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Key Points:

e We modelled New Zealand’s gas pipeline network to calculate pipe to soil potentials due
to uniform electric fields of 100 mV/km

e Potentials are greatest at ends of pipelines, following theoretical curves with variations
due to branches and changes in direction

e The lower coating conductance of the branchlines leads to higher potentials on both that
line and connected lines
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Abstract

Gas pipelines can experience elevated pipe to soil potentials (PSPs) during geomagnetic
disturbances due to the induced geoelectric field. Gas pipeline operators use cathodic protection
to keep PSPs between -0.85 and —1.2 V to prevent corrosion of the steel pipes and disbondment
of the protective coating from the pipes. We have developed a model of the gas pipelines in the
North Island of New Zealand to identify whether a hazard exists to these pipelines and how big
this hazard is. We used a transmission line representation to model the pipelines and a nodal
admittance matrix method to calculate the PSPs at nodes up to 5 km apart along the pipelines.
We used this model to calculate PSPs resulting from an idealised 100 mVkm ™ electric field,
initially to the north and east. The calculated PSPs are highest are at the ends of the pipelines in
the direction of the applied electric field vector. The calculated PSP follows a characteristic
curve along the length of the pipelines that matches theory, with deviations due to branchlines
and changes in pipeline direction. The modelling shows that the PSP magnitudes are sensitive to
the branchline coating conductance with higher coating conductances decreasing the PSPs at
most locations. Enhanced PSPs produce the highest risk of disbondment and corrosion occurring,
and hence this modelling provides insights into the network locations most at risk.

Plain Language Summary

Steel pipelines are used to transport natural gas across long distances. These pipes are covered in
an insulating coating to protect them from corrosion. During a geomagnetic storm, there are
rapid changes in Earth’s magnetic and electric fields. These changes cause electrical currents to
flow through breaks in the insulating coating and on and off the pipelines, resulting in a voltage
between Earth and the pipe. Over time the currents can cause corrosion and the voltages can lead
to the coating separating from the pipe, resulting in further corrosion. We have developed a
model of New Zealand’s gas pipeline network and used it to calculate the voltages in the
pipelines in New Zealand’s North Island during a simplified geomagnetic storm. This model will
help us understand where the greatest risk of corrosion is and how widespread the risk is. The
highest risk is at the ends of the pipeline, aligned with the direction of the imposed electric field.
Branchlines and changes in direction of the pipeline change the local voltages.
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1 Introduction

It is well known that space weather can effect technological structures on Earth, through the
geomagnetic activity associated with solar storms (e.g., Bothmer & Daglis, 2007). When a
coronal mass ejection arrives at Earth and interacts with the magnetosphere, the resulting time
variations in the geomagnetic field result in induced electric fields in the conducting Earth. The
resulting fields can lead to geomagnetically induced currents (GICs) flowing between the ground
and any sufficiently long conductor, such as steel pipelines or power transmission lines, and a
voltage between these conductors and the soil. The voltage between steel gas pipelines and Earth
due to geomagnetic activity is known as telluric pipe to soil potential (PSP) (Boteler & Seager,
1998). The total pipe to soil potential is a combination of this telluric pipe to soil potential,
arising from geomagnetic activity, and the voltage applied to the pipelines by rectifiers as part of
the cathodic protection system applied by pipeline operators.

FirstGas Ltd. own and operate over 2500 km of pipelines to distribute natural gas in the North
Island of New Zealand. These steel pipelines are coated with an insulating coating and are are
protected by a cathodic protection (CP) system, such as described by Ingham et al. (2022), which
seeks to hold the pipeline at a potential between -0.85 V and -1.2 V relative to Earth. If the
potential between the steel pipe and Earth drops below —1.2 V the insulating coating can disbond
from the steel pipe, allowing ground water to come into contact with the steel, leading to
corrosion (e.g., von Baeckmann et al., 1997). Further, if this potential exceeds —0.85 V for a
sufficiently long duration, the pipes may corrode. During normal operation this potential is
dominated by the applied rectifier voltage. During strong space weather events, when there may
be large variations in induced electric fields high PSPs can occur and the cathodic protection
system may be unable to protect the pipelines, leading to increased corrosion and the risk of
disbondment occurring.

Modelling PSPs in pipelines can help assess the risk to this infrastructure by identifying the
magnitude and location of the largest PSPs during severe geomagnetic storms. Modelling can
also identify locations where mitigation could help prevent long term corrosion or disbondment.
Modelling of PSPs in a single, isolated pipeline has identified that the PSP is highest at the ends
of long sections of pipeline parallel to the electric field, with a characteristic PSP curve tending
exponentially towards zero in the middle (Boteler & Seager, 1998). Pulkkinen et al. (2001)
modelled GICs and PSPs in idealised sections of pipeline and a simplified Finnish pipeline
network for a uniform electric field and found similar characteristic curves, with variation around
junctions.

A time varying magnetic field induces an electric field in the conducting Earth. In the presence
of a pipeline the induced field is modified such that the electric field inside the pipe is not
necessarily the same as that away from the pipe. The effect of the pipe can be modelled with the
result that for periods of variation above about 10 seconds the electric field in the pipe is the
same as the electric field in the ground. At periods less than 10 s, the electric field in the pipe is
increasingly attenuated at higher frequency. Overall, this leads to a potential difference (PSP)
between the pipe and the local ground. This calculation assumes an Earth with no variation with
depth. The effect of induced electric fields in a more realistic Earth model and for real pipelines
or pipeline networks, including bends, branches and discontinuities, can be modelled by
distributed-source transmission line (DSTL) theory as developed initially by Dabkowski (1979)
and applied to the problem of geomagnetic induction in pipelines by Boteler and Cookson
(1986).
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Boteler (2013) introduced a more versatile method to calculate PSPs which simplifies the
representation of the pipelines by using an equivalent-pi transmission line representation of the
pipeline network, then used the nodal admittance matrix method to calculate GICs. Boteler’s
(2013) method was used by Lax et al. (2019) to model PSPs in two theoretical pipelines: a
straight line, and a pipeline with a junction, a bend and a change in diameter. We have used this
versatile method in the present paper to calculate PSPs in the North Island’s gas pipeline
network. The same matrix method has previously been used to calculate and model GICs in
electrical transmission lines in New Zealand (Divett et al. (2017), Divett et al. (2018), Divett et
al. (2020), Mukhtar et al. (2020), and Mac Manus et al. (2022)). Rodger et al. (2020), Mukhtar et
al. (2020), and Mac Manus et al. (2022) identified a potential for high GICs at the western and
eastern ends of the North Island’s electrical transmission lines in Taranaki and Hawke’s Bay,
respectively. Place names are shown in Figure 1.

Observations of GICs and PSPs on New Zealand’s gas pipelines have been reported previously
by Ingham and Rodger (2018) and Ingham et al. (2022). Ingham et al. (2022) analyzed
monitoring data from FirstGas’ cathodic protection system at several locations in the North
Island during geomagnetic storms. Of these observation locations, the largest PSPs were found at
the end of the Hawke’s Bay branchline. Further, they found considerable differences between the
timing of maximum PSP at locations near each other on the same branchline.

In the current study we present the development of a representation of the gas pipeline network
in the North Island of New Zealand in section 2 and also describe how we applied the versatile
method developed by Boteler (2013) to calculate the PSPs on these pipelines, given (in the
current study) a constant, uniform electric field. In section 3 we show how these PSPs vary
around the pipeline network for two directions of the electric field. In section 3.3 we show how
the PSPs vary with changing electric field direction and five different pipeline coating
conductances at sites where observed PSPs were reported by Ingham et al. (2022).

2 Modelling Methods

2.1 The electrical properties of the NZ gas pipeline network

The natural gas transmission pipelines in New Zealand’s North Island consist of 2523 km of high
pressure steel pipelines, as shown in Figure 1. The main section of the network runs from the
major gas production area in Taranaki, north to Auckland and south to Wellington. Significant
branchlines off the main northward and southward pipeline sections are seen running
northeastward to Hawke’s Bay, and eastward to Bay of Plenty (on separate pipeline routes) and
north of Auckland to Northland.

A flange on the main section of pipeline electrically isolates the pipelines south of Taranaki from
those to the north. Within Taranaki there are substantial zinc earthing connections on the
pipeline, in a horseshoe shape around Mount Taranaki (which is located roughly where the word
“Taranaki” is shown in Figure 1). Hence the main pipelines running from Taranaki to
Wellington, and Taranaki to Auckland are electrically split at Taranaki and thus in the modelling
reported here we ignore the pipelines within Taranaki. We have replaced the earthing points and
the complex web of pipelines within Taranaki with a single node at Urenui, treated as the
southern end of the Auckland to Taranaki line shown in Figure 1.

The pipelines are mostly installed below ground and are coated with a resistive coating to
prevent corrosion and increase resistance between the steel pipeline and Earth. The coating is
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predominantly coal tar enamel on the main pipelines from Taranaki to Wellington and Auckland,
while a more modern coating is mostly used on the branchlines. Examples of the modern
coatings are two or three layer polyethylene, or fusion bonded epoxy. The pipelines coated with
coal tar enamel coating are over 46 years old.

The specific conductance of the coal tar enamel coating is assumed to be Cpain = 100 pSm 2,
while that of the other coatings is assumed to be Cpyanch = 1 uSm 2 . These conductances are
based on estimates provided by cathodic protection engineers working at FirstGas Ltd. and are
consistent with the 5 pSm 2 used to represent a ‘typical modern coating’ by Boteler (2013). They
both fall within the ‘excellent’ coating quality defined as less than 100 pSm? (NACE
International, 2002). There is considerable uncertainty in the values reported by NACE
International (2002), with a broad range reported in the literature for the conductance of each
coating type. This range of values is partly due to the potential for changes in conductance after
installation due to damage, soil moisture and salinity, as well as variations in manufacturing.
Further, any scratch or defect in the pipeline coating can significantly reduce the local resistance.
In the modelling reported below, to explore the effect of changes in coating conductance we
present a sensitivity analysis by applying five values between 1 and 100 uSm to the branchline
coating conductance.

The pipeline network is protected from corrosion by impressed current cathodic protection as
discussed by Ingham et al. (2022). At 48 locations on the network, rectifiers with associated
anode beds are used to keep the pipeline at a suitable negative potential with respect to earth.
Active monitoring of the pipe to soil potential and the potential of an installed metal coupon,
both with respect to a reference electrode, is carried out at multiple locations with measurements
made every second. Six of the locations where observations of the PSPs are made in this way are
indicated by numbers in Figure 1.

FirstGas Ltd. provided a shapefile with the location, pipe diameter and wall thickness, and the
coating type and thickness for the entire pipeline network. Using these locations, we divided the
pipeline into sections, separated by nodes, that are short enough that each section can be assumed
to be straight and, if a varying electric field were applied, the electric field could be assumed
constant along a section. Most sections are L = 5 km long, except at junctions where L is the
length required to complete the distance from the last node to the node at the junction. Lax et al.
(2019) indicate that sections less than 10 km can be considered sufficiently short that they are
less then the electrical adjustment distance. The node locations in the shapefile left gaps at most
pipeline junctions. Using aerial photos on the websites Google Maps and Land Information New
Zealand, we identified that there is above ground gas infrastructure at these locations. FirstGas
Ltd. confirmed that almost all of these locations are electrically continuous. They comprise two
main types: 1) main line valves and smaller stations with no, or minimal, earthing and no
electrical break, 2) larger stations or stations with extensive earthing, which have insulating
joints and a bond-cable spanning the joint. We therefore manually added connections between
nodes at 106 locations to account for this in the model.

The electrical characteristics of each section of pipeline were calculated from information in the
shapefile. The admittance to ground, Y , depends on the coating conductance and the surface
area per unit distance, and the series impedance per unit length, Z, depends on the resistivity of
steel and the cross-sectional area of the pipeline steel. We calculated these properties for each
section of pipeline using Y = c2nr,, and z = —2—, where r, and r; are the outer and inner radii of

w1’
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the pipe, C is the assumed coating conductance, and p = 0.18x10~® Qm is the standard resistivity
of steel. While the resistivity of steel is well known, the coating conductance is not and
consequently we tested the sensitivity of PSP to coating conductance in Sections 3.1.1 and 3.3.

2.2 Spatially uniform electric field

To model pipe to soil potentials on the pipeline, we have applied a spatially uniform electric
field, E = 100 mVkm ™, to the whole NZ region in several directions. This is approximately the
size of the spatial average of the electric field reported by Ingham et al. (2022) at the peak of a
Kp 7+ storm on 28 August 2018. Initially a northward and an eastward field were applied to
explore the effects of those electric fields on the gas pipelines. Subsequently, we applied an
electric field at directions between 0° and 350° clockwise from north in 10° increments. This was
to explore the effects of the full range of electric field directions at six locations where
observations of the PSPs are available. We make the standard assumption that GICs and PSPs
are direct current (i.e. DC rather than AC), as the frequencies of geoelectric field variation are
sufficiently low that we can ignore capacitance.

2.2.1 Equivalent-pi representation

The connection between the steel pipeline and Earth is continuous, through the highly resistive
pipeline coating, along the length of the pipeline. Following Boteler (2013) we have used the
equivalent-pi transmission line theory to discretize the continuous earthing of the pipelines, as
shown in Figure 2. In this way, the continuous connection to Earth is represented by a discrete
admittance to ground,

v’ _ cosh(yL)-1
2~ Zysinh(yL)' (1)

at each end of each pipeline section. Here y = vZY is the propagation constant, % is the adjustment

distance, and z, = \/% is the characteristic impedance of the pipeline section, shown in Table 1.

The effect of the electric field between nodes A and B is applied as an equivalent current source,

IAB = g; (2)
in parallel with the series admittance of each pipeline section,
1
YE = Zysinh(yL)" (3)

2.3 Converting to a nodal network and calculating PSPs

To calculate the currents and PSPs for every node on the pipeline network we combine the
equivalent-pi representations for all single pipeline sections into a nodal admittance network,
again following Boteler (2013). The first step is to join all pipeline sections that connect at each
node. The admittance to ground at that node is then the sum of the admittances of each adjacent
pipeline section at that node.

The vector of equivalent current sources at each node, [J], is the sum of the equivalent current
sources directed into each node. The PSP due to geomagnetic variation at each node on the
network can then be calculated by solving the matrix equation

VI=[Y]1'[] (4)
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where [Y] is the admittance matrix, formed by summing the admittance to Earth and the series
admittances for all pipelines connected to node i to give the diagonal components. —Yg between
nodes i and j gives the off-diagonal components.

3 Modelling Results

As outlined above, we have modelled PSPs resulting from a uniform 100 mVkm™ electric field
oriented in a number of different specific directions. In reality PSPs in pipelines are influenced
by spatial variations in the electric field, due to variations in geomagnetic field and ground
conductivity structure, as well as characteristics of the pipelines. Studying the modelled PSPs
due to uniform electric fields is useful for identifying the influence of the topography of the
pipeline network on PSPs, in isolation from the other variations. But it is worth remembering
that, in reality, both the magnitude and orientation of the induced electric field will vary
considerably over even a small area.

3.1 PSPs resulting from a northward electric field

PSPs calculated at each node on the NZ pipeline network in response to a uniform 100 mVkm™

northward-directed electric field are shown in Figure 3(a). Blue (orange) circles denote positive
(negative) PSP, with the size of the circle showing the PSP magnitude. In general, for a
northward electric field, positive PSPs are at the northern ends of pipelines while negative PSPs
are at the southern ends, as expected. Also as expected, the PSPs are largest at the ends of
pipelines, especially the longer north to south pipelines. These trends are developed by GICs
flowing on to a pipeline in the south, accumulating along the length of the pipeline to halfway,
and flowing to Earth towards the northern ends of the pipelines.

These large-scale trends result in the characteristic PSP curves shown in Figure 3(b) for the main
pipeline from Taranaki to Wellington. The large-scale trends in these curves match the
characteristic curves for PSP on a single long, straight pipeline presented by, among others,
Boteler and Seager (1998). However, their characteristic curves were for a pipeline that does not
contain significant branches or changes in direction. Deviations from those large-scale trends for
the main Taranaki to Wellington pipeline are apparent, especially near the middle of this pipeline
near where the Hawke’s Bay line branches toward the east. On the main line, the maximum PSP
is at the northern end, as expected for a northward electric field. Heading south towards
Wellington the PSP decreases steadily, apart from a small increase seen 15 km south of Taranaki
where a long parallel line connects to the main line, continuing parallel to the south almost to the
end of the main line. Continuing southward the next small increase in PSP occurs 50 km south of
Taranaki where a short pipeline branches to the north, followed by five small increases
associated with pipelines that branch off the main pipeline over the next 150 km.

The largest of these branches is the eastward pipeline which runs off from this branch point to
Hawke’s Bay. On this branch there is another PSP curve characteristic of a pipeline aligned
primarily with the direction of the electric field. The effects of the two characteristic curves are
not independent, as the main Taranaki to Wellington line is electrically connected to the
Hawke’s Bay branchline, allowing GICs to flow through both pipelines. Hence, the PSP around
the junction of these two pipelines is affected by the combined effect of the characteristic curves
on both pipelines. Further, effects due to the short branch lines are also seen on the Hawke’s Bay
line near the connection with the main Taranaki to Wellington line.
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The same trends shown in the characteristic curve for Taranaki to Wellington are also apparent
in the PSPs on the other north-south oriented pipelines to the north of Taranaki in Figure 3(a).
This is particularly prominent in the main pipeline from Taranaki to Auckland, with the trend
continuing north to Northland. Although the trend in PSP is complicated around Auckland and
Northland due to parallel pipelines, a large east-west bend and multiple short branchlines, the
highest PSPs are still at the northern end of the Northland branchline. The north-south trends are
also apparent in the branch lines from Taupo to Tauranga, and Gisbourne to Whakatane. The
effects of the short branchlines are also apparent on these lines although not as obvious as south
of Taranaki because these lines are more complicated than the pipelines south of Taranaki.

Another interesting feature of the PSP can be seen in the east-west sections within the main north
to south pipeline, in Figure 3a. Particularly around Auckland, the PSPs are very small at a
location where the pipelines are oriented nearly perpendicular to the direction of the electric
field. This is as expected for a pipeline perpendicular to the electric field. However, it is very
noticeable at this location where the larger scale trend for the PSP would indicate that PSP
should be larger if the pipeline did not change direction. This effect is also noticeable on the east-
west oriented sections of the Bay of Plenty branchline, especially at the westernmost end and in
the short section near observation site 3.

3.1.1 Sensitivity of PSP to branchline coating conductance

There is considerable uncertainty about the value of coating conductance, due to the cumulative
effects of exposure to soil moisture and potential damage during installation and operation
(NACE International, 2002; Alrudayni, 2015). Further, it is well recognised in the pipeline
industry that the lower conductance values of modern pipeline coatings leads to larger telluric
PSP variations than on older pipelines with relatively higher coating conductance (e.g. Boteler et
al., 1999). Consequently, it is worth exploring the effect of varying conductance on calculated
PSPs.

For the modelled PSPs shown in Figure 3 the main Taranaki to Wellington pipeline has a coating
conductance of 100 uSm? while the Hawke’s Bay branch has a coating conductance of 1
uSm 2. While it is expected that, for a single pipeline, a higher conductance of the pipeline
coating will lead to a reduction in PSP along the length of the pipeline, it is of interest to see how
varying the coating conductance of the Hawke’s Bay branch affects the PSPs between Taranaki
and Wellington. This is shown in Figure 4, again for a northward oriented electric field, which
shows the calculated PSPs along the Taranaki to Wellington pipeline for five different coating
conductances on the Hawke’s Bay line. This plot should be compared with Figure 3(b), which is
the black line shown in Figure 4.

It is apparent from Figure 4 that at both the Taranaki and Wellington ends of the main pipeline
increasing the conductance of the Hawke’s Bay line coating by a factor of 100 reduces the
magnitude of calculated PSP by about 25%. The decrease in PSPs along the majority of the main
pipeline results from an increase in current passing on to the Hawke’s Bay line from Earth as the
resistance of the branchline’s coating is decreased. As the two lines are connected, this increased
current then contributes to the total current in the Taranaki to Wellington pipeline, thereby
lowering the PSPs on the main line. The general shape of the PSP curve from 180 to 250 km in
Figure 4 means that the overall decrease in PSP as the coating conductance on the Hawke’s Bay
line is increased appears as an increase in PSP in the localized region between 180 to 200 km.
This location is just to the south of a short eastward branch line to the south of the main Hawke’s
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Bay branch (Figure 1). Replacing the northward electric field with an eastward electric field
results in a similar reduction in the magnitude of PSPs by about 25% at most locations on this
pipeline. This essentially reinforces the fact that observed PSPs are influenced by the entire
pipeline network rather than specific local effects.

3.2 PSPs resulting from an eastward electric field

The PSPs calculated at all nodes on the pipeline network for an eastward E field of 100 mVkm™
are shown in Figure 5(a). These PSPs are highest (more positive) in the direction of the tip of the
electric field vector, and lowest (more negative) in the opposite direction, in the same manner as
the PSPs for a northward electric field. For an eastward directed electric field this means that
positive PSPs are seen in the east of the pipeline network while negative PSPs are seen in the
west. Again, the greatest magnitude PSPs are at the ends of the pipelines, especially at the
eastern ends of the branchlines to Hawke’s Bay and Gisbourne. In both cases a single point at the
eastern most end of the pipeline connects through branches to two points at the western end, so
the high eastern PSP is shared between the corresponding negative voltages at the two western
ends. The smallest magnitude PSPs occur toward the middle of the lines. These large scale trends
are all consistent with the characteristic PSP curves for single, long, straight pipelines, as
discussed previously. There are also deviations from these large scale trends associated with
branchlines and changes in direction of the pipelines in a similar way to the PSPs due to a
northward E field.

The variation in PSP with distance along the main line between Taranaki and Wellington is quite
different to that for the northward E field. The variation for an eastward E field (Figure 5(b))
appears as two characteristic curves placed end to end. Only the western half of each
characteristic curve is on the main line, with the eastern halves on the Hawke’s Bay branchline.
The first of these curves shows negative PSP in Taranaki and positive PSP some 100 km along
the pipeline. The second curve shows positive PSPs from this point onward, gradually becoming
negative further south, with a local minimum 144 km from Taranaki at the connection with the
Hawke’s Bay branchline. This is as expected for an eastward electric field, considering that the
most eastward point on this section of the main line is at that 144 km point, and the large impact
of the Hawke’s Bay branchline, which connects to the main line at the easternmost point on the
main line. The Hawke’s Bay branchline acts to reduce the PSP on the main line for
approximately 20 km either side of the connection with the main line.

3.3 PSPs at observation locations

The variation in calculated PSPs at 6 locations on the pipeline network as the direction of the
electric field changes are shown in Figure 6. The location of each site is marked by magenta
numbers in Figure 1. For five values of the branchline pipeline coating conductance, each of
these figures shows a sinusoidal response in PSP as the electric field changes direction between 0
and 350° clockwise from north. The lowest conductance in these figures (Cpranch = 1 uSm‘2 ,
shown in black) corresponds to that used in the previous sections, and represents FirstGas’ best
estimate of the actual branchline coating conductance. Cpain is kept constant at 100 uSm 2. That
conductance results in the largest PSPs for all directions of electric field, at all sites.

The two greatest magnitudes of modelled PSP are at sites 4 and 5, respectively. The PSPs at
these sites reduce with increasing branchline conductance. PSPs at these sites are up to an order
of magnitude higher than the other observation sites. This is primarily due to these sites being
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close to the ends of the long branchlines to Gisborne and Hawke’s Bay, respectively. However,
the directions of the electric field at which these maximums occur, 120° and 50° respectively,
does not vary with coating conductance. These are the directions for which the electric fields are
roughly parallel to the overall direction of the pipelines ending near these sites. Previously,
Ingham and Rodger (2018) found that measured telluric currents at one location on the Hawke’s
Bay branchline were associated with electric fields perpendicular to that section of pipeline,
concluding that the PSP at a given location is due to the electric field over the whole pipeline
network. The results from the current study are consistent with Ingham and Rodger’s (2018)
conclusion.

In contrast, at the other four sites, the electric field orientation which gives maximum PSP does
depend on Cpranch. This is seen as a slight decrease in the E field angle which gives maximum
PSP at sites 2, but a much more significant and obvious dependence at sites 1, 3, and 6. This
changing direction of electric field giving peak PSP with Cpranch Shows that the PSP at locations
away from the ends of pipeline sections is sensitive to a combination of the direction of E
relative to the pipeline direction, and the electrical conductivity of the pipeline coating.

PSPs at sites 1, 2, 3 and 6 also show a general decrease in magnitude with increasing Cpranch, In
the same manner as for sites 4 and 5. However, at site 1 PSP is larger for Cprancn = 100 pSm 2
than for Cyranch = 50 p.Sm*Z. At site 6 near the junction of the main line and the Hawke’s Bay
branchline, the PSP is lower than at most other sites due to the site’s position near the centre of
the southern pipeline network. The PSP is a combination of those from each of the two lines. The
contribution to the PSP from the main Taranaki to Wellington line does not change with Cpranch
while the contribution from the branchline does. While the direction from Wellington to
Taranaki on the main line is just west of north, the Hawke’s Bay line is oriented to the northeast.
Consequently the maximum contribution to PSP at site 6 will be aligned with these respective
directions. The direction of E that results in maximum PSP for different branchline conductances
is thus due to the relative contribution to PSP from the branchline and the main line.

4 Discussion

The calculated PSPs in the current study are not only comparable with those reported in previous
studies such as Trichtchenko and Boteler (2002), Boteler (2013), and Pulkkinen et al. (2001), but
also with the range of monitoring data reported by Ingham et al. (2022). Ingham et al. (2022)
found that, of the sites discussed in Section 3.3, site 5 had the largest PSPs of these sites during a
storm on 28 August 2018 (site 4 was not reported for this disturbance). The observed PSPs of up
to 8 VV compare favourably with the modelled PSPs for higher values of Cprancn.. The electric field
of 100 mVkm * used in the present study is also close to the spatial average at the time of
maximum Bx during that storm, although the orientation of the induced electric field was
certainly not uniform and was mostly oriented to the northwest (Ingham et al., 2022), almost
perpendicular to the local orientation of the pipeline.

We have shown that the lower coating conductance of modern pipeline coatings leads to higher
PSPs, compared to older coal tar enamel coating. Although this might at first sight seem counter-
intuitive, it must be remembered that coatings are designed without regard to space weather but
with the aim of insulating the pipeline from Earth. Modern coatings also provide a better barrier
to corrodents in the environment and to the flow of the electrical component of electrochemical
corrosion cells (von Baeckmann et al., 1997).
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The large scale patterns of highest magnitude PSPs at the ends of pipeline, with smaller PSPs in
the middle of the network, match the results of calculations of GICs in electrical transmission
lines in the North Island reported by Rodger et al. (2020), Mukhtar et al. (2020), and Mac Manus
et al. (2022). Similar results have been found by Beggan et al. (2013), Blake et al. (2016), Bailey
et al. (2018), and Divett et al. (2018) for the UK, Ireland, Austria and the South Island of New
Zealand, respectively.

5 Summary

We have modelled PSPs in the gas pipelines in New Zealand’s North Island using a nodal matrix
method to calculate voltages and currents in a transmission line representation of the pipelines.
We applied a uniform electric field of 100 mVkm™ to explore the effect of, initially, a northward
and eastward electric field on the PSP along these pipelines. The highest PSPs are at the ends of
the pipelines, with positive PSPs at the end of the pipeline corresponding to the tip of the electric
field vector and negative PSPs towards the tail. The trend in PSP along the length of the main
pipeline between Wellington and Taranaki follows the characteristic curves presented by Boteler
and Seager (1998) and Boteler (2013). Deviations from these trends occur near connections to
branchlines, changes in pipeline direction, and connections to parallel pipelines.

Increasing the coating conductance of the branchlines decreases the magnitude of the PSPs on
the main line from Taranaki to Wellington. Increasing this conductance also decreases the
magnitude of PSP near the ends of branchlines to Hawke’s Bay and Bay of Plenty. We have also
investigated the electric field direction at which the maximum PSP occurs at six sites on the
pipeline network. The direction of this maximum is generally aligned with the overall direction
of the pipeline leading to and from each site. There is a change in this direction of E for
maximum PSP at some sites close to the junction between the main line and branch lines.

The model of PSPs in New Zealand’s gas pipeline developed in this paper is part of a staged
development approach to modelling the effect of an extreme geomagnetic storm. In future work
we plan to develop this model further to explore the effect of a spatially and temporally varying
electric field due to ground conductance and the varying magnetic field during a real
geomagnetic storm and a simulated extreme storm. We also plan to add the earthing electrodes in
northern Taranaki and explore the effects of installing ground beds at suitable locations to
investigate their role in reducing PSPs. We note that this staged approach to building a
representative network model, informed by simultaneous examination and analysis of electrical
monitoring observational data has proved very successful for GIC modelling in the New Zealand
electrical transmission network. In particular, it has led to the production of a validated model to
examine GIC in the power transmission network, allowing investigation of extreme geomagnetic
storm scenarios and informed mitigation planning (Mac Manus et al., 2022; Mac Manus et al.,
2022; Mac Manus, 2023). As a detailed real-world example of a pipeline model that calculates
PSPs for space weather purposes this study will also hopefully be useful as a benchmark study
elsewhere.
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Figure captions

Figure 1: The North Island of New Zealand, showing FirstGas Ltd.’s pipelines (in black),
numbered observation sites (in magenta), and locations mentioned in the text. Note that the
Auckland to Wellington pipeline is electrically isolated at multiple locations in Taranaki, and
thus this pipe is shown ending in Urenui and restarting in Kapuni, reflecting the electrical
properties of the pipeline.

Figure 2:The equivalent-pi representation of a section of pipe.

Figure 3: PSPs due to a northward electric field. (a) in the whole of the North Island, (b) on the
main pipeline from Taranaki to Wellington

Figure 4: PSP along the main pipeline from Taranaki to Wellington for five branchline coating
conductances with a northward electric field, for comparison with Figure 3b which shows the
case where Cpranch = 1 USM 2 . Crnain is kept constant at 100 pSm 2 . NB: the values for Cpyanch = 1
to 10 uSm 2 are so similar that the lines are difficult to distinguish

Figure 5: PSPs due to an eastward-directed electric field. (a) in the whole of the North Island, (b)
on the main pipeline from Taranaki to Wellington

Figure 6: PSP at six observation sites for five modern branchline coating conductances. Cmain is
kept constant at 100 uSm 2.
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Table 1: Pipeline parameters.

Pipeline C 4 Y Zo Y 1
Y
pSm ? Qkm’' S km'' Q km km
Main 100 0.042 to 0.06 0.92 0.052 to 17 to 19
0.053 0.058
Branch 1 0.01 t0 0.38 | 0.00016 to 2.7 to 49 0.0038 to 130 to 260
0.0014 0.0078
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