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residential customers and small to medium commercial customers. LDCs were applied to all 
substation LTC and in-line voltage regulators. 

If additional voltage regulators were required for the Base Case to meet VO thresholds, they were 
included in all VO plans. If additional LDC controllers were necessary, they were also included in 
all plans.  

6.9.4 Capacitor VAR Management 

All viable feeder candidates were assumed to have capacitor VAR management modified to yield 
near zero VAR flows of ±300 kVAR for all hours.  The Base Case and Improved Case capacitor 
sizing, placement, and capacitor type (fixed or switched), and capacitor control settings were 
based on feeder annual historical VAR profiles. Historical VAR profiles were used to determine 
minimum and maximum VARs for adequate hourly VAR compensation. 

Reactive power does not spin kWh meters and performs no useful work, but must be supplied. 
Using line shunt capacitors to supply reactive power reduces the amount of line current. Since 
line losses are a function of the current squared, reducing reactive power flows significantly 
reduces losses. By reducing the annual hourly VAR loading to near zero throughout the length of 
feeder, accumulated voltage drops are minimized, reducing line losses and eliminating the need 
for regulator reactive voltage %X compensation.  

All feeders were assumed to have been modified for near 100% VAR flow. For Base Case and 
proposed case simulations, all feeder-connected capacitors were disconnected. All feeder voltages 
sources were assumed fixed at 124.8 volts with bandwidths set at 0.8 volts. All feeder source 
loads were 110% annual peak kW loads at 98% power factor lagging. In-line voltage regulators 
were set at 124.8 volts. Substation capacitors were not considered in the kVAR analysis. 

As data was available either with feeder phase amps, MW and MVAr phase demands, and/or MW 
and MVAr hourly load profiles, peak load and phase contributions were assigned to each feeder. 
If no MVAr load profile data was available, existing capacitor kVARs were assumed to equal 
total kVAR feeder loading. Estimated fixed kVARs were assumed to be 50% of the total kVAR, 
and switched kVARs at 50% of the total. All capacitor banks were assumed to be 600 kVAR for 
both fixed and switched. 

Capacitor switch controllers normally have counters to record the number of operations. Counters 
help to identify maintenance and control setting problems. It was assumed all capacitors are 
serviced at least once per year.  

Other control methods, including automated VAR feedback controls, can be applied if the net 
result is a maximum leading or lagging kVAR that is less than compensation targets at the feeder 
source for every hour of the year. Feedback and/or IVVC can also be used to override VAR 
controls under emergency or abnormal conditions. If feeders can be operated from either 
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direction, it is important the controller mode be capable of handling operations bi-directional 
flows. 

For non-viable feeders connected within VCZs with viable sister feeders, VCZ voltage regulation 
requires augmentation to account for non-viable and viable voltage needs.  

Non-viable feeders were assumed to have voltages representative of existing voltages. Substation 
or VCZ voltage regulation was assumed to be controlled via LDCs based on viable feeder loads. 
Non-viable feeders were equipped with EOL primary voltage feedback sensing as input to an 
IVVC master control station. IVVC controls non-viable feeder capacitors to maintain feeder 
primary voltages within existing or improved voltage limits. Primary voltage limits were 121 
volts to 124 volts.  

The number of switched capacitors needed for IVVC feeder systems to raise primary average 
voltage by 2 volts was determined from load flow simulations at 2/3 of the distance from the 
source.  The VCZ source LDC loading was modified using IVVC to subtract non-viable feeder 
loadings from the LDC controller. The VCZ source LDC then became the non-viable feeder 
backup control in the event of an IVVC malfunction. 

All selected representative sample viable feeder candidates VAR flows were modified to yield 
near zero var flows of ±300 kVAR for all hours.  

6.9.5 AMI Applications 

AMI can provide additional information to help improve energy efficiencies and minimize 
implementation costs. The data can be used to accurately assess customer load impacts and 
evaluate secondary voltage drops to establish reliable minimum primary voltage standards for 
feeder and substation voltage regulators. Secondary systems include distribution transformers and 
secondary service drops.  For this study, ComEd AMI meter data was not evaluated or used.   

6.9.6 IVVC Applications 

IVVC applications monitor real-time voltages, watts and VARs from LTCs, regulators, 
capacitors, EOL voltage sensors, and additional monitoring points such as customer 
meters.  Using this real-time data, the IVVC application triggers a control period during which 
real-time power factors and voltage measurements assign operational costs.  Operational costs are 
determined by comparing analog measurements to substation power factor and voltage targets. 
The IVVC application objective is to minimize operational costs by managing real-time power 
factors and voltages and primary voltage targets. 

IVVC control schemes ensure optimum performance. For most VO applications with residential 
and light-to-medium commercial customers, traditional LDC controls and VAR management 
schemes with switched VAR capacitor controls provide more cost-effective operation 
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performance. However, when adjacent (sister) feeders are connected to the same voltage regulator 
or power transformer with significantly different load profiles and peak kW coincidence (i.e., < 
80%) and high amounts of large commercial and/or industrial customer loading, traditional 
voltage regulation and VAR management approaches become less effective. 

Large commercial and industrial customers require higher service entrance voltages compared to 
residential customers. Higher voltages are needed to coordinate with inefficient end-use electrical 
systems typically requiring end-use voltage drops greater than ANSI standards. 

For this study, IVVC was used to maintain and isolate voltages for large commercial and 
industrial feeders (classified as non-viable candidates) by integrating with switched shunt 
capacitor banks, voltage measurement and VAR sensing along the feeder, source voltage 
regulation LDC controllers, and monitoring secondary service voltages for customers with AMI 
(Figure 11). 

6.10 VO Improvements Common to all VO Plans 

Substation and feeder source MW and MVAr profiles metering was added to all feeders. All 
viable candidates had capacitor VAR performance modified to yield near-zero VAR flows of ± 
300 kVAR for all hours. All substation power transformer LTCs and in-line voltage regulators 
controls were assumed to have LDCs. Each viable feeder VCZ had EOL voltage metering 
installed. In cases where adjacent non-viable feeders were served from a common voltage 
regulation source, IVVC equipment was added to isolate the feeder from the viable feeders. IVVC 
additions included volt-VAR station controllers, EOL voltage feedback sensing, and switched 
capacitors. These IVVC additions were common to all plans. 

6.10.1 Substation and Feeder Metering Applications 

Substation and feeder metering data is needed to plan, design, operate, and monitor VO systems. 
The accuracy and completeness of engineering modeling and system performance (metering) is 
increased. Since VO operational impacts are small (i.e., losses, voltage service levels, voltage 
drops) as are performance tolerances (i.e., minimum voltage margins, feeder coincidence peak 
load factors, operation requirements), accurate data is important to success.  

For VO design, it is best to have 12 months of substation power transformer and feeder source 
metered data (kWh and kW demand and annual kWh). In addition, phase amps and volts sensing 
are collected for in-line volt-regulators equipped with source metering. VAR sensing is typically 
installed along the feeders along with EOL voltage sensing. Meter data does not have to be real 
time, but can be manually downloaded every six months using SCADA. 

kW and kWh annual data is needed to determine accurate VCZ annual load factors and energy 
delivered. Annual peak kW is used with load flow simulations to determine maximum primary 
voltage drops for average voltage calculations. VCZ source meters and EOL voltmeters are used 
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during the Pre-VO and Post-VO verification test period. EOL metering also is used to verify on-
going compliance. Annual source measurements along with verification measurements provide 
the necessary elements to determine average annual voltages for Pre-VO and Post-VO conditions. 
Load profile metering is required if M&V testing and validation of VO savings are required. 
Power transformer and distribution line metering is used to estimate load and loss factors to 
estimate system losses and evaluate loss impacts. 

For this study, it was assumed all power transformers, feeders, and line regulators had metering 
installed common to all plans, with EOL metering on feeder lowest voltage locations.  

6.10.2 Feeder VAR Management Applications 

All viable VO feeder candidates were assumed to have capacitor VAR performance modified to 
yield near zero VAR flows of nearly 100% reactive load compensation ±300 kVAR for all hours 
to meet performance thresholds. For ComEd, most capacitors are 1200 kVAR fixed for viable 
feeders. Base Case VAR management was modified to upgrade existing fixed banks with 600 
kVAR and/or additional fixed and switched VAR controlled banks. Capacitor sizing, placement, 
type (fixed or switched), and control settings were based on feeder annual historical VAR 
profiles. Historical VAR profiles are used to determine minimum and maximum feeder VARs. 
Capacitor modifications and/or additions for the Base Case were included in all plans.  	  

6.10.3 IVVC and EOL Voltage Feedback and Control Application 

If IVVC was required in the Base Case, IVVC applications were included in all VO plans. IVVC 
was used to isolate non-viable feeders by integrating with switched shunt capacitor banks, voltage 
measurement and var sensing along the feeder, EOL voltage sensing, source voltage regulation 
LDC controllers, and AMI for secondary service voltages. In some cases, only EOL voltage 
feedback, sensing, and control were required for feeders exhibiting lower feeder coincidence 
factors when compared to their adjacent (sister) feeders.  

All IVVC and EOL voltage feedback control applications required for the Base Case were 
included in all VO plans. 

6.11  Existing Case VO Performance Threshold Assessment 

Minimum efficiency performance VO threshold objectives were identified (e.g., max voltage 
drops, min power factors, max phase unbalance, etc.).  

System loss reductions and lower the customer average voltages were generally achieved. 
However, it was not always possible or practical to achieve all of VO thresholds due to specific 
loading and geographical constraints.  
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Maximum primary volt drops for substation service areas ranged from 0.30 volts to 13.4 volts. 
The average maximum voltage drop was 3.95 volts (lower than the 4.8 volt threshold). 

Lowest primary voltages for substation service areas ranged from 124.5 volts to 111.1 volts. The 
average lowest voltage was 116.26 volts (higher than the 118.6 volt threshold). 

Feeder phase amp imbalances for substation service areas ranged from 1.2% to 31.1% (<25% 
phase amp imbalance threshold). The average imbalance was 10.5%.  

Maximum feeder conductor and cable length for correcting the substation service area overloads 
was 0.62 miles. 

Capacitor additions to maintain annual var flow of 300 kVAR for all hours for substation service 
areas were 18 fixed 600 kVAR banks and 150 switched 600 kVAR banks. All switched capacitor 
banks needed for the Base Case were assumed to have VAR sensing with voltage override 
capability. 

Existing case compliance with VO thresholds is summarized in Table 17. Highlighted values 
indicate non-compliance with VO thresholds. 
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Table 17 - Summary of Existing Case Compliance with VO Thresholds 

 
 
   Note: Highlighted values indicate non-compliance with VO thresholds. 
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Table 17 - Summary of Existing Case Compliance with VO Thresholds (Continued) 

 

    Note: Highlighted values indicate non-compliance with VO thresholds.  
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6.12 Plan A – Low Cost Solution 

6.12.1 Summary 

Plan A improvements include those identified for the Base Case and are common to all VO plans.  
Plan A meets threshold requirements for a minimum cost of $3,705,440. Overall energy saved is 
19,639 MWh/yr. The average savings per substation is 1227.4 MWh/yr and the average per viable 
feeder is 417.9 MWh/yr. The average primary voltage Pre-VO is 124.13 V and Post-VO is 120.57 
V (2.97% reduction).  All LDC settings have a voltage set point of 120.0 volts.  The total end-use 
energy savings are 18,422.5 MWh/yr.  Average customer savings are 314.5 kWh/yr. 

6.12.2 Plan A VO Improvements and Installed Costs 

Plan A improvements and associated costs are summarized in Table 18 and Table 19. 
 

Table 18 - Plan A VO Improvements 
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Table 19 - Plan A VO Improvements and Costs 

 
 

6.12.3 Average Voltage and End-Use Savings 

Plan A average voltage reductions and end-use energy savings for each of the 16 substations are 
given in Table 20.  The average primary Post-VO voltage is 120.57 volts compared to a baseline 
Pre-VO of 124.13 volts. The weighted annual average reduction in customer voltage for the 
sample substation areas is 3.55 volts or 2.96%.  

6.12.4 System Line and No-Load Loss Savings 

Plan A system line and no-load losses for each of the 16 substations are given in Table 21. The 
feeder service area total system loss reduction is 24,525.1 MWh for a savings of 1216.4 MWh. 
There is a no-load reduction of 820.8 MWh and line loss savings of 395.6 MWh.  Total peak loss 
reduction is 387.5 kW (293.8 kW for line and 93.7 kW for no-load). Average feeder energy losses 
are 2.51% for Plan A compared to 2.68% for the Existing Case.   
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Table 20 - Plan A Average Voltage Reduction and End-Use Energy Savings 

	  
	  

Table 21 - Plan A System Line and No-Load Losses 
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6.12.5 VO Economic Analysis 

Plan A demonstrates an annual energy savings of 19,639.0 MWh/yr (2.01% reduction) and 3892.6 
kW coincidental feeder demand reduction. The feeder system loss is 2.51% of the total energy 
delivered compared to existing system losses of 2.63%. 

Plan A substations have a relatively moderate overall BCR of 1.928 with total installed costs of 
$3,705,440 ($78,839/fdr). The net overall present value reduction in revenue requirements is 
$4,054,077 ($86,257/fdr). Total annual energy savings is 19,639.0 MWh/yr (417.9/fdr) for a 
program measure life of 15 years.  

Plan A substation first year costs, O&M costs, energy saved, demand reduction, and BCR are 
shown in Table	  22.  Overall VO economic results are given in Table	  23. 

	  
Table 22 - Plan A Economic Analysis Summary by Substation 
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Table 23 - Plan A Economic Analysis Summary - Overall 
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6.13 Plan B – High Savings Solution 

6.13.1 Summary 

Plan B improvements include those identified for the Base Case plus additional upgrades.  Plan B 
meets threshold requirements for a cost of $5,142,735. The maximum overall energy saved is 
27,138.9 MWh/yr. The average savings per substation is 1696.2 MWh/yr and the average per 
viable feeder is 577.4 MWh/yr. The average primary voltage Pre-VO is 124.13 V and Post-VO is 
119.56 V (3.81% reduction). Average voltage calculation methods are provided in Sections 2.8.4 
and 7. All LDC settings have a voltage set point of 119.0 volts. Average Customer saves 434.6 
kWh/yr. 

6.13.2 Plan	  B	  VO	  Improvements	  and	  Installed	  Costs	  

Plan B improvements and associated costs are summarized in Table 24 and Table 25. 
 

Table 24 - Plan B VO Improvements 
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Table 25 - Plan B VO Improvements and Costs	  

 
 

6.13.3 Average	  Voltage	  and	  End-‐Use	  Savings	  

Plan B average voltage reductions and end-use energy savings are given in Table 26. The average 
Post-VO voltage is 119.56 volts compared to a baseline Pre-VO of 124.13 volts. The weighted 
annual average reduction in customer voltage for the sample substation areas is 4.57 volts or 
3.81%. The total end-use energy savings are 24,173.7 MWh/yr. 

6.13.4 System	  Line	  and	  No-‐Load	  Loss	  Savings	  

Plan B system line and no-load losses for each of the 16 substations are given in Table 27.   The 
feeder service area total system loss is 22,776.4 MWh for a savings of 2965.2 MWh. There is a 
no-load reduction of 1042.0 MWh and line loss savings of 1923.2 MWh. The total peak loss 
reduction is 1280.0 kW (1161.1 kW for line and 118.9 kW for no-load). Average feeder energy 
losses are 2.33% for Plan B compared to 2.68% for the Existing Case.   
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Table 26 - Plan B Average Voltage Reduction and End-Use Energy Savings 

 
 

6.13.5 VO	  Economic	  Analysis	  

Plan B demonstrates an annual energy savings of 27,138.9 MWh/yr (2.78% reduction) and 5879.3 
kW coincidental feeder demand reduction. The feeder system loss is 2.33% of the total energy 
delivered compared to existing system losses of 2.63%. 

Plan B substations have a relatively moderate overall BCR of 1.920, which is less than the 2.5 
target demonstrating maximum optimal savings potential. Total installed upgrade costs are 
$5,142,735 ($109,420/fdr). The overall net present value reduction in revenue requirements is 
$5,597,064 ($119,086/fdr). Total annual energy savings is 27,138.9 MWh/yr (577.4/fdr) for a 
program measure life of 15 years.  

Plan B first year costs, O&M costs, energy saved, demand reductions, and BCR are shown in 
Table 28.  Overall VO economic results are given in Table 29.	  
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Table 27 - Plan B System Line and No-Load Losses 

 
 

 

Table 28 - Plan B Economic Analysis Summary by Substation 
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Table 29 - Plan B Economic Analysis for Substations 

 
 

  

____ 
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6.14 Comparison	  of	  Alternative	  VO	  Plans	  

6.14.1 Economic	  Evaluation	  Analysis	  Methodology	  

The objective of the VO economic evaluations9 was to identify solutions that maximize energy 
savings while meeting acceptable VO thresholds and ComEd BCR targets. As more system 
improvements were added, incremental energy saved diminished, resulting in lower BCRs. The 
economic analysis assumes no incentives are applied to ComEd first-year costs. The equipment 
life of 33 years is considered short, which also lowers the BCR.  

The net present value of savings (reduced revenue requirements) is another consideration when 
comparing alternative plans. If net PV savings are zero, the BCR is 1.0, resulting in no change in 
net revenue requirements. The alternative plan development goal is to have BCRs greater than 1.5 
to provide a cushion for possible inflation and financial risk (i.e., higher improvement costs, 
lower marginal costs, and higher inflation rates).  

Net PV system improvement estimates include first year investment costs; net present value of 
annual fixed charges and O&M expenses; expected future equipment salvage; present worth value 
investment factors; and inflation rates. The energy efficiency measure (EEM) program life is 
assumed to be 15 years based on the NWPCC Simplified VO M&V Protocol. The VO savings life 
is 15 years, and the system improvement loss saving measure equipment life is set at 33 years. 
However, the VO energy savings measure program life can be extended (e.g., 20 years) if costs 
are added in a future year (e.g., at year 10 and 20) as a percentage of first year investment costs. 
In this study, the VO life is set at 15 years. A lump sum cost adder is included in year 10 costs, 
assuming 10% of the initial installed cost is needed to maintain the installation and sustain the 
annual savings. All system loss savings benefits and investment costs beyond the program life of 
15 years are discounted and credited in the 15th year.   

The avoided marginal cost of purchased power is assumed to be $0.042/kWh for the base year 
(2014) with an energy cost inflation rate of 3.0% per year thereafter.  

 
  

                                                
9	  The	  detailed	  economic	  analysis	  was	  performed	  using	  economic	  principles	  described	  in	  D.	  G.	  Newnan,	  T.	  G.	  
Eschenbach,	  J.	  P.	  Lavelle,	  Engineering	  Economic	  Analysis,	  Ninth	  Edition,	  Oxford	  University	  Press,	  Inc.,	  New	  York,	  
2004.	  
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6.14.2 Summary	  of	  Economic	  Comparison	  

A comparison of Plan A and Plan B results for the 16 substations and 56 feeders (consisting of 47 
viable and 9 non-viable feeder candidates) is shown in Figure 12 and Figure 13. Included are 
expected energy savings and upgrade NPV costs; an overview applied upgrades; minimum 
primary voltages allowed; BCRs; and end-use MWh/yr savings. 

VO energy savings are divided into two categories: 1) VO Energy Savings (end-use savings) and 
2) VO System Loss Savings (ComEd system savings). The costs for impact of peak demand 
reductions were not evaluated in the study. 
 

	  

Figure 12 - Sample Group Total Energy Savings Potential  

 

The lowest cost alternative VO plan is Plan A, with an installed first-year cost of $3,705,440 (or 
$78,839 per feeder) and total energy savings 19,639.0 MWh/yr (or 417.9 MWh/yr per feeder). 
Plan A includes improvements and upgrades necessary to meet VO thresholds. Plan A upgrades 
are summarized in Table 30.  
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