.
Could be other impurities in the oxygen stream which could
ignite if there is a loss of containment.
1.08 | Natural Events | Damage associated with Plant damage Current risk management for gas No agreed actions
extreme weather. pipelines considered appropriate in
gaseous oxygen system.
1.09 | Impact Dropped objects as a result Plant damage Current risk management for gas No agreed actions
Damage of a site liting operation. pipelines considered appropriate in
gaseous oxygen system.
1.10 | Human Human error in maintenance | Gaseous oxygen release Tool box talks prior to No agreed actions Currently NG don’t handle pipelines with different products.
Factors and/or operation. maintenance/intervention. Would need to introduce more training/management to
Insufficient oxygen injected protect against human factors.
Lack of training leading to Operator training
incorrect application of safety
procedures. Assumed that control system is fully
automated so human factors are
minimal.
1.11 | Adjacent Hazardous event with staff in Presence of oxygen has potential to To be further considered in next phase
Plant/Buildings | adjacent site office nearby escalate safety consequences. of the project when design is better
defined.
2 | Oxygen Injection 2.01 | Loss of Through wall corrosion. Asphyxiation Oxygen detectors to detect leaks in No agreed actions Control system malfunction, high integrity duty standby facility
Process and Control containment critical areas. required (SIL rated)
System Fatigue crack. Toxicity
Could use secondary enclosures Effective mixing of oxygen with hydrogen/methane.
Hydrogen embrittlement Gas cloud around equipment most likely to leak.
Availability of suitable oxygen measuring instruments.
500ppm is below the flammability limit so wouldn’t be much
different from the standard methane or hydrogen mixture.
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Need to make sure there are several levels of protection.
2.02 | Fire Combustion of flammable Damage to surrounding equipment and Gas detection. No agreed actions Consequence of fire not significantly altered from current
gas mixtures which have possible escalation case but likelihood increased due to increased flammability of
accumulated as a result of Smoke/flame detection hydrogen and increase in likelihood of flammable gas
loss of containment/accident. formation.
Effective gas mixing.
2.03 | Explosion Ignition of oxygen/flammable | Damage to surrounding equipment and Blast protection if appropriate No agreed actions NG have confined spaces in network for example around
gas mixture in a confined possible escalation valve pits.
area. Inspection program
2.04 | Spontaneous Defects present in system. Loss of containment as a result of worn Effective inspection program. Further investigation Some testing done by NG to investigate the impact of
Failure hoses/seals. required on the effects of | hydrogen on seal material but not the effect of oxygen.
Flow induced vibration. Condition monitoring program. Oxygen on the aging of
Any problem with failed metal seals/hoses. Even at ", the partial pressure of the oxygen will be
Seals in valves and compressor bearings could reach the Effective maintenance programme lower than the outside of the pipe due to the low oxygen
compressors compatibility autoignition temperature of the hydrogen concentration. Therefore, this is unlikely to increase the aging
with new gas composition. oxygen mixture. effect on the seals
Oxygen will impact the aging
of the seals, it can accelerate
the ageing process.
Failed compressor metal
bearings generating high
temperature.
2.05 | Abnormal No flow or reverse flow in Underdosing of oxygen would a more A high integrity control system with Further work needed to Could be a risk of reverse flow based on NG previous
Operation main gas/hydrogen line. critical safety issue due to hydrogen appropriate redundancy to be designed | determine if there is an experiences.
induced cracking. to mitigate operational risks. acceptable timeframe for
Over or under dosing gas over/under dosing
with oxygen. work done suggests there is an An emergency shutdown facility likely oxygen in the line to
immediate risk of hydrogen induced required e.g. Emergency safety valve clarify if a short duration
cracking (HIC) if underdosing oxygen. (ESV). out of spec oxygen dose
is a concern?
If there was a significant overdose of Adequate detection/alarms in place if
oxygen into the gas the main problem the oxygen is added at too high of a Look into mechanical
would be a potential flammable mixture concentration. properties and how long
in the pipeline. At 500ppm oxygen we after oxygen underdose
are magnitude of 10 below the Downstream analyser to check that the | does HIC occur.
flammability level. Worst case is a concentration is appropriate.
catastrophic failure of oxygen injection
which could lead to flammable mixture in
the network. This would only be an issue
if there is an ignition source in the
pipeline.
2.06 | Operating Ensuring ppm oxygen is Insufficient oxygen in the system Is there a tolerable period of time that Discussion suggested Potentially parts of the network which may have no flow at
Modes maintained in the gas mix low levels of oxygen in the gas mix is there might be a potential | times for inspection purposes.
during startup/shutdown. acceptable? safeguard to lower the
pressure in low flow Even after a significant pressure reduction, the system will
Gas locked in a section of the Purge system (may not be possible) scenarios but might not still likely be at a large enough pressure for HIC to be a
network for an extended be viable needs further concern.
period - oxygen consumed. investigation.
Hydrogen pipelines are designed to operate at 30%/40% of
Find more detailed MAOP but since these were not designed for hydrogen they
information on how often | likely operate much closer to MAOP.
there are trips in the
network. Hydrogen producers will want to be producing a constant flow
of hydrogen so they will want an increased pressure during
low flow situations to increase hydrogen storage in the line.
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Storage (Oxygen top-

3 Discussion

temperatures (-160C) and

skin.

place to handle liquid oxygen safety.

2.07 | Human Human error in maintenance | Gas release Tool box talks prior to No agreed actions Currently NG don’t handle pipelines with different products.
Factors and/or operation. maintenance/intervention. Would need to introduce more training/management to
Insufficient oxygen injected protect against human factors.
Lack of training leading to Operator training
incorrect application of safety
procedures. Assumed that control system is fully
automated so human factors are
minimal.
2.08 | Ignition Static electricity which could Fire Safety zones at key areas of the plant. No agreed actions Low ignition energies (see TOR), more important to avoid
Sources ignite any potential gas leaks. flammable mixtures.
Explosion
Also think of ignition potential
in the gas network.
2.09 | Natural Events | Damage associated with Plant damage Current risk management Consider if these risks Once the oxygen is mixed in the stream, natural events are
extreme weather. require reassessed. unlikely to have much of an impact on current risk profile.
2.10 | Impact Dropped objects as a resullt Plant damage Current risk management No agreed actions There wasn’'t deemed to be much of an additional risk by
Damage of a site lifting operation. adding oxygen.
2.11 | Adjacent Hazardous event with staffin | Potential to lead to larger safety Adequate separation distances from No agreed actions Does the addition of oxygen increase this threat.
Plant/Buildings | adjacent site office nearby consequences. adjacent plants or buildings.
More risk to adjacent buildings. Need to account for the
presence of oxygen in the area. Could lead to escalation.
3 | Liquid Oxygen 3.01 | General Node | Liquid oxygen is stored at low | Cold burns or frostbite upon contact with | Should have training and procedures in | Further consider the For a station like |l would need a lot of oxygen to be

viability of using liquid

stored on site. Is it economic to introduce an oxygen pipeline

up station) National Gas likely not used oxygen in future work. from an oxygen source?
to managing the operation so | Cold could lead to brittle fracture of Control system safeguards to monitor
could be significant threat. materials. and prevent loss of containment Top up stations will be smaller with top up quantities easier to
Pressure is normally not high including pressure relief. store as liquid.
if stored at low temperature. Large risk of escalation if oxygen is
Pooling of liquid oxygen and released, could have ignition of Potential significant financial impact if not required to inject
vapor cloud formation if dust/debris/hydrogen leading to the stored oxygen? Storage likely expensive due to the cold
suffer a loss of containment. fire/explosion and potential catastrophic temperatures.
damage and/or loss of life.
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Table 4-4: Workshop Minutes of Meeting

ROSEN Workshop Minutes of Meeting 6 gas
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Location & Date: ROSEN Aberdeen + Online, 23" July 2025

Meeting Subject: Workshop (WP2)

Project Ref. ROSEN Ref. 19878

Attendees: ROSEN
David Phelps, Gareth Smith, Justin Sheppard, Neil Gallon, Dave Anderson (chair), Karl Dahlgren
(scribe)

National Gas
Robert Best, Kousseyla Hamadi, Justin George, Steven Johnstone, Simon Kidd, Matthew
Hammond, Mick Jarvis, Daniel Knowles

Wednesday 23 July

AGENDA

Goal/objective of Workshop

Introductions

Process overview

Node 2 Hazard open discussion

Node 1 Hazard open discussion

Node 3 Hazard open discussion (if time permits)

Introductory Discussion

Introductions made for ROSEN and National Gas Parties.

Steven Johnstone wanted to confirm if his comments on the workshop TOR were received, agreed we can talk through
these at some point in the meeting if there is time.

This study is not compliant to the HAZID methodology. National Gas requested it to be called a high level risk assessment
from now on.

David Phelps gives an introduction to the scope of the HAZID workshop. This work should be used to flush out major
concerns which can be of use in later stages of this project as there is not currently a detailed process design to properly
assess risks on.

Justin Sheppard gave an overview of the phases of the project using previous slideshow.
Dave Anderson gave an overview of the block diagram sketches and worksheet used for the workshop.

Discussion about if the introduction of oxygen to the stream has the same risks/hazards as the introduction of hydrogen
to the methane mix. National Gas have done some work on the hydrogen side and found that stratification was the main
concern. Also when injecting biomethane with oxygen, the oxygen was distributed in the main stream within a couple
meters.

Robert Best comfortable with the current approach, no reason why it cant be adapted to be more aligned to the HAZID
methodology later at the conceptual design stage.

National Gas question: Are we assuming there are no other inhibitors that can be used? Were there other inhibitors which
don’t involve adding oxygen to a flammable gas? — Rosen confirmed this was part of phase 1 work. The scope of this
workshop is specifically for oxygen as laid out in the terms of reference document.

Node 2 Discussion
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Confirmed with everyone that Node 2 is concerned with the co-mingled gas stream.
Worksheet has been partially populated but looking for National Gas comments.

Trying to get a homogeneous oxygen mixture at the low oxygen concentration is difficult. Might have to premix before
adding to main stream so would be above 500ppm but still below flammability level, this could increase risk.

National Gas current network oxygen limits:
Above 38 bar they have a 0.2% limit on oxygen but typically levels are much lower than that. Up to 1% oxygen with
biomethane. This is not a materials/integrity reason its more for end users.

ROSEN Question: During existing safety work regarding oxygen injection, did they assume there was any oxygen already
in the methane stream? — National Gas response: They didn’t consider oxygen in the pipeline as a risk.

Metering:
Does the metering system or EOS needing to be modified if there is oxygen in the system [Action 1].

There is an allowable range for metering system: 500ppm likely will not be outwith the range, but regions operating
towards the upper limit of 1000ppm could be a concern.

Biomethane:
If biomethane (and associated oxygen) is present, could oxygen concentrations be even higher than 1000ppm?

ROSEN Question: Is there biomethane already injected in the network? - Biomethane is in one part of the network.
Biomethane that is added is at a very low concentration so likely has a very little effect on oxygen levels.

Injection Process:

National Gas Question: Would oxygen be directly injected into the pipeline or the premixing in a previous chamber? - If
try to mix two very different flowrates its difficult to get a homogeneous mixture so there are some benefits to a premixed
system but there are greater risks as it gets closer to the flammability limit of the mixture. This would also lead to more
process equipment being on site and therefore more expense. Look more into this outside of the meeting [Action 2].

National Gas Question: Do we know what injection process will be used? Would it be retractable probes which could
bring rise to leaks? - High level view was that mixing would be through a tee piece. Pipe length for homogeneous mixture
would be several diameters not very different to a normal above ground installation. Static mixer would bring about
complications around pigging so might need to be in some sort of side stream or bypass loop [Action 3].

2.01 | Loss of containment:
Here we are considering the impact of introduction of oxygen into the fuel mix.

National Gas Question: Does the loss of containment guideword cover leaks through fittings/seals? - this covered
in ‘Spontaneous Failure’ guideword.

National Gas Question: are we looking at the loss of containment risks which are different for the newly proposed
system compared to general methane pipelines? — ROSEN Response: that is correct.

500ppm is below the flammability limit so wouldn’t be much different from the standard methane or hydrogen
mixture. So we aren’t always considering a flammable mixture. But would need to consider the risk of overdosing
oxygen in the pipeline.

National Gas: we should focus on the actual injection of oxygen process

Safeguards: main safeguard would be adequate detection/alarms in place if the oxygen is added at too high of a
concentration. Downstream analyser to check that the concentration is appropriate.

Reference made back to how there isn’t a design in place so difficult to accurately determine risk.

The design of the oxygen injection system would need to be a high integrity system with several levels of
protection.

Consequences: At what point is there a risk of internal pipeline combustion risks (much higher than the operating
levels of 500-1000 ppm). This is covered in the terms of reference document.
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After its been mixed successfully, the loss of containment doesn’t pose many other risks than with their standard
gas operation.

National Gas Question: Could leaking gas separate to create problems? — ROSEN Response: No, this has been
assessed in the phase 2 study. Once the oxygen was mixed there is not a risk of the oxygen being unmixed.

National Gas Question: Could hydrogen leak out preferentially over other molecules? — ROSEN Response:
Due to the smaller molecule size of hydrogen in comparison to natural gas (CH4), there is a chance a pressure
system that is leak-tight in natural gas service could leak in hydrogen service at flange joints or non-welded joints.

However, there are some materials which hydrogen can preferentially diffuse through. Palladium is an example
of this. Therefore, there is a chance that hydrogen can leak through any palladium components which are present
in the network. This is considered extremely unlikely due to palladium being a rarely used material but more
investigation regarding potential hydrogen leaks is required [Action 4].

To date, oxygen concentrations have been considered in relation to the total pressure in the system and not the
partial pressure of hydrogen. Significantly less oxygen may be required if the oxygen is dosed based on the partial
pressure of hydrogen in a natural gas and hydrogen blend. This is being considered in Phase 3 of this project but
further work will be required to see if a homogeneous mixture can be achieved with lower oxygen concentrations
[Action 5].

2.02 | No comments.

2.03 | No comments.
2.04 | Spontaneous Failure (Seals):

National Gas have done some testing to see the impact of hydrogen on the seals but not oxygen. Oxygen can
accelerate the rate of aging of the seals. Oxygen partial pressure is an important parameter for investigating this.
Even at 70 bar, the partial pressure of the oxygen will be lower than the outside of the pipe due to the low oxygen
concentration. Therefore, this is unlikely to increase the aging effect on the seals but further investigation on this
matter is required to validate this [Action 6].

Effect of hydrogen on fittings/seals - confirm this has already been assessed as part of other studies [Action 7].

Any problem with failed compressor bearings could reach the autoignition temperature of the hydrogen oxygen
mixture and ignite any potential flammable gas leaks [Action 8].

2.05 | Abnormal flow effects:

The scenario of an overdose of oxygen needs to be carefully considered in the next stage of the project. National
Gas have had previous injection problems with the control of the odorant systems but an engineering solution
has been developed for this. 5 ppm of odorant was used. There was an outage and it wasn'’t isolated correctly.
Odorisation is done at distribution level so its not as issue with transmission level. The learning points was around
flow control and these should be considered in future oxygen injection work. Oxygen will only introduced at
transmission level. Some parts of the network don’t require odorant injection.

National Gas can provide some documents about odorization [Action 9].

Could be arisk of reverse flow based on NG previous experiences. This could lead to an over injection of oxygen
into the line, an appropriate control system would need to be in place to manage this. This needs to be carefully
considered in future scopes [Action 10].

Want to expand the consequences on overdosing with oxygen. Timeframe of over/under dosing oxygen in the
line? Is a small blip a concern?

The control system is the safeguard here. The need for an emergency shutdown situation/ESV function needs to
be carefully considered in future scopes. This is definitely something that is needed to provide an additional layer
of protection [Action 11].

Discussions regarding over and under dosing oxygen should be separated.

Underdosing:

Underdosing oxygen would a more critical safety issue due to the risk of hydrogen induced cracking. There is
limited scientific literature detailing the mechanisms associated with hydrogen cracking inhibition using oxygen
but there seems to be an immediate risk of hydrogen induced cracking if oxygen is acutely underdosed. Some
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alarming studies shows embrittlement in a matter of minutes therefore there could be immediate risk. Therefore
the inhibition effect will be assumed to require a constant supply of oxygen in the hydrogen.
Overdosing:
If there was a significant overdose of oxygen, the main problem could be a potential flammable mixture in the
pipeline. Other thing would be the consumer side where you would have a reduce calorific level of the gas.
Overdosing is less of a concern as the operating conditions are a magnitude of ten below the flammability limits
of combustion. However, a catastrophic failure of oxygen injection system leading to a large oxygen overdose
could lead to flammable mixture. This would only be an issue if there is an ignition source in the pipeline but the
ignition energy of hydrogen mixtures are very low so any flammable mixtures should be avoided.
These threats should be taken forward to the next phase of the project [Action 12].
2.06 | Operating modes:
ROSEN Question: How often are there trips in the network? — no definitive answer [Action 13]. There is potential
that parts of the network may have no flow at times for inspection purposes.
Pipelines specifically designed for hydrogen operate at 30% or 40% of MAOP.
Reduce Pressure as a safeguard?
Low flow situation: would the system pressure be dropped during low flow operations? - Not typically.
Discussion around potentially reducing the consumption of oxygen by reducing the pipeline pressure. The lower
pipeline pressure would reduce the chance of fracture in the event of a reduced oxygen concentration. This could
be a potential safeguard? How would this work in terms of control system or physical implementation? Might be
difficult to practically achieve.
According to National Gas low flow situations are associated with increased pressures so this may not be a viable
safeguard if it would change the National Gas procedures drastically. Even at a reduced pressure there would
still be an integrity risk at lower oxygen levels. More work into looking into this is required, dropping by 15 bar for
example might not be significant in terms of integrity risks. Hydrogen producers will want a steady state process
so for hydrogen storage will want to increase pressure during low flow. Overall, this safeguard seems impractical
but should be investigated [Action 14].
2.07 | Human Factors:
Could human factors increase the risk associated with the oxygen injection. Assume the control system would be
fully automated.
Not any further comments.
2.08 | Ignition sources:
Rotating equipment like compressors could fail leading to autoignition of combustible gases. Safeguards would
be to keep the 500ppm concentration to avoid flammable mixtures.
Not any further comments.
2.09 | Natural Events:
ROSEN Question: Is this assessed as part of the network’s typical safety work anyway? — no definitive response.
Once the gases are mixed, cant see any natural events having much of an effect.
Not any further comments.
2.10 | Impact Damage:
Not any significant change to the risk by adding oxygen.
Not any further comments.
2.11 | No comments.
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2.12 | No comments.

2.13 | No comments.

1 Node 1 Discussion

Oxygen production process:
Possible options are:
e  Oxygen produced from water alongside the hydrogen if electrolysis.
e membrane or PSA (Pressure Swing Adsorption) separation of oxygen from air.

Treatment:
Pure hydrogen system could premix the oxygen at low pressure and compress and dry everything together.

If looking at a system where oxygen is added to natural gas likely need to treat oxygen separately.
Might be too early of a stage to consider the risks with the treatment, might be better to assess the risks at a later stage

once the design is more established [Action 15].
1.01 | Loss of containment:

Will any leaking oxygen just mix into the air? This was decided to be more of a concern with liquid oxygen.

ROSEN Question: Are there any contained/confined areas buildings in the network where you could get a high
oxygen concentration if there was a loss of containment? - They do have confined spaces around the network
around valve pits. Would have confined space risk assessment to enter those areas (safeguard). Less of a
concern for gaseous oxygen in comparison to liquid oxygen but still a consideration. To be considered at next
stage of the project [Action 16].

Asphyxiation:
25% oxygen is toxic if exposed long term. Medical grade oxygen is a higher concentration but for shorter
durations.

1.02 | Fire:
Oils and greases on threads are prohibited on lines with oxygen.

Enhanced risk of fire with higher concentrations of oxygen.

Safeguards would be leak prevention through inspections. They have VSA2 and VF4 inspections for external
corrosion.

National Gas do PSSR inspections as a baseline visual inspection.

ROSEN Question: Does National Gas do any vibration testing? - Certain parts of the network which are prone to
vibration have a level of monitoring.

1.03 | Explosion:

There are some scenarios which could lead to explosion. These should be further considered once design is more
mature [Action 17].

1.04 | Spontaneous Failure:

Risk is a release of oxygen.

Seals/hoses impacts in pure oxygen? Would need seals which are appropriate for pure oxygen.

Review suitability of vibration monitoring in line with industry best practice (Energy Institute AVIFF guideline) as
part of next phase of work [Action 18].
1.05 | Abnormal Operation:

With the big quantities required, unsure if oxygen supply is feasible if there are no oxygen pipelines. Seems
unlikely to have oxygen piped in if it's a remote facility, this would require long lines to be installed. National Gas
don’t currently use oxygen on their facilities therefore needs careful consideration [Action 19].

Overpressure scenario is a risk if storing oxygen need to monitor pressures. Need to monitor pressure of all
equipment anyway so this wouldn’t be any different.

Idea of liquid oxygen use was brought up because it is likely not feasible to pipe in gaseous oxygen to remote top
up facilities.
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Safeguard: Relief valves as part of the PSSR.
1.06 | Operating modes:

Need security of supply for the oxygen production source, if there are planned outages in oxygen source would
still need to provide oxygen to the network due to hydrogen cracking risk. Likely would need a backup oxygen
supply or ship itin.

During electrolysis of water oxygen is produced at half the rate of hydrogen. Therefore, the system can rely on
the oxygen generated as part of the electrolysis plant to be sufficient in relation to the hydrogen throughput.

Would need kilometres of pipe needed for a day’s oxygen supply, even if compressed.

Could membrane technologies be used to produce oxygen? Inject it straight into the pipeline without storing it?
Consider Pressure Swing Adsorption (PSA) or membrane technologies for separating gases or oxygen. May not
need as much compression duty if PSA is used as oxygen produced will be pressurised (around 10 bar) [Action
20].

Consider the possibility of injecting oxygen straight into the pipeline without storing it [Action 21].

Would still need compression? Could even use multiple types of oxygen generation in tandem.

1.07 | Ignition Sources:
Pure oxygen is not ignitable, it is an oxidiser. Metals can get hot enough to self combust in pure oxygen.

Other impurities in the oxygen stream that can catch fire? Commissioning hazard [Action 22].

1.08 | No comments.

1.09 | No comments.

1.10 | Human factors:

Right now National Gas don’t handle different pipelines with different gases. Would need to introduce
training/management procedures to protect against human factors if starting to operate with oxygen.

1.11 | No comments.
1.12 | Adjacent Plant/Buildings:

Would likely be more risk to adjacent buildings. Need to account for the presence of oxygen in the surround area.
Could escalate an incident if oxygen sources are nearby.

No further comments.
1.13 | No comments.

3 Node 3 Discussion

Liquid supply of oxygen was deemed to be the more feasible option in a National Gas cost benefit analysis meeting over
gaseous oxygen supply.

Oxygen Storage:
For a station like |l would need a lot of oxygen to be stored on site. Is it economic to introduce an oxygen pipeline
from an oxygen source?

Top up stations will be smaller with top up quantities easier to store as liquid.

Liquid oxygen is stored at extremely low temperatures (-160C), National Gas likely not used to managing the operation
so could be significant threat.

Long term exposure of workforce to oxygen, long term health risks? Want to guard against any leaks of oxygen.
However, the greater hazard would be the fire risk.

Rupture of tank and projectiles would be a major hazard but tank likely stored at atmospheric pressure so maybe not as
great of a risk as gaseous storage at pressure.

Escalation is a big risk if have a large release of oxygen e.g. fire/explosion.
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Potential significant financial impact if not required to inject the stored oxygen? Storage likely expensive due to the cold
temperatures.

Need to further consider the viability of using liquid oxygen option in future work [Action 23].
4 General Discussion

This section will contain discussion which does not directly relate to any of the nodes.

Current State of Line:
Safety risks will likely be affected by the current state of the line. Investigate current state of the line. Any defects present
that will alter safety considerations of new oxygen system should be known [Action 24].

Low Ground Leakage:

National Gas Question: If there is some low ground leakage, are there any additional risks (external corrosion) of the
mixture under the wrapping of the pipeline? - Only possible risk would be where there is oxygen present with the odorant
but this is only at the low pressure distribution level. Gareth cant think of any issues associated with oxygen and pipe
covers. Air has 20% oxygen anyway so risks are more relevant to the inside the pipeline as they are typically not subjected
to oxygen. If the pipe is dry internally it is not considered to be much of a risk.

Hydrogen Sulphide:

ROSEN don’t consider there will be increased risk of hydrogen sulphide formation due to the transfer of hydrogen through
the network. There is a risk of this at the distribution level due to odorization. This should be further investigated as part
of next phase of work [Action 25].

Oxygen Consumption Rates:

The consumption of oxygen is one of the main uncertainties with this work, ROSEN could only made assumptions in
previous calcs investigating this. Could be that the inhibition effect consumes oxygen in addition to the oxygen consumed
by the pipe wall. This is the main unknown to determine in order to adequately determine how top up stations should be
distributed across the network. Top up may not even be required at all as there is a possibility that oxygen consumption
is negligible.

There could be other components in the system which may consume oxygen. This shouldn’t be an issue with the typical
components in the gas. But there may be some unknown low level components which should be investigated. Would
need to do field tests with a experimental model [Action 26].

Oxygen depletion rates were brought up by National Gas but ROSEN explained that phase 2 work looked into the time
taken for oxygen to be depleted based on various consumption rates.

Gas turbine fuel:

Fuel for gas turbines for compression: Will the oxygen have an affect on the fuel used for gas turbines. Some users have
expressed that concern. The 500ppm wont have any large concern but will slightly lower the calorific value of the fuel
[Action 27].

ROSEN Question: If National Gas allow 0.2% oxygen already, have they already considered the compressor effect? -
National Gas response: this is not likely the case. National Gas operate far below the 0.2%/1% limits, closer to 0.02%
(200 ppm) which is the European specification.

Cracking risk at lower hydrogen volumes:

Even at low volumes of hydrogen need to assume there is the same risk of cracking as pure hydrogen. Might be a slightly
reduced hydrogen cracking risk at 2-5% hydrogen than at 100% hydrogen but there is likely only a minimal difference so
assume blends are as bad as 100%.

Oxygen Inhibition Mechanism:

Only have ideas on how the oxygen inhibits, not an accepted mechanism. Either oxygen immediately bonds to the surface
creating an oxide scale which acts as a barrier, delaying it. Second is that the oxygen absorbs preferentially, which stops
the hydrogen getting in those sites.

Until proven otherwise, it should be assumed 250ppm is to be used for all grades of hydrogen (hydrogen and pressure
effects to be validated).

Further work required to see how much less oxygen would be required if using a blend of hydrogen [Action 28].

National Gas Question: typical spacing on the injection into the system? - Depends so much on the consumption rate.
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We haven’t got a lowest possible flow case to work out. So the top up stages may not even be required but this is yet to
be proved.

Need pilot test program to physically test how everything would come together (injection storage top up, etc) [Action 29].

Current State of Line:
Safety risks will likely be affected by the current state of the line. Investigate current state of the line. Any defects present
that will alter safety considerations of new oxygen system should be known [Action 24].

Low Ground Leakage:

National Gas Question: If there is some low ground leakage, are there any additional risks (external corrosion) of the
mixture under the wrapping of the pipeline? - Only possible risk would be where there is oxygen present with the odorant
but this is only at the low pressure distribution level. Gareth cant think of any issues associated with oxygen and pipe
covers. Air has 20% oxygen anyway so risks are more relevant to the inside the pipeline as they are typically not subjected
to oxygen. If the pipe is dry internally it is not considered to be much of a risk.

Hydrogen Sulphide:

ROSEN don’t consider there will be increased risk of hydrogen sulphide formation due to the transfer of hydrogen through
the network. There is a risk of this at the distribution level due to odorization. This should be further investigated as part
of next phase of work [Action 25].

Oxygen Consumption Rates:

The consumption of oxygen is one of the main uncertainties with this work, ROSEN could only made assumptions in
previous calcs investigating this. Could be that the inhibition effect consumes oxygen in addition to the oxygen consumed
by the pipe wall. This is the main unknown to determine in order to adequately determine how top up stations should be
distributed across the network. Top up may not even be required at all as there is a possibility that oxygen consumption
is negligible.

There could be other components in the system which may consume oxygen. This shouldn’t be an issue with the typical
components in the gas. But there may be some unknown low level components which should be investigated. Would
need to do field tests with a experimental model [Action 26].

Oxygen depletion rates were brought up by National Gas but ROSEN explained that phase 2 work looked into the time
taken for oxygen to be depleted based on various consumption rates.

Gas turbine fuel:

Fuel for gas turbines for compression: Will the oxygen have an affect on the fuel used for gas turbines. Some users have
expressed that concern. The 500ppm wont have any large concern but will slightly lower the calorific value of the fuel
[Action 27].

ROSEN Question: If National Gas allow 0.2% oxygen already, have they already considered the compressor effect? -
National Gas response: this is not likely the case. National Gas operate far below the 0.2%/1% limits, closer to 0.02%
(200 ppm) which is the European specification.

Cracking risk at lower hydrogen volumes:

Even at low volumes of hydrogen need to assume there is the same risk of cracking as pure hydrogen. Might be a slightly
reduced hydrogen cracking risk at 2-5% hydrogen than at 100% hydrogen but there is likely only a minimal difference so
assume blends are as bad as 100%.

Oxygen Inhibition Mechanism:

Only have ideas on how the oxygen inhibits, not an accepted mechanism. Either oxygen immediately bonds to the surface
creating an oxide scale which acts as a barrier, delaying it. Second is that the oxygen absorbs preferentially, which stops
the hydrogen getting in those sites.

Until proven otherwise, it should be assumed 250ppm is to be used for all grades of hydrogen (hydrogen and pressure
effects to be validated).

Further work required to see how much less oxygen would be required if using a blend of hydrogen [Action 28].
National Gas Question: typical spacing on the injection into the system? - Depends so much on the consumption rate.

We haven't got a lowest possible flow case to work out. So the top up stages may not even be required but this is yet to
be proved.

Need pilot test program to physically test how everything would come together (injection storage top up, etc) [Action 29].
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1 INTRODUCTION

ROSEN have recently completed work for National Gas looking at the inhibition of hydrogen
embrittlement effects in pipeline steels, this work was performed under National Gas project number
NIA_NGGT0183. The main technical deliverables of this work were a technical review and
benchmarking report which looked at available literature on the mechanisms of inhibition (primarily by
oxygen) and a test programme which investigated these effects in the laboratory.

The ROSEN report [1] concluded that, based on the laboratory results, oxygen was an effective inhibitor
of hydrogen embrittlement at levels of 250 ppm or greater. Additional work was recommended looking
at the time-dependence of this inhibition effect, and its performance under realistic loading scenarios.
In addition a couple of anomalous results were noted during testing whereby, if testing was performed
consecutively in the same environment without refreshing the test gas, the final test in the sequence
appeared to show significantly worse results than the initial test. The reasons behind this were unclear
although hypotheses were presented looking at potential stratification, consumption of the oxygen or a
time-dependent effect.

Since the completion of this work, SANDIA National Laboratories have published various webinars and
reports questioning the long-term efficacy of oxygen inhibition [2], [3]. National Gas have requested that
ROSEN review the SANDIA work and recommend whether oxygen inhibition remains a viable
technology to mitigate against the long term effects of hydrogen embrittiement.

In addition National Gas have posed some specific questions regarding project scope prioritisation for
future work. The questions related to integrity management are addressed in this report.
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2 SUMMARY OF SANDIA WORK

The SANDIA work poses two potential challenges to the mechanisms that underpin oxygen inhibition:

1. Short term effects of oxygen observed in laboratory tests in hydrogen gas may not translate to
long-term benefits over the life of the component
2. Steel surfaces are ‘dirty’ and/or native oxides will prevent absorption thereby removing risk of
hydrogen embrittlement.

2.1 Time Dependency

With respect to the time dependence, SANDIA performed some work using high strength steels (SA372
Grades J and L, and X100) subject to an instrumented ASTM E1681 constant displacement test at a
very high hydrogen pressure (1030 bar) in nominally pure hydrogen and with additions of 100 and 1000
ppm oxygen. For all three materials tested, the fracture arrest threshold (Kta) was reported to be similar
for all three oxygen levels, although the “incubation time”, the time required for the crack to start to
extend, was longer when oxygen was present.
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Figure 1 - Oxygen Inhibition Effects on SA372 Grade L — from [2]

50

100 150 200 250

Incubation Time (hr)

This document is classified as confidential

(MPam'?)

tha

Fracture arrest threshold, K

30

25

20

15

10

Ref: Wheeler, PVP2024-122291

B Pure H2
MW H2 + 100 ppm 02
@® H2+ 1000 ppm 02 |4
Grade L
YS =730 MPa
Pre: =1030 bar’]
K =34 MPam
app

50

100 150 200 250

Incubation Time (hr)

ROSEN - page 5 of 19



Document Name: Oxygen Inhibition Feasibility
Client: National Gas

Revision: 1

Date: 22/08/2025

& Ref: Wheeler, PVP2024-122291 &
‘_E 100 ; - : - ‘_E 100
g a
2 s /m " ] 2 80
£ £
X X
- 60F . - 60
(@] [®]
? 3
4] B Pure H2 O
£ 40r B H2+ 100 ppm 02 | E 40
= @® H2+ 1000 ppm 02 b
7] 73
)] Grade J @
= 20 YS =700 MPa - = 20
© Pressure = 1030 bar ©
g K, =145 MPam™ g
2 =0 2
15 0 1 ! 1 I 1 O O
® 0 100 200 300 400 500 600 ©
('R TR

Incubation Time (hr)

Figure 2 - Oxygen Inhibition Effects on SA372 Grade J — from [2]
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Figure 3 - Oxygen Inhibition Effects on X100 — from [2]
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Based on these results SANDIA suggest that oxygen does not change the fracture resistance of steel,

but only delays the onset of cracking.

2.2 Influence of Oxides

SANDIA have performed some sub-scale pipe testing using NPS 2 Sch 40 pipe (nominal 60.3 mm OD,
3.9mm WT). The test involved introducing EDM notches of a nominal depth of 2 mm to both the intermal
and extemal pipe surfaces, then pressure cycling the pipes to failure in both hydrogen and nitrogen
environments. The pipe surfaces were not modified except for the introduction of the EDM notch, and
therefore SANDIA postulate that, for the external notch, the intemal oxide layer should be present. The
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results of the tests showed that the number of cycles to failure was reduced significantly for both internal
and external notches in hydrogen compared to nitrogen.
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Figure 4 - Sub-Scale Pipe Fatigue Testing — From [2]

SANDIA also presented some X-ray Photoelectron Spectroscopy (XPS) results which claimed to
demonstrate that oxides formed on clean X65 steel surfaces even in a high vacuum.
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Figure 5 - XPS Results from [2]

2.3 Influence of Oxygen on Test Results

Related to the potential time dependence of oxygen inhibition, there is significant ongoing research
looking at rate effects in testing and the potential interaction between trace levels of oxygen and the
required rate for testing in hydrogen. This potential time dependence is summarised in Figure 6.
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Figure 6 - Potential Interaction Between Oxygen and Testing Speed from [3]

The hypothesis is that hydrogen embrittlement itself is effectively rate-independent over the range of
testing rates characterised (~0.001 - ~2 MPa.m"2.s"), however trace amounts of oxygen can introduce
an apparent rate sensitivity due to the time-dependence inherent in absorption through the oxide layer.

This hypothesis has not been fully explored, but is gaining increasing attention within the industry with
the latest draft edition of ANSI/CSA CHMC-1 [4] considering allowing faster testing speeds but with
tighter controls (~0.1 ppm maximum) on oxygen content. There is no consensus on the implications of
this, for example the DVGW SyWeSt dataset [5] reported neither testing rate nor oxygen content so
cannot be demonstrated to have complied with the latest draft CHMC-1, however DVGW codes still
reference this dataset as being suitable for use in engineering assessments.
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3 DISCUSSION

3.1 Time Dependency

The SANDIA work demonstrates that, for the materials they have tested, there is a clear time
dependence in terms of time for the fracture arrest threshold (Ktna) to manifest. The implications of these
results for real pipes are discussed below.

The SANDIA results demonstrate that small amounts of oxygen in high pressure hydrogen gas can
delay the onset of Kina by some hundreds of hours, however there is no conclusive proof that this is due
to a delayed incubation time. In theory the delay could have been due to oxygen consumption or
stratification within the test environment, post-test measurements of the oxygen content are not
reported.

It is noted that neither the materials nor the pressure of the tests are representative of pipeline steels,
the materials were specifically chosen to support test validity (linear elastic fracture mechanics) while
the test pressure was presumably chosen to ensure the tests finished in a reasonable time. For the K
applied, real pipeline materials may be in the elastic-plastic region with the mechanism of fracture
therefore being different. The impact of oxygen on this different mechanism at lower test pressures can
therefore be reasonably extrapolated to be similar, but has not been proven. In particular, the
extrapolation may not be linear and it is conceivable that, even if oxygen does just delay rather than
stop hydrogen embrittlement, this delay may be long enough in a real pipeline to significantly extend the
pipeline’s expected lifetime.

As discussed in ROSEN'’s original technical literature review [6], there are various different measurands
which can be chosen to represent “fracture toughness”. The ROSEN review concluded that Krni (crack
extension under rising displacement) was more conservative and representative than Krua (fracture
arrest threshold). The relative effects of oxygen on Kina and Krnitherefore need to be considered. Based
on the results, it appears that small amounts of oxygen in high pressure hydrogen gas can delay the
onset of Kia by some hundreds of hours, whereas even the slowest rising displacement fracture
toughness tests to measure Krwi will last for a shorter period of time, and are thought to represent the
“true” hydrogen affected material toughness. The quantitative relationship between oxygen, time and
fracture toughness is therefore unclear.

The test data presented is restricted to Krri, and is therefore representative of a pre-existing crack
subject to a constant displacement. No test data is available to demonstrate the effect of oxygen on
crack initiation, and this presentation does not address the behaviour of the crack post-initiation. The
ROSEN test data presented as part of this project indicated that oxygen had an effect on the slope of
the J-R curve as well as the reported KJo.2. Although current assessment methods do not generally take
account of the full J-R curve, if oxygen does have an effect on curve shape then this will increase the
resilience and durability of a real pipe and may enable higher fracture toughness assumptions to be
made in engineering assessments.

3.2 Influence of Oxides

The statement by SANDIA that the sub-scale tests prove that oxide scales do not stop hydrogen
embrittlement is not considered to be proven. For the tests with the external notches, the remaining
ligament below the notch would only be ~1.9 mm (3.9 mm WT with a 2 mm notch). When heavily fatigue
cycled, it is possible if not probable that this entire ligament would have been plasticised. If this was the
case, then any previous oxide scale on the internal pipe surface would likely have been disrupted
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exposing bare metal surface. The inference that the subscale test demonstrated that oxide scale was
largely ineffective in stopping hydrogen absorption is therefore not considered robust.

The original ROSEN literature review [6] concluded that the main inhibition mechanism was due to a
layer of chemisorbed oxygen on the steel surface, although it was also recognised that some sources
stated that oxides could form. Previous work by SANDIA referenced in the original ROSEN report
determined using a Density Function Theory (DFT) model that “much fewer” than six monolayers of
oxygen were necessary to block chemisorption of hydrogen, however the recent SANDIA work has also
used DFT to demonstrate that hydrogen can dissociate on oxide surfaces and diffuse into the bulk steel.
It is therefore considered that the new SANDIA modelling work does not conclusively invalidate the
findings of the original ROSEN review. The new work appears to demonstrate that a coherent oxide
layer cannot be relied upon to act as a permanent barrier to hydrogen absorption although the migration
barrier is significantly greater than for a clean surface, which would be expected to result in slower
hydrogen uptake. If this retardation is significant enough, then it is possible that the pipeline’s expected
lifetime could be extended. The latest SANDIA work does not explicitly address chemisorbed oxygen,
and can be read to imply that there is no chemisorbed oxygen, only oxide. This statement contradicts
earlier research cited in [6] and would benefit from greater investigation.

In laboratory tests (including the ones reported by SANDIA) the test specimens are normally entirely
immersed in gaseous hydrogen, there is therefore no concentration gradient of flux between surfaces.
In a real pipe, gaseous hydrogen will only be present at the intemal surface and could escape at the
external surface. This may lead to an equilibrium situation with a higher concentration of hydrogen at
the internal surface and a lower concentration at the external surface. An inhibitor that affects kinetics
of hydrogen ingress at the internal surface could therefore permanently shift the equilibrium
concentration of hydrogen in the lattice. The implications of specimen geometry compared to pipe
geometry, any resulting effects on concentration gradient or equilibrium hydrogen concentration are
therefore unclear.

3.3 Integrity Management Project Scope Prioritisation

Specific topics raised by National Gas with respect to prioritising future integrity management work, and
the ROSEN view on these topics, are discussed below.

3.31 Effectiveness of Inhibition Over Industrially Relevant Timescales

This topic is discussed in Section 3.1. In summary, the SANDIA work does not appear to be definitive
enough to demonstrate the effectiveness or otherwise of inhibition over an industrially relevant timescale
(assumed to be years or decades).

3.3.2 Applicability of SANDIA Work to Fatigue Crack Growth

As discussed in Section 3.1. the test data provided by SANDIA refers only to Krsi, and is therefore
representative of a pre-existing crack subject to a ‘static’ constant displacement. It follows that there is
no new empirical data regarding the time dependence on fatigue crack growth rate (FCGR) since the
mechanisms and kinetic factors involved with fatigue are fundamentally different from fracture under
static loads.

Some potential implications can, however, be considered based on extrapolation and interpretation from
the mechanistic point of view. The SANDIA argument is that the presence of oxide scale only delays the
dissociation and absorption of hydrogen. The implication of this for fatigue crack growth is unclear, since
fatigue is by definition a dynamic effect. In a fatigue scenario, there will be multiple kinetic mechanisms
happening and competing. Mechanically the crack will be extending, exposing fresh metal surface. As
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this bare metal surface is exposed, hydrogen will be dissociating at the surface however simultaneously
fresh oxides will be formed and oxygen will potentially be chemisorbed (see Section 3.2 for discussion
of chemisorption).

At a minimum, the formation of oxide scales will slow the rate of hydrogen embrittlement, the overall
effect of this will be dependent on the different kinetic reactions and rates however a qualitative
argument can be made that FCGR will be slowed in the presence of oxygen considering cyclic loading
frequencies of the order of hours or days, if considering the mechanism of hydrogen embrittlement to
be dominated by the availability of hydrogen from the environment (pipe bore) to adsorb on the crack
surfaces and diffuse to the crack tip region.

An unknown factor is the relative importance of bulk hydrogen concentration in the steel lattice,
compared to that diffusing from crack surfaces to the crack tip region, and the time effects suggested
by the SANDIA data would affect this. Some data exists suggesting that availability of hydrogen to
adsorb from the gaseous environment drives fatigue crack growth, for example as included in [6]
showing that the growth rate for an actively growing fatigue crack in hydrogen is immediately suppressed
by the introduction of oxygen, and immediately accelerates again on removal of the oxygen. However,
this data did not purposefully explore pre-exposure to pure hydrogen for several hundreds of hours such
as in the SANDIA data, so does not rule out time effects.

As part of ROSEN’s original scope of work frequency scans were performed to quantify any dependence
of FCGR on test frequency as reported in [1]. As discussed in the earlier ROSEN report, results of the
frequency scans were dependent on the Kmax applied, however for a Kmax of 38 ksi.in? the FCGR
appeared to be relatively frequency independent below a test frequency of 0.1 Hz. The conclusion made
in [1] was that a test frequency of 0.1 Hz was sufficiently slow to demonstrate the “true” oxygen affected
FCGR, and therefore there were no additional time dependencies. This conclusion remains valid based
on the test data presented, however it should be noted that the minimum test frequency was 0.0001 Hz
(1 cycle per 10,000 seconds, which equates to ~8 cycles per day), which may not be representative of
the diurnal or longer swings typically expected in a gas pipeline.

It should also be noted that the laboratory tests (both frequency scans and Paris law curve generation)
were time-limited, and therefore may not have lasted long enough to reflect industrial timescales. This
argument is impossible to completely refute without tests lasting for decades, however ROSEN'’s
judgement is that the empirical data is sufficient to show that oxygen inhibition will have some beneficial
effect on FCGR.

As discussed in Section 3.1, the SANDIA work does not directly address fatigue crack initiation. The
implication is that, if there is an effect, it will only be a temporary delay however again as discussed this
is not quantified and may be long enough to have some industrial relevance.

It is possible that the anomalous results noted in ROSEN'’s experimental FCGR tests, whereby some
tests performed at the end of a sequence showed lower results than equivalent tests performed at the
start of a sequence, may be a function of this time dependence and / or geometry effects. The
relationship between this apparent time dependence and any consumption of oxygen, as reported in the
earlier work, is unclear and would benefit from further investigation.

3.3.3 Applicability of SANDIA Work to Alternative Inhibitors

In addition to oxygen, various alternative gases have been shown in the laboratory to potentially have
some benefit, for example carbon monoxide (CO) and various sulphur compounds. The applicability of
the latest SANDIA work to these alterative gases is unclear. Mechanistically the chemisorption of CO
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or sulphur compounds are comparable to oxygen, with different strengths or affinities for adsorption.
However, the argument that hydrogen can dissociate and diffuse through oxides (i.e. iron oxides rather
than physisorbed atoms at the surface bonded only by Van der Waals forces) is not directly applicable
to alternative inhibitors, for example sulphur compounds may form iron sulphides. Equally the
experimental work demonstrating the time dependence of Krui can only be strictly applied to oxygen,
not another gas.

Following from the above, ROSEN do not believe that the SANDIA work applies to all gas inhibitors,
however it is conceivable that similar mechanisms and results may apply. If alterative gas inhibitors
are of interest then a significant amount of work is likely to be necessary to quantify the potential benefits,
time dependence and mechanisms.

3.34 Integrity Issues (Corrosion)

National Gas have questioned whether it is possible for oxygen to react with hydrogen to form water in
the pipe. As reported in [6], the original ROSEN literature review found that mixtures of Hz2 and O2 were
chemically stable at pipeline temperatures and pressures, therefore no risk of water generation was
identified. This conclusion is considered to remain valid unless new data becomes available.

3.3.5 Design Philosophy

National Gas have requested some clarification on how to practically take advantage of oxygen
inhibition. In particular, they have raised the question about whether in-air fracture toughness and fatigue
properties can be assumed for design purposes, and how to account for a potential loss of inhibitor
supply in terms of design and integrity management.

It is recommended that consideration on the practical implementation of oxygen inhibition be made a
focus of future work. Specific areas which would benefit from consideration are discussed below.

As identified in [6] there is some evidence that oxygen inhibition is only effective while oxygen is present,
if the oxygen level decreases then the effectiveness of inhibition also decreases. As an initial step, it is
recommended that the circumstances under which this could happen be established. Example
scenarios are as follows:

1. Lack of effective inhibition immediately adjacent to mixing points due to initial inhomogeneity in
the gas.

2. Lack of effective inhibition remote from mixing points due to oxygen consumption.

3. Lack of effective inhibition in areas of low or no-flow (dead legs etc.) due to gas separation or
stratification.

4. Lack of effective inhibition due to preferential leakage / release of oxygen.

5. Lack of effective inhibition due to process upsets, for example issues with oxygen supply or the
injection / mixing mechanism.

The implications of each scenario should then be investigated, looking at both the extent of the network
affected, for example is the effect likely to be localised or general, the potential timescale associated
with the lack of inhibition, and the potential failure modes (see below).

Laboratory data indicates that removal of oxygen will lead to a decrease in fracture toughness and an
increase in fatigue crack growth rate, however the implications of these effects for a real pipeline are
unclear and are related to the failure mechanisms which may be associated with hydrogen pipelines.
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Conventionally, the risk of fracture is assessed using failure assessment diagrams. Simplistically
fracture is considered to be a risk if the applied stress intensity factor at a crack tip is greater than the
material’s fracture toughness (Kr > 1). The choice of measurand to represent the material’s fracture
toughness is therefore key when assessing the risk of fracture. As discussed in [6], multiple measurands
are available and more recent research has concentrated on the definition of KJ (the stress intensity
factor at the point of crack initiation) rather than the more conventional KJo.2 (stress intensity factor at a
0.2 mm offset) from a rising load fracture toughness test. The work reported in [1] looked purely at KJo.2
since the measurement of KJi requires the use of potential drop equipment and is not fully standardised.
A recent EPRG full scale fatigue test in pure hydrogen, designed to quantify the risk of fracture, failed
by leak rather than rupture (effectively the crack fatigued through-wall). This result was despite small
scale tests indicating that Kr > 1 using either the hydrogen affected KJo2 or the hydrogen affected KJin
value as the material’s fracture toughness in an FAD [7]. The implication of these results is that the
definition of acceptable defect size based on an FAD using hydrogen-affected fracture toughness may
be over-conservative and inaccurate. Using oxygen to increase the apparent material fracture
toughness may aid in achieving a positive outcome from an engineering assessment, but the translation
of this into a real world effect at full scale, and the need for this, is therefore uncertain.

The EPRG full scale test also exhibited some anomalous features, which may have been due to crack
growth under a static load however this was not confirmed. Based on these results there are therefore
outstanding questions relating to how to assess the risk of fracture in hydrogen pipelines generally, with
related questions regarding how to assess the impact of oxygen on this risk. Answering these questions
is likely to require additional full scale testing, for example triplicate tests using test media of water / air,
pure hydrogen and hydrogen with a deliberate oxygen addition. Such tests would help to validate or
challenge the EPRG test results, and also quantify the effects of oxygen on a full scale basis, but would
require careful design and would likely to be relatively expensive and time consuming.

Fatigue, and the related design requirements, are in principle easier to address. Assuming that the data
reported in [6] is valid then FCGR differs depending whether oxygen is present or not. Elapsed fatigue
life or fatigue crack growth can be calculated based on pressure data in time periods with or without
inhibitor being present (or assumed to be effective) and summed, either using the S-N curve approach
or fracture mechanics based approach, without much additional work. This approach would benefit from
some additional small scale tests to validate the results previously reported, and potentially also from
an additional full scale test although this could probably be combined with the full scale tests proposed
above.

In summary, the effect of hydrogen on the risk of fracture in a real pipeline is unclear with a recent EPRG
test indicating that conventional assessment methods using laboratory data may be over-conservative.
The inclusion of any beneficial oxygen effect into these assessments is therefore difficult to implement.
Further work, including full scale testing, is likely to be necessary before a definitive position can be
reached.

The effect of oxygen on fatigue crack growth rate appears to be clearer, although see Section 3.3.2 for
more discussion. Subject to this discussion, it appears that different FCGR curves can be applied
depending on the environment.

In terms of the practical implications of oxygen inhibition, some example critical curves are included in
[1]. These show that the critical crack size is very dependent on the material fracture toughness in
hydrogen. If operation at 72% SMYS is desired for the pipe size in question (generally aligned with
natural gas operation) then if “worst case” fracture toughness values are assumed the critical crack size
is below EMAT detection thresholds and may be below the original mill NDT detection thresholds.
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Justification of operation at these higher pressures is therefore challenging unless a higher fracture
toughness (e.g. using oxygen) can be justified.

If the oxygen effect must be relied on for safe operation at the MOP or MIP then a pipeline integrity
management plan should include measures to ensure that the oxygen level is maintained throughout
the network during operation. Contingency plans in case the oxygen level drops, for example reducing
the operating pressure (e.g. from a design factor of 0.72 to an equivalent hoop stress of 180 MPa) could
be required.

34 Review of CPChem Alternative Inhibitors

National Gas have requested that ROSEN review a presentation supplied by Chevron Phillips Chemical
(CPChem) [8] regarding hydrogen odorization and hydrogen embrittlement inhibitors and assess
whether the candidate inhibitors were worth considering.

3.41 Summary of CPChem Findings

CPChem have performed a programme of testing and evaluation to assess nine separate inhibitors for
their effectiveness in inhibiting the effects of hydrogen embrittlement. Four’ of these inhibitors (S1 — S4)
were sulphur based, while five (N1-N5) were non-sulphur based. The testing programme involved
fracture toughness and fatigue crack growth rate testing, and was compared against baseline reference
properties in air, “100%” hydrogen, hydrogen with 10 ppm oxygen and hydrogen with 40 ppm oxygen.
For the fracture toughness testing, results were reported at “KJo” (assumed to represent KJw), KJo2and
KJ1. FCGR results were compared to in-air reference results and the standard B31.12 curve. All testing
was performed on AlSI 4617 steel (i.e. a low alloy steel not typically used in pipeline applications),
baseline mechanical properties were not reported and the number of tests per condition was not
reported.

For the sulphur based inhibitors fracture toughness results are reproduced in Figure 7.

" Only three individual chemicals were tested (S1-S3), inhibitor S4 was a blend of S1 and S2
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Figure 7 - Fracture Toughness in various sulphur based inhibitors compared to hydrogen from [8]

CPChem conclude that inhibitor S1 gave better crack propagation protection while inhibitor S2 gave
better crack initiation protection. They also concluded that inhibitor S4 (blend of S1 and S2) did not
increase overall performance.

Fracture toughness results for the non-sulphur inhibitors are included in Figure 8.
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Figure 8 - Fracture Toughness in various non-sulphur based inhibitors compared to hydrogen from [8]

CPChem concluded that inhibitors N4 and N6 significantly outperformed all non-sulphur inhibitors
tested, that there was no clear structure property relationship and that the “concentration response was
not as expected”.

Finally CPChem performed some FCGR tests comparing inhibitors S2, N4 and N6 against reference
curves in hydrogen and air. Results are shown in Figure 9.
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Figure 9 - FCGR Curves in various environments from [8]
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CPChem concluded that inhibitor S2 showed the lowest crack growth rate, confirming its superior
resistance. They also concluded that the effect of S2 was possibly due to affecting hydrogen diffusion,
while inhibitors N4 and N6 likely affected surface adsorption or offered a shielding effect.

3.4.2 Discussion of CPChem Findings

Most of the test results presented by CPChem imply that the inhibitors were less effective than 40 ppm
oxygen, and by implication would be significantly less effective than higher amounts of oxygen. This is
consistent with the literature reviewed by ROSEN in this project, which found oxygen to be the most
potent inhibitor, above CO and significantly above sulphur compounds.

The mechanism of inhibition for the different chemicals is not discussed in detail, however assuming
that most of them affect surface adsorption then this appears to be similar to oxygen, with the same
caveats therefore applying with respect to long term exposure and the potential for the inhibitors to
merely delay rather than prevent hydrogen embrittlement. Notwithstanding this, the delay is unquantified
so, similar to oxygen, may be long enough to be useful for industrial applications. The delay time
compared to oxygen has not been investigated.

The most interesting result reported by CPChem is the apparent effect of inhibitor S2 (a 10 ppm bulky
and sterically hindered alkyl mercaptan) on KJo / KJi. According to the CPChem results oxygen had
basically no effect on KJo/ KJt, although this was limited to 40 ppm oxygen (the effect of higher oxygen
levels on KJi was not investigated as part of the original ROSEN test scope), whereas the S2 effectively
doubled the reported KJo/ K. Equally the KJo / KJth, KJo.2 and KJ1 values were all close together for
inhibitor S2 (closer than for any other condition tested). This implies that the resulting J-R curve was
flatter, and may imply a change in fracture morphology. This result appears to warrant further
investigation to determine its repeatability, and also to determine whether there was any time
dependence. It is also noted that when S1 and S2 were blended to form S4 they appeared to interact
antagonistically rather than synergically (i.e. the reported fracture toughness values in S4 were lower
than either S1 or S2 individually). The implications of this result in terms of inhibition mechanisms and
repeatability of results should be investigated.

In conclusion, based on the data provided none of the inhibitors tested by CPChem present significant
additional inhibition benefits compared with 40 ppm oxygen, and by implication would be significantly
less effective than 250 or 500 ppm oxygen. The exception to this is inhibitor S2, which appears to
increase K, this may be worth further investigation particularly if there are other benefits such as lack
of reactivity / consumption with steel surfaces, flammability or other safety aspects, and effects on end
users.
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4 CONCLUSIONS

The recent SANDIA work is informative, deserves close consideration and does raise data that is
potentially consistent with the argument that oxygen inhibition only delays onset of cracking under static
loads. However, it should be noted that it is based on much higher strength steels and much higher
hydrogen pressures than are relevant for the NTS. It is ROSEN’s position that it does not conclusively
disprove the potential for oxygen inhibition for long-term inhibition of hydrogen embrittlement, but does
warrant further testing using representative materials and test parameters, if the inhibition is to be relied
upon.

It should also be strongly considered that even if the effect is only to delay embrittlement, the time scales
indicated by the SANDIA data may still mean there is the potential for a complete or significant reduction
of fatigue crack growth rates under cyclic loading in hydrogen. There could still, therefore, be valuable
applications for oxygen inhibition where there are concerns over fatigue life. Again, further testing may
be necessary to prove that the inhibiting effect can still be relied upon following pre-exposure to
hydrogen over longer time periods, or considering low frequencies of cyclic stress.

The time dependence of hydrogen embrittlement per se, together with the potential for time-dependent
crack growth under a static load, is currently unquantified. Given this uncertainty, it is therefore very
difficult to ascertain the time dependency of oxygen inhibition and to an extent the two mechanisms
must be considered together. This is already being done within CHMC-1 with the relationship between
oxygen concentration and testing rate.

To address the concems raised though SANDIA, future work is recommended to follow two approaches.
A more detailed fundamental understanding of the mechanisms of hydrogen embrittlement and oxygen
inhibition is obviously desirable, but would also involve some fundamental academic research. In parallel
some empirical studies are recommended to try to demonstrate the effects of oxygen in a real pipe.
Examples that could be considered are comparative full scale long-term tests in an inert environment,
in “pure” hydrogen, and in hydrogen with oxygen inhibition.

Further work is recommended looking at how any beneficial effect of oxygen inhibition can practically
be taken into account during design and integrity management. This work should look at both the
mechanisms where oxygen could become depleted, and the effects of the presence or otherwise of
oxygen on fracture and fatigue.

In terms of altemative inhibitors presented by CPChem, inhibitor S2 appears to warrant further
investigation however the other inhibitors appear to be less effective than 250 ppm oxygen, but may
warrant further consideration if the use of oxygen is found not to be viable for safety or practical reasons.
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1 COST BENEFIT TOOL

This document provides detail on each worksheet within the cost benefit analysis spreadsheet model
“19878 O2 Inhibition Cost Benefit Model rev 1-0.xIsx” [1]. This spreadsheet has been provided to
National Gas Transmission (NG) and provides a high level cost benefit assessment comparing the
following three scenarios:

1. Maintaining current operating parameters for all feeder pipelines while transporting 100%
Hydrogen. This scenario requires the introduction of an Oxygen inhibitor at each inlet on the
national transmission system (NTS) to a concentration of 500 ppm.

2. Maintaining current operating parameters for all feeder pipelines while transporting a 20%
Hydrogen, 80% Natural Gas blend. This scenario requires the introduction of an Oxygen inhibitor
at each inlet on the NTS to a concentration of 500 ppm.

3. Reducing the design factor and therefore, the operating parameters for all pipelines on the NTS
when used to transport Hydrogen in any concentration. This option would not require Oxygen
inhibition, as the reduced operating pressure would be sufficient to mitigate against Hydrogen
induced cracking within the pipeline materials. In addition, in order to provide a similar energy
delivery capacity as the network today, network reinforcement may be required for some pipelines.

The Cost Benefit Model consist of the following worksheets:

o Feeder Details

¢ Reinforcement Required
e NTS Inputs

e 02 Requirements

o 02 Injection Sites

e CBA Results

For each worksheet within the cost benefit model spreadsheet; a short summary is provide in each of
the following sections.

1.1 Feeder Details

The “Feeder Details” worksheet includes information for all pipeline sections on the NTS. This data
was extracted from the National Gas Pipeline data book [2]. This data provides the inputs for other
worksheets.

A number of pipeline sections have been identified as having erroneous data in the data book and these
will require review. However, for the purposes of the cost benefit, the data has not been corrected.

This data includes the following extracted from the pipeline data book:

e FDR No - Feeder Number

e FROMASSETL — AGI at start of pipeline section

e TOASSETLOC — AGI at end of pipeline section

e LENGTH_KM - Pipeline section length, km

e NOMINALDIA — Nominal diameter of pipeline section, mm

e MOP_BAR — current MOP of pipeline section, bar

o GRADE - Material grade of the pipeline section

e WALLTHICKN — Nominal wall thickness of the pipeline section, mm

© ROSEN
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The following columns and calculations have been included in this sheet for the analysis:

e SMYS - the specified minimum yield strength of the material grade listed, N/mm?

e Minimum WT — minimum wall thickness possible using manufacturing tolerances, mm

e Diameter — Actual diameter of the pipeline, mm

o DF - Design factor of the pipeline under current operating conditions

e Reduced DF — the required design factor for pipelines for the specific material grade when used for
transporting Hydrogen, as specified by IGEM/TD/1 Edition 6 Supplement 2 [3]

e ROP (Reduced operating pressure) — the equivalent operating pressure for the reduced design
factor when transporting Hydrogen, bar

o ZEM — Zone effective MOP as determined by DNV Report 10524402 [4], bar

o ROP or ZEM < MOP? — A logic check to identify if the pipeline operating pressure needs to be
reduced if it were used to transport Hydrogen (in any concentration).

The ZEM is the maximum MOP for Hydrogen service of a pipeline, limited by network operation and
design of all connected pipelines, for example, if one pipeline is limited to a maximum operating
pressure of Il all other connected pipelines shall also be limited to that MOP. Currently, no pipeline
specific ZEM has been provided for each of the pipeline sections, with the DNV report only providing
ZEM s for pipeline regions across the NTS. It is unknown where the boundaries are for each region and
therefore, which pipe sections fall into each region. It is therefore recommended that further detail is
provided on the pipelines within each region so the ZEM can be applied to each pipeline section. This
can then be updated in this worksheet.

It is recommended that NG should review the pipeline data book in detail, and complete any missing
pipeline data or update any erroneous data identified as highlighted above. This review might include
completing missing information, and also a review of the calculated design factor, as this would offer
guidance of where the pipeline information currently in the data book is not correct, for example where
the pipelines are calculated to be operating with a design factor over 1.

1.2 Reinforcement Required

The “Reinforcement Required” worksheet determines the total length of pipelines that require
reinforcement for Scenario 3.

Reinforcement is assumed to be required where the current operating pressure of the pipeline (MOP)
cannot be maintained when transporting Hydrogen i.e. the ROP or ZEM are lower than the current
MOP. Due to requiring a lower operating pressure, the pipeline capacity is reduced and therefore, a
reinforcement pipeline is required.

No network analysis has been carried out for the proposed reinforcement, therefore for this analysis, a
reinforcement pipeline is considered to be an identical pipeline with the same pipeline parameters such
as diameter, wall thickness, and length.

This worksheet includes a summation of all pipeline lengths by nominal diameter where the ROP or
ZEM are lower than the current MOP. The total number of pipeline sections requiring reinforcement has
also been calculated.

The calculations assume a single pipe laying set up cost per pipeline section requiring reinforcement,
and then an incremental cost for pipe laying per metre. The pipe laying set up cost is intended to cover
activities such as pipeline design, procurement, and all activities required for constructing a new
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pipeline. The incremental cost per metre is for the activities on site while constructing the pipeline.
Based on these numbers, it is possible to calculate a total cost for reinforcing all the pipeline sections
with duplicate pipelines where their operating pressure must be reduced when transporting Hydrogen
and or Hydrogen / Natural Gas blends.

It is recommended that the average costs for all stages of pipeline design and construction should be
reviewed, with any updated values then input into this cost benefit model.

In order to improve the reinforcement costings, network analysis should be carried out for each offtake,
considering the required flow rates for 100% Hydrogen and the 20% Hydrogen 80% Natural Gas blend,
and whether the pipeline(s) feeding that offtake can provide that flow at the reduced operating
parameters. Where the pipeline(s) cannot provide the required throughput, reinforcement options
would need to be considered by network analysis, considering all altemative supply points, as well as
duplicating the same pipeline feeding the offtake.

1.3 NTS Inputs

In order to determine the costs for oxygen inhibition, two main considerations are the quantity of Oxygen
required and the location where the Oxygen will be required.

The “NTS Inputs” worksheet include a list of all inputs into the NTS provided by NG, including all
terminals, storage sites, and interconnector pipelines. It is currently assumed that, if oxygen was to be
used to inhibit Hydrogen induced cracking, injection points would be situated at these locations.

NG provided a record of the daily Natural Gas flows for these sites [5] for the period of 01/01/2024 to
06/06/2025, and the average and maximum flows for the 1-year period of 07/06/2024 to 06/06/2025
have been extracted and included in this worksheet for each site / input.

In order to assist in determining where Oxygen is required on the NTS, these site names have been

simplified into common sites, for example GGG
|
I have all been simplified to “| N

It is recommended that the gas flow data is reviewed for a greater period of time, to identify the worst
case scenario in terms of daily Oxygen use and also to confirm the average from 2024-2025 is typical
for a year.

1.4 02 Requirements

The “O2 Requirements” worksheet calculates the number of Oxygen tankers that would be required at
each of the NTS input sites. Using the simplified site names assigned on the “NTS Inputs” worksheet,
a summation of all the gas flows through each site is calculated based on the average daily flow.

It is assumed that the energy of 100% Hydrogen or Blended gas is required to be the same as Natural
Gas. Using parameters provided, the yearly flow of Natural Gas is converted into equivalent flows of
Hydrogen (or Blend) with the same energy output using a flow factor determined as a ratio of the calorific
value and density of the gas of Hydrogen (or Blend) compared to that of Natural Gas. From this, the
worksheet then calculates the amount of Oxygen required to maintain 500 ppm in the flow for both
100% Hydrogen service 20% Blended service, and hence the number of tankers of liquified Oxygen
that are required each day at each site can be calculated.
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This number of tankers are then summed up to provide a number of tankers required per day across
the entire NTS. This number is then multiplied by the price per tanker of liquified Oxygen based on the
price per tonne of liquid Oxygen, and that is then used to calculate the cost of liquified Oxygen across
the NTS every year. The price per tonne of liquid Oxygen is taken as an average cost based on various
internet sources, and will need to be validated by a supplier of liquid Oxygen, as this may have a
significant impact the outcome of the model.

1.5 02 Injection Sites

The “O2 Injection Sites” worksheet includes information and costs for designing, procuring, and
constructing the injection systems for the Oxygen across the NTS. The current list of equipment is not
complete, but an estimation based on the known information at this low technology readiness level. It
is recommended that the design of an Oxygen injection system should be carried out and fully costed,
along with the surrounding installation pipework required for incorporating this system. Gas analysis,
monitoring, and recording should also be determined and any variation in cost added to the list of costs
within this cost benefit model. Cost currently used in the model are based on quotes for similar
equipment in 2021.

It is assumed that all the NTS input sites will require an injection system, and these shall be supported
by injection systems at NTS compressor stations. These compressor stations are intended as back up
if the levels of Oxygen are found to be below the target concentration in the gas being transported. It
is also assumed that a single back up system will be required at all NTS inputs and compressor sites
to protect the NTS in the event of an injection system failing. With the number of NTS inputs and
compressors known, and assuming a single backup system is sufficient, the cost for these injections
systems/sites are calculated.

Additional monitoring points have also been considered at the outlets of the NTS to the local distribution
zones. It is assumed that the gas must be analysed at these offtakes to ensure the appropriate quality
and Oxygen content before the gas exits to other Networks. For these offtakes, the cost of an analyser
and installation cost has been considered. These can be updated once further costs are known.

1.6 CBA Results

The “CBA Results” worksheet brings the final results together onto one sheet.

For the two options requiring Oxygen inhibition, the estimated costs for the installation of the injections
sites, and monitoring sites, have been included, as well as the annual cost for the Oxygen required.

For the third scenario not requiring Oxygen inhibition, the cost for reinforcing the pipelines with reduced
design factor is also included.
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2 ASSUMPTIONS

The assumptions made in the cost benefit analysis model, as described in Section 1, have been
summarised in Table 1.

Worksheet Assumption(s)

Feeder Details ¢ All information contained within the 2024 pipeline data book is correct

e If the required design factor for transporting Hydrogen results in a lower
operating pressure than the current MOP, or the ZEM is lower than the
Reinforcement current MOP then the pipeline will require reinforcement

Required ¢ The reinforcement pipeline is a duplicate pipeline, assuming an identical
route / pipeline length

e The pipe laying setup cost and the incremental cost per metre

e The maximum flow rates for the 1-year period of 07/06/2024 to 06/06/2025

NTS Inputs have been used in this model.

¢ Itis assumed that the energy of 100% Hydrogen or Blended gas is
required to be the same as Natural Gas, therefore, the flow rates of these
02 Requirements gases have been calculated for an equivalent energy throughput.

e The cost for liquid Oxygen has been assumed to be Il per tonne,
based on an average value from a number of intemet sources.

¢ Prices for injection systems and associated equipment, including the gas
analysers required at both injection and monitoring sites, were based on
quotes for similar equipment in 2021.

e The cost for installing all equipment at both the injections sites and
monitoring sites

¢ Number of monitoring points across the NTS, currently assumed to be at
every offtake from the NTS

¢ Number of back up systems required per injection and compressor site

02 Injection Sites

CBA Results None

Table 1: Cost Benefit Model Assumptions

3 FINDINGS

Based on the costings and assumptions used and described in Section 1 and Section 2, the costs for
the three scenarios have been calculated.

The cost for the installation of the injection and monitoring stations remains the same whether the
intention is to transport 100% Hydrogen or a blend of 20% Hydrogen and 80% Natural Gas.

A significant factor in this model is the volume of Oxygen required, and its cost. When assuming an
equivalent energy throughput, when transporting 100% Hydrogen, the cost for this Oxygen is
approximately 3 times higher than that of the cost of Oxygen required if transporting a blend of 20%
Hydrogen 80% Natural Gas. This is due to the energy capacity and density of Hydrogen when compared
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to the proportion of Natural Gas within the Blend. This cost of Oxygen is a recurring cost every year that
the inhibitor is deployed.

When considering the option to reduce the operating parameters of the pipelines to eliminate the need
for Oxygen inhibition, based on the assumptions made for the required pipeline reinforcements, a cost
for reinforcing the NTS can be provided. The costs used in the model need to be validated by NG and
network analysis could be carried out to further refine reinforcement options.

4 RECOMMENDATIONS

The following recommendations are made for future consideration:

1. The ZEM for the individual pipeline sections should be requested from DNV.

2. NG should review the pipeline data book in detail, and complete any missing pipeline data or update
any erroneous data identified.

3. The average costs for all stages of pipeline design and construction should be reviewed, with the
updated values used in this cost benefit model.

4. Network analysis should be carried out for each offtake, considering the required flow rates for
100% Hydrogen and the 20% Hydrogen 80% Natural Gas blend, and whether the pipeline(s)
feeding that offtake can provide that flow at the reduced operating parameters. Where the
pipeline(s) cannot provide the required throughput, reinforcement options would need to be
considered by network analysis.

5. Gas flow data is reviewed for a greater period of time, to identify the worst case scenario in terms
of daily Oxygen use and also to confirm the average from 2024-2025 is typical for a year.

6. The cost of liquid Oxygen should be validated by a supplier of liquid Oxygen, as this may have a
significant impact the outcome of the model.

7. The design of an Oxygen injection system should be carried out and fully costed, along with the
surrounding installation pipework required for incorporating this system. Gas analysis, monitoring,
and recording should also be determined and any costs added to this cost benefit model.

5 FURTHER CONSIDERATIONS

Further to the costings and recommendations provided in the above sections, the further consideration
should be given to the following:

1. The model does not include ongoing operational costs (OPEX) other than the yearly Oxygen use.
OPEX costs may include additional activities such as injection system maintenance and periodic
fatigue assessments.

2. The model does not include any cost for Oxygen storage on installations. This may require
cryogenic storage facilities for liquid Oxygen storage. Depending on the final solution for Oxygen
provision, storage facilities will need to be costed and considered.

3. Expected flow pattems will need to be reviewed, with expected Oxygen requirements and the
logistics planned in, as the number of tankers required per day will change depending on the flow
rates through each input. During the Winter/peak months, these required tanker numbers may be
significantly higher than the Summer months.

4. The number of tankers based on the maximum flow rate has been calculated in this model to allow
planning at each NTS input, however, these numbers are based on flow data from 07/06/2024 to
06/06/2025. Flow data from a much longer time span should be reviewed to ensure that the
planning and logistics is carried out effectively.
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Summary

		Introduction

		The purpose of this task is to identify a list of critical technology elements (CTE’s) related to the adoption of an Oxygen inhibitor on the National Transmission System (NTS).

		While all CTE's need to be addressed prior to full technology implementation; the path to implementation is iterative and this process will also allow a prioritised approach to be taken with the CTE's scored based on technology risk, cost and time.



		Approach

		In order to provide a robust process of identifying critical technology elements; IGEM TD/1 Edition 6 (Steel pipelines for high pressure gas transmission), IGEM TD/1 Edition 6 Supplement 2 (High pressure Hydrogen pipelines) and IGEM TD/16 Edition 2 (Biomethane injection) were reviewed and problem statements considered for each Section headers based on the content in each standard. In this process each header became a critical technology element to be considered for problem statements associated with the use of oxygen as an inhibitor.



		Scoring

		Each problem statement was then considered against the technology risk, the problem solving cost and the time to solve each problem. A qualitative scoring was considered based on numbers 1 to 3.

		   What is the technology risk where; 1 is low, 2 is medium and 3 is high

		   What is the problem solving cost where; 1 is low, 2 is medium and 3 is high (<£100k, <£1M, >£1M) 

		         Note – the above is separate from any potential cost of implementation on the network

		   What is the expected time to answer the problem, where; 1 is low, 2 is medium and 3 is high (<1week, <1month, <1year)

		An overall score for ranking was then calculated as = (3 * technology risk) + (1 * cost) + (1 * timescale), with the technology risk being weighted more heavily to account for the potentials for showstoppers.



		RAG status

		A RAG status (Red, Amber, Green) was then applied based on the following score:

		Green = 5 or less

		Amber = 6 to 9

		Red = Greater than 10



		CTE Priorities

		The CTE's have been ranked based on their overall score with the reds detailed in work sheet 'CTE Priorities' ranked by their score from high to low with duplicates removed; therefore, identifying what are considered the biggest risks to the introduction of oxygen as an inhibitor. Additional information on potential solutions and outputs has been included for high priority items.









CTE Priorities

		Rank		Problem Statement		Solution		Output		Technology Risk		Problem Solving Cost		Time to Solve problem		RAG		Score

		1		Full scale experimental testing is required to physically test performance of full system including injection, storage, top up, etc the results of which is unknown		Full scale demonstration of design across operating envelope		Validation of design and system performance		3		3		3				15

		2		Oxygen inhibition does not mitigate against hydrogen embrittlement and failure by fracture occurs		Lab and full scale testing to demonstrate inhibiting effect across range of materials on NTS 		Validation of previous testing across wider pipe and fitting population		3		3		2				14

		3		Oxygen inhibition does not mitigate against hydrogen embrittlement therefore fatigue life is reduced to unacceptable levels		Lab and full scale testing to demonstrate inhibiting effect across range of materials on NTS		Validation of previous testing across wider pipe and fitting population		3		3		2				14

		4		Oxygen inhibition may not be effective over industrial timescales		Lab and full scale testing to demonstrate inhibiting effect across range of materials on NTS over applicable timescales		Validation of previous testing across proposed timescales for the wider pipe and fitting population		3		3		2				14

		5		Legislation may restrict use of oxygen as an inhibitor		Desktop study requiring industry and government engagement 		Legislation updated		3		1		3				13

		6		Maximum level must not reach lower explosive limit across the network including any dead legs		Full scale demonstration of design across operating envelope		Validation of proposed mitigation		3		2		2				13

		7		Significant volumes of oxygen will be required this may be tankered in or piped. Site storage may be required and sufficient precautions to ensure safety		Agreed design solution and full scale demonstration across operating envelope		Validation of design and system performance		3		2		2				13

		8		A method to maintain 500 ppm of oxygen into the gas product to be developed across the range of flows and pressures		Agreed design solution and full scale demonstration across operating envelope		Validation of design and system performance		3		2		2				13

		9		A minimum level shall be maintained for inhibitor to work; consider oxygen consumption rate and other variables		Lab and full scale testing to identify oxygen consumption rate across range of materials on NTS over applicable timescales		Confirmed operating variables for design		3		2		2				13

		10		The recommended oxygen concentration based on testing in pure Hydrogen has not been confirmed for hydrogen blends.		Lab and full scale testing to demonstrate inhibiting effect across range of materials on NTS with H2 blends		Confirmed operating variables for design		3		2		2				13

		11		Gas with oxygen inhibitor may be outside of gas quality requirements and customers (& storage or interconnectors) cannot accept gas or the customer may not want to accept gas with increased oxygen content		Desktop study requiring industry and government engagement 		Confirmation of acceptance by industry and government		3		1		2				12

		12		Understand all other components/impurities in the line which could consume oxygen		Lab and full scale testing to identify oxygen consumption rate across range of materials on NTS over applicable timescales		Confirmed operating variables for design		2		3		3				12

		13		Oxygen inhibitor loss of supply leading to immediate pipeline failure		Agreed design solution with appropriate control measures and mitigations demonstrated across the operating envelope		Validation of design and system performance		2		2		2				10

		14		Operating parameters with oxygen inhibitor to be defined		Agreed design solution and full scale demonstration across operating envelope		Validation of design and system performance		2		2		2				10

		15		Oxygen inhibitor alters the purging and venting procedures so IGEM/SR/22 or IGEM/SR/23 can no longer be followed		Desktop study and full scale demonstration to validate updated procedures		Validation of current purging / venting procedures or acceptance of updates / new procedures		2		2		2				10

		16		Sufficient oxygen is required to be available to inhibit the network 		Agreed design solution and full scale demonstration across operating envelope		Validation of design and system performance		2		2		2				10

















CTE TD1 & TD16 

		Clause No.		IGEM/TD/1 CTE		Problem Statement		Technology Risk		Problem Solving Cost		Time to Solve Problem		RAG		Score

		1		Introduction		Current requirements may not be valid		1		1		1				5

		2		Scope		Current requirements may not be valid		1		1		1				5

		3		Management systems for pipelines

		3.1		Competency		Current requirements may not be valid		1		1		1				5

		3.2		Quality assurance and quality control		Current requirements may not be valid		1		1		1				5

		3.3		Safety management		Large volumes of oxygen are handled by industry but not in this context (standards, policies and procedures)		1		2		2				7

		3.4		Environmental management		There is potential for a large scale release of oxygen and or oxygen / methane / hydrogen mixtures existing standards to not account for this		1		2		2				7

		3.5		Integrity management		Oxygen inhibition does not mitigate against hydrogen embrittlement and failure occurs		3		3		2				14

		4		Planning and legal considerations for pipelines

		4.1		Planning		Current requirements may not be valid		1		1		1				5

		4.2		Legal considerations		Current requirements may not be valid		1		1		1				5

		5		Design

		5.1		Standards		Current requirements may not be valid		1		1		1				5

		5.2		Operating and design temperatures		Current requirements may not be valid		1		1		1				5

		5.3		Linepipe		Current requirements may not be valid		1		1		1				5

		5.4		Fatigue		Oxygen inhibition does not mitigate against hydrogen embrittlement therefore fatigue life is reduced to unacceptable levels		3		3		2				14

		5.5		Fittings		Current requirements may not be valid		1		1		1				5

		5.6		Component selection		Current requirements may not be valid		1		1		1				5

		5.7		Factory-applied coatings		Increased oxygen content has a negative impact on internal applied coatings causing coating failure		1		2		2				7

		6		Design of pipelines

		6.1		Gas pressure and quality		Future design requirements will require a lower design factor reducing the pipeline design stress to avoid hydrogen induced cracking		1		1		1				5

						Gas with oxygen inhibitor may be outside of gas quality requirements and customers (& storage or interconnectors) cannot accept gas or the customer may not want to accept gas with increased oxygen content		3		2		1				12

		6.2		Design velocity		Additional corrosion product from the introduction of additional oxygen may limit velocities		1		1		1				5

		6.3		Sizing of linepipe		To maintain future operating pressures changes in pipe diameter may be required to reduce design factors		1		1		1				5

		6.4		Wall thickness of linepipe		To maintain future operating pressures heavier pipe wall thicknesses will be required to reduce design factors		1		1		1				5

		6.5		Additional loads		Oxygen inhibitor injection adds additional loading causing pipeline failure not designed for		1		2		2				7

		6.6		Fatigue		Oxygen inhibition does not mitigate against hydrogen embrittlement therefore fatigue life is reduced to unacceptable levels		3		3		2				14

		6.7		Area types and design criteria		Current requirements may not be valid		1		1		1				5

		6.8		Safety evaluation and risk analysis		Oxygen inhibition impacts the existing safety assessments and a evaluation is required to demonstrate suitability to operate a high pressure pipeline		1		2		2				7

		6.9		Impact protection against third party interference		Current requirements may not be valid		1		1		1				5

		6.11		Traffic routes (including roads, railways and water courses)		Current requirements may not be valid		1		1		1				5

		6.11		Pipelines running parallel to or crossing other major pipelines		Current requirements may not be valid		1		1		1				5

		6.12		Sleeving		Current requirements may not be valid		1		1		1				5

		6.13		Valves		Increased oxygen in the network degrades rubber seals and valves no longer isolate sections of pipe		1		2		2				7

		6.14		Pigging		Current requirements may not be valid		1		1		1				5

		6.15		Overhead pipe crossings		Current requirements may not be valid		1		1		1				5

		6.16		Other design issues		Special localised wall thicknesses greater than 30mm may be difficult to inspect and therefore, defects could be missed later leading to failure		1		1		1				5

		6.17		Design records		Current requirements may not be valid		1		1		1				5

		7		Construction of pipelines

		7.1		General		Current requirements may not be valid		1		1		1				5

		7.2		Administration		Current requirements may not be valid		1		1		1				5

		7.3		Safety		Current requirements may not be valid		1		1		1				5

		7.4		Environment		Current requirements may not be valid		1		1		1				5

		7.5		Receiving materials		Current requirements may not be valid		1		1		1				5

		7.6		Entry onto land and setting out		Current requirements may not be valid		1		1		1				5

		7.7		Working width and fencing		Current requirements may not be valid		1		1		1				5

		7.8		Surveying for bends		Current requirements may not be valid		1		1		1				5

		7.9		Pipe stringing		Current requirements may not be valid		1		1		1				5

		7.10		Field bending		Current requirements may not be valid		1		1		1				5

		7.11		Lining-up for welding		Current requirements may not be valid		1		1		1				5

		7.12		Welding		Current requirements may not be valid		1		1		1				5

		7.13		Night caps		Current requirements may not be valid		1		1		1				5

		7.14		Joint coating		Current requirements may not be valid		1		1		1				5

		7.15		Trench excavation		Current requirements may not be valid		1		1		1				5

		7.16		Depth of cover		Current requirements may not be valid		1		1		1				5

		7.17		Inspection of coating		Current requirements may not be valid		1		1		1				5

		7.18		Lowering pipe into a trench		Current requirements may not be valid		1		1		1				5

		7.19		Bedding and covering pipe		Current requirements may not be valid		1		1		1				5

		7.2		Backfilling		Current requirements may not be valid		1		1		1				5

		7.21		Crossings		Current requirements may not be valid		1		1		1				5

		7.22		Sleeved and tunnel crossings		Current requirements may not be valid		1		1		1				5

		7.23		Foundations		Current requirements may not be valid		1		1		1				5

		7.24		Reinstatement		Current requirements may not be valid		1		1		1				5

		7.25		Pigging		Current requirements may not be valid		1		1		1				5

		7.26		Marker posts		Current requirements may not be valid		1		1		1				5

		7.27		Testing		Current requirements may not be valid		1		1		1				5

		7.28		Tie-ins after testing		Current requirements may not be valid		1		1		1				5

		7.29		Post-construction coating and Close Interval Potential Survey		Current requirements may not be valid		1		1		1				5

		7.3		Cathodic protection		Current requirements may not be valid		1		1		1				5

		7.31		Commissioning		Current requirements may not be valid		1		1		1				5

		8		Testing of pipelines

		8.1		Planning/preliminary requirements		Current requirements may not be valid		1		1		1				5

		8.2		Hydrostatic strength testing		Current requirements may not be valid		1		1		1				5

		8.3		Pre-testing		Current requirements may not be valid		1		1		1				5

		8.4		Test equipment		Current requirements may not be valid		1		1		1				5

		8.5		Acceptance criteria		Current requirements may not be valid		1		1		1				5

		8.6		Safety - general		Current requirements may not be valid		1		1		1				5

		8.7		Safety - pipelines		Current requirements may not be valid		1		1		1				5

		8.8		Safety - small bore pipework on pipelines (pneumatic testing)		Current requirements may not be valid		1		1		1				5

		8.9		Test sections		Current requirements may not be valid		1		1		1				5

		8.10		Fitting of test ends		Current requirements may not be valid		1		1		1				5

		8.11		Water supply		Current requirements may not be valid		1		1		1				5

		8.12		Repair of test failures and leaks		Repairs are not suitable for increased levels of oxygen leading to pipeline failure		1		1		1				5

		8.13		Recording and documentation		Current requirements may not be valid		1		1		1				5

		9		Commissioning of pipelines

		9.1		General		Current requirements may not be valid		1		1		1				5

		9.2		Preliminary arrangements		Current requirements may not be valid		1		1		1				5

		9.3		Preliminary pigging		Current requirements may not be valid		1		1		1				5

		9.4		Drying, purging and gassing up		Current requirements may not be valid		1		1		1				5

		9.5		Pressurising		Current requirements may not be valid		1		1		1				5

		10		Protection against corrosion

		10.1		General		Injection of oxygen increases corrosion rates which can lead to pipeline leakage		1		1		1				5

		10.2		Special situations		Injection of oxygen increases corrosion rates which can lead to pipeline leakage		1		1		1				5

		10.3		Coatings		Increased oxygen content has a negative impact on internal applied coatings causing coating failure		1		2		2				7

		10.4		Cathodic protection		Current requirements may not be valid		1		1		1				5

		10.5		Records		Current requirements may not be valid		1		1		1				5

		11		Associated installations

		11.1		General		Current requirements may not be valid		1		1		1				5

		11.2		Pipeline - Installation Demarcation		Current requirements may not be valid		1		1		1				5

		12		Operation and maintenance of pipelines

		12.1		General		Current requirements and reference standards may not be valid		1		2		3				8

		12.2		Management		Existing surveillance, inspection and maintenance frequencies may not be suitable		1		3		3				9

						Operatives are not trained on the storage and transportation of oxygen leading to harm		1		1		1				5

						Oxygen inhibitor alters the purging and venting procedures so IGEM/SR/22 or IGEM/SR/23 can no longer be followed.		1		2		2				7

		12.3		Records		Current requirements may not be valid		1		1		1				5

		12.4		Operational pressure limits		Operating limits to be defined with inhibitor to ensure safe operation		2		1		2				9

						Legislation may restrict use of oxygen as an inhibitor		3		1		3				13

						Hazard distances may be impacted by oxygen inhibition and pipelines may require new risk assessments to comply		1		2		2				7

		12.5		Overpressure		Overpressure with a hydrogen/natural gas/oxygen mixture may lead to fracture		1		1		1				5

		12.6		Reassessment of Design Life		Oxygen inhibition does not mitigate against hydrogen embrittlement therefore fatigue life is reduced to unacceptable levels		3		3		2				14

		12.7		Surveillance		Current requirements may not be valid		1		1		1				5

		12.8		Inspection		Current requirements may not be valid		1		1		1				5

						Existing surveillance, inspection and maintenance frequencies may not be suitable		1		3		3				9

						Oxygen inhibitor loss of supply leading to immediate pipeline failure		2		2		2				10

		12.9		Maintenance		Existing surveillance, inspection and maintenance frequencies may not be suitable		1		3		3				9

						Oxygen inhibitor injection and storage equipment will require regular maintenance to be defined		1		2		2				7

						Oxygen inhibitor alters the purging and venting procedures so IGEM/SR/22 or IGEM/SR/23 can no longer be followed.		1		2		2				7

		12.10		Non-routine activities

						Increased oxygen in the network degrades rubber seals and valves no longer isolate sections of pipe		1		2		2				7

						Oxygen inhibition system requires new site safe systems of works and  hazard management		1		2		2				7

						Isolation procedures required for oxygen inhibition system		1		2		2				7

						Maximum level must not reach lower explosive limit across the network including any dead legs		3		2		2				13

						Hazard distances may be impacted by oxygen inhibition and pipelines may require new risk assessments to comply		1		2		2				7

						Existing procedures for welding of live pipelines may not be suitable		1		2		2				7

		Additional clauses from TD/1 Supplement

		13		Repurposing an existing natural gas pipeline

				Requirements for repurposing		Current requirements stated may not be valid		1		1		1				5

						Operating parameters with oxygen inhibitor to be defined		2		2		2				10

						Gas with oxygen inhibitor may be outside of gas quality requirements and customers (& storage or interconnectors) cannot accept gas or the customer may not want to accept gas with increased oxygen content		3		2		1				12

						Oxygen inhibition may not be effective over industrial timescales		3		3		2				14

						Oxygen inhibition does not mitigate against hydrogen embrittlement therefore fatigue life is reduced to unacceptable levels		3		3		2				14

				Procedure for repurposing		A procedure shall be documented for the change in service and approved by the network		1		2		2				7

				Changed Service		Failure mechanisms shall be identified, considered and evaluated		1		1		2				6

						Hazard distances may be impacted by oxygen inhibition and pipelines may require new risk assessments to comply		1		2		2				7

						Oxygen inhibition system requires new site safe systems of works and  hazard management		1		2		2				7

						All procedures, markers and information shall be updated for the change in service		1		2		2				7

		Additional clauses for IGEM TD/16 Ed2

		1		Introduction		Current requirements may not be valid		1		1		1				5

		2		Scope		Scope of the oxygen injection system shall be defined in a similar way to other grid entry units (GEU)		1		1		1				5

		3		Legal and Allied Considerations

		3.1		General		Legislation may restrict use of oxygen as an inhibitor		3		1		3				13

		3.2		Primary Legislation		Legislation may restrict use of oxygen as an inhibitor		3		1		3				13

		3.3		Secondary Legislation		Legislation may restrict use of oxygen as an inhibitor		3		1		3				13

		3.4		Competency, Training and Qualifications		Staff shall be competent for working on oxygen inhibition systems		1		1		1				5

		4		Contractual framework, asset ownership and design, operating and maintenance responsibility

		4.1		Contractual framework		Current requirements may not be valid and require updating for oxygen inhibitor GEUs		1		1		1				5

		4.2		Assets		Assets associated with GEUs shall include a defined list of equipment		1		1		1				5

		4.3		Responsibility		Current requirements may not be valid		1		1		1				5

		5		Design

		5.1		General		The design, operation and maintenance shall consider applicable legislation		1		1		1				5

		5.2		Materials		Materials shall be in accordance with appropriate standards		1		1		1				5

		5.3		Biomethane production routes		Significant volumes of oxygen will be required this may be tankered in or piped. Site storage may be required and sufficient precautions to ensure safety		3		2		2				13

		5.4		LPG enrichment		Current requirements may not be valid		1		1		1				5

		5.5		Pressure regulation and flow management		Current requirements may not be valid		1		1		1				5

		5.6		Gas sampling and analysis		Gas with oxygen inhibitor may be outside of gas quality requirements and customers (& storage or interconnectors) cannot accept gas or the customer may not want to accept gas with increased oxygen content		3		2		1				12

		5.7		Remotely operated valve		Oxygen injection system would require similar controls and safety precautions to ensure safe use		1		1		1				5

		5.8		Meter		Oxygen injection system would require similar controls and safety precautions to ensure safe use		1		1		1				5

		5.9		Odorant injection		Oxygen injection system would require similar controls and safety precautions to ensure safe use		1		1		1				5

		5.10		Electrical		Current requirements may not be valid		1		1		1				5

		5.11		Telemetry		Current requirements may not be valid		1		1		1				5

		5.12		Software		Oxygen injection system would require controls and safety precautions to ensure safe use		1		2		2				7

		6		Construction, installation and Testing

		6.1		General		Current requirements may not be valid		1		1		1				5

		6.2		Manufacture		Current requirements may not be valid		1		1		1				5

		6.3		Civil engineering		Current requirements may not be valid		1		1		1				5

		6.4		Testing		Current requirements may not be valid		1		1		1				5

		7		Commissioning and initial validation

		7.1		Pre-commissioning		Current requirements may not be valid		1		1		1				5

		7.2		Commissioning		Oxygen inhibitor alters the purging and venting procedures so IGEM/SR/22 or IGEM/SR/23 can no longer be followed.		1		2		2				7

		7.3		Initial validation		Current requirements may not be valid		1		1		1				5

		8		Operation

		8.1		Operational systems and procedures		Oxygen inhibition impacts the existing safety assessments and a evaluation is required to demonstrate suitability to operate a high pressure pipeline		1		2		2				7

		8.2		Control and monitoring of calorific value and gas		Controls and monitoring limits shall be required for oxygen inhibition		1		2		3				8

		8.3		Control and monitoring of pressure and temperature		Controls and monitoring limits shall be required for oxygen inhibition		1		2		3				8

		8.4		Control and monitoring of odorisation		Controls and monitoring limits shall be required for oxygen inhibition		1		2		3				8

		8.5		LPG enrichment		Current requirements may not be valid		1		1		1				5

		9		Maintenance and periodic validation/calibration

		9.1		General		Existing surveillance, inspection and maintenance frequencies may not be suitable		1		3		3				9

		9.2		Periodic equipment patrol schedule		Current requirements may not be valid		1		1		1				5

		9.3		Maintenance of specific sub systems		Current requirements may not be valid		1		1		1				5

		9.4		Validation and Calibration		Equipment shall be calibrated and validated to ensure the correct level of inhibitor is injected		1		1		2				6

		10		New works modifications and repairs		Current requirements may not be valid		1		1		1				5

		11		De-commissioning		Current requirements may not be valid		1		1		1				5

		11.1		General		Current requirements may not be valid		1		1		1				5

		11.2		De-commissioning of specific sub-systems		Current requirements may not be valid		1		1		1				5

		12		Safety		Current requirements may not be valid		1		1		1				5

		12.1		General		Oxygen inhibition impacts the existing safety assessments and a evaluation is required to demonstrate suitability to operate a high pressure pipeline		1		2		2				7

		12.2		Process safety		Oxygen inhibition impacts the existing safety assessments and a evaluation is required to demonstrate suitability to operate a high pressure pipeline		1		2		2				7

		12.3		Personal safety		Current requirements may not be valid		1		1		1				5

		12.4		Fire safety		Current requirements may not be valid		1		1		1				5

		12.5		Electrical safety		Current requirements may not be valid		1		1		1				5

		12.6		Functional safety		Current requirements may not be valid		1		1		1				5

		12.7		Cyber security		Current requirements may not be valid		1		1		1				5

		13		Records

		13.1		General		Current requirements may not be valid		1		1		1				5

		13.2		Quality and standard of records		Current requirements may not be valid		1		1		1				5

		13.3		Retention period		Current requirements may not be valid		1		1		1				5

		13.4		Governance of records		Current requirements may not be valid		1		1		1				5

		13.5		Storage, indexing and retrieval of records		Current requirements may not be valid		1		1		1				5



		Additional clauses outside of scopes 

		N/A		Oxygen Supply		Sufficient oxygen is required to be available to inhibit the network 		2		2		2				10

						Consider the viability of using liquid oxygen to meet volume requirements.		1		3		3				9

		N/A		Oxygen Storage		Oxygen storage may be required at some sites on the network in order to maintain supply		1		2		2				7

		N/A		Oxygen Injection		A method to maintain 500 ppm of oxygen into the gas product to be developed across the range of flows and pressures		3		2		2				13

						A minimum level shall be maintained for inhibitor to work; consider oxygen consumption rate and other variables		3		2		2				13

						Maximum level must not reach lower explosive limit across the network including any dead legs		3		2		2				13

						Oxygen shall be metered on injection and equipment available or developed to accurately take these measurements		1		1		2				6

		N/A		Oxygen mixing		Oxygen shall be adequately mixed and injected; a method shall be developed to do this		1		2		2				7

		N/A		Oxygen Monitoring		Gas monitoring equipment is sensitive enough the accurately measure required levels of oxygen		1		2		2				7

		N/A		Inhibiting effect		Oxygen inhibition may not be effective over industrial timescales		3		3		2				14

		N/A		Leakage control		Assess suitability of current repair methods and procedures for gas with oxygen inhibitor		2		2		1				9

		N/A		Loss of supply		Contingency and back up must be sufficient to ensure no loss of supply		2		2		1				9

						Appropriate emergency shutdown requirements to safeguard against abnormal process events are required		1		2		1				6

		N/A		Odorant		Inhibited gas must be compliant with odorant		1		1		1				5

		N/A		Customers		Gas with oxygen inhibitor may be outside of gas quality requirements and customers (& storage or interconnectors) cannot accept gas or the customer may not want to accept gas with increased oxygen content		3		2		1				12

						Customers may require the oxygen to be removed to accept gas i.e. Deblending 		1		3		3				9

		N/A		Policies / procedures		Standards, policies and procedures do not exist for oxygen inhibition system		2		2		1				9

						Review of existing standards to identify if any are impacted by oxygen inhibition		2		2		1				9

		N/A		Other		Consider oxygen storage, mixing and injection system risk and whether current mitigations are adequate following concept design.		2		2		1				9

						Where pure oxygen is present identify and assess where oxygen could accumulate and consider risks		1		2		2				7

						Oxygen inhibition system requires new site safe systems of works and  hazard management		1		2		2				7

						Oxygen inhibitor injection adds additional loading causing pipeline failure not designed for		1		2		2				7

						Understand all other components/impurities in the line which could consume oxygen		2		3		3				12

						Confirm self use gas is still suitable for all functions with oxygen inhibitor e.g. compressors 		1		1		1				5

						The recommended oxygen concentration based on testing in pure Hydrogen has not been confirmed for hydrogen blends.		3		2		2				13

						Full scale experimental testing is required to physically test performance of full system including injection, storage, top up, etc the results of which is unknown		3		3		3				15
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LOOKUPS

				Grade		SMYS		H2 DF																		Dia		Dia

				GRADE B		241		0.5																		100		114.3

				L290MB		289		0.5																		150		168.3

				X42		289		0.5																		200		219.1

				X46		317		0.5																		300		323.8

				X52		358		0.5																		350		355.6

				X56		386		0.46		Based on 180Nmm-2 limit in TD1 Ed 6 Supp 2 Table 1 Note 2																450		457.2

				X60		413		0.43																		500		508

				X65		448		0.4																		600		609.6

				X70		482		0.37																		750		762

				X80		551		0.32		Based on 180Nmm-2 limit in TD1 Ed 6 Supp 2 Table 1 Note 2																900		914.4

																										1050		1066.8

																										1200		1219.2





Feeder Details

		FDR No		FROMASSETL		TOASSETLOC		LENGTH_KM		NOMINALDIA		MOP_BAR		GRADE		WALLTHICKN		SMYS		Minimum WT		Diameter		DF		Reduced DF		Reduced OP		ZEM		ROP or ZEM < MOP?

		1		EASINGTON		PAULL (DECOMMISSIONED)		23.326		600		48		X52		12.7		358		12.065		609.6		0.34		0.5		48.00		48.00		N

		1		PAULL		SKITTER (DECOMMISSIONED)		4.676		600		48		X52		14.27		358		13.5565		609.6		0.30		0.5		48.00		48.00		N

		1		SKITTER		THORNTON (DECOMMISSIONED)		8.7		600		48		X52		9.52		358		9.02		609.6		0.45		0.5		48.00		48.00		N

		2		ABERDULAIS		DYFFRYN CLYDACH		5.906		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		2		BACTON TERMINAL		ERPINGHAM		11.769		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		2		BACTON TERMINAL		ERPINGHAM		0.297		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		2		BRISLEY		CASTLE ACRE		15.034		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		2		CALDECOTT		CORBY POWER STATION		5.046		300		70		X46		7.14		317		6.64		323.8		0.54		0.5		65.01		65.01		Y

		2		CALDECOTT		MARKET HARBOROUGH		16.422		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		2		CASTLE ACRE		KINGS LYNN COMP. TEE		0.015		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		2		CASTLE ACRE		KINGS LYNN		9.085		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		2		CHURCHOVER COMP TEE		FRANKTON		0.008		600		75		X52		9.52		358		9.02		609.6		0.71		0.5		52.97		52.97		Y

		2		CHURCHOVER COMP TEE		FRANKTON		0.022		600		75		X52		9.52		358		9.02		609.6		0.71		0.5		52.97		52.97		Y

		2		CHURCHOVER COMP TEE		FRANKTON		14.259		600		75		X52		9.52		358		9.02		609.6		0.71		0.5		52.97		52.97		Y

		2		CHURCHOVER MULTIJUNCTION		CHURCHOVER COMP TEE		0.022		600		75		X52		9.52		358		9.02		609.6		0.71		0.5		52.97		52.97		Y

		2		CHURCHOVER MULTIJUNCTION		CHURCHOVER COMP TEE		0.081		600		75		X52		9.52		358		9.02		609.6		0.71		0.5		52.97		52.97		Y

		2		CHURCHOVER MULTIJUNCTION		CHURCHOVER COMP TEE		1.487		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		2		DOWLAIS		DYNEVOR ARMS TEE		8.049		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		2		DUDDINGTON		CALDECOTT		14.061		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		2		DYMOCK		ROSS		14.071		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		2		DYMOCK		BRIDSTOW WYE EAST		0.019		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		2		DYNEVOR ARMS TEE		RHIGOS		8.644		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		2		ERPINGHAM		GUESTWICK		18.566		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		2		FIDDINGTON		TIRLEY PRI		11.749		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		2		FRANKTON		NEWBOLD PACEY		0.008		600		75		X52		9.52		358		9.02		609.6		0.71		0.5		52.97		52.97		Y

		2		FRANKTON		NEWBOLD PACEY		18.937		600		75		X52		9.52		358		9.02		609.6		0.71		0.5		52.97		52.97		Y

		2		GARWAY		LLANVETHERINE		12.33		600		75		X46		11.91		317		11.3145		609.6		0.64		0.5		58.84		58.84		Y

		2		GARWAY		LLANVETHERINE		0.023		600		70		X46		11.91		317		11.3145		609.6		0.59		0.5		58.84		58.84		Y

		2		GILWERN		DOWLAIS		16.663		600		70		X60		17.48		413		16.606		609.6		0.31		0.43		70.00		70.00		N

		2		GUESTWICK		BRISLEY		10.418		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		2		HELPSTON		DUDDINGTON		0.014		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		2		HELPSTON		DUDDINGTON		14.239		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		2		KINGS LYNN		KINGS LYNN COMP. TEE		0.822		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		2		KINGS LYNN COMP. TEE		SETCHEY		8.705		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		2		KINGS LYNN COMP. TEE		SETCHEY		0.015		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		2		LLANVETHERINE		GILWERN		0.023		600		70		X60		17.48		413		16.606		609.6		0.31		0.43		70.00		70.00		N

		2		LLANVETHERINE		GILWERN		17.264		600		75		X60		17.48		413		16.606		609.6		0.33		0.43		75.00		75.00		N

		2		LOWER QUINTON		WORMINGTON		0.084		600		75		X52		9.52		358		9.02		609.6		0.71		0.5		52.97		52.97		Y

		2		LOWER QUINTON		WORMINGTON		20.032		600		75		X52		9.52		358		9.02		609.6		0.71		0.5		52.97		52.97		Y

		2		MARKET HARBOROUGH		CHURCHOVER MULTIJUNCTION		24.486		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		2		MARKET HARBOROUGH		CHURCHOVER MULTIJUNCTION		0.132		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		2		NEWBOLD PACEY		LOWER QUINTON		16.023		600		75		X52		9.52		358		9.02		609.6		0.71		0.5		52.97		52.97		Y

		2		PETERBOROUGH COMP. TEE		HELPSTON		0.014		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		2		PETERBOROUGH COMP. TEE		HELPSTON		2.94		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		2		PETERBOROUGH COMP. TEE		HELPSTON		0.067		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		2		PETERBOROUGH TEE		PETERBOROUGH POWER STATION		0.03		300		70		X46		7.14		317		6.64		323.8		0.54		0.5		65.01		65.01		Y

		2		PETERBOROUGH TEE		PETERBOROUGH COMP. TEE		0.067		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		2		PETERBOROUGH TEE		PETERBOROUGH POWER STATION		7.294		300		70		X46		7.14		317		6.64		323.8		0.54		0.5		65.01		65.01		Y

		2		PETERBOROUGH TEE		EYE		0.03		300		70		X52		7.14		358		6.64		323.8		0.48		0.5		70.00		70.00		N

		2		PETERBOROUGH TEE		PETERBOROUGH COMP. TEE		9.556		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		2		PETERBOROUGH TEE		EYE		2.011		300		70		X46		7.14		317		6.64		323.8		0.54		0.5		65.01		65.01		Y

		2		PETERBOROUGH TEE		PETERBOROUGH POWER STATION		0.025		300		70		X46		7.14		317		6.64		323.8		0.54		0.5		65.01		65.01		Y

		2		PETERBOROUGH TEE		PETERBOROUGH COMP. TEE		0.022		300		70		X52		7.14		358		6.64		323.8		0.48		0.5		70.00		70.00		N

		2		RHIGOS		TONNA		16.831		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		2		ROSS		TREADDOW		4.041		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		2		SETCHEY		WEST WINCH		1.397		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		2		TIRLEY PRI		DYMOCK		14.298		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		2		TIRLEY PRI		DYMOCK		0.019		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		2		TONNA		ABERDULAIS		2.723		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		2		TREADDOW		GARWAY		8.873		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		2		WEST WINCH		WISBECH NENE EAST		16.494		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		2		WISBECH NENE EAST		WISBECH NENE WEST		0.239		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		2		WISBECH NENE WEST		WRYDE CROFT		16.591		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		2		WORMINGTON		FIDDINGTON		13.948		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		2		WORMINGTON		FIDDINGTON		0.345		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		2		WRYDE CROFT		PETERBOROUGH TEE		7.426		900		70		X46		7.14		317		6.64		914.4		1.52		0.5		23.02		23.02		Y

		2		WRYDE CROFT		PETERBOROUGH TEE		0.022		900		70		X52		7.14		358		6.64		914.4		1.35		0.5		26.00		26.00		Y

		3		BACTON TERMINAL		SWANTON ABBOT		10.221		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		BACTON TERMINAL		SWANTON ABBOT		0.283		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		BARTON MILLS		BURWELL		15.249		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		BURWELL		GREAT WILBRAHAM		10.872		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		3		CAMBRIDGE COMP TEE		DUXFORD		0.009		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		CAMBRIDGE COMP TEE		DUXFORD		0.141		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		CAMBRIDGE COMP TEE		DUXFORD		0.16		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		CLOTHALL		WHITWELL		14.109		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		CLOTHALL		WHITWELL		0.123		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		DUXFORD		ROYSTON		12.716		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		3		DUXFORD		ROYSTON		0.009		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		ELVEDEN		BARTON MILLS		14.723		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		FELTHORPE		HARDINGHAM		0.009		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		FELTHORPE		HARDINGHAM		16.217		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		GREAT WILBRAHAM		CAMBRIDGE COMP TEE		13.85		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		GREAT WILBRAHAM		CAMBRIDGE COMP TEE		0.16		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		HARDINGHAM		ROCKLAND ST. PETER		0.009		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		HARDINGHAM		ROCKLAND ST. PETER		11.734		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		ROCKLAND ST. PETER		ROUDHAM HEATH		10.163		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		ROUDHAM HEATH		ELVEDEN		12.915		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		ROYSTON		CLOTHALL		13.808		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		SWANTON ABBOT		FELTHORPE		15.997		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		3		WHITWELL		PETERS GREEN		0.102		750		70		X52		15.88		358		15.086		762		0.49		0.5		70.00		70.00		N

		3		WHITWELL		PETERS GREEN		6.109		750		70		X52		11.91		358		11.3145		762		0.66		0.5		53.16		53.16		Y

		4		 		PALM PAPER		0.025		150		75		X42		7.1		289		6.2125		168.3		0.35		0.5		75.00		75.00		N

		4		ALREWAS MULTIJUNCTION		DROINTON		0.128		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		ASPLEY		AUDLEY		23.615		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		4		AUDLEY		HOLMES CHAPEL		0.067		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		AUDLEY		NANTWICH		0.007		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		4		AUDLEY		HOLMES CHAPEL		17.887		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		4		AUDLEY		NANTWICH		14.421		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		4		AUDLEY		NANTWICH		0.068		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		4		BACTON TERMINAL		SUFFIELD		10.225		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		4		BACTON TERMINAL		SUFFIELD		0.339		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		4		BLABY		COSBY		0.019		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		BLABY		COSBY		2.968		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		CARRINGTON		PARTINGTON		0.032		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		4		CARRINGTON		PARTINGTON		0.023		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		4		CLIFTON CAMPVILLE		EDINGALE		0.015		900		70		X56		15.88		386		15.086		914.4		0.55		0.46		58.59		58.59		Y

		4		CLIFTON CAMPVILLE		EDINGALE		4.681		900		70		X56		15.88		386		15.086		914.4		0.55		0.46		58.59		58.59		Y

		4		COSBY		KIRKBY MALLORY		0.019		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		COSBY		KIRKBY MALLORY		11.25		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		COSBY		KIRKBY MALLORY		0.016		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		CROWLAND		PETERBOROUGH COMP. TEE		0.11		900		70		X65		15.88		448		15.086		914.4		0.47		0.4		59.13		59.13		Y

		4		CROWLAND		PETERBOROUGH COMP. TEE		11.817		900		70		X65		15.88		448		15.086		914.4		0.47		0.4		59.13		59.13		Y

		4		ALREWAS MULTIJUNCTION		DROINTON		16.037		900		70		X42		8.2		289		7.7		914.4		1.44		0.5		24.34		24.34		Y

		4		DROINTON		DrointonOT		0.006		200		70		X42		8.2		289		7.175		219.1		0.37		0.5		70.00		70.00		N

		4		ECCLESTON		MICKLE TRAFFORD		9.619		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		4		EDINGALE		ALREWAS MULTIJUNCTION		0.085		900		70		X56		15.88		386		15.086		914.4		0.55		0.46		58.59		58.59		Y

		4		EDINGALE		ALREWAS MULTIJUNCTION		6.981		900		70		X56		15.88		386		15.086		914.4		0.55		0.46		58.59		58.59		Y

		4		GEDNEY HILL		CROWLAND		13.972		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		HELSBY		SHELL STAR (KEMIRA)		1.608		300		70		X52		7.9		358		7.4		323.8		0.43		0.5		70.00		70.00		N

		4		HELSBY		WESTON POINT		0.015		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		4		HELSBY		SHELL STAR (KEMIRA)		0.01		300		70		X52		7.9		358		7.4		323.8		0.43		0.5		70.00		70.00		N

		4		HELSBY		WESTON POINT		7.026		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		4		HOLMES CHAPEL		WARBURTON		22.869		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		KILBY		BLABY		6.577		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		KILBY		BLABY		0.012		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		KINGS LYNN COMPRESSOR STATION		SADDLEBOW		0.02		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		KINGS LYNN COMPRESSOR STATION		SADDLEBOW		0.123		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		KINGS LYNN COMPRESSOR STATION		SADDLEBOW		13.105		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		4		KIRKBY MALLORY		TWYCROSS		13.702		900		70		X56		15.88		386		15.086		914.4		0.55		0.46		58.59		58.59		Y

		4		KIRKBY MALLORY		TWYCROSS		0.016		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		LITTLE BARNINGHAM		THURNING		8.917		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		4		LITTLE BARNINGHAM		THURNING		0.018		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		4		MALPAS		SHOCKLACH		5.29		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		4		MICKLE TRAFFORD		HELSBY		6.744		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		4		MICKLE TRAFFORD		HELSBY		0.015		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		4		MILWICH		ASPLEY		18.249		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		4		NANTWICH		MALPAS		0.007		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		4		NANTWICH		MALPAS		12.997		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		4		PETERBOROUGH COMP. TEE		UFFORD		0.11		900		70		X65		15.88		448		15.086		914.4		0.47		0.4		59.13		59.13		Y

		4		PETERBOROUGH COMP. TEE		UFFORD		8.21		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		ROUGHAM		KINGS LYNN COMPRESSOR STATION		13.745		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		4		ROUGHAM		KINGS LYNN COMPRESSOR STATION		0.123		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		SADDLEBOW		TILNEY HIGH END		3.084		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		4		SADDLEBOW		TILNEY HIGH END		0.02		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		SADDLEBOW		KINGS LYNN POWER STATION		0.437		450		75		X52		9.52		358		9.02		457.2		0.53		0.5		70.63		70.63		Y

		4		SHANGTON		KILBY		0.012		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		SHANGTON		TUR LANGTON		1.439		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		4		SHANGTON		KILBY		10.141		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		SHOCKLACH		ECCLESTON		14.371		450		70		X52		11.91		358		11.3145		457.2		0.40		0.5		70.00		70.00		N

		4		SHOCKLACH		WORTHENBURY DEE EAST		2.922		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		4		SUFFIELD		LITTLE BARNINGHAM		10.101		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		4		SUFFIELD		LITTLE BARNINGHAM		0.018		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		4		THURNING		ROUGHAM		24.143		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		4		TILNEY HIGH END		WISBECH NENE EAST		13.437		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		4		TIXOVER		UPPINGHAM		0.01		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		TIXOVER		UPPINGHAM		10.633		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		TWYCROSS		CLIFTON CAMPVILLE		11.164		900		70		X56		15.88		386		15.086		914.4		0.55		0.46		58.59		58.59		Y

		4		TWYCROSS		CLIFTON CAMPVILLE		0.015		900		70		X56		15.88		386		15.086		914.4		0.55		0.46		58.59		58.59		Y

		4		UFFORD		TIXOVER		13.181		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		UPPINGHAM		SHANGTON		16.284		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		UPPINGHAM		SHANGTON		0.01		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		WARBURTON		CARRINGTON MOC		3.368		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		4		WARBURTON		PARTINGTON		0.049		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		4		WISBECH NENE EAST		WISBECH NENE WEST		0.421		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		4		WISBECH NENE WEST		GEDNEY HILL		11.752		900		70		X65		15.88		448		15.086		914.4		0.47		0.4		59.13		59.13		Y

		4		WORTHENBURY DEE EAST		WORTHENBURY DEE WEST		0.153		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		4		WORTHENBURY DEE EAST		WORTHENBURY DEE WEST		0.153		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		4		WORTHENBURY DEE EAST (Duplicate Connection)		WORTHENBURY DEE WEST		0.179		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		4		WORTHENBURY DEE WEST		MAELOR		3.245		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		4		DROINTON		MILWICH		9.22		900		70		X42		8.2		289		7.7		914.4		1.44		0.5		24.34		24.34		Y

		4		ASPLEY		AUDLEY		0.073		900		70		X52		11.91		358		11.3145		914.4		0.79		0.5		44.30		44.30		Y

		5		ABRIDGE		CHESTER ROAD		4.388		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		5		BACTON TERMINAL		FAIRSTEAD		0.256		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		5		BACTON TERMINAL		FAIRSTEAD		0.018		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		5		BACTON TERMINAL		FAIRSTEAD		12.825		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		5		BILLERICAY		HORNDON (BARKING)		13.545		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		5		BRAINTREE		CHIGNALL ST.JAMES		14.63		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		5		BROME		DISS COMPRESSOR TEE		0.531		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		5		BROME		DISS COMPRESSOR TEE		0.094		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		5		CHESTER ROAD		LUXBOROUGH LANE		3.678		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		5		CHIGNALL ST.JAMES		ROXWELL		2.239		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		5		CHIGNALL ST.JAMES		ROXWELL		0.089		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		5		DISS COMPRESSOR TEE		STOWMARKET		0.028		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		5		DISS COMPRESSOR TEE		STOWMARKET		20.264		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		5		DISS COMPRESSOR TEE		STOWMARKET		0.094		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		5		DUNTON GREEN (NO EQUIP)		TATSFIELD		0.012		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		5		DUNTON GREEN (NO EQUIP)		TATSFIELD		12.548		750		70		X52		11.91		358		11.3145		762		0.66		0.5		53.16		53.16		Y

		5		FAIRSTEAD		SALHOUSE		0.019		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		5		FAIRSTEAD		SALHOUSE		0.018		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		5		FAIRSTEAD		SALHOUSE		8.979		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		5		FARNINGHAM		DUNTON GREEN (NO EQUIP)		0.012		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		5		FARNINGHAM		DUNTON GREEN (NO EQUIP)		12.402		750		70		X56		11.91		386		11.3145		762		0.61		0.46		52.73		52.73		Y

		5		GESTINGTHORPE		BRAINTREE		17.49		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		5		GRAVESEND THAMES SOUTH		SHORNE		1.725		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		5		HORNDON (BARKING)		STANFORD-LE-HOPE		0.014		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		5		HORNDON (BARKING)		STANFORD-LE-HOPE		4.062		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		5		ISLE OF GRAIN		MEDWAY POWER		0.051		450		70		X60		15.88		413		15.086		457.2		0.26		0.43		70.00		70.00		N

		5		ISLE OF GRAIN		MEDWAY POWER		1.261		450		70		X60		15.88		413		15.086		457.2		0.26		0.43		70.00		70.00		N

		5		LAVENHAM		GESTINGTHORPE		0.016		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		5		LAVENHAM		GESTINGTHORPE		15.48		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		5		MIDDLESTOKE		ISLE OF GRAIN		4.768		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		5		MIDDLESTOKE		ISLE OF GRAIN		0.016		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		5		MORNINGTHORPE		BROME		19.415		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		5		ROXWELL		STAPLEFORD TAWNEY		0.047		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		5		ROXWELL		STAPLEFORD TAWNEY		19.477		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		5		ROXWELL		BILLERICAY		0.089		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		5		ROXWELL		BILLERICAY		13.107		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		5		ROXWELL		STAPLEFORD TAWNEY		0.065		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		5		SALHOUSE		YELVERTON		0.019		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		5		SALHOUSE		YELVERTON		11.489		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		5		SHORNE		FARNINGHAM		14.581		750		70		X60		11.91		413		11.3145		762		0.57		0.43		52.74		52.74		Y

		5		SHORNE		MIDDLESTOKE		14.829		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		5		SHORNE		MIDDLESTOKE		0.016		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		5		STANFORD-LE-HOPE		TILBURY THAMES NORTH		5.366		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		5		STANFORD-LE-HOPE		TILBURY THAMES NORTH		0.014		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		5		STAPLEFORD TAWNEY		ABRIDGE		0.047		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		5		STAPLEFORD TAWNEY		ABRIDGE		2.363		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		5		STOWMARKET		LAVENHAM		18.884		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		5		STOWMARKET		LAVENHAM		0.016		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		5		STOWMARKET		LAVENHAM		0.027		900		75		X60		15.88		413		15.086		914.4		0.55		0.43		58.60		58.60		Y

		5		TILBURY THAMES NORTH		GRAVESEND THAMES SOUTH		1.93		600		70		X52		14.27		358		13.5565		609.6		0.44		0.5		70.00		70.00		N

		5		TILBURY THAMES NORTH		GRAVESEND THAMES SOUTH		1.819		600		70		X52		14.27		358		13.5565		609.6		0.44		0.5		70.00		70.00		N

		5		YELVERTON		MORNINGTHORPE		14.855		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		6		BEEFORD		SOUTH SKIRLAUGH		0.02		750		70		X52		15.88		358		15.086		762		0.49		0.5		70.00		70.00		N

		6		BILLINGHAM ICI		ENRON (BILLINGHAM)		0.024		450		70		X52		11.91		358		11.3145		457.2		0.40		0.5		70.00		70.00		N

		6		CARLTON		INGLEBY GREENHOW		0.012		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		CARLTON		INGLEBY GREENHOW		7.426		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		COWPEN BEWLEY		BILLINGHAM ICI		2.994		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		6		ELTON		YARM TEES NORTH		6.638		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		ELTON		WOLVISTON		0.018		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		6		ELTON		WOLVISTON		8.022		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		6		GANSTEAD		SPROATLEY		5.636		750		70		X60		15.88		413		15.086		762		0.43		0.43		70.00		70.00		N

		6		GILLAMOOR		KIRKBYMOORSIDE		8.107		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		HORNSEA		BEEFORD		3.62		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		6		HORNSEA		BEEFORD		3.344		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		6		INGLEBY GREENHOW		KIRKBYMOORSIDE		0.012		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		INGLEBY GREENHOW		GILLAMOOR		15.065		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		INGLEBY GREENHOW		KIRKBYMOORSIDE		0.018		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		KIRKBYMOORSIDE		PICKERING		0.018		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		KIRKBYMOORSIDE		PICKERING		11.497		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		KIRKLEVINGTON		CARLTON		0.022		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		KIRKLEVINGTON		CARLTON		11.716		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		LtBurdonOT		ELTON		0.043		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		6		LtBurdonOT		ELTON		5.942		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		6		PaullOT		SALTEND B.P.		3.8		200		70		X42		6.35		289		5.55625		219.1		0.48		0.5		70.00		70.00		N

		6		PICKERING		SHERBURN		0.033		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		PICKERING		SHERBURN		15.966		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		ROSEHILL		Paull OT		0.72		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		SHERBURN		WOLD NEWTON		9.931		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		SHERBURN		WOLD NEWTON		0.022		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		SHERBURN		WOLD NEWTON		0.033		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		SOUTH SKIRLAUGH		GANSTEAD		2.914		750		70		X52		15.88		358		15.086		762		0.49		0.5		70.00		70.00		N

		6		SOUTH SKIRLAUGH		GANSTEAD		0.02		750		70		X52		15.88		358		15.086		762		0.49		0.5		70.00		70.00		N

		6		SPROATLEY		ROSEHILL		7.638		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		SPROATLEY		ALDBROUGH		7.921		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		6		TEE TO ROSEHILL		ROSEHILL		0.135		450		70		X52		11.91		358		11.3145		457.2		0.40		0.5		70.00		70.00		N

		6		TEESSIDE - BASF		TEESSIDE		0.168		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		6		TEESSIDE BOC		TEESSIDE - BASF		0.788		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		6		WOLD NEWTON		BURTON AGNES		0.022		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		WOLD NEWTON		BURTON AGNES		13.3		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		WOLVISTON		COWPEN BEWLEY		8.395		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		6		WOLVISTON		COWPEN BEWLEY		0.018		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		6		YARM TEES NORTH		YARM TEES SOUTH		0.107		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		YARM TEES NORTH		YARM TEES SOUTH		0.138		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		YARM TEES SOUTH		KIRKLEVINGTON		2.532		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		YARM TEES SOUTH		KIRKLEVINGTON		0.022		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		6		BEEFORD		SOUTH SKIRLAUGH		12.748		750		70		X52		9.52		358		9.02		762		0.83		0.5		42.38		42.38		Y

		6		BURTON AGNES		BEEFORD		13.117		750		70		X52		9.52		358		9.02		762		0.83		0.5		42.38		42.38		Y

		6		COWPEN BEWLEY		TEESSIDE BOC		5.319		900		70		X52		11.91		358		11.3145		914.4		0.79		0.5		44.30		44.30		Y

		7		BLYBOROUGH		LINWOOD		19.101		900		70		X46		7.14		317		6.64		914.4		1.52		0.5		23.02		23.02		Y

		7		ALDFIELD		BURLEY BANK		13.858		750		75		X60		12.7		413		12.065		762		0.57		0.43		56.24		56.24		Y

		7		ASSELBY		DRAX		0.629		900		70		X65		15.88		448		15.086		914.4		0.47		0.4		59.13		59.13		Y

		7		ASSELBY		DRAX		0.687		900		70		X65		15.88		448		15.086		914.4		0.47		0.4		59.13		59.13		Y

		7		AYLESBURY		LONG CRENDON		0.062		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		AYLESBURY		LONG CRENDON		0.022		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		AYLESBURY		LONG CRENDON		9.748		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		BARDSEY		TOWTON		9.178		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		BARTON STACEY		MICHELMERSH		19.734		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		BARTON STACEY		MICHELMERSH		0.026		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		BELTOFT		SUSWORTH TRENT WEST		3.979		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		BELTOFT		SUSWORTH TRENT WEST		0.02		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		BISHOP AUCKLAND		LITTLE BURDON		0.121		750		75		X60		12.7		413		12.065		762		0.57		0.43		56.24		56.24		Y

		7		BISHOP AUCKLAND		LITTLE BURDON		17.603		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		BISHOP AUCKLAND		LITTLE BURDON		0.033		750		75		X60		12.7		413		12.065		762		0.57		0.43		56.24		56.24		Y

		7		BLYBOROUGH		BRIGG POWER STATION		13.845		300		70		X46		7.14		317		6.64		323.8		0.54		0.5		65.01		65.01		Y

		7		BLYBOROUGH		LINWOOD		0.021		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		BURLEY BANK		PANNAL		6.378		750		75		X60		12.7		413		12.065		762		0.57		0.43		56.24		56.24		Y

		7		CAWOOD		SOUTH DUFFIELD		9.173		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		CAWOOD		SOUTH DUFFIELD		0.022		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		CHALGROVE		DIDCOT POWER STATION		17.472		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		EASTOFT		BELTOFT		6.638		900		70		X52		9.52		358		9.02		914.4		0.99		0.5		35.31		35.31		Y

		7		CHILD OKEFORD		MAPPOWDER		12.874		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		CHILD OKEFORD		MAPPOWDER		0.022		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		COLMWORTH		OLD WARDEN		13.852		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		COLMWORTH		OLD WARDEN		0.021		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		DIDCOT		DIDCOT'A'		0.84		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		DRAX		RAWCLIFFE		0.024		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		DRAX		RAWCLIFFE		2.075		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		EAST HECKINGTON		GOSBERTON		15.346		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		EAST ILSLEY		STOCKCROSS		0.024		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		EAST ILSLEY		STOCKCROSS		14.353		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		EAST ILSLEY		STOCKCROSS		0.023		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		EASTOFT		BELTOFT		0.02		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		EASTOFT		KEADBY POWER STATION		0.05		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		7		EASTOFT		KEADBY POWER STATION		3.458		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		7		HURWORTH TEES NORTH		HURWORTH TEES SOUTH		0.103		750		75		X52		9.52		358		9.02		762		0.88		0.5		42.38		42.38		Y

		7		GOOLE		GUARDIAN GLASS		2.104		150		70		X60		12.7		413		11.1125		168.3		0.13		0.43		70.00		70.00		N

		7		GOOLE		EASTOFT		14.991		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		GOSBERTON		WRAGG MARSH		5.016		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		GRAYINGHAM		BLYBOROUGH		0.905		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		GREAT RAVELEY		HUNTINGDON		15.115		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		GREAT RAVELEY		HUNTINGDON		0.026		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		GREAT RAVELEY		HUNTINGDON		0.083		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		HARDWICK		AYLESBURY		8.909		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		HARDWICK		AYLESBURY		0.062		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		HATTON		KIRKSTEAD		0.196		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		HATTON		KIRKSTEAD		17.247		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		LEEMING SWALE NORTH		LEEMING SWALE SOUTH		0.078		750		75		X52		9.52		358		9.02		762		0.88		0.5		42.38		42.38		Y

		7		HOLBEACH BANK		SUTTON BRIDGE		13.492		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		HOLBEACH BANK		SUTTON BRIDGE		0.024		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		HUNTINGDON		COLMWORTH		0.021		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		HUNTINGDON		COLMWORTH		0.083		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		HUNTINGDON		COLMWORTH		11.074		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		LEEMING SWALE NORTH		LEEMING SWALE SOUTH		0.008		750		75		X52		9.52		358		9.02		762		0.88		0.5		42.38		42.38		Y

		7		HURWORTH TEES NORTH		HURWORTH TEES SOUTH		0.007		750		75		X60		12.7		413		12.065		762		0.57		0.43		56.24		56.24		Y

		7		HURWORTH TEES SOUTH		THRINTOFT		0.007		750		75		X60		12.7		413		12.065		762		0.57		0.43		56.24		56.24		Y

		7		HURWORTH TEES SOUTH		THRINTOFT		16.73		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		IPSDEN		EAST ILSLEY		14.079		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		KIRKSTEAD		EAST HECKINGTON		14.254		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		LEEMING SWALE SOUTH		SUTTON HOWGRAVE		0.008		750		75		X52		9.52		358		9.02		762		0.88		0.5		42.38		42.38		Y

		7		LEEMING SWALE SOUTH		SUTTON HOWGRAVE		8.629		750		75		X52		9.52		358		9.02		762		0.88		0.5		42.38		42.38		Y

		7		CHALGROVE		NUFFIELD		9.486		900		75		X52		11.91		358		11.3145		914.4		0.85		0.5		44.30		44.30		Y

		7		HIGHCLERE		BARTON STACEY		17.771		900		75		X52		11.91		358		11.3145		914.4		0.85		0.5		44.30		44.30		Y

		7		LEEMING SWALE SOUTH		SUTTON HOWGRAVE		0.027		750		75		X60		12.7		413		12.065		762		0.57		0.43		56.24		56.24		Y

		7		LILLINGTON		IlchesterJ		16.693		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		7		LILLINGTON		IlchesterJ		0.013		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		7		LINWOOD		HATTON		12.393		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		LINWOOD		HATTON		0.09		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		LINWOOD		HATTON		0.021		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		LITTLE BURDON		HURWORTH TEES NORTH		7.609		750		75		X60		12.7		413		12.065		762		0.57		0.43		56.24		56.24		Y

		7		LOCKERLEY COMP. TEE		MARTIN		0.122		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		LOCKERLEY COMP. TEE		MARTIN		0.022		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		LOCKERLEY COMP. TEE		MARTIN		26.098		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		LONG CRENDON		CHALGROVE		14.892		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		LONG CRENDON		CHALGROVE		0.022		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		MAPPOWDER		LILLINGTON		13.599		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		7		MAPPOWDER		LILLINGTON		0.013		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		7		MARTIN		TARRANT HINTON		0.024		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		MARTIN		TARRANT HINTON		0.022		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		MARTIN		TARRANT HINTON		18.184		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		MICHELMERSH		LOCKERLEY COMP. TEE		0.026		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		MICHELMERSH		LOCKERLEY COMP. TEE		6.03		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		MICHELMERSH		LOCKERLEY COMP. TEE		0.122		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		MICHELMERSH		BRAISHFIELD		0.027		600		75		X52		9.52		358		9.02		609.6		0.71		0.5		52.97		52.97		Y

		7		MICHELMERSH		BRAISHFIELD		2.422		600		75		X52		9.52		358		9.02		609.6		0.71		0.5		52.97		52.97		Y

		7		MURROW		WHITTLESEY		0.026		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		MURROW		WHITTLESEY		0.028		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		MURROW		WHITTLESEY		16.06		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		NUFFIELD		REMENHAM HILL		15.024		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		NUFFIELD		IPSDEN		3.935		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		NUFFIELD		REMENHAM HILL		0.019		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		OLD WARDEN		STEPPINGLEY		16.914		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		PANNAL		BARDSEY		15.848		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		RAWCLIFFE		GOOLE		2.93		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		REMENHAM HILL		WINKFIELD AGI		0.019		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		REMENHAM HILL		WINKFIELD AGI		17.962		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		SCUNTHORPE COMPRESSOR STATION		SUSWORTH TRENT EAST		5.091		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		SLAPTON		HARDWICK		0.024		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		SLAPTON		HARDWICK		16.162		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		SOUTH DUFFIELD		ASSELBY		8.392		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		SOUTH DUFFIELD		ASSELBY		0.022		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		STEPPINGLEY		SLAPTON		15.94		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		STEPPINGLEY		SLAPTON		0.024		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		STOCKCROSS		HIGHCLERE		14.776		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		STOCKCROSS		HIGHCLERE		0.024		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		SUSWORTH TRENT EAST		GRAYINGHAM		13.102		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		SUSWORTH TRENT EAST		SCUNTHORPE COMPRESSOR STATION		0.242		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		SUSWORTH TRENT EAST		SCUNTHORPE COMPRESSOR STATION		0.242		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		SUSWORTH TRENT EAST		SCUNTHORPE COMPRESSOR STATION		5.071		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		SUSWORTH TRENT WEST		SUSWORTH TRENT EAST		0.649		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		7		SUSWORTH TRENT WEST		SUSWORTH TRENT EAST		0.655		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		7		SUTTON BRIDGE		SUTTON BRIDGE PS		1.958		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		SUTTON BRIDGE PS		TYDD ST. GILES		0.353		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		SUTTON BRIDGE PS		TYDD ST. GILES		4.151		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		SUTTON HOWGRAVE		ALDFIELD		0.027		750		75		X60		12.7		413		12.065		762		0.57		0.43		56.24		56.24		Y

		7		SUTTON HOWGRAVE		ALDFIELD		11.328		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		TARRANT HINTON		CHILD OKEFORD		0.022		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		TARRANT HINTON		CHILD OKEFORD		0.024		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		TARRANT HINTON		CHILD OKEFORD		9.701		750		75		X52		11.91		358		11.3145		762		0.71		0.5		53.16		53.16		Y

		7		THRINTOFT		LEEMING SWALE NORTH		5.226		750		75		X60		12.7		413		12.065		762		0.57		0.43		56.24		56.24		Y

		7		TOWTON		CAWOOD		14.125		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		TYDD ST. GILES		MURROW		0.071		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		TYDD ST. GILES		MURROW		16.629		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		TYDD ST. GILES		WISBECH NENE WEST		2.478		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		7		TYDD ST. GILES		WISBECH COMPRESSOR STATION		0.235		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		TYDD ST. GILES		MURROW		0.026		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		WHITTLESEY		GREAT RAVELEY		0.028		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		WHITTLESEY		GREAT RAVELEY		0.026		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		WHITTLESEY		GREAT RAVELEY		16.555		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		WRAGG MARSH		HOLBEACH BANK		0.024		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		7		WRAGG MARSH		HOLBEACH BANK		7.358		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		8		THEDDLETHORPE		HATTON		0.199		750		70		X60		12.7		413		12.065		762		0.54		0.43		56.24		56.24		Y

		8		THEDDLETHORPE		HATTON		35.707		750		70		X52		11.91		358		11.3145		762		0.66		0.5		53.16		53.16		Y

		9		AYLESBURY		CHALGROVE		26.036		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		AYLESBURY		CHALGROVE		0.058		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		BARTON STACEY		CRAWLEY DOWN		7.514		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		BROCKLESBY		SWALLOW		13.455		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		9		BROCKLESBY		STALLINGBOROUGH		10.225		450		70		X60		14.27		413		13.5565		457.2		0.29		0.43		70.00		70.00		N

		9		CHALGROVE		EAST ILSLEY		0.026		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		CHALGROVE		EAST ILSLEY		24.868		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		CRAWLEY DOWN		LOCKERLEY COMP. TEE		22.136		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		CRAWLEY DOWN		LOCKERLEY COMP. TEE		0.121		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		DORRINGTON		SILK WILLOUGHBY		10.281		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		9		EASINGTON		PAULL MULTIJUNCTION		23.484		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		9		EASINGTON		LANGELED		0.356		1050		70		X65		28.7		448		27.7		1066.8		0.30		0.4		70.00		70.00		N

		9		EASINGTON		DIMLINGTON		0.64		900		70		X60		19.05		413		18.0975		914.4		0.43		0.43		70.00		70.00		N

		9		GOXHILL		THORNTON CURTIS B & C		8.38		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		9		HATTON		METHERINGHAM		0.213		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		9		HATTON		METHERINGHAM		12.878		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		9		HUNTINGDON		WILLINGTON		22.008		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		HUNTINGDON		WILLINGTON		0.086		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		KIRKBY UNDERWOOD		TALLINGTON		19.446		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		9		KIRKBY UNDERWOOD		TALLINGTON		0.031		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		9		LUDFORD		HATTON		0.015		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		9		LUDFORD		HATTON		11.622		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		9		LUDFORD		HATTON		0.093		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		9		LUTTON		HUNTINGDON		17.447		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		9		LUTTON		HUNTINGDON		0.018		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		LUTTON		HUNTINGDON		0.086		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		METHERINGHAM		DORRINGTON		11.953		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		9		PAULL MULTIJUNCTION		GOXHILL		5.633		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		9		PAULL MULTIJUNCTION		GOXHILL (DECOMMISSIONED)		5.6		1050		70		X60		19.1		413		18.145		1066.8		0.50		0.43		60.41		60.41		Y

		9		PETERBOROUGH COMP. TEE		LUTTON		26.233		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		9		PETERBOROUGH COMP. TEE		LUTTON		0.018		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		PETERBOROUGH COMP. TEE		LUTTON		0.213		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		SILK WILLOUGHBY		STAYTHORPE		38.555		600		75		X60		9.5		413		9		609.6		0.62		0.43		52.44		52.44		Y

		9		SILK WILLOUGHBY		KIRKBY UNDERWOOD		0.031		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		9		SILK WILLOUGHBY		KIRKBY UNDERWOOD		17.916		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		9		SLAPTON		AYLESBURY		0.023		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		SLAPTON		AYLESBURY		0.058		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		SLAPTON		AYLESBURY		26.12		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		STEPPINGLEY		SLAPTON		0.023		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		STEPPINGLEY		WHITWELL		23.767		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		STEPPINGLEY		SLAPTON		0.051		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		STEPPINGLEY		SLAPTON		17.063		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		SWALLOW		LUDFORD		0.015		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		9		SWALLOW		LUDFORD		14.017		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		9		TALLINGTON		PETERBOROUGH COMP. TEE		9.83		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		9		TALLINGTON		PETERBOROUGH COMP. TEE		0.099		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		9		THORNTON CURTIS B & C		BROCKLESBY		2.851		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		9		WILLINGTON		STEPPINGLEY		0.043		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		9		WILLINGTON		STEPPINGLEY		20.626		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		10		SOUTRA		BOON		15.107		600		70		L290MB		7.1		289		6.6		609.6		1.12		0.5		31.29		31.29		Y

		10		ARMADALE		UPHALL		9.732		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		ARMADALE		UPHALL		0.014		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		10		BALERNO		PENICUIK		9.05		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		BALERNO		PENICUIK		0.016		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		10		BALERNO		PENICUIK		0.025		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		10		BATHGATE		LIMERIGG		7.278		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		10		BATHGATE		LIMERIGG		0.09		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		10		BATHGATE		LIMERIGG		0.015		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		BATHGATE		ARMADALE		0.096		600		75		X52		9.5		358		9		609.6		0.71		0.5		52.85		52.85		Y

		10		BATHGATE		ARMADALE		5.746		600		70		X52		9.5		358		9		609.6		0.66		0.5		52.85		52.85		Y

		10		BOON		HUME		16.196		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		BROXBURN		BALERNO		0.016		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		10		BROXBURN		BALERNO		10.929		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		COLDSTREAM		WOOLER		11.329		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		COLDSTREAM		WOOLER		0.152		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		FALAHILL		SOUTRA		0.016		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		FALAHILL		SOUTRA		12.986		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		HUMBLETON		WOOPERTON		11.664		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		10		HUMBLETON		WOOPERTON		0.019		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		HUME		LENNEL TWEED NORTH		12.645		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		HUME		LENNEL TWEED NORTH		0.008		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		INVERURIE		ABERDEEN MULTIJUNCTION		15.379		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		10		INVERURIE		ABERDEEN MULTIJUNCTION		0.024		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		10		INVERURIE		ABERDEEN MULTIJUNCTION		0.065		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		10		LENNEL TWEED NORTH		LENNEL TWEED SOUTH		0.309		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		LENNEL TWEED NORTH		LENNEL TWEED SOUTH		0.008		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		LENNEL TWEED NORTH		LENNEL TWEED SOUTH		0.009		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		LENNEL TWEED NORTH		LENNEL TWEED SOUTH		0.308		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		LENNEL TWEED SOUTH		COLDSTREAM		0.009		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		LENNEL TWEED SOUTH		COLDSTREAM		0.947		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		LIMERIGG		GLENMAVIS		10.824		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		10		LIMERIGG		GLENMAVIS		0.015		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		LIMERIGG		GLENMAVIS		0.112		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		LONGHORSLEY		SALTWICK		0.02		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		LONGHORSLEY		SALTWICK		14.519		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		PENICUIK		FALAHILL		17.498		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		PENICUIK		FALAHILL		0.033		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		PENICUIK		FALAHILL		0.016		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		ST. FERGUS M/J		STUARTFIELD		0.618		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		10		ST. FERGUS M/J		STUARTFIELD		15.079		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		10		STUARTFIELD		TARVES		15.912		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		10		STUARTFIELD		TARVES		0.027		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		10		TARVES		INVERURIE		17.423		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		10		TARVES		INVERURIE		0.027		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		10		TARVES		INVERURIE		0.024		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		10		THRUNTON		LONGHORSLEY		19.796		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		THRUNTON		LONGHORSLEY		0.033		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		THRUNTON		LONGHORSLEY		0.02		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		UPHALL		BROXBURN		0.014		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		10		UPHALL		BROXBURN		6.874		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		WOOLER		HUMBLETON		0.152		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		WOOLER		HUMBLETON		4.239		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		WOOPERTON		THRUNTON		10.006		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		WOOPERTON		THRUNTON		0.019		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		WOOPERTON		THRUNTON		0.036		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		10		BRACO		GARGUNNOCK		19.743		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		BRACO		GARGUNNOCK		0.014		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		BRACO		GARGUNNOCK		0.02		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		CHAPELHILL		CRIEFF		12.591		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		CRIEFF		MACHANY		9.998		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		CRIEFF		MACHANY		0.024		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		DENNY		BATHGATE		15.022		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		DENNY		BATHGATE		0.171		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		GARGUNNOCK		DENNY		0.02		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		GARGUNNOCK		DENNY		14.308		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		KIRRIEMUIR		RUTHVEN		19.38		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		KIRRIEMUIR		RUTHVEN		0.225		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		KIRRIEMUIR		RUTHVEN		0.022		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		MACHANY		BRACO		15.317		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		MACHANY		BRACO		0.024		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		MACHANY		BRACO		0.014		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		MEIKLEOUR		CHAPELHILL		16.565		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		RUTHVEN		MEIKLEOUR		0.022		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		RUTHVEN		MEIKLEOUR		17.093		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		TIGERTON		KIRRIEMUIR		0.276		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		10		ABERDEEN MULTIJUNCTION		CRATHES		14.19		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		10		ABERDEEN MULTIJUNCTION		CRATHES		0.104		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		10		ABERDEEN MULTIJUNCTION		CRATHES		0.023		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		10		AUCHENBLAE		FETTERCAIRN		14.153		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		10		CRATHES		AUCHENBLAE		12.555		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		10		FETTERCAIRN		TIGERTON		15.375		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		10		FETTERCAIRN		TIGERTON		0.023		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		10		TIGERTON		KIRRIEMUIR		18.235		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		10		TIGERTON		KIRRIEMUIR		0.023		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		11		WOLFHILL		PITCAIRNGREEN		15.943		900		85		X42		7.11		289		6.61		914.4		2.03		0.5		20.89		20.89		Y

		11		DOLPHINHOLME		LONGRIDGE		13.587		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		DOLPHINHOLME		LONGRIDGE		0.027		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		HEAPEY DAM		BLACKROD		8.483		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		HEAPEY DAM		BLACKROD		0.014		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		KINHARRACHIE		WESTER FINTRAY		0.023		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		KINHARRACHIE		WESTER FINTRAY		0.022		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		KINHARRACHIE		WESTER FINTRAY		15.875		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		KINKNOCKIE		KINHARRACHIE		16.214		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		KINKNOCKIE		KINHARRACHIE		0.023		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		LONGRIDGE		SAMLESBURY		0.027		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		LONGRIDGE		SAMLESBURY		15.45		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		LUPTON OFFTAKE		NETHER KELLET		16.452		900		70		X65		12.7		448		12.065		914.4		0.59		0.4		47.29		47.29		Y

		11		LUPTON OFFTAKE		NETHER KELLET		0.106		900		70		X65		12.7		448		12.065		914.4		0.59		0.4		47.29		47.29		Y

		11		NETHER KELLET		DOLPHINHOLME		17.793		900		70		X65		12.7		448		12.065		914.4		0.59		0.4		47.29		47.29		Y

		11		NETHER KELLET		DOLPHINHOLME		0.106		900		70		X65		12.7		448		12.065		914.4		0.59		0.4		47.29		47.29		Y

		11		SAMLESBURY		SANDY LANE TEE		5.776		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		SANDY LANE TEE		HEAPEY DAM		6.353		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		ST. FERGUS M/J		KINKNOCKIE		0.624		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		ST. FERGUS M/J		KINKNOCKIE		15.373		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		BATHGATE		STANE		15.234		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		BATHGATE		STANE		0.086		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		CARLISLE 'A'		LAZONBY		0.018		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		CARLISLE 'A'		LAZONBY		7.529		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		CRAWFORDJOHN		ELVANFOOT		0.033		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		WESTER FINTRAY		ABERDEEN MULTIJUNCTION		0.022		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		WESTER FINTRAY		ABERDEEN MULTIJUNCTION		16.076		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		WESTER FINTRAY		ABERDEEN MULTIJUNCTION		0.079		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		11		CRAWFORDJOHN		ELVANFOOT		9.863		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		CRIEFF		MUIRTOWN		10.793		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		CRIEFF		MUIRTOWN		0.027		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		ELVANFOOT		WATERMEETINGS		8.527		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		ELVANFOOT		WATERMEETINGS		0.033		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		ELVANFOOT		WATERMEETINGS		0.033		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		GRAYRIGG		LUPTON OFFTAKE		18.064		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		GRAYRIGG		LUPTON OFFTAKE		0.031		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		KINBUCK		STIRLING		0.027		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		KINBUCK		STIRLING		15.661		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		KINBUCK		STIRLING		0.023		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		KIRRIEMUIR		MEIGLE		0.213		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		KIRRIEMUIR		MEIGLE		12.644		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		LANARK		CRAWFORDJOHN		15.262		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		LANARK		CRAWFORDJOHN		0.065		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		LARBERT		BATHGATE		0.183		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		LARBERT		BATHGATE		0.023		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		LARBERT		BATHGATE		14.228		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		LAZONBY		MELKINTHORPE		0.018		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		LAZONBY		MELKINTHORPE		20.918		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		LOCKERBIE		WATERBECK		14.462		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		LONGTOWN		WETHERAL		18.526		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		MEIGLE		WOLFHILL		21.917		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		MEIGLE		WOLFHILL		0.025		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		MELKINTHORPE		SHAP		0.017		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		MELKINTHORPE		SHAP		14.272		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		MOFFAT COMPRESSOR STATION		LOCKERBIE		0.221		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		MOFFAT COMPRESSOR STATION		LOCKERBIE		16.754		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		MUIRTOWN		KINBUCK		15.318		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		MUIRTOWN		KINBUCK		0.027		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		MUIRTOWN		KINBUCK		0.023		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		PITCAIRNGREEN		CRIEFF		0.026		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		PITCAIRNGREEN		CRIEFF		12.079		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		SHAP		GRAYRIGG		0.037		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		SHAP		GRAYRIGG		0.017		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		SHAP		GRAYRIGG		15.461		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		STANE		LANARK		22.435		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		STANE		LANARK		0.065		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		STIRLING		LARBERT		0.023		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		STIRLING		LARBERT		15.733		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		STIRLING		LARBERT		0.027		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		WATERBECK		LONGTOWN		16.796		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		WATERMEETINGS		MOFFAT COMPRESSOR STATION		0.033		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		WATERMEETINGS		MOFFAT COMPRESSOR STATION		0.221		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		WATERMEETINGS		MOFFAT COMPRESSOR STATION		17.984		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		WETHERAL		CARLISLE 'A'		7.903		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		WOLFHILL		PITCAIRNGREEN		0.025		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		WOLFHILL		PITCAIRNGREEN		0.026		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		11		ABERDEEN MULTIJUNCTION		WOODLANDS		0.022		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		11		ABERDEEN MULTIJUNCTION		WOODLANDS		14.775		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		11		BRECHIN		KIRRIEMUIR		17.56		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		11		BRECHIN		KIRRIEMUIR		0.28		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		11		GLENBERVIE		LAURENCEKIRK		0.018		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		11		GLENBERVIE		LAURENCEKIRK		15.787		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		11		LAURENCEKIRK		BRECHIN		14.787		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		11		LAURENCEKIRK		BRECHIN		0.018		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		11		WOODLANDS		GLENBERVIE		0.022		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		11		WOODLANDS		GLENBERVIE		13.481		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		12		BROOMFIELD		PETTYMUICK		0.024		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		12		BROOMFIELD		PETTYMUICK		12.404		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		12		EAST AUCHRONIE		ABERDEEN MULTIJUNCTION		0.025		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		12		EAST AUCHRONIE		ABERDEEN MULTIJUNCTION		9.729		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		12		EAST AUCHRONIE		ABERDEEN MULTIJUNCTION		0.095		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		12		ABERDEEN MULTIJUNCTION		RICKARTON		0.022		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		ABERDEEN MULTIJUNCTION		RICKARTON		0.161		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		ABERNYTE		INCHYRA		16.393		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		AUCHTERMUCHTY		MILNATHORT		10.833		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		BALGRAY		ABERNYTE		17.775		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		BANKS		HALTWHISTLE		0.021		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		NETHER KINMUNDY		BROOMFIELD		15.94		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		12		NETHER KINMUNDY		BROOMFIELD		0.027		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		12		BANKS		HALTWHISTLE		18.3		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		BATHGATE		FAULDHOUSE		12.798		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		BATHGATE		FAULDHOUSE		0.144		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		PETTYMUICK		EAST AUCHRONIE		0.024		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		12		PETTYMUICK		EAST AUCHRONIE		16.561		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		12		PETTYMUICK		EAST AUCHRONIE		0.025		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		12		BLACKNESS		BATHGATE		0.258		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		BLACKNESS		BATHGATE		19.396		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		BLACKNESS		BATHGATE		0.026		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		BLANCHLAND		TOW LAW		14.729		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		BLANCHLAND		TOW LAW		0.021		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		BORELAND		LANGHOLM		16.044		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		CARESTON		KIRRIEMUIR		0.371		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		CHARLESTOWN		BLACKNESS		0.026		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		ST. FERGUS M/J		NETHER KINMUNDY		12.222		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		12		ST. FERGUS M/J		NETHER KINMUNDY		0.027		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		12		ST. FERGUS M/J		NETHER KINMUNDY		0.63		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		12		TEE TO GOWKHALL		GOWKHALL		0.074		450		85		X52		11.91		358		11.3145		457.2		0.48		0.5		85.00		85.00		N

		12		CHARLESTOWN		BLACKNESS		6.338		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		CLEISH		GOWKHALL		9.9		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		CROOK		BISHOP AUCKLAND		0.113		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		CROOK		BISHOP AUCKLAND		0.02		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		CROOK		BISHOP AUCKLAND		13.962		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		DRUM		CLEISH		0.027		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		DRUM		CLEISH		1.053		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		ELVANFOOT		NETHER HOWCLEUGH		0.04		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		ELVANFOOT		NETHER HOWCLEUGH		16.665		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		FAULDHOUSE		PETTINAIN		0.026		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		FAULDHOUSE		PETTINAIN		16.626		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		FORDOUN		MARYKIRK		0.022		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		GOWKHALL		CHARLESTOWN		3.269		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		HALTWHISTLE		BLANCHLAND		0.021		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		HALTWHISTLE		BLANCHLAND		29.065		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		INCHYRA		RHYND		0.04		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		INCHYRA		RHYND		1.805		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		KIRRIEMUIR		BALGRAY		16.81		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		KIRRIEMUIR		BALGRAY		0.275		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		LANGHOLM		LONGTOWN		16.408		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		LONGTOWN		BANKS		0.021		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		LONGTOWN		BANKS		15.185		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		MILNATHORT		DRUM		14.709		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		MOFFAT		BORELAND		13.715		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		MOFFAT		BORELAND		0.108		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		NETHER HOWCLEUGH		MOFFAT		10.623		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		NETHER HOWCLEUGH		MOFFAT		0.108		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		PETTINAIN		ROBERTON		0.026		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		PETTINAIN		ROBERTON		0.023		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		PETTINAIN		ROBERTON		13.826		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		RHYND		AUCHTERMUCHTY		0.04		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		RHYND		AUCHTERMUCHTY		12.075		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		RICKARTON		FORDOUN		0.022		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		RICKARTON		FORDOUN		0.022		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		ROBERTON		ELVANFOOT		15.725		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		ROBERTON		ELVANFOOT		0.023		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		ROBERTON		ELVANFOOT		0.04		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		TOW LAW		CROOK		0.02		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		TOW LAW		CROOK		14.418		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		12		ABERDEEN MULTIJUNCTION		RICKARTON		18.34		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		12		CARESTON		KIRRIEMUIR		13.91		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		12		FORDOUN		MARYKIRK		11.616		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		12		MARYKIRK		CARESTON		17.053		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		12		RICKARTON		FORDOUN		14.716		900		84		X60		12.7		413		12.065		914.4		0.77		0.43		46.86		46.86		Y

		13		ABBERWICK		GUYZANCE		11.322		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		ABERDEEN MULTIJUNCTION		MUIRSKIE		0.031		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		ABERDEEN MULTIJUNCTION		MUIRSKIE		13.511		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		ABERDEEN MULTIJUNCTION		MUIRSKIE		0.083		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		ARBROATH		BONNINGTON		11.176		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		BARNHEAD		ARBROATH		11.904		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		BONNINGTON		MONIFIETH		9.905		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		BONNINGTON		MONIFIETH		0.02		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		BRANDON		BISHOP AUCKLAND		0.028		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		BRANDON		BISHOP AUCKLAND		0.09		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		BRANDON		BISHOP AUCKLAND		15.26		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		CHILLINGHAM		ABBERWICK		16.241		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		CORBRIDGE		OVINGTON		12.428		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		CORBRIDGE		OVINGTON		0.028		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		CROOKHAM		WOOLER		0.114		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		CROOKHAM		WOOLER		11.462		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		GARVALD		LONGFORMACUS		12.803		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		GARVALD		LONGFORMACUS		0.029		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		GULLANE		HADDINGTON		8.959		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		GUYZANCE		PIGDON		15.648		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		HADDINGTON		GARVALD		11.881		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		LANCHESTER		BRANDON		0.027		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		LANCHESTER		BRANDON		12.747		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		LANCHESTER		BRANDON		0.028		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		LOCHSIDE		BARNHEAD		12.443		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		LONGFORMACUS		POLWARTH		13.706		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		LONGFORMACUS		POLWARTH		0.029		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		MONIFIETH		TAYPORT		0.02		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		MONIFIETH		TAYPORT		7.317		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		MONIFIETH		TAYPORT		0.03		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		MUGGLESWICK		LANCHESTER		10.326		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		MUGGLESWICK		LANCHESTER		0.027		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		MUGGLESWICK		LANCHESTER		0.032		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		MUIRSKIE		STONEHAVEN		0.031		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		MUIRSKIE		STONEHAVEN		11.76		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		MUIRSKIE		STONEHAVEN		0.026		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		OVINGTON		MUGGLESWICK		0.032		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		OVINGTON		MUGGLESWICK		0.028		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		OVINGTON		MUGGLESWICK		14.561		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		PARKNEUK		LOCHSIDE		12.867		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		PARKNEUK		LOCHSIDE		0.03		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		PIGDON		TRANWELL		9.675		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		PIGDON		TRANWELL		0.027		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		PITSCOTTIE		DRUMELDRIE		10.044		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		PITSCOTTIE		DRUMELDRIE		0.023		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		POLWARTH		SIMPRIM		14.646		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		SIMPRIM		CROOKHAM		4.621		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		STONEHAVEN		PARKNEUK		0.026		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		STONEHAVEN		PARKNEUK		0.03		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		STONEHAVEN		PARKNEUK		12.536		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		TAYPORT		PITSCOTTIE		0.03		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		TAYPORT		PITSCOTTIE		16.592		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		TAYPORT		PITSCOTTIE		0.023		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		TRANWELL		CORBRIDGE		0.027		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		TRANWELL		CORBRIDGE		11.165		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		WOOLER		CHILLINGHAM		14.701		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		WOOLER		CHILLINGHAM		0.114		1050		84		X60		14.27		413		13.5565		1066.8		0.80		0.43		45.13		45.13		Y

		13		BALDERSBY		BOROUGHBRIDGE		13.618		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		13		BALHALGARDY		BURNHERVIE		4.515		1050		70		X65		14.27		448		13.5565		1066.8		0.61		0.4		45.54		45.54		Y

		13		BISHOP AUCKLAND		SEDGEFIELD		0.025		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		13		BISHOP AUCKLAND		SEDGEFIELD		11.153		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		13		BOROUGHBRIDGE		HUNSINGORE		14.997		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		13		BURNHERVIE		CRAIGEARN		9.809		1050		70		X65		14.27		448		13.5565		1066.8		0.61		0.4		45.54		45.54		Y

		13		CAIRNORRIE		BALHALGARDY		26.646		1050		70		X65		14.27		448		13.5565		1066.8		0.61		0.4		45.54		45.54		Y

		13		COWPEN BEWLEY		BISHOP AUCKLAND		28.473		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		13		CRAIGEARN		ABERDEEN MULTIJUNCTION		10.441		1050		70		X65		14.27		448		13.5565		1066.8		0.61		0.4		45.54		45.54		Y

		13		DRUMELDRIE		GULLANE		0.025		1050		84		X60		19.05		413		18.0975		1066.8		0.60		0.43		60.25		60.25		Y

		13		DRUMELDRIE		GULLANE		20.403		1050		84		X60		19.05		413		18.0975		1066.8		0.60		0.43		60.25		60.25		Y

		13		ELTON		HORNBY		0.026		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		13		ELTON		HORNBY		14.545		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		13		HORNBY		YAFFORTH		0.026		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		13		HORNBY		YAFFORTH		0.052		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		13		HORNBY		YAFFORTH		12.255		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		13		HUNSINGORE		TOWTON		14.225		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		13		PITSCOTTIE		DRUMELDRIE		0.025		1050		84		X60		19.05		413		18.0975		1066.8		0.60		0.43		60.25		60.25		Y

		13		SEDGEFIELD		ELTON		10.899		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		13		SEDGEFIELD		ELTON		0.025		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		13		ST. FERGUS M/J		CAIRNORRIE		25.721		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		13		ST. FERGUS M/J		CAIRNORRIE		0.027		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		13		ST. FERGUS M/J		CAIRNORRIE		0.532		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		13		TEE TO BURNHERVIE		BURNHERVIE		0.201		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		13		YAFFORTH		BALDERSBY		13.344		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		13		YAFFORTH		BALDERSBY		0.054		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		14		ABSON		TEMPLE CLOUD		0.017		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		14		ABSON		TEMPLE CLOUD		19.456		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		14		ALREWAS MULTIJUNCTION		HAUNTON		10.734		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		14		ALREWAS MULTIJUNCTION		HAUNTON		0.116		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		14		AUSTREY		ORTON ON THE HILL		2.427		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		14		AUSTREY		SHUSTOKE		17.329		350		70		X46		7.9		317		7.4		355.6		0.53		0.5		65.97		65.97		Y

		14		AYLESBEARE		WOODBURY		4.269		500		70		X46		11.1		317		10.545		508		0.53		0.5		65.80		65.80		Y

		14		BARFORD		STRATFORD-UPON-AVON		11.681		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		BARRINGTON		BROADWAY		7.543		500		70		X46		11.1		317		10.545		508		0.53		0.5		65.80		65.80		Y

		14		BROADWAY		YARCOMBE		9.121		500		70		X46		17.5		317		16.625		508		0.34		0.5		70.00		70.00		N

		14		CHURCHOVER COMP TEE		RUGBY		5.882		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		CHURCHOVER COMP TEE		RUGBY		0.019		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		CHURCHOVER MULTIJUNCTION		CHURCHOVER COMP TEE		0.091		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		CHURCHOVER MULTIJUNCTION		CHURCHOVER COMP TEE		1.401		600		70		X52		11.91		358		11.3145		609.6		0.53		0.5		66.45		66.45		Y

		14		CHURCHOVER MULTIJUNCTION		CHURCHOVER COMP TEE		0.019		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		COTLEIGH		HONITON		6.407		500		70		X46		17.5		317		16.625		508		0.34		0.5		70.00		70.00		N

		14		DINDER		HAM STREET		11.408		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		14		DINDER		HAM STREET		0.019		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		14		DOWDESWELL		SAPPERTON		17.786		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		EASTON GREY		LITTLETON DREW		11.527		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		EATHORPE		LEAMINGTON		6.447		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		EVESHAM		WORMINGTON		0.1		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		EVESHAM		WORMINGTON		4.041		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		HAM STREET		ILCHESTER		0.019		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		14		HAM STREET		ILCHESTER		14.129		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		14		HAUNTON		AUSTREY		7.135		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		14		HIGHAM ON THE HILL		WIBTOFT		0.009		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		14		HIGHAM ON THE HILL		WIBTOFT		0.01		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		14		HIGHAM ON THE HILL		WIBTOFT		12.228		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		14		HONEYBOURNE		EVESHAM		4.607		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		HONEYBOURNE		EVESHAM		0.028		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		HONITON		OTTERY ST. MARY		6.132		500		70		X46		11.1		317		10.545		508		0.53		0.5		65.80		65.80		Y

		14		ILCHESTER		BARRINGTON		15.971		600		70		x52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		14		LEAMINGTON		BARFORD		7.999		600		75		X52		9.52		358		9.02		609.6		0.71		0.5		52.97		52.97		Y

		14		LITTLETON DREW		TORMARTON		5.343		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		ORTON ON THE HILL		HIGHAM ON THE HILL		12.308		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		14		ORTON ON THE HILL		HIGHAM ON THE HILL		0.009		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		14		OTTERY ST. MARY		AYLESBEARE		10.462		500		70		X46		11.1		317		10.545		508		0.53		0.5		65.80		65.80		Y

		14		PUCKLECHURCH		ABSON		0.011		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		14		PUCKLECHURCH		TOCKINGTON		0.044		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		14		PUCKLECHURCH		TOCKINGTON		15.145		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		14		PUCKLECHURCH		TOCKINGTON		0.012		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		14		RUGBY		EATHORPE		9.559		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		SAPPERTON		CIRENCESTER		8.893		150		70		X52		4.4		358		3.85		168.3		0.43		0.5		70.00		70.00		N

		14		SAPPERTON		EASTON GREY		16.639		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		SEABANK POWER II		SEABANK		0.387		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		14		SEVERNSIDE ICI		SEABANK POWER II		2.428		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		14		STRATFORD-UPON-AVON		HONEYBOURNE		13.325		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		STRATFORD-UPON-AVON		HONEYBOURNE		0.028		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		TEMPLE CLOUD		DINDER		15.135		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		14		TEMPLE CLOUD		DINDER		0.017		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		14		TOCKINGTON		SEVERNSIDE ICI		9.166		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		14		TORMARTON		PUCKLECHURCH		7.028		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		TORMARTON		PUCKLECHURCH		0.031		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		WIBTOFT		CHURCHOVER MULTIJUNCTION		0.1		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		14		WIBTOFT		CHURCHOVER MULTIJUNCTION		0.01		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		14		WIBTOFT		CHURCHOVER MULTIJUNCTION		7.694		900		70		X60		15.88		413		15.086		914.4		0.51		0.43		58.60		58.60		Y

		14		WOODBURY		KENN SOUTH		11.299		500		70		X46		11.1		317		10.545		508		0.53		0.5		65.80		65.80		Y

		14		WORMINGTON		DOWDESWELL		0.078		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		WORMINGTON		WORMINGTON COMPRESSOR STATION		0.118		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		WORMINGTON		DOWDESWELL		20.588		600		75		X52		11.91		358		11.3145		609.6		0.56		0.5		66.45		66.45		Y

		14		YARCOMBE		COTLEIGH		8.203		500		70		X46		17.5		317		16.625		508		0.34		0.5		70.00		70.00		N

		15		CARLISLE 'B'		PLUMPTON HEAD		12.999		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		15		CARLISLE 'B'		PLUMPTON HEAD		0.045		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		15		GREAT STRICKLAND		KELD		9.462		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		15		KELD		MEAL BANK		21.621		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		15		LONGTOWN		SCOTBY		17.02		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		15		LONGTOWN		SCOTBY		0.028		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		15		MEAL BANK		LUPTON OFFTAKE		16.428		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		15		PLUMPTON HEAD		GREAT STRICKLAND		16.605		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		15		SCOTBY		CARLISLE 'B'		0.028		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		15		SCOTBY		CARLISLE 'B'		9.341		900		85		X60		12.7		413		12.065		914.4		0.78		0.43		46.86		46.86		Y

		15		ABRAM		WARRINGTON		0.154		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		15		ABRAM		WARRINGTON		14.02		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		15		BRETHERTON		BURSCOUGH		0.041		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		15		BRETHERTON		BURSCOUGH		9.966		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		15		BURSCOUGH		FERNY KNOLL		8.924		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		15		CARNFORTH		GALGATE		0.15		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		15		CARNFORTH		GALGATE		12.549		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		15		CARNFORTH		GALGATE		0.02		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		15		CHURCHTOWN		TREALES		14.792		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		15		CRANK		ABRAM		12.933		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		15		FERNY KNOLL		CRANK		3.485		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		15		GALGATE		CHURCHTOWN		0.02		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		15		GALGATE		CHURCHTOWN		10.967		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		15		KELD		MEAL BANK		0.024		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		15		LUPTON OFFTAKE		CARNFORTH		0.15		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		15		LUPTON OFFTAKE		CARNFORTH		14.868		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		15		MEAL BANK		LUPTON OFFTAKE		0.024		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		15		PLUMPTON HEAD		GREAT STRICKLAND		0.043		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		15		TREALES		BRETHERTON		14.224		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		15		TREALES		BRETHERTON		0.04		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		15		WARRINGTON		WARBURTON		0.154		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		15		WARRINGTON		WARBURTON		5.092		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		15		WHEELOCK		WARMINGHAM		3.18		900		70		X60		14.27		413		13.5565		914.4		0.57		0.43		52.66		52.66		Y

		16		BARROW		PENNINGTON		14.003		1050		75		X42		12.7		289		12.065		1066.8		1.15		0.5		32.68		32.68		Y

		16		BACKBARROW		HEVERSHAM		0.02		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		16		BACKBARROW		HEVERSHAM		15.745		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		16		BARROW		PENNINGTON		0.034		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		16		HEVERSHAM		LUPTON OFFTAKE		8.579		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		16		PENNINGTON		BACKBARROW		0.034		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		16		PENNINGTON		WHITBECK		19.434		300		75		X46		7.14		317		6.64		323.8		0.58		0.5		65.01		65.01		Y

		16		PENNINGTON		BACKBARROW		12.662		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		16		PENNINGTON		BACKBARROW		0.02		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		16		PENNINGTON		WHITBECK		0.043		300		75		X46		7.14		317		6.64		323.8		0.58		0.5		65.01		65.01		Y

		16		WHITBECK		SELLAFIELD POWER STATION		0.035		300		75		X46		7.14		317		6.64		323.8		0.58		0.5		65.01		65.01		Y

		16		WHITBECK		SELLAFIELD POWER STATION		24.856		300		75		X46		7.14		317		6.64		323.8		0.58		0.5		65.01		65.01		Y

		17		GOULCEBY		HATTON		9.662		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		17		GOULCEBY		HATTON		0.191		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		17		LITTLE CAWTHORPE		GOULCEBY		10.165		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		17		LITTLE CAWTHORPE		GOULCEBY		0.025		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		17		THEDDLETHORPE		LITTLE CAWTHORPE		14.53		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		17		THEDDLETHORPE		LITTLE CAWTHORPE		0.025		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		18		ISLE OF GRAIN		SHORNE		19.544		900		70		X52		11.9		358		11.305		914.4		0.79		0.5		44.26		44.26		Y

		18		SHORNE		GRAVESEND THAMES SOUTH		1.838		900		70		X52		11.9		358		11.305		914.4		0.79		0.5		44.26		44.26		Y

		18		EPPING GREEN		RYE HOUSE POWER STATION		6.357		600		75		X52		9.52		358		9.02		609.6		0.71		0.5		52.97		52.97		Y

		18		HORNDON 'A'		TILBURY THAMES NORTH		9.667		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		18		HUNTINGDON		ST. NEOTS		0.157		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		18		HUNTINGDON		ST. NEOTS		0.039		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		18		HUNTINGDON		ST. NEOTS		17.775		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		18		HUNTINGDON		HUNTINGDON COMPRESSOR STATION		0.172		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		18		LUTTON		HUNTINGDON		0.249		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		18		LUTTON		HUNTINGDON		17.936		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		18		LUTTON		HUNTINGDON		0.022		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		18		MATCHING GREEN		EPPING GREEN		13.743		600		75		X52		9.52		358		9.02		609.6		0.71		0.5		52.97		52.97		Y

		18		MATCHING GREEN		STAPLEFORD TAWNEY		14.455		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		18		MATCHING GREEN		STAPLEFORD TAWNEY		0.056		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		18		NEW WIMPOLE		CAMBRIDGE COMP TEE		17.074		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		18		NEW WIMPOLE		CAMBRIDGE COMP TEE		0.03		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		18		NEW WIMPOLE		CAMBRIDGE COMP TEE		0.179		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		18		PETERBOROUGH COMP. TEE		LUTTON		0.022		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		18		PETERBOROUGH COMP. TEE		LUTTON		21.458		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		18		PETERBOROUGH COMP. TEE		LUTTON		0.215		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		18		SHORNE		FARNINGHAM		15.443		750		70		X52		11.9		358		11.305		762		0.66		0.5		53.11		53.11		Y

		18		ST. NEOTS		LITTLE BARFORD POWER STATION		0.039		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		18		ST. NEOTS		NEW WIMPOLE		20.521		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		18		ST. NEOTS		LITTLE BARFORD POWER STATION		0.04		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		18		ST. NEOTS		LITTLE BARFORD POWER STATION		3.717		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		18		ST. NEOTS		NEW WIMPOLE		0.039		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		18		ST. NEOTS		NEW WIMPOLE		0.03		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		18		STAPLEFORD TAWNEY		HORNDON 'A'		25.027		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		18		STAPLEFORD TAWNEY		HORNDON 'A'		0.056		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		19		EASINGTON		PAULL MULTIJUNCTION		23.91		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		20		ASHCOMBE		CENTRAX TEE		8.091		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		20		AYLESBEARE		KENN SOUTH		16.307		600		70		X52		9.5		358		9		609.6		0.66		0.5		52.85		52.85		Y

		20		BARRINGTON		STOCKLAND		17.737		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		20		BARRINGTON		STOCKLAND		0.019		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		20		CENTRAX TEE		COFFINSWELL		3.461		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		20		CENTRAX TEE		CENTRAX OT		0.602		150		70		X42		5.56		289		4.865		168.3		0.42		0.5		70.00		70.00		N

		20		COFFINSWELL		FISHACRE		9.052		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		20		FISHACRE		CHOAKFORD		30.428		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		20		ILCHESTER		BARRINGTON		14.578		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		20		KENN SOUTH		ASHCOMBE		11.228		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		20		OTTERY ST. MARY		AYLESBEARE		10.18		600		70		X52		9.5		358		9		609.6		0.66		0.5		52.85		52.85		Y

		20		STOCKLAND		OTTERY ST. MARY		0.019		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		20		STOCKLAND		OTTERY ST. MARY		19.407		600		70		X52		9.52		358		9.02		609.6		0.66		0.5		52.97		52.97		Y

		20		WORMINGTON		SAPPERTON		42.973		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		20		WORMINGTON		SAPPERTON		0.09		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		21		HOLLINSGREEN		BRIDGE FARM		0.133		900		70		GRADE B		4.8		241		4.3		914.4		3.09		0.5		11.33		11.33		Y

		21		ASCOL DRIVE		STUBLACH		6.365		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		21		AUDLEY		BROCKTON		25.96		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		21		AUDLEY		BROCKTON		0.082		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		21		BIRCH HEATH		MICKLE TRAFFORD		0.022		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		21		BIRCH HEATH		MICKLE TRAFFORD		13.67		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		21		BRIDGE FARM		ELWORTH		0.029		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		21		BRIDGE FARM		ELWORTH		1.413		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		21		BROCKTON		WESTON BANK		16.932		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		21		CARNFORTH		QUERNMORE		13.268		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		21		CARNFORTH		QUERNMORE		0.107		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		21		ELWORTH		WHEELOCK		0.029		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		21		ELWORTH		WARMINGHAM		0.024		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		21		ELWORTH		WARMINGHAM		4.105		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		21		ELWORTH		WHEELOCK		2.18		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		21		HAWARDEN		TEE TO BURTON POINT		1.134		750		70		X60		19.1		413		18.145		762		0.36		0.43		70.00		70.00		N

		21		HOLFORD		HOLLINSGREEN		7.665		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		21		HOLFORD		HOLLINSGREEN		0.016		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		21		HOLLINSGREEN		HAYS CHEMICALS		0.776		100		70		GRADE B		4.8		241		4.2		114.3		0.40		0.5		70.00		70.00		N

		21		HOLLINSGREEN		BRIDGE FARM		0.016		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		21		HOLLINSGREEN		HAYS CHEMICALS		0.012		100		70		GRADE B		4.8		241		4.2		114.3		0.40		0.5		70.00		70.00		N

		21		MAWDESLEY		BURSCOUGH		6.759		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		21		MAWDESLEY		BURSCOUGH		0.025		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		21		MAWDESLEY		WARRINGTON		39.689		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		21		MAWDESLEY		WARRINGTON		0.026		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		21		MAWDESLEY		WARRINGTON		0.164		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		21		MICKLE TRAFFORD		TEE TO SHOTWICK		12.18		750		70		X60		19.1		413		18.145		762		0.36		0.43		70.00		70.00		N

		21		NATEBY		TREALES		14.854		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		21		NATEBY		TREALES		0.015		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		21		PICKMERE		ASCOL DRIVE		0.02		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		21		PICKMERE		ASCOL DRIVE		3.198		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		21		QUERNMORE		NATEBY		0.015		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		21		QUERNMORE		NATEBY		15.438		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		21		STUBLACH		HOLFORD		0.034		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		21		TEE TO BURTON POINT		BURTON POINT		0.266		600		70		X60		19.1		413		18.145		609.6		0.28		0.43		70.00		70.00		N

		21		TEE TO BURTON POINT		DEESIDE PS		0.301		750		70		X60		19.1		413		18.145		762		0.36		0.43		70.00		70.00		N

		21		TEE TO SHOTWICK		HAWARDEN		4.175		750		70		X60		19.1		413		18.145		762		0.36		0.43		70.00		70.00		N

		21		TEE TO SHOTWICK		SHOTWICK		0.076		200		70		X60		19.1		413		16.7125		219.1		0.11		0.43		70.00		70.00		N

		21		TREALES		MAWDESLEY		0.025		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		21		TREALES		MAWDESLEY		24.104		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		21		WARBURTON		PICKMERE		11.526		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		21		WARMINGHAM		BIRCH HEATH		0.022		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		21		WARMINGHAM		BIRCH HEATH		16.572		450		70		X52		9.52		358		9.02		457.2		0.50		0.5		70.00		70.00		N

		21		WARRINGTON		WARBURTON		0.164		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		21		WARRINGTON		WARBURTON		5.6		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		21		WESTON BANK		ALREWAS MULTIJUNCTION		0.092		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		21		WESTON BANK		ALREWAS MULTIJUNCTION		25.363		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		21		WHEELOCK		AUDLEY		0.083		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		21		WHEELOCK		AUDLEY		11.462		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		22		ASLACKBY		BRACEBOROUGH		17.985		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		22		BRACEBOROUGH		PETERBOROUGH COMP. TEE		0.147		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		22		BRACEBOROUGH		PETERBOROUGH COMP. TEE		14.886		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		22		GOXHILL		GRASBY BOTTOM		18.017		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		22		GRASBY BOTTOM		WALESBY		14.754		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		22		HATTON		TIMBERLAND		19.391		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		22		HATTON		TIMBERLAND		0.193		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		22		SILK WILLOUGHBY		ASLACKBY		14.738		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		22		TIMBERLAND		SILK WILLOUGHBY		18.431		1050		75		X60		14.27		413		13.5565		1066.8		0.71		0.43		45.13		45.13		Y

		22		WALESBY		HATTON		17.782		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		22		WALESBY		HATTON		0.088		1050		70		X60		14.27		413		13.5565		1066.8		0.67		0.43		45.13		45.13		Y

		23		BRETFORD		NEWBOLD PACEY		27.58		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		23		CHURCHOVER COMP TEE		BRETFORD		5.98		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		23		CHURCHOVER COMP TEE		BRETFORD		0.077		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		23		LLANVETHERINE		GILWERN		19.456		600		75		X60		9.52		413		9.02		609.6		0.61		0.43		52.55		52.55		Y

		23		LLANVETHERINE		GILWERN		0.023		600		75		X60		9.52		413		9.02		609.6		0.61		0.43		52.55		52.55		Y

		23		NEWBOLD PACEY		HONEYBOURNE		0.049		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		23		NEWBOLD PACEY		HONEYBOURNE		26.476		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		23		TREADDOW		LLANVETHERINE		23.042		600		75		X60		9.52		413		9.02		609.6		0.61		0.43		52.55		52.55		Y

		23		TREADDOW		LLANVETHERINE		0.023		600		75		X60		9.52		413		9.02		609.6		0.61		0.43		52.55		52.55		Y

		23		WORMINGTON		TIRLEY PRI		25.822		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		23		WORMINGTON		TIRLEY PRI		0.346		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		24		ABERDEEN MULTIJUNCTION		LOCHSIDE		50.005		1200		84		X80		15.1		551		14.345		1219.2		0.65		0.32		41.49		41.49		Y

		24		ABERDEEN MULTIJUNCTION		LOCHSIDE		0.257		1200		70		X80		15.1		551		14.345		1219.2		0.54		0.32		41.49		41.49		Y

		24		AUCHNAGATT		UDNY GREEN		21.498		1200		70		X80		15		551		14.25		1219.2		0.54		0.32		41.22		41.22		Y

		24		EASINGTON		PAULL MULTIJUNCTION		24.097		1200		70		X80		14.3		551		13.585		1219.2		0.57		0.32		39.29		39.29		Y

		24		HATTON		SILK WILLOUGHBY		0.16		1200		75		X80		15.1		551		14.345		1219.2		0.58		0.32		41.49		41.49		Y

		24		HATTON		SILK WILLOUGHBY		40.4		1200		75		X80		15.1		551		14.345		1219.2		0.58		0.32		41.49		41.49		Y

		24		ST. FERGUS M/J		AUCHNAGATT		0.883		1200		70		X80		15.1		551		14.345		1219.2		0.54		0.32		41.49		41.49		Y

		24		ST. FERGUS M/J		AUCHNAGATT		23.573		1200		70		X80		15.1		551		14.345		1219.2		0.54		0.32		41.49		41.49		Y

		24		UDNY GREEN		ABERDEEN MULTIJUNCTION		25.639		1200		70		X80		15		551		14.25		1219.2		0.54		0.32		41.22		41.22		Y

		24		UDNY GREEN		ABERDEEN MULTIJUNCTION		0.257		1200		70		X80		15.1		551		14.345		1219.2		0.54		0.32		41.49		41.49		Y

		25		BIRCH HEATH		MICKLE TRAFFORD		14.287		900		70		X60		13		413		12.35		914.4		0.63		0.43		47.97		47.97		Y

		25		BIRCH HEATH		MICKLE TRAFFORD		0.026		900		75		X60		13		413		12.35		914.4		0.67		0.43		47.97		47.97		Y

		25		BRIDGE FARM		BIRCH HEATH		0.026		900		75		X60		13		413		12.35		914.4		0.67		0.43		47.97		47.97		Y

		25		BRIDGE FARM		BIRCH HEATH		20.003		900		70		X60		12.7		413		12.065		914.4		0.64		0.43		46.86		46.86		Y

		26		HUNTINGDON		WILLINGTON		0.194		900		75		X60		12.7		413		12.065		914.4		0.69		0.43		46.86		46.86		Y

		26		HUNTINGDON		WILLINGTON		22.199		900		75		X60		12		413		11.4		914.4		0.73		0.43		44.28		44.28		Y

		26		WILLINGTON		STEPPINGLEY		20.74		900		75		X60		12		413		11.4		914.4		0.73		0.43		44.28		44.28		Y

		26		WILLINGTON		STEPPINGLEY		0.047		900		75		X60		12		413		11.4		914.4		0.73		0.43		44.28		44.28		Y

		27		BACTON TERMINAL		KINGS LYNN COMP. TEE		68.457		1200		75		X80		14.27		551		13.5565		1219.2		0.61		0.32		39.21		39.21		Y

		27		CAMBRIDGE COMP TEE		MATCHING GREEN		0.144		1200		75		X80		14.3		551		13.585		1219.2		0.61		0.32		39.29		39.29		Y

		27		CAMBRIDGE COMP TEE		MATCHING GREEN		45.291		1200		75		X80		14.3		551		13.585		1219.2		0.61		0.32		39.29		39.29		Y

		28		 		ALLTWERN CROSS CONNECTION		0.046		600		94		X52		15.9		358		15.105		609.6		0.53		0.5		88.71		88.71		Y

		28		ALLTWERN CROSS CONNECTION		 		0.089		600		94		X52		22.9		358		21.9		609.6		0.37		0.5		94.00		94.00		N

		28		BLACKBRIDGE		NEWTON NOYES		1.004		1200		94		X80		15.9		551		15.105		1219.2		0.69		0.32		43.69		43.69		Y

		28		CILFREW		No2 Feeder Tie-In		0.221		1200		70		X80		15.9		551		15.105		1219.2		0.51		0.32		43.69		43.69		Y

		28		FELINDRE MULTIJUNCTION		LLANWRDA		0.214		1200		94		X80		15.9		551		15.105		1219.2		0.69		0.32		43.69		43.69		Y

		28		FELINDRE MULTIJUNCTION		LLANWRDA		49.227		1200		94		X80		15.9		551		15.105		1219.2		0.69		0.32		43.69		43.69		Y

		28		FELINDRE MULTIJUNCTION		CILFREW		16.91		1200		94		X80		15.9		551		15.105		1219.2		0.69		0.32		43.69		43.69		Y

		28		FELINDRE MULTIJUNCTION		CILFREW		0.225		1200		94		X80		15.9		551		15.105		1219.2		0.69		0.32		43.69		43.69		Y

		28		HERBRANDSTON		UPPER NEESTON		1.413		1200		94		X80		15.9		551		15.105		1219.2		0.69		0.32		43.69		43.69		Y

		28		LLANGYNOG		FELINDRE MULTIJUNCTION		0.219		1200		94		X80		15.88		551		15.086		1219.2		0.69		0.32		43.63		43.63		Y

		28		LLANGYNOG		FELINDRE MULTIJUNCTION		39.934		1200		94		X80		15.88		551		15.086		1219.2		0.69		0.32		43.63		43.63		Y

		28		LLANGYNOG		FELINDRE MULTIJUNCTION		0.03		1200		94		X80		15.88		551		15.086		1219.2		0.69		0.32		43.63		43.63		Y

		28		LLANWRDA		THREE COCKS		57.926		1200		94		X80		15.9		551		15.105		1219.2		0.69		0.32		43.69		43.69		Y

		28		NEWTON NOYES		LLANGYNOG		0.03		1200		94		X80		15.88		551		15.086		1219.2		0.69		0.32		43.63		43.63		Y

		28		NEWTON NOYES		LLANGYNOG		54.743		1200		94		X80		15.88		551		15.086		1219.2		0.69		0.32		43.63		43.63		Y

		28		THREE COCKS		TREADDOW		55.976		1200		94		X80		15.9		551		15.105		1219.2		0.69		0.32		43.69		43.69		Y

		28		TREADDOW		TIRLEY PRI		33.007		1200		94		X80		15.9		551		15.105		1219.2		0.69		0.32		43.69		43.69		Y

		28		UPPER NEESTON		BLACKBRIDGE		6.839		1200		94		X80		15.9		551		15.105		1219.2		0.69		0.32		43.69		43.69		Y

		28		UPPER NEESTON TEE		UPPER NEESTON		0.155		150		94		X42		5.56		289		4.865		168.3		0.56		0.5		83.54		83.54		Y

		29		ASSELBY		PANNAL		62.032		1200		70		X80		14.27		551		13.5565		1219.2		0.57		0.32		39.21		39.21		Y

		29		EASINGTON		GANSTEAD		32.181		1200		70		X80		14.27		551		13.5565		1219.2		0.57		0.32		39.21		39.21		Y

		29		GANSTEAD		ASSELBY		52.46		1200		70		X80		14.27		551		13.5565		1219.2		0.57		0.32		39.21		39.21		Y

		29		HALTON WEST		NETHER KELLET		0.222		1200		75		X80		14.27		551		13.5565		1219.2		0.61		0.32		39.21		39.21		Y

		29		HALTON WEST		NETHER KELLET		47.22		1200		75		X80		14.27		551		13.5565		1219.2		0.61		0.32		39.21		39.21		Y

		29		PANNAL		HALTON WEST		47.031		1200		75		X80		14.27		551		13.5565		1219.2		0.61		0.32		39.21		39.21		Y





Reinforcement Required

				Pipeline Nominal Diameter, mm		Length of pipelines with no reinforcement required. km		Length of pipelines where reinforcement is required, km

				100		0.788		0.000

				150		11.624		0.155

				200		3.882		0.000

				300		1.670		72.619

				350		0.000		17.329

				450		193.928		0.437

				500		23.731		39.705

				600		74.756		944.548

				750		26.482		481.999

				900		0.640		3654.417

				1050		0.356		1267.883

				1200		0.000		859.725

				Total		337.857		7338.817

				Number of pipelines requiring reinforcement		972

				Pipe laying Setup cost		£50,000.00

				Incremental cost per m		£6,000.00



				Total Set up costs for all pipelines		£48,600,000.00

				Incremental cost for all pipelines		£44,032,902.00

				Total reinforcement cost for all pipelines		£92,632,902.00





NTS Inputs

		Gas Day		Average Gas Flow, smcm/d		NG max smcm/d		Simplified Name

		Aldbrough Storage-Withdrawal		2.9662739726		24.41		Albrough

		Bacton Amoco Sub-terminal		8.2655342466		11.03		Bacton

		Bacton IUK Interconnector-Import		1.146109589		20.73		Bacton

		Bacton Seal Sub-terminal		4.8237260274		7.86		Bacton

		Bacton Shell Sub-terminal		4.5594520548		5.75		Bacton

		BactonBBLInt Interconnector-Import		0.5026027397		11.76		Bacton

		BarrowST Sub-terminal		1.8492582418		5.05		Barrow

		Beltoft Storage-Withdrawal		0.1559178082		1.82		Beltoft

		BurtonPointST Sub-terminal		0		0		Burton Point

		Dragon Sub-terminal		8.2733424658		27.96		Dragon

		Easington BP Dimlington Sub-terminal		4.4742465753		5.65		Easington

		Easington Langeled Sub-terminal		59.2137534247		77.43		Easington

		Easington Rough Sub-terminal		4.4323013699		7.09		Easington

		EasingtonYork Sub-terminal		0.004		0.85		Easington

		Hilltop Storage-Withdrawal		1.1887671233		12.31		Hilltop

		Hole House Farm Storage-Withdrawal		0.0129589041		1.12		Hole House Farm

		Holford Storage-Withdrawal		1.4705753425		21.49		Holford

		Hornsea Storage-Withdrawal		0.7345205479		8.07		Hornsea

		Humbly Grove Storage-Withdrawal		0.6730958904		7.13		Humbly Grove

		IsleOfGrainST Sub-terminal		0.1738630137		7.12		Isle of Grain

		IsleOfGrainST2 Sub-terminal		4.361890411		37.7		Isle of Grain

		Rough Storage-Withdrawal		2.6899726027		10.36		Rough

		South Hook Sub-terminal		18.1871232877		57.5		South Hook

		St Fergus Mobil Sub-terminal		9.8570410959		14.22		St Fergus Mobil

		St Fergus Shell Brent Sub-terminal		0.9438630137		1.46		St Fergus

		St Fergus Shell Brent Sub-terminal		17.8979178082		27.7		St Fergus

		St Fergus Tom Sub-terminal		8.573890411		21.03		St Fergus

		St Fergus Tom Sub-terminal		8.573890411		21.03		St Fergus

		Stublach Storage-Withdrawal		4.264739726		25.36		Stublach

		Teesside Amoco Sub-terminal		15.9754794521		23.99		Teesside

		Teesside Enron Sub-terminal		5.7565479452		9.67		Teesside

		ThdlethConoco Sub-terminal		0		0		Threddlethorpe

		Theddlethorpe2 Sub-terminal		0.1443835616		0.2		Threddlethorpe





O2 Requirements

				Other parameters				At 15°C

				Density of NG at atmosphere (1bara)		kg/m3		0.7621

				Gross Calorific Value of NG		MJ kg-1		51.93

				Density of H2 at atmosphere (1bara)		kg/m3		0.0853

				Gross Calorific Value of H2		MJ kg-1		141.8

				Density of 20% Blend at atmosphere (1bara)		kg/m3		0.6268

				Gross Calorific Value of 20% Blend		MJ kg-1		54.36

				NG to H2 flow factor				3.273		Ratio of energy x density compared to NG

				NG to 20% Blend flow factor				1.162		Ratio of energy x density compared to NG

				Density of O2 at atmosphere (1bara)		kg/m3		1.35355

				Density of liquid O2 at atmosphere (1bara)		kg/m3		1141

				O2 Concentration		ppm		500

				Percentage of flow		%		0.05

				Molar Volume of O2  (std. cond.)		m3/mol		0.02241383

				Molar weight of O2  (std. cond.)		kg/mol		31.999

				Tanker size		m3		26

				Liquid O2 Cost		£ / tonne		£148.00

				Liquid O2 Transport Weight		Tonnes / tanker		22.787

				Liquid O2 Tanker cost		£ / tanker		£3,372.48



				Average Flow Rates from 07/06/2024 to 06/06/2025																				Maximum Flow Rates from 07/06/2024 to 06/06/2025

				Site		NG Ave smcm/day		Equivalent 100% H2 Flow, smcm/d		O2 smcm/day		O2 sm3/d		O2 mass required		O2 total volume as liquid, m3		Tankers required per day (average)						Site		NG Max smcm/day		Equivalent 100% H2 Flow, smcm/d		O2 smcm/day		O2 m3/d		O2 mass required		O2 total volume as liquid, m3		Tankers required per day (Max)

				Albrough		2.97		9.708		0.005		4853.870		6569.956		5.758		0.221						Albrough		24.41		79.887		0.040		39943.365		54065.341		47.384		1.822

				Bacton		19.30		63.155		0.032		31577.389		42741.575		37.460		1.441						Bacton		57.13		186.970		0.093		93484.819		126536.376		110.900		4.265

				Barrow		1.85		6.052		0.003		3026.038		4095.894		3.590		0.138						Barrow		5.05		16.527		0.008		8263.580		11185.169		9.803		0.377

				Beltoft		0.16		0.510		0.000		255.136		345.340		0.303		0.012						Beltoft		1.82		5.956		0.003		2978.162		4031.091		3.533		0.136

				Burton Point		0.00		0.000		0.000		0.000		0.000		0.000		0.000						Burton Point		0.00		0.000		0.000		0.000		0.000		0.000		0.000

				Dragon		8.27		27.076		0.014		13538.105		18324.502		16.060		0.618						Dragon		27.96		91.505		0.046		45752.416		61928.183		54.275		2.088

				Easington		68.12		222.951		0.111		111475.371		150887.489		132.241		5.086						Easington		91.02		297.882		0.149		148940.805		201598.827		176.686		6.796

				Hilltop		1.19		3.890		0.002		1945.242		2632.982		2.308		0.089						Hilltop		12.31		40.287		0.020		20143.499		27265.234		23.896		0.919

				Hole House Farm		0.01		0.042		0.000		21.205		28.702		0.025		0.001						Hole House Farm		1.12		3.665		0.002		1832.715		2480.671		2.174		0.084

				Holford		1.47		4.813		0.002		2406.380		3257.155		2.855		0.110						Holford		21.49		70.330		0.035		35165.215		47597.877		41.716		1.604

				Hornsea		0.73		2.404		0.001		1201.935		1626.878		1.426		0.055						Hornsea		8.07		26.411		0.013		13205.365		17874.121		15.665		0.603

				Humbly Grove		0.67		2.203		0.001		1101.422		1490.830		1.307		0.050						Humbly Grove		7.13		23.334		0.012		11667.193		15792.130		13.841		0.532

				Isle of Grain		4.54		14.844		0.007		7422.091		10046.172		8.805		0.339						Isle of Grain		44.82		146.683		0.073		73341.319		99271.143		87.004		3.346

				Rough		2.69		8.803		0.004		4401.743		5957.980		5.222		0.201						Rough		10.36		33.905		0.017		16952.612		22946.208		20.111		0.773

				South Hook		18.19		59.521		0.030		29760.545		40282.385		35.304		1.358						South Hook		57.50		188.181		0.094		94090.269		127355.884		111.618		4.293

				St Fergus Mobil		9.86		32.259		0.016		16129.594		21832.212		19.134		0.736						St Fergus Mobil		14.22		46.538		0.023		23268.933		31495.664		27.604		1.062

				St Fergus		35.99		117.783		0.059		58891.609		79712.738		69.862		2.687						St Fergus		71.22		233.082		0.117		116541.026		157744.105		138.251		5.317

				Stublach		4.26		13.957		0.007		6978.618		9445.908		8.279		0.318						Stublach		25.36		82.996		0.041		41497.900		56169.482		49.228		1.893

				Teesside		21.73		71.123		0.036		35561.258		48133.940		42.186		1.623						Teesside		33.66		110.159		0.055		55079.625		74553.027		65.340		2.513

				Threddlethorpe		0.14		0.473		0.000		236.262		319.793		0.280		0.011						Threddlethorpe		0.20		0.655		0.000		327.271		442.977		0.388		0.015

																Total		15.092

																Total Cost per day		£50,898.97

																Total Cost per year		£18,590,848.20



				Site		NG Ave smcm/day		Equivalent 20% Blend Flow		O2 smcm/day		O2 m3/d		O2 mass required		O2 total volume as liquid, m3		Tankers required per day (average)						Site		NG Max smcm/day		Equivalent 20% Blend Flow		O2 smcm/day		O2 m3/d		O2 mass required		O2 total volume as liquid, m3		Tankers required per day (Max)

				Albrough		2.97		3.445		0.002		1722.674		2331.725		2.044		0.079						Albrough		24.41		28.352		0.014		14176.193		19188.187		16.817		0.647

				Bacton		19.30		22.414		0.011		11207.047		15169.299		13.295		0.511						Bacton		57.13		66.357		0.033		33178.449		44908.689		39.359		1.514

				Barrow		1.85		2.148		0.001		1073.963		1453.663		1.274		0.049						Barrow		5.05		5.866		0.003		2932.805		3969.699		3.479		0.134

				Beltoft		0.16		0.181		0.000		90.550		122.564		0.107		0.004						Beltoft		1.82		2.114		0.001		1056.971		1430.664		1.254		0.048

				Burton Point		0.00		0.000		0.000		0.000		0.000		0.000		0.000						Burton Point		0.00		0.000		0.000		0.000		0.000		0.000		0.000

				Dragon		8.27		9.610		0.005		4804.773		6503.500		5.700		0.219						Dragon		27.96		32.476		0.016		16237.868		21978.767		19.263		0.741

				Easington		68.12		79.127		0.040		39563.428		53551.078		46.933		1.805						Easington		91.02		105.720		0.053		52860.186		71548.904		62.707		2.412

				Hilltop		1.19		1.381		0.001		690.381		934.465		0.819		0.031						Hilltop		12.31		14.298		0.007		7149.076		9676.632		8.481		0.326

				Hole House Farm		0.01		0.015		0.000		7.526		10.187		0.009		0.000						Hole House Farm		1.12		1.301		0.001		650.444		880.408		0.772		0.030

				Holford		1.47		1.708		0.001		854.042		1155.988		1.013		0.039						Holford		21.49		24.961		0.012		12480.393		16892.836		14.805		0.569

				Hornsea		0.73		0.853		0.000		426.575		577.391		0.506		0.019						Hornsea		8.07		9.373		0.005		4686.681		6343.657		5.560		0.214

				Humbly Grove		0.67		0.782		0.000		390.903		529.106		0.464		0.018						Humbly Grove		7.13		8.282		0.004		4140.773		5604.743		4.912		0.189

				Isle of Grain		4.54		5.268		0.003		2634.155		3565.460		3.125		0.120						Isle of Grain		44.82		52.059		0.026		26029.373		35232.058		30.878		1.188

				Rough		2.69		3.124		0.002		1562.211		2114.531		1.853		0.071						Rough		10.36		12.033		0.006		6016.606		8143.778		7.137		0.275

				South Hook		18.19		21.124		0.011		10562.236		14296.514		12.530		0.482						South Hook		57.50		66.787		0.033		33393.328		45199.539		39.614		1.524

				St Fergus Mobil		9.86		11.449		0.006		5724.511		7748.412		6.791		0.261						St Fergus Mobil		14.22		16.517		0.008		8258.315		11178.042		9.797		0.377

				St Fergus		35.99		41.802		0.021		20901.065		28290.636		24.795		0.954						St Fergus		71.22		82.723		0.041		41361.266		55984.541		49.066		1.887

				Stublach		4.26		4.954		0.002		2476.763		3352.422		2.938		0.113						Stublach		25.36		29.456		0.015		14727.909		19934.962		17.471		0.672

				Teesside		21.73		25.242		0.013		12620.951		17083.089		14.972		0.576						Teesside		33.66		39.096		0.020		19548.164		26459.417		23.190		0.892

				Threddlethorpe		0.14		0.168		0.000		83.851		113.497		0.099		0.004						Threddlethorpe		0.20		0.232		0.000		116.151		157.216		0.138		0.005

																Total		5.356

																Total Cost per day		£18,064.42

																Total Cost per year		£6,598,028.57





O2 Injection Sites

				Keep all pipeline MOPs same and inject O2 to allow H2 to be transported at elevated MOP

				Costs

				Injection system		£135,000.00

				Valve Controller		£5,000.00

				Mixer		£5,000.00

				Gas analyser		£15,000.00

				Additional Equipment		£15,000.00

				Installation cost		£25,000.00

				Total Cost		£200,000.00

				NTS Inputs		20

				Compressors		22

				Backup systems required per site		1

				Number of injection systems on network		84

				Cost of all injection sites		£16,800,000.00

				Number of monitoring points		100		100 network offtakes

				Gas analyser		£15,000.00

				Installation cost		£5,000.00

				Cost of monitoring points only		£2,000,000.00



				Fixed cost CAPEX		£18,800,000.00

























CBA Results

				Maintain current MOPs and inject O2 to allow 100% Hydrogen to be transported

				O2 Cost per year		£18,590,848.20

				Initial installation costs		£18,800,000.00

				Total cost for Year 1		£37,390,848.20

				Total cost for Year 2 onwards		£18,590,848.20





				Maintain current MOPs and inject O2 to allow 20% Hydrogen Blend to be transported

				O2 Cost per year		£6,598,028.57

				Initial installation costs		£18,800,000.00

				Total cost for Year 1		£25,398,028.57

				Total cost for Year 2 onwards		£6,598,028.57





				Reinforce all pipelines with a reduced operating pressure or ZEM



				Cost to reinforce all pipelines with duplicates		£92,632,902.00









