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HYDRO ONE NETWORKS Inc.: Middleport TS, Nanticoke TS & Buchanan TS

Install Seven 230kV Shunt Capacitor Banks

1. Summary

In their letter to Hydro One dated 3™ December 2007, the Ontario Power Authority instructed Hydro One to proceed
with the installation of seven 230kV shunt capacitor banks in south-western Ontario in preparation for the return to

service of the remaining two generating units at Bruce ‘A’ NGS in May 2009. The new shunt capacitor banks are to
be installed at the following locations:

e  Middleport TS Four shunt capacitor banks: each rated at 250MVAr at 250kV
e Nanticoke TS Two shunt capacitor banks: each rated at 250MVAr at 250kV
e Buchanan TS One shunt capacitor bank: rated at 200MV Ar at 250kV

Unit G2 at the Bruce ‘A’ NGS is scheduled to return to service in Q2-2009, with unit G1 scheduled to follow in
Q4-2009. However, prior to the return to service of unit G1, one of the existing units is scheduled to be removed
from service for long-term maintenance. During the interim period until the new 500kV line between the Bruce
Complex and Milton TS becomes available there are therefore only expected to be a maximum of seven units in-
service at the Bruce Complex, together with all of the committed wind-turbine projects.

The seven capacitor banks are therefore intended to supply the reactive power requirements in the area so that an
acceptable pre-contingency voltage profile can be maintained with all transmission elements in-service when seven
Bruce units, together with all 675MW of the committed wind-turbine facilities, are in-service. It has also been
assumed that there will be no restrictions on the transfers across the Negative-BLIP Interface and that transfers of up
to 1500MW could be accommodated across this Interface.

This requirement for an additional 1700MV Ar of reactive capacity also assumes that none of the existing generating
units at Nanticoke GS will be available to provide pre-contingency reactive support.

This Assessment has concluded that the installation of the seven capacitor banks would increase the pre-contingency
voltage stability limit for transfers across the FABC (Flow Away from the Bruce Complex) to approximately
6675SMW. This value corresponds to the situation with all of the committed wind-turbine projects in-service and
with a transfer of 1500MW across the Negative-BLIP Interface.

Since the required transfer limit with seven units operating at the Bruce Complex would be 6208MW, the increased
limit achieved by installing the seven new capacitor banks would therefore be more than adequate to accommodate
the output from the seven generating units.

This Assessment has also shown that the voltage changes that would be experienced when individually switching
the new capacitor banks would be approximately 2%, which would be well within the maximum of 4% allowed
under the Market Rules.

Since it has been determined that there would be no adverse effect on the IESO-controlled grid from the installation
of the seven shunt capacitor banks at Middleport TS, Nanticoke TS & Buchanan TS, it is therefore recommended
that a Notification of Conditional Approval of the Connection Proposal be issued for these facilities.

Scheduled In-service Dates

The seven shunt capacitor banks are scheduled to come into service in stages during the period May to October of
2009.
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2. Proposed New Facilities

Following the explosive failure of the 400MVAr SC22 shunt capacitor bank at Richview TS on 30™ January 2007,
Hydro One has identified additional measures to limit the possibility that any of these new capacitor banks should
experience a similar failure. These measures include:

o the installation of capacitive voltage transformers to limit the rate of rise in the recovery voltage (RRRV)
that was recorded across the breakers of the Richview capacitor bank when they attempted to interrupt the
fault current.

e the installation of breakers with a fault interrupting capability of 80kA.

e the installation of insulators on the individual capacitor cans that have a greater creepage profile to reduce
the possibility of flashovers under moderate levels of contamination, and

e the inclusion of breaker-failure protection to initiate automatic operation of the breakers in the next
protection zone in the event that the breakers associated with the shunt capacitor bank should fail to
operate.

The following Figure shows the proposed arrangement that is to be used for each of the new capacitor bank
installations:

Disconnect Switch

>< Back-Up Breaker
>< Primary IPO Breaker

Capacitive Woltage Transformer

E

Ground Switch ‘

Series Reactor

S . I Surge Arrester

— Capacitor Bank

" Ground Switch

Figure 1:  Typical Arrangement for the new Shunt Capacitor Bank Installations
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Location of the new Capacitor Banks at Middleport TS, Nanticoke TS & Buchanan TS

The locations within the 230kV switchyards at Middleport TS, Nanticoke TS & Buchanan TS where the new shunt
capacitor banks are to be connected are shown in Diagrams 1, 2 & 3, respectively,

Middleport TS

At Middleport TS, which has existing bus-section breakers, each new capacitor bank is to be connected to one of the
four main busbar sections. However, to limit the size of the series reactors that are to be installed on each capacitor
bank to 3.3mH, it has been agreed that the 230kV busbar will be operated split whenever more than two capacitors
banks are required to be in-service. Without this restriction, the rating of the series reactors would increase to
6.6mH.

Nanticoke TS
Nanticoke TS also has existing bus-section breakers, resulting in there being four main busbar sections. To each of
these busbar sections is connected one of the existing Nanticoke generating units. In addition, busbar sections K2 &

P1 each has a Station Service transformer connected to it.

The new capacitor banks are to be connected to the two remaining busbar sections that do not have a Station Service
transformer connected to it: the K1-bus & P2-bus.

On the assumption that the 230kV busbar at Nanticoke TS will continue to be operated closed, and since only two
capacitor banks are to be installed at that station, a rating of 3.3mH for the series reactors to be installed on each
bank would therefore be sufficient to limit the out-rush currents to an acceptable level.

Buchanan TS

Since Buchanan TS has no bus-section breakers, there are therefore only two main busbars at this station. A shunt
capacitor bank is already connected to each of these busbars, so in order to provide a connection point for the new

capacitor bank, a new 230kV breaker is to be installed in one of the existing 230kV diameters.

With a total of three shunt capacitor banks installed at Buchanan TS, the series reactors will need to be rated at
5.0mH to limit the out-rush currents to an acceptable level.

Since the series reactors on the two existing capacitor banks are only rated at 1.0mH, these are to be replaced with
5.0mH units.

Operational Requirement
Energisation of the new capacitor banks must be possible without implementing any special operating procedures.
Scheduled In-Service Date

The new shunt capacitor banks are scheduled to be placed in-service, in stages, beginning in May 2009 and finishing
in October 2009.

3. Equipment Specifications

Details of the new facilities that are to be installed at each transformer station have been summarised below:
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3. Shunt Capacitor Banks

Shunt Capacitor Banks

6 banks 250MVAr (Max.) to 240MVAr (Min.) at 250kV + 1kV
Rated Capacitance

1 bank 200MVAr (Max.) to 190MVAr (Min.) at 250kV + 1kV
Rated Maximum Voltage 255k Vims
Maximum system voltage unbalance 2%
Symmetrical Short Circuit Level 63kA s (min)

Configuration Double-wye ungrounded
Fusing Fuseless
Insulation Level 900k V peak BIL (min)

Discharge Devices

None, other than the standard 5-minute discharge resistor provided
with each capacitor bank

Contamination Withstand

The largest available creep bushings (assumed to be ~ 43mm/kV) are
to be installed on the individual capacitor units comprising the bank

3.ii  Series Reactors

Each capacitor bank is to be equipped with three, single-phase transient current limiting reactors to maintain the
magnitude and frequency of the out-rush current to an acceptable level.

The existing 1.0mH reactors installed on the SC21 & SC22 capacitor banks at Buchanan TS are to be replaced with
5.0mH units to accommodate the installation of the third shunt capacitor bank at that location.

Current Limiting Series Reactors

Middleport TS 12 units
Number required: A total of 27 Nanticoke TS 6 units ;l;)l:lr:;g);;zcsz)capacitor bank
Buchanan TS 9 units
Type Air-cored
Rated System Voltage (line-to-line) 240k Vms
Rated Maximum Voltage 255k Vims
Emergency Operating Voltage 300k Vs for 5 minutes
Middleport TS 3.3mH per phase
Inductance at Rated Frequency of 60 Hz Nanticoke TS 3.3mH per phase
Buchanan TS 5.0mH per phase
Continuous Current (rms) 800A ms
Symmetrical Fault Current 63kA;ms for 0.5 seconds
Asymmetrical Fault Current 108k Apeak
Insulation Level: 900k V peax BIL
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3.iii  230kV Circuit Breakers

The new capacitor bank is to be equipped with both a Primary & a Secondary (back-up) circuit breaker, connected

in series.

Both the Primary & Secondary circuit breaker is to be equipped with 362kV interrupters to allow switching of the
capacitor banks at voltages up to 255kV in order to allow a maximum continuous voltage of 250kV on the 230kV

system to be respected.

Independent Pole Operated (IPO) breakers are to be installed for both the Primary & Secondary breaker at
Nanticoke TS & Middleport TS, although only the Primary breakers are to be equipped with Synchronising Control
Units. At Buchanan TS, a ganged-pole breaker is to be installed as the Secondary breaker.

230kV Primary Breakers

230kV Circuit Breakers: Primary units

Middleport TS 4 breakers
Number required: A total of 7 Nanticoke TS 2 breakers
Buchanan TS 1 breaker
SFg - Independent pole operated (IPO) equipped with
Breaker Type Outdoot dead tak with CT fo protestion &
metering.
Rated Maximum Voltage 255kVims (min) [362KV Interrupters are to be installed.]

Rated Interrupting Current

Middleport & Nanticoke TSs 80kAms symmetrical

Buchanan TS 63kAms symmetrical
Rated Continuous Current 2000A rms
Inter-pole Closing Time Spread Limit 2.0ms (max)
Closing and Latching Capability 170KV peak

Shunt Capacitor In-rush Current Capability

20KA peak (magnitude) 4250Hz (frequency)

Tested Transient Recovery Voltage (TRV) across pole

620KV peak (3 per unit)

Insulation Level

900KV peak BIL (min)

Insulation Level across open CB

1050KV peak BIL (min)

Rated Interrupting Time 3 cycles (max)
Restrike-free (up to 620kV peak TRV) and Pre-strike free
Interrupter when switching a 250MV Ar ungrounded-wye capacitor

bank, rated at 250k V.
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Secondary (Back-up) Breaker

230kV Circuit Breakers: Secondary units

Number required: A total of 7

Middleport TS 4 breakers
Nanticoke TS 2 breakers
Buchanan TS 1 breaker

At Nanticoke & Middleport TSs:

SFe: Independent pole operated (IPO) without SCUs

Breaker Type At Buchanan TS: SFe: Ganged-pole
General (all three locations): Outdoor dead tank with CTs for protection & metering.
Rated Maximum Voltage 255kV rms (min) [362kV Interrupters are to be installed.]

Rated Interrupting Current

Middleport & Nanticoke TSs  80kA s symmetrical

Buchanan TS 63kAms symmetrical
Rated Continuous Current 2000A s
Closing and Latching Capability 170KV peak
Tested Transient Recovery Voltage (TRV) across pole | 620kV peax (3 per unit)
Insulation Level 900kV peax BIL (min)
Insulation Level across open CB 1050kV peak BIL (min)

Rated Interrupting Time 3 cycles (max)
Restrike-free (up to 620kV peak TRV) and Pre-strike free
Interrupter when switching a 250MV Ar ungrounded-wye capacitor

bank, rated at 250kV.

Station Breaker

230kV Circuit Breaker:

For Installation in the existing diameter at Buchanan TS

Number required

Buchanan TS 1 breaker

Breaker Type

SFe: General Purpose

Rated Maximum Voltage

250kV s (min)

Rated Interrupting Current

63kAms symmetrical

Rated Continuous Current 3000A ms

Closing and Latching Capability 170KV peak

Tested Transient Recovery Voltage (TRV) across pole | As per ANSI Standard C37.11 - 1979 (Re-affirmed 1988)
Insulation Level 900kV peax BIL (min)

Insulation Level across open CB 1050kV peak BIL (min)

Rated Interrupting Time

3 cycles (max)

Other

Suitable for energising up to 100km of 230kV line
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3.iv 230kV Disconnect Switches

230kV Disconnect Switches

Middleport TS | 4 disconnect switches

Number required: A total of 7 Nanticoke TS 2 disconnect switches

Buchanan TS 1 disconnect switches
Type Motor operated, 3-phase unit
Continuous Current (min) 1200A s

230KV s (nominal), 255kV (max. continuous),

Operating Voltage .
300kV rms (emergency for 5 minutes)

Insulation Level (phase-to-ground & phase-to-phase) (min) | 900kV peax BIL

Short-circuit Withstand Capability (min) 63KkA s symmetrical

3.v  Ground Switches
A total of seven sets of 3-phase ground switches are to be installed: one set on each capacitor bank installation,
located between the capacitor bank and the breaker closest to it. These switches are to have a symmetrical fault

rating of at least 63 kA

A further seven, single-phase ground switches are also to be installed on each capacitor bank installation, connected
to the neutral point of each new capacitor bank for use during maintenance.

3.vi  Surge Arresters

In the event that one of the poles of the IPO breaker should not open, or as a result of delayed opening of a pole, a
transient recovery voltage of up to 4.37 Ennax phase-to-ground could occur. Surge arresters are therefore to be
installed to limit the transient recovery voltage to below 3 Emax phase-to-ground (612kVpeak).

The surge arrestors are to be located between the series reactors and the capacitor banks.

230kV Surge Arresters
Middleport TS 12 units
Number required: A total of 21 Nanticoke TS 6 units Three for each capacitor bank
(one per phase)
Buchanan TS 3 units
Type Metal Oxide Gapless — Station Class

Maximum Continuous Operating Voltage (MCOV) | 150kV ;s (minimum)

Front-of-Wave Impulse Protective Level Maximum Equivalent Front-of-Wave not more than 720kV ¢rest

Maximum discharge voltage for 8x20us 10kA

impulse current Not more than 460KV ¢rest

Maximum Switching Surge Protection Level Not more than 380KV ¢regt at 1kA

Capable of withstanding a power frequency over-voltage of not
Temporary Over-voltage Capability less than 200kV Phase-Ground (rms) for a duration of not less
than 1 second after the rated energy absorption.

Maximum energy dissipation per arrester Not less than 1500kJ/phase (i.e. single impulse energy capability).

As recommended by ANSI/IEEE C62.11-1993 Standard: not less

Pressure relief capability than 65kA
rms
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3.vii  Surge Capacitors

Surge capacitors, consisting of a three-phase set of capacitive voltage transformers, are to be installed on each
capacitor bank between the primary (IPO) breaker and the series reactor. Their purpose is to ensure that the rate of
rise of the recovery voltage (RRRV) for a 3-phase fault on the capacitor bank remains with the fault interrupting
capability of the breakers.

The 50nF surge capacitors that are presently installed on the SC21 & SC22 capacitor banks at Buchanan TS are to
be replaced with units rated at 70nF.

230kV Surge Capacitors (CVTs)
Middleport TS 12 units

Number required: A total of 27 Nanticoke TS 6 units E)h;:;grpizcs};)cap acitor bank
Buchanan TS 9 units

Rated Maximum Voltage 250KV s (min)
Middleport TS 50nF Four 3-phase sets

Rated Capacitance Nanticoke TS 50nF Two 3-phase sets
Buchanan TS 70nF Three  3-phase sets

Insulation Level (phase-to-ground) (min) 1050KkV peak BIL

3.wiii  Protection, Control, Communications & Monitoring

In addition to the standard relay protection, control, communications & monitoring facilities, breaker failure
protection is to be installed to clear the next protection zone should the capacitor breakers fail to clear a fault
involving the capacitor bank installation.

Since all three stations where the new capacitor banks are to be installed have been designated as NPCC-impactive
stations, all of the new protection facilities have been designed to comply with NPCC Criteria Document AS.

4.0 Assessment

The results from a load flow study for the expected peak load condition during the summer-2009 have been
summarised in Diagram 4. In this study, a total of seven generating units at the Bruce Complex, together with the
675MW of committed wind-turbine projects have been assumed to be in-service. A peak transfer of approximately
1500MW across the Negative-BLIP Interface has also been assumed.

The corresponding primary demand for the summer-2009 that was used in this study was 28400MW.

All available shunt capacitor banks, including the seven units that are the subject of this Report, were also assumed
to be in-service in this study.

Even with these capacitor banks, together with all transmission elements in-service, the voltages at Guelph-Cedar
TS, Grand Bend TS & Brant TS were found to be below the minimum acceptable value of 113kV, as stipulated in
the Market Rules. Additional shunt capacitors, with the nominal ratings shown below, were therefore added to these
115kV busbars to raise their voltages above the 113kV minimum:

e Guelph-Cedar TS 40MVAr
e Grand Bend TS 20MVAr &
e Brant TS 30MVAr.
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While the resulting voltage profile that is shown in Diagram 1 would be acceptable, it is worth noting that the
voltage at Milton TS (523.9kV) would be close to the minimum value of 522kV (for a primary demand above
24500MW) that is stipulated in the current version of the operating instructions for southern Ontario.

Power-Voltage Analysis

Diagrams 5 & 6 show the results from the PV-Analysis that was performed on the reference case shown in Diagram
4. For this analysis, the output from the Bruce Complex was gradually increased to stress the transmission system
between the Bruce Complex and the GTA. To compensate for the increased output from the Bruce Complex,
corresponding decreases were made in the output from Darlington GS.

Diagram 6, in which the reactive outputs remaining available from the principle generating facilities in the area have
been summarised, shows the reactive outputs from the Bruce & Pickering generating units reaching their maximum
limits for FABC transfers of approximately 7300MW & 7400MW, respectively. Once the generating units at the
Bruce Complex and at Pickering GS were unable to provide further support, termination of the study occurred at an
FABC Transfer of 7417MW.

With the knee points of the PV-curves occurring at an FABC Transfer of 7417MW, the pre-contingency voltage
stability limit, which requires a margin of 10% to be maintained from the knee-point of the PV-curves, would
therefore correspond to a maximum FABC Transfer of 667SMW, as shown in Diagram 5.

Diagram 5 also shows that in order to provide the required 10% margin on the maximum FABC Transfer of
5587MW that is expected to occur once seven Bruce units are in-service, as was shown in Diagram 4, the voltage
stability limit would need to be at least 6208MW. The actual transfer limit of 6675SMW would therefore be well in
excess of this minimum required value of 6208MW.

However, since an eighth unit at the Bruce Complex would add approximately 7S0MW to the FABC Transfer, the
required voltage stability limit would therefore need to increase to approximately 7040MW to accommodate all
eight Bruce units. Since the voltage stability limit with the seven new capacitor banks in-service has been shown to
be only 6675MW, it would therefore not be sufficient to meet the pre-contingency voltage stability criterion for the
condition with all eight units at the Bruce Complex in operation.

Should it be necessary to operate all eight units at the Bruce Complex with no new transmission facilities in place,
then additional dynamic reactive support would need to be installed since it is not expected that any additional shunt
capacitor banks could be placed in-service pre-contingency without exceeding the voltage rating of the existing
equipment on the system.

Load Flow Analysis

Diagram 7 shows the results from the load flow study performed on the limiting case from the PV-analysis. This
corresponds to an FABC Transfer of 7417MW, which would be approximately 32% above the reference FABC
Transfer shown in Diagram 4, of 5586 MW.

This shows the reduced voltages at the Bruce Complex and within the GTA, particularly at Burlington TS and
Milton TS, in response to absence of any further voltage support from the generating units at the Bruce Complex
and at Pickering NGS.

Voltage Change on Switching the Individual Capacitor Banks

The results from the studies that examined the effect of individually switching one of the new capacitor banks out-
of-service at each location are summarised below.

In these studies the loads were modelled as ‘voltage dependent’ (i.e. P a v & Qu V2), in accordance with the
Ontario Resource & Transmission Assessment Criteria for switching reactive devices.

The results correspond to the situation immediately following the switching of each capacitor bank, before the
transformer tap-changers have had an opportunity to respond.
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Location of Capacitor Bank being Switched Nanticoke Middleport M585M Middleport V586M Detweiler Buchanan
Size of Capacitor Bank (Q) 250MVAr 250MVAr 250MVAr 250MVAr 200MVAr
Fault Level at 230kV busbar 12431MVA 15411MVA 17129MVA 8910MVA 12392MVA
AQ/Fault Level 2.01% 1.62% 1.46% 2.81% 1.61%
Nanticoke Middleport M585M Middleport V586M Detweiler Buchanan
Monitored Busbars Pre-switching Post capacitor bank switching
Nanticoke 230kV 245.06kV 240.48kV 1.87% | 243.21kV 0.75% | 243.26kV  0.73% | 244.05kV  0.41% | 244.17kV  0.36%
Middleport M585M  230kV 243.98kV 242.13kV 0.76% | 240.65kV 1.36% | 242.59kV  0.57% | 242.76kV  0.50% | 242.97kV  0.41%
Middleport V586M  230kV 243.85kV 242.01kV 0.75% | 242.43kV 0.58% | 240.63kV 1.32% | 242.63kV  0.50% | 242.95kV  0.37%
Detweiler 230kV 242.04kV 240.97kV 0.44% | 240.75kV 0.53% | 240.79kV  0.52% | 236.40kV  2.33% | 240.50kV  0.64%
Buchanan 230kV 239.91kV 239.19kV 0.30% | 239.05kV 036% | 239.21kV ~ 0.29% | 238.59kV  0.55% | 236.16kV  1.56%
Orangeville 230kV 245.70kV 245.08kV 0.25% | 245.03kV 0.27% | 245.05kV  0.26% | 243.43kV ~ 0.92% | 244.98kV  0.29%
Longwood 230kV 244.18kV 243.60kV 0.24% | 243.69kV 0.20% | 243.77kV  0.17% | 243.59kV  0.24% | 242.58kV ~ 0.66%
Nanticoke 500kV 547.04kV 542.17kV 0.89% | 544.08kV 0.54% | 544.13kV  0.53% | 545.24kV  0.33% | 545.24kV  0.33%
Middleport M585M  500kV 543.55kV 539.74kV 0.70% | 540.40kV 0.58% | 541.03kV  0.46% | 541.83kV ~ 0.32% | 541.95kV  0.29%
Middleport V586M  500kV 544.54kV 540.60kV 0.72% | 541.95kV 0.48% | 541.35kV 0.59% | 542.79kV  0.32% | 542.95kV  0.29%
Milton 500kV 530.56kV 528.61kV 0.37% | 528.86kV 0.32% | 528.95kV  0.30% | 529.41kV  0.22% | 529.59kV  0.18%
Longwood 500kV 546.59kV 544.99kV 0.29% | 545.39kV 0.22% | 545.52kV 0.20% | 545.35kV  0.23% | 543.88kV  0.50%
Detweiler 118kV 125.16kV 124.57kV 0.47% | 124.47kV 0.55% | 124.44kV 0.57% | 122.41kV ~ 2.20% | 124.38kV  0.62%
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Included in the table is the voltage decline that would be expected to occur based on the size of the capacitor bank
being switched and the fault level at that particular busbar. In all cases, this approach is shown to yield a slightly
higher voltage change, primarily because the rating assumed for the capacitor bank being switched corresponds to
the maximum continuous system voltage of 250kV.

In all instances the voltage declines recorded were less than the 4% limit specified in Reference 1 of Appendix 4.4
of the Market Rules for the maximum abrupt voltage change that is permitted for capacitor switching operations.

5.0 Conclusions

The study results have shown that the installation of the seven shunt capacitor banks at Middleport TS, Nanticoke
TS & Buchanan TS would increase the pre-contingency voltage stability limit for Transfers across the FABC
Interface to approximately 6675MW for the condition with all the committed wind-turbine projects in-service and
with a transfer of 1500MW across the Negative BLIP Interface.

This increased limit would be sufficient to accommodate a total of seven generating units at the Bruce Complex,
when all transmission facilities are in-service. Additional dynamic reactive support would need to be installed to
accommodate all eight units at the Bruce Complex, again with all transmission elements in-service, should the
proposed Bruce-to-Milton 500kV double-circuit line be delayed.

Additional reactive facilities, which are not covered by this Assessment, will also be required to address the system
requirements following system contingencies.

The study results have also shown that the individual switching of any of the new capacitor banks would result in a

maximum voltage change of approximately 2%, which would be well within the maximum of 4% allowed under the
Market Rules.

6.0 Customer Impact Assessment

Hydro One has notified the IESO that a formal Customer Impact Assessment will not be required for the new
capacitor banks to be installed under this Project.

7.0 Notification of Approval

Since it has been determined that there would be no adverse effect on the IESO-controlled grid from the installation
of the seven shunt capacitor banks at Middleport TS, Nanticoke TS & Buchanan TS, it is therefore recommended
that a Notification of Conditional Approval of the Connection Proposal be issued for these facilities.
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