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Introduction

Network studies have identified the need to install additional inductive shunt compensation totalling
approximately 500 Mvar. The following installations were recommended:
1.
2.
3.
4.
5.

Gretna 60 Mvar shunt reactor
Coalburn 60 Mvar shunt reactor
Strathaven 2 x 60 Mvar shunt reactors
Hunterston 200 Mvar shunt reactor
Mark Hill ±75 Mvar STATCOM

This paper supports a proposal to install the Mark Hill ±75 Mvar STATCOM listed as item 5 above.
Sensitivity studies indicate that this shunt compensation device is required for all SPT scenarios (based
on FES 2018) by the end of the RIIO-T2 period.
The location of the proposed STATCOM is shown in Appendix A and a network diagram is shown in
Figure 1 below.
This paper should be read in conjunction with Annex 21 – Strategic Investment Plan for Load which
explains the interaction of this scheme with others in the load related plan.

2

Background Information

A number of factors have contributed to difficulties constraining high transmission system voltages
under lightly loaded network conditions:
1.
2.
3.
4.

The closure of large synchronous generating plant.
The increased use of cables, which have a significantly higher capacitance than overhead
line for the same circuit length.
Changing demand characteristics. In general, transmission system reactive power
demand is reducing.
Increased volumes of embedded generation have led to a reduction in the transmission
system load at the time of minimum demand.

In 2014 the joint Northern England and Scottish Operability Study (NESOS)1 recommended the
installation of 1020 Mvar of shunt reactive compensation to contain high voltages in Northern England
and Scotland. The study identified 420 Mvar of additional shunt compensation for the SPT area, all of
which is expected to be delivered by the end of the RIIO-T1 period.
A further range of studies has been carried out to determine how much additional reactive shunt
compensation will be required for delivery in RIIO-T2 to maintain network operability and SQSS
compliance with respect to maximum system voltages. The studies found that an additional 500 Mvar
of inductive shunt compensation is required during the RIIO-T2 period, which includes the Mark Hill
±75 Mvar STATCOM proposed in this paper.
This project provides equipment for better management of system voltages, which is vital for a
network with high levels of renewable generation and enables Net Zero system operation.

1

Northern Security Summary Document, paper by National Grid, SP Transmission and SHE Transmission, December 2016. Study results also
available.
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Study Results

Study results show that that a 75 Mvar STATCOM (or synchronous compensator) at Mark Hill 132 kV
ensures that voltages at Mark Hill 275 kV and Auchencrosh 275 kV generally remain below 1.06 p.u.,
which is marginally above the SQSS planning limit, but well within the operational limit. It would be
possible to achieve this at a lower cost by installing an additional 60 Mvar shunt reactor at Mark Hill.
However, as discussed in the following sections, dynamic compensation is required for Mark Hill
instead of a second switched shunt reactor.
2.2

Operational switching

Under certain operating conditions, operational switching at Auchencrosh leads to voltage steps in
excess of the operational limits. E.g. XX XXX XXXXX XXXXXXXXXXXXXX XX XXXXXXXXX XXXXXX XX
XXXXXXXX XXXXXXX XXXXX XXX XXXX XXXXXXXXXXX XXXXXXXXX XX X XXXXXX XXXX XXXXX XX a voltage
step of over 4%, which is above the 3% limit for operational switching. Under outage conditions, the
voltage step increases to 5.1% (4.4% at Mark Hill 275 kV). The installation of a STATCOM limits the
step change to 1.9% at Auchencrosh and 1.2% at Mark Hill. A synchronous compensator would have
a similar impact, although the rate of response is normally lower.

Figure 1. South-West Scotland network (note that only the existing SGT2 is shown at Mark Hill).

2.3

Fundamental frequency overvoltages

In the event of XXX XX XXXX XXXXX XXXXXXXXX XXXXX XXXXXXXX, very high fundamental frequency
overvoltages can arise. XXX XXXXXXXXX XXXXX XXX XXXXXXXXXXXXXX XXX XXXXXXXXX XXXXXX XX
XXXXXXXX XXXXXXX XXXX X XXXXXX XXXXX XX XXXXXXX XXX XXXXXXXX XXXX XX XXXXXX XX X XXXXXXX
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X XXX X XXXXXXXXXX XXXXX XXXXXXX XXXX XXXXXX XXX XXX XXXXX XXXXX XX XXXXXXXXXXX XXXXXX
XXX XXXXXXXXX X XXXX XXXXXXXXX XXXXX XXXXX XX X XXXXXXXXX XXXXXXXXXXX XX XXXXXXXXX
XXXXXXXXXX XX XXXX XXXXX. A fast-acting STATCOM at Mark Hill would limit the overvoltage to
1.20 p.u. and 1.17 p.u. at Auchencrosh and Mark Hill respectively. Note that the calculated
overvoltage levels are well within the short duration power frequency withstand capability of 275 kV
equipment (395 kV or 1.44 p.u.) and would therefore not justify specific mitigation. However, a
STATCOM or synchronous compensator would limit the impact XX XXXXX XXXXX XXXXXXXXX XX XXXX
XXXX.
2.4

Voltage steps at 132 kV

Under certain operating conditions, faults can lead to excessive voltage steps in the 132 kV network.
Under low wind conditions, following a trip of the existing Mark Hill shunt reactor, the voltage step
can reach 9.1%, which is well in excess of the maximum 6% allowed by the SQSS. Under these
conditions, the post-fault voltage could be above 1.1 p.u., although this can be reduced by transformer
tapping (normally manually). A STATCOM or synchronous compensator installation would limit this
to 2.1%. Note that bussing the transformer 132 kV terminals alone (see Figure 2) is not sufficient to
reduce the voltage step to below 6%; in that case, the voltage step is 6.7%.
2.5

Power oscillation damping and harmonics

XX XXX XXXXX XXXXXXXXXXXX XXXX XXXXX XXXXXXXXXXXX XXXXXXX XX XXX XXXXX XXXXXXXXX
XXXXXXXX XXX XXX XXXXXXXXX XX XXX XXXXX XXXXXXXXXXXX XXXXX XXXXXX XXXXX XXX XXXXX XXXXX
XXXXXXXXXXXX A STATCOM or synchronous compensator at Mark Hill will help to stabilise the
voltage, thereby reducing the risk of such oscillations occurring. However, it is recommended that the
installation is fitted with a control loop designed to provide additional damping to power oscillations.
Further, harmonic resonance problems have been reported in the Mark Hill 132 kV network. These
resonances cause amplification of background harmonics, leading to harmonic voltages in excess of
Engineering Recommendation G5/4-1 limits2. A STATCOM installed on the 132 kV network could also
be used to provide additional damping for problem lower-order harmonics. Although a synchronous
compensator is likely to reduce harmonic voltages to some degree, active filtering of a harmonic is not
possible.

3

Optioneering

The table below presents a summary of the options considered for this project.
Option

Status

Reason for rejection

No Intervention

Rejected

As discussed in section 2 above, this leads to noncompliance with planning and operational standards.

(b) ±75 Mvar STATCOM.

Proposed
(Baseline)

(a)

2

-

Engineering Recommendation G5/4 has been updated to G5/5 and consequent changes to the Grid Code and Distribution Code are
currently under consideration by Ofgem (November 2019). Although ER G5/5 slightly increases planning and compatibility limits for some
harmonics, this does not have a material impact on this project.
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(c)

Synchronous
Compensator.

Considered
(Option 1)

(d) Tap-stagger

Rejected

(e) Reactive power
capability provided
by SPD or a future
Distribution System
Operator (DSO).
(f) Contracts
with
generators or other
service providers.

Rejected

(g)

Shunt reactor
installation at Mark
Hill 132 kV or on the
tertiary winding of
Mark Hill SGT3
(future).

Considered
(Option 2)

Rejected

Issue 2

This is a network-wide solution and does not
adequately address the local voltage control
problems at Mark Hill and does not provide a
response time that is fast enough to limit the
potentially excessive voltage steps at the site. At this
time, there are no parallel-connected transformers at
Mark Hill so that no tap-stagger capability is currently
available locally. Further, tap-stagger has a high
utilisation cost due to increased losses and reductions
in tap-changer life.
There are no SPD sites or GSPs that are electrically
close to Mark Hill, which means that this option is not
feasible.
A number of generators are connected at Mark Hill
and could potentially provide reactive power services
over and above their Grid Code obligations. Other
service providers could emerge as part of the ESO’s
Stability Pathfinder project.
This solution provides no dynamic response and
would therefore not be compliant with planning and
operational standards.

Options b), c) and f) above are the only solutions compliant with operational and planning standards
and will be considered further.

4
4.1

Detailed Analysis
Baseline – Installation of a ±75 Mvar STATCOM

This option involves the installation of a new ±75 Mvar STATCOM at Mark Hill as shown in Figure 2.
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Figure 2. Proposed STATCOM arrangement.
Presently, SGT2 and the future SGT3 are windfarm feeder transformers and include only 132 kV feeder
breakers. Figure 2 shows the proposed 132 kV switchgear configuration, which provides an N-1
secured connection for the STATCOM, but does not alter the windfarm security in the event of an
SGT2 or SGT3 trip. Other options were considered to improve security when a transformer is
unavailable, but have been rejected due to cost and land limitations.
The addition of a STATCOM will increase total system losses. The STATCOM losses are difficult to
estimate as they will vary with loading of the device. Assuming losses in the order of 0.5% – 1% of
rating leads to losses of approximately 350 kW – 700 kW, although these are likely to be much lower
if the device is operating near a float condition. Note that the STATCOM is likely to help reduce losses
elsewhere in the network. If the STATCOM is employed as harmonic filter, this is likely to increase
losses.
4.2

Option 1 – Installation of a Synchronous Compensator

This option involves the installation of a new synchronous compensator at Mark Hill as shown in Figure
3. Note that to achieve the reactive power absorption requirement of 75 Mvar (minimum excitation),
a machine with a rating of approximately 135 MVA is required, which will have an impact on cost.
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Figure 3. Proposed synchronous compensator arrangement.
Figure 3 shows the proposed 132 kV switchgear configuration, which provides an N-1 secured
connection for the synchronous compensator, but does not alter the windfarm security in the event
of an SGT2 or SGT3 trip (as option 1 above). Other options were considered to improve security when
a transformer is unavailable, but have been rejected due to cost and land limitations.
The addition of a synchronous compensator will increase total system losses. The electrical losses are
difficult to estimate as they will vary with loading of the machine, but are not expected to exceed
400 kW. Friction, windage and auxiliary system losses are more or less constant and estimated to be
in the order of 1200 kW – 1400 kW. Note that the synchronous compensator is likely to help reduce
losses elsewhere in the network.
A disadvantage of a synchronous compensator is that it could not be used to actively control
harmonics, although it is likely to lead to a small reduction in lower-order voltage harmonics.
4.3

Option 2 – Contracts with Generators or other Service Providers

This option involves the placement of contracts between the ESO and commercial reactive power
service providers. A number of generators are connected at Mark Hill and could potentially provide
reactive power services over and above their Grid Code obligations. XX XXX XX XXXX XXXX XXXXXXXXX
XXX XXXXXXX XX XXXXXX XXXXXXXX XXXXXXX XXX XXX XXXXXXXXX XX XXXXX Suitable service providers
could also emerge as the ESO’s Stability Pathfinder project3 progresses.
A number of factors have to be considered:
3

See https://www.nationalgrideso.com/publications/network-options-assessment-noa/network-development-roadmap
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a) The Mark Hill generation is electrically relatively remote from Mark Hill 275 kV and 132 kV and
the available reactive power would be reduced when the generator or connecting circuits are
unavailable.
b) The use of generator contracts should not limit the total amount of dynamic reserve that is
available.
c) Unless a dedicated plant is available, e.g. via the Stability Pathfinder, the implementation of
power oscillation damping would be difficult.
d) There is a risk that a service is withdrawn, potentially leading to non-compliance with the
SQSS.
e) The response rate from generators may not be as rapid as that of a STATCOM.
f) Phase 1 of the Stability Pathfinder4 is a “zero MW” service and availability payments will not
be made if the plant is generating. However, this should not prevent generators offering
reactive power in excess of their Grid Code requirements.
g) This option is unlikely to be suitable for the active control of harmonics.
h) It is uncertain if sufficient reactive power could be procured in this manner in the Mark Hill
area. The windfarms connected, or contracted to connect to Mark Hill 132 kV provide a total
of XXXXXXXX at their connection points. An increase of XXX in reactive capability is unlikely
without further investment and may lead to thermal limitations.
Additional reactive power provided by generators or other service providers will lead to increased
losses in the interconnecting circuits. Such losses are difficult to quantify and depend on the location
of the service provider and e.g. also active power produced, if any. Therefore, losses will be ignored
for this option. Note that service providers under the Stability Pathfinder would be compensated for
their internal losses at the System Buy Price.

5
5.1

Scheme Appraisal
Technical Appraisal

All options provide satisfactory technical solutions that address the current and future network
limitations and ensure GB SQSS compliance.
A number of important differences between the three options are discussed in the following sections.
5.1.1 System strength
The synchronous compensator solution is in line with SPEN’s strategic, longer-term strategy to install
or facilitate synchronous compensation plant on the SPT network5 and the aims of the ESO’s Stability
Pathfinder project. Synchronous compensators provide dynamic voltage control, but also additional
system strength benefits like increased fault level and increased inertial response. The synchronous
compensator option connected at Mark Hill 132 kV is expected to improve the fault level at Mark Hill
275 kV by 250 MVA – 300 MVA. The synchronous compensator would also provide inertial response.
Due to the relatively small size of the synchronous machine the inertial response is likely to be limited
(equivalent to a gas turbine generator of 20 – 30 MW), unless additional rotating mass is added to the
machine shaft.
The main contribution to system strength would therefore be local, i.e. the proposed synchronous
compensator would not have a significant impact on system strength e.g. at Coylton 275 kV or on the
4
5

See https://www.nationalgrideso.com/document/155926/download
See EJP_SPT_SPT200137-142, Synchronous Compensators.
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wider 275 kV or 400 kV networks. XXX XXXXX XXXX XXXX XX XXXXXXXXXXX would benefit from the
improved system strength in the area. XXXXXXXX XXXX XX X XXXXXXXXXX XXXXXXXXXXXXXX XXX
XXXXXXXXXXX XXXX XX XXXXXXXX XXXXXXXX XXX XXX XXXXXXXX XXX XXXXXXXXX XX XXX XXXXX
XXXXXXX XXXX XXX XXXXX XXXXXXXXXXXXXX XXXX XXX XXXXXXX XX XXXXXXXX XXXXXXXXXX XXX XX
XXXXXXXXXX XX XXXXXXX XXX XXXXXXXXX XXXXXXXXXXX XXXXX XXX XX XXXXXXXXXX
The STATCOM option would not improve system strength, but would provide a similar reactive power
range and dynamic voltage control. Similarly, generators that provide additional reactive power
would not improve system strength.
5.1.2 Noise
A synchronous compensator in the order of 135 MVA is typically an air-cooled machine, i.e. it relies
on a substantial forced air-flow for cooling. This will increase the noise emission from the installation
and additional mitigation measures may be required. Additional noise will be produced by the
machine itself and by other auxiliary systems. XXXXX XXXXXXXXX XXX XXX XXXXXXX XXXXXXX
XXXXXXXX XXXXX XXXXXX XX XX XXXXXXXX XX XXX XXXXXXXX XXXXXXXXXX XXXXXX XXXXXXXX XXXX
XXXXXXXX XXXXX XXXXXXXXX XXXX X XXXXXX XXXXXXXXXXX XXXXXXX XXXX X XXXXXXX XXXXXXXX
The STATCOM option requires cooling fans and pumps, but these are likely to emit less noise than a
synchronous compensator installation of similar rating.
5.1.3 Operational cost and availability
SPEN does not have much operational experience with STATCOMs or synchronous compensators,
which makes it difficult to accurately compare operational cost and plant availability. However, the
synchronous compensator is a rotating machine, which requires more regular maintenance and longer
maintenance outages than a STATCOM. The additional losses of the synchronous compensator alone
are estimated to cost an extra £100k per year6.
There is no capital investment required to establish a contract with reactive power service providers.
However, the ESO typically makes availability and reactive power utilisation payments. For this
analysis an annual availability payment of £100k per provider and utilisation costs of between
£2/Mvar.h and £3/Mvar.h7 have been assumed. If a total of 75 Mvar is procured from four providers
and assuming an annual reactive power load factor of 40%, the annual cost is between £0.93m and
£1.19m.
5.2

Cost Benefit Analysis

A CBA has been prepared to compare the STATCOM solution (baseline) to a synchronous compensator
(option 1) and the use of contracts with reactive power service providers (option 2). The results are
shown in Table 1 and it can be seen that in terms of capital investment, the synchronous compensator
is about 10% more costly that the STATCOM. Also, the operational costs of the synchronous
compensator are in the order of £100k per year higher than the STATCOM, making it the highest-cost
option. These additional costs could be weighed against the additional system strength benefits
provided by the synchronous compensator. However, as discussed in section 5.1.1, the benefits to
the wider transmission system are low.
6

Assuming an additional 1700MWh per year at £60/MW.h.
Cost of £2/Mvar.h - £3/Mvar.h provided by ESO during discussions on 30 July 2018 and is paid to all generators providing reactive power.
The average payment for the year up to November 2019 was £3.166/Mvar.h. The additional cost of a supplementary reactive power contract
was not disclosed. Also see https://www.nationalgrideso.com/balancing-services/reactive-power-services/obligatory-reactive-powerservice-orps?market-information for historical obligatory reactive power service payment rates.
7
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The costs of reactive power contracts have been outlined in section 5.1.3 and are also included in the
CBA. For the results in Table 1, an average utilisation cost of £2.50/Mvar.h has been used, giving an
annual cost of £1.06m. Note that if the average utilisation cost for the year to November 2019 is used,
the NPV for this option reduces further to -£21.43m. Further, the CBA has assumed a conservative
estimate of the availability payment and ignores the cost of losses (included for the other options),
which could be significant where a service provider is compensated for them. A more realistic cost
estimate is likely to make option 2 the most costly option from a whole-system point of view, with an
NPV below -£20m.
Table 1. CBA results
NPVs based on Payback periods (£m)
Option
No.

Desc. Of Option

Baseline STATCOM
1
2

6

Synchronous Compensator
Contract with Mvar Service
Providers

Total
Delta
Preferred
Forecast
Total NPV (Option to
Option Expenditure
baseline)
(£m)

30 Years

45 Years

-£ 11.16

-£ 15.96

-£ 5.37

-£ 9.60

-£ 12.52

-£ 15.38

N

-£ 22.66

-£ 36.10

-£ 20.15

-£ 11.45

-£ 21.03

-£ 27.82

-£ 34.66

-£ 18.38

-£ 2.43

-£ 1.73

-£ 5.84

-£ 10.40

-£ 16.65

£

-

-

20 Y ears

Y
N

£

10 Years

Conclusion

Due to its limited rating and electrically remote location, the additional benefits of a synchronous
compensator do not outweigh its increased capital and operational costs relative to a STATCOM.
Although the use of contracts with reactive power providers involves no capital investment, it is not
the lowest-cost option in the longer term and there is considerable uncertainty around amount of
available reactive power response and the timescales within which it can be delivered.
A STATCOM installation meets the project requirements and has been identified as the most reliable,
economic and efficient solution that can be delivered in a timely manner and has therefore been
selected for Mark Hill. The STATCOM solution also has the additional technical advantages of being
capable of power oscillation damping and harmonic filtering.

7

Future Pathways – Net Zero

Primary Economic Driver

The primary driver for this investment is technical compliance with the GB SQSS. The solution
mitigates issues arising from network changes and acts as a further enabler of future renewable
generation across the SPT network.
Payback Periods

This solution is required for technical compliance and therefore a payback period has not been
considered.
Pathways and End Points

This solution is justified in all Future Energy Scenarios. We anticipate that controlling high network
voltages will continue to be problematic due to network changes (e.g. increased use of underground
cables) and as further transmission-connected and embedded generation continues to connect to the
GB electricity system.
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Asset Stranding Risks

We do not consider there to be a risk of asset stranding in any of the future scenarios. We expect that
going forward, further shunt compensation may be required in the RIIO-T3 period as more issues
emerge from changing generation and demand patterns.
Sensitivity to Carbon Prices

This scheme is not sensitive to carbon price changes. The CBA includes the carbon cost associated
with losses for each project, but a change in carbon price does not change the relative project ranking
in terms of NPV.
Future Asset Utilisation

It has been assessed that the preferred option is consistent with the future generation and demand
scenarios and that the risk of stranding is very low.
Whole Systems Benefits

This project enables system operation with very high levels of renewable generation, thus contributing
directly towards the achievement of Net Zero.
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Supporting Documentation

1. SPEN NP&R Study Report, RIIO-T2 Shunt Reactor Requirements, October 2018.
2. System Description: Phoenix – Hybrid Synchronous Compensator (ABB OPP-16-203077)

9

Outputs included in RIIO T1 Plans

No outputs are included in RIIO-T1 plans.
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