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1.  Introduction 

The electric power system must address two unique requirements: the need to maintain a 
near real-time balance between generation and load, and the need to adjust generation (or 
load) to manage power flows through individual transmission facilities. These 
requirements are not new: vertically integrated utilities have been meeting them for a 
century as a normal part of conducting business. With restructuring, however, the 
services needed to meet these requirements, now called “ancillary services,” are being 
more clearly defined. Ancillary services are those functions performed by the equipment 
and people that generate, control, and transmit electricity in support of the basic services 
of generating capacity, energy supply, and power delivery. The Federal Energy 
Regulatory Commission (FERC) has defined such services as those “necessary to support 
the transmission of electric power from seller to purchaser given the obligations of 
control areas and transmitting utilities within those control areas to maintain reliable 
operations of the interconnected transmission system.” This statement recognizes the 
importance of ancillary services for both bulk-power reliability and support of 
commercial transactions.  
 
Balancing generation and load instantaneously and continuously is difficult because loads 
and generators are constantly fluctuating. Minute-to-minute load variability results from 
the random turning on and off of millions of individual loads. Longer-term variability 
results from predictable factors such as the daily and seasonal load patterns as well as 
more random events like shifting weather patterns. Generators also introduce unexpected 
fluctuations because they do not follow their generation schedules exactly and they trip 
unexpectedly due to a range of equipment failures. The output from wind generators 
varies with the wind. 
 
Storage technologies should be ideal suppliers of several ancillary services, including 
regulation, contingency reserves (spinning reserve, supplemental reserve, replacement 
reserve), and voltage support. These services are not free; in regions with energy markets, 
generators are paid to supply these services. In vertically integrated utilities (without 
energy markets) the utility incurs significant costs to supply these services. Supplying 
these services may be a significant business opportunity for emerging storage 
technologies.  
 
This report briefly explores the various ancillary services that may be of interest to 
storage. It then focuses on regulation, the most expensive ancillary service. It also 
examines the impact that increasing amounts of wind generation may have on regulation 
requirements, decreasing conventional regulation supplies, and the implications for 
energy storage. 
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2.  Ancillary Services for Power System 
Reliability 

Ancillary services provide the resources the system operator requires to reliably maintain 
the instantaneous and continuous balance between generation and load. These services 
are briefly described in Table 1.  
 

Table 1. Definitions of key ancillary services 

Service Description 
Service 

Response Speed Duration Cycle Time 

Power sources online, on automatic generation control, that can respond rapidly to 
system-operator requests for up and down movements; used to track the minute-to-
minute fluctuations in system load and to correct for unintended fluctuations in 
generator output to comply with Control Performance Standards (CPSs) 1 and 2 of 
the North American Reliability Council (NERC 2002) 

Regulation 

~1 min Minutes Minutes 

Power sources online, synchronized to the grid, that can increase output 
immediately in response to a major generator or transmission outage and can reach 
full output within 10 min to comply with NERC’s Disturbance Control Standard 
(DCS) 

Spinning reserve 

Seconds to <10 min 10 to 120 min Days 

Same as spinning reserve, but need not respond immediately; units can be offline 
but still must be capable of reaching full output within the required 10 min 

Supplemental 
reserve 

<10 min 10 to 120 min Days 
Same as supplemental reserve, but with a 30-min response time; used to restore 
spinning and supplemental reserves to their pre-contingency status 

Replacement 
reserve 

<30 min 2 hours Days 

The injection or absorption of reactive power to maintain transmission-system 
voltages within required ranges 

Voltage control 

Seconds Seconds Continuous 

 
Three services — spinning reserve, supplemental reserve, and replacement reserve —
restore the generation and load balance in the event of a contingency such as the sudden, 
unexpected loss of a generator. Figure 1 provides an example of a contingency, and Fig. 2 
shows how the three contingency reserves are coordinated to respond. Any resource that 
can respond quickly enough and for long enough can supply contingency reserves. Faster 
response has greater value to the power system. Ancillary services are distinguished by 
the time frame over which they operate, as shown in Fig. 3. 
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Unlike the other ancillary services listed in Table 1, voltage control is not a real-power 
service. Instead, it involves the control of reactive power to maintain acceptable voltages 
throughout the power system under normal and contingency conditions. Dynamic 
reactive reserves respond quickly in the event of voltage transients that can lead to 
voltage collapse and are the most valuable to the power system. 
 
 

59.90

59.92

59.94

59.96

59.98

60.00

60.02

60.04

5:50 6:00 6:10 6:20 6:30

 TIME (pm)

FR
EQ

U
EN

C
Y 

(H
z)

2600-MW
Generation

Lost SPINNING AND 
SUPPLEMENTAL 
RESERVES 
RESPONSE

GOVERNOR RESPONSE

 

-10 0 10 20 30 40 50 60

Minutes

Replacement ReserveContingency
Occurs

Spinning and
Supplemental

Reserves
Frequency
Responsive
Reserve

Fig. 1. Governor response and 
contingency reserves successfully 
restored the generation and load balance 
after the loss of 2600 MW of generation. 

 

Fig. 2. Contingency reserves provide a 
coordinated response to the sudden 
loss of generation or transmission. 
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Fig. 3. The response time frame distinguishes ancillary services. 

 
 



 5 

3.  Regulation 

Regulation and load following (which, in competitive spot markets, are provided by the 
intra-hour workings of the real-time energy market) are the two services required to 
continuously balance generation and load under normal conditions (Kirby and Hirst 
2000). Figure 4 shows the morning ramp-up decomposed into base energy, load 
following, and regulation. Starting at a base energy of 3566 MW, the smooth load 
following ramp is shown rising to 4035 MW. Regulation consists of the rapid fluctuations 
in load around the underlying trend, shown here on an expanded scale to the right with a 
±55 MW range. Combined, the three elements serve a load that ranges from 3539 to 
4079 MW during the three hours depicted. 
 
In the PJM region, New 
York, New England, 
and Ontario, regulation 
is a 5-min service, 
defined as five times the 
ramp rate in megawatts 
per minute. In Texas it 
is a 15-min service, and 
in Alberta and 
California it is a 10-min 
service.  
 
Load following and 
regulation ensure that, 
under normal operating 
conditions, a control 
area is able to balance 
generation and load. 
Regulation is the use of on-line generation, storage, or load that is equipped with 
automatic generation control (AGC) and that can change output quickly (MW/min) to 
track the moment-to-moment fluctuations in customer loads and to correct for the 
unintended fluctuations in generation. Regulation helps to maintain interconnection 
frequency, manage differences between actual and scheduled power flows between 
control areas, and match generation to load within the control area. Load following is the 
use of on-line generation, storage, or load equipment to track the intra- and inter-hour 
changes in customer loads. Regulation and load following characteristics are summarized 
in Table 2.  
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Table 2. Comparison of regulation and load following characteristics 

 Regulation Load following 
Patterns Random and uncorrelated Highly correlated 
Control Requires AGC Can be manual 
Maximum swing Small 10–20 times regulation 
Ramp rate (MW/min) 5–10 times load following Slow 
Sign changes per unit time 20–50 times load following Few 

 
Control area operators do not need to specifically procure load following; it is obtained 
from the short-term energy market with generators (typically) responding to real-time 
energy prices. Regulation, however, requires faster response than can be obtained from 
units responding to market signals alone. Instead, generators (and potentially storage 
and/or responsive load) offer capacity that can be controlled by the system operator’s 
AGC system to balance the power system. 
 
Control areas are not able and not required to perfectly match generation and load. NERC 
has established the Control Performance Standard (CPS) to determine the amount of 
imbalance that is permissible for reliability purposes. CPS1 measures the relationship 
between the control area’s area control error (ACE)1 and the interconnection frequency 
on a 1-min average basis. CPS1 values can be either “good” or “bad.” When frequency is 
above its reference value, undergeneration benefits the interconnection by lowering 
frequency and leads to a good CPS1 value. Overgeneration at such times, however, 
would further increase frequency and lead to a bad CPS1 value. CPS1, although recorded 
every minute, is evaluated and reported on an annual basis. NERC sets minimum CPS1 
requirements that each control area must exceed each year. 
 
CPS2, a monthly performance standard, sets control-area-specific limits on the maximum 
average ACE for every 10-min period. Control areas are permitted to exceed the CPS2 
limit no more than 10% of the time. This 90% requirement means that a control area can 
have no more than 14.4 CPS2 violations per day, on average, during any month.  
 
Some storage technologies should be excellent regulation providers because this matches 
a zero net energy resource with a zero net energy service. The quick response and precise 
control offered by storage is also superior to the control capabilities of many 
conventional generators. Technologies that can perform repeated high cyclic storage 
without degradation in their performance will be best suited for regulation. 

                                                 
1 The area control error is the difference between scheduled and actual net interchange with a bias included 
to help maintain scheduled system frequency. 
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4.  Ancillary Service Markets 

Hourly markets for regulation and the contingency reserves (spinning, supplemental, and 
sometimes replacement reserves) exist or are being formed in most independent system 
operator (ISO) regions, including New England, New York, PJM (mid-Atlantic and 
Midwest), the Electric Reliability Council of Texas (ERCOT), California, Ontario, and 
Alberta. Such markets reveal value through prices. Markets, as opposed to long-term 
contracts, are advantageous because a resource’s ability (and cost) to supply each of these 
services varies as its position in the hourly energy market varies.  
 
Direct costs for generators supplying regulation, for example, include a degraded heat 
rate and increased wear and tear on the unit. The dominant expense, however, is the lost 
opportunity cost associated with maneuvering the generator in the energy market so that 
it has capacity available to sell in the regulation market. For example, a 600-MW 
generator with a full power energy production cost of $15/MWh would have to bid 
$27/MWh of regulation if the energy market were clearing at $30/MWh. This is to 
compensate the generator for 
the lost profit in the energy 
market when it reduces 
output in order to create 
maneuvering room to supply 
regulation and to compensate 
for the reduced efficiency 
(increased heat rate) 
associated with the remaining 
output’s still being sold into 
the energy market. Figure 5 
shows how a generator’s cost 
(and bid price) to supply 
regulation depends upon the 
current energy price (Hirst 
and Kirby 1997). Note too that this generator is limited to supplying only about 12 MW 
of regulation (~2% of its rated capacity). This is because regulation is a quick service; 
and the unit ramp rate, rather than the total available capacity, limits the peak amount of 
regulation it can provide. For this reason regulation is generally spread across several 
generators.  
 
There is also an opportunity cost when the energy market price is below the generator’s 
marginal production cost. When energy prices are low (typically at night) and generators 
are at minimum load, they incur a cost for running above minimum load in order to 
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supply down regulation. For example, a generator with a 150-MW minimum load and an 
energy production cost of $18/MWh would have to bid $64/MWh of regulation if the 
energy market were clearing at $14/MWh because it would be losing $4 for each 
162 MWh it must sell into the energy market to get its base operating point high enough 
to provide room to regulate down. Opportunity costs similarly dominate contingency 
reserve prices. 
 
The relationship between ancillary service costs and lost opportunities in the energy 
markets results in volatile ancillary service prices. Figure 6 shows how ancillary service 
prices vary on average throughout the day in California. Not surprisingly, the faster 
response services 
command higher 
prices. Also not 
surprisingly, prices for 
contingency reserves 
vary hourly and show 
a daily pattern that 
mirrors the daily 
fluctuation of energy 
prices. Prices for 
regulation remain high 
at night, however, 
because regulation 
requires that suppliers 
be able to move down 
as well as up. Down-
ward capacity is 
scarce at night when 
most generation is 
lightly loaded. 
 
Ancillary services are predominantly capacity services rather than energy services. When 
a generator supplies regulation, it moves above and below a base operating point. The 
base energy it is supplying is not related to regulation but is necessary because generators 
have minimum load levels. This energy is sold into the energy market. The energy 
component of the regulation service itself nets out to zero energy over a few hours as the 
generator maneuvers around the base operating point. Storage can supply regulation 
without the need to be simultaneously supplying a basic amount of energy. A storage 
project can vary its output around zero — acting as a generator at times and acting as a 
load at other times. The energy required to offset the turnaround efficiency penalty could 
be purchased by the storage project from the energy market or could be supplied to the 
project by the system operator. This added cost is similar to a generator’s added cost 
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associated with the degraded heat rate that comes from rapidly controlling the unit. These 
added costs are one reason that regulation is the most expensive ancillary service. 
 
Table 3 compares average hourly ancillary service prices from several markets. 
Regulation, which requires continuous and rapid control, commands the highest price — 
up to ten times the price of spinning reserve. Spinning reserve prices are typically twice 
the price of supplemental reserve. Based upon price, the faster response services are more 
attractive services for storage to supply. The shorter deployment times are also better 
matched to the capabilities of many storage systems. However, the high cycling 
requirements associated with regulation may limit some storage technologies; hence, the 
duty cycle must be considered. 

Table 3. Average ancillary service prices (per megawatt-hour) from several 
markets 

 New York PJM California ISO-NE Alberta 

Regulation $28.32 $38.94 $36.43a $38.80 $35 
Spinning reserve 3.04 — 3.89 — 30 
Supplemental reserve 1.51 — 1.57 — 17 
Replacement reserve 1.23 — 0.86 — — 

     Note: When available, 2003 prices are presented; otherwise, prices are from 2002. 
     a California purchases up and down regulation separately. The combined price is shown here. 
 
Ancillary service prices 
are typically volatile. As 
Fig. 7 shows, contingency 
reserve prices are 
frequently modest but are 
occasionally quite high for 
regulation and spinning 
reserves (NYISO 2003). 
When generators are on 
line but not fully loaded, 
their cost (and hence their 
bid prices) for providing 
contingency reserves can 
be nearly zero. When 
generation is scarce, 
however, capacity is 
expensive and lost opportunity costs are high. Regulation prices show a more gradual 
price rise because regulation must come from generators with both head room and foot 
room; the generators have to be within their operating range rather than at the bottom. 
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5.  Regulation and Wind Power 

As a result of varying wind conditions, wind facilities generate varying amounts of 
electricity. From a grid operations perspective, other generation resources must offset 
these changes in output. Figure 8 shows variations in wind speed and power output from 
a midwestern wind plant (Hudson, Kirby, and Wan, 2001). Output from this plant is 
monitored in four sections, labeled A, B, C, and D. As shown in Table 4, each 
interconnection point has a different number of turbines. Volatility in the wind speed as 
well as the output from each of the four sections and the total plant output is readily 
apparent.  
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Fig. 8. Two days of output and wind speed from a four-section 
midwestern wind plant. 

 

Table 4. Characteristics of four-section midwestern wind plant 

Interconnection point   
A B C D Total 

Number of turbines 30 39 14 55 138 
MW rating 23 29 10 41 103 
Stand-alone regulation requirement (MW) 1.8 2.2 1.0 2.5 4.8a 
Control area regulation allocation (MW) — — — — 0.8 

   a The value is 4.8 MW for the total wind plant vs 7.5 MW for the sum of A through D individually. 
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Things are not quite as bad as they at first seem, however. Wind plants benefit greatly 
from aggregation. Wind turbines are spread over a large area, even within each section of 
the wind plant. Not all turbines encounter the same wind speed fluctuations at the same 
time. The result of connecting many turbines at independently fluctuating power levels is 
that the variability of the combined output is less than the variability of any equivalent 
single turbine. The 138 turbines in this midwestern wind plant are spread over 11 miles. 
When a wind gust sweeps through the wind plant, it reaches some turbines sooner than 
others. Power output fluctuations are not completely independent, but they are not 
completely correlated either. The degree of correlation depends on the time scale being 
examined, with faster fluctuations (regulation) being less correlated than slower 
fluctuations (load following and energy production), as shown in Fig. 9 (Ernst, Wan, and 
Kirby 1999). The 4.8 MW of stand-alone regulation capacity required by this wind plant 
is about 65% of the 7.5 MW of regulation that would be required if the four sections were 
to address regulation independently. Had the four sections of this wind plant behaved 
completely independently, in the regulation time frame, they would only have required 
3.9 MW of regulation. 
 
As discussed above, rela-
tive regulation require-
ments decrease whenever 
larger aggregations are 
considered. For example, 
consider a 100-MW wind 
plant that is integrated into 
a 2300-MW host control 
area. Providing regulation 
for the aggregation, as 
opposed to providing it for 
each of the individuals, 
reduces the total regulation 
requirement and benefits 
everyone. In this case, the 
host control area regulation 
requirement is 30 MW 
(about 2% of the average 
energy requirement). Including the wind plant raises the aggregate regulation requirement 
to 30.4 MW. Allocating the aggregate regulation requirement back to the control area 
load and wind plant reduces the load obligation of the control area to 29.6 MW and the 
obligation of the wind plant to 0.8 MW in this case, an 84% reduction for the wind plant. 
A larger 202-MW wind plant would have required 18.2 MW of regulation during a 
particularly volatile week if it had to compensate for its variability independently but 
would require only 9.4 MW when integrated into this control area, a 48% reduction for 
the wind plant. The control area loads would benefit as well because, though the total 
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regulation requirement would increase to 35.1 MW, the load’s allocation would drop to 
25.6 MW. Aggregation is a powerful tool for reducing regulation requirements that 
benefits all participants. As seen in the above example, the benefit is particularly strong 
for smaller entities (Kirby and Hirst 2000; Hudson, Kirby, and Wan 2001). 
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6.  Trends in Regulation 

Renewable Portfolio Standards and Distributed Generation 

Renewable portfolio standards (RPS) in several states are calling for significant increases 
in nonpolluting generation within the next few years, as shown in Table 5 (Deyette 2004). 
Wind is likely to be the generation technology of choice in meeting many of these 
standards because of the low cost and relative maturity of the technology. 

Table 5. States requiring increases in 
nonpolluting generation 

State Required increase   By 
Arizona 8.1% 2012 
California 20% 2017 
Connecticut 7% 2010 
Hawaii 20% 2020 
Maryland 7.5% 2019 
Minnesota 825 MW + 10% 2015 
New Jersey 6.5% 2012 
New Mexico 10% 2019 
New York 25%a 2012 
Texas 2000 MW (~3%) 2009 
Wisconsin 2.2% 2011 
   a New York already obtains 17% of its energy from  
hydropower. 

 
Increasing levels of wind penetration will have larger impacts on regulation requirements. 
A wind plant with a stand-alone regulation requirement that is 10% as large as that of the 
rest of the control area will increase the total control area regulation requirement by 
0.5%. If the regulation requirement of a larger wind plant is equal to that of the rest of the 
control area (an extremely large collection of wind plants), the total control area 
regulation requirement will increase by 41%. The aggregation benefit reduces the impact 
by 59% (41% instead of doubling) but still a significant increase (Kirby and Hirst 2000). 
 
Increasing wind generation may also reduce the regulation capacity of the control area. 
This is because increasing wind generation will necessarily reduce the contribution from 
other generation if the load remains constant. The displaced generation is likely to be the 
marginal generation that is least economical to run (as opposed to the lowest-cost base-
load generation). This displaced marginal generation is also the generation that has 
maneuvering capability and often supplies regulation to the power system.  
 
Increases in distributed generation (DG) have similar impacts on power system regulation 
capability. While distributed generators typically do not impose additional regulation 
burdens, they are typically not capable of supplying regulation themselves. Microturbines 
do not follow load well. Distributed generators that are coupled with heat recovery 



 16 

devices for combined heat and power (CHP) can achieve excellent efficiencies but are 
further restricted by their thermal loads from varying their output to provide regulation. 
As with wind, the utility generators that DG displaces are often the marginal units that 
supply regulation economically. 

Control Accuracy 

Generators differ dramatically in how well they follow the system operator’s commands 
to supply regulation (Kirby and Hirst 2000). Hydropower units typically track control 
signals quite well, while thermal units have more difficulty. This is one reason that the 
amount of regulation required by two control areas of similar size can differ substantially. 
The quality of the available regulation resources can differ, and consequently, the amount 
of regulating resources (MW) that must be deployed to obtain similar satisfactory 
reliability performance differs. Figure 10 compares the requested and actual regulation 
movements for two large coal-
fired generators. Generator A is 
considered to be fairly good (for 
a coal burner) at regulating. 
Generator B is clearly not very 
good. But there are no metrics 
for regulation provision. All 
regulation providers are paid on 
the basis of the capacity they 
supply, not on the performance 
of that capacity. At most, system 
operators reserve the right to 
disqualify a generator from 
providing regulation if 
performance degrades too badly. 
This is not sustainable in the 
long term. Regulation prices will 
have to distinguish among 
suppliers on the basis of the 
quality of regulation supplied. 
Perhaps “effective regulation” 
will be measured and paid for. 
When such distinctions can be 
measured, regulation providers 
with precisely controllable 
resources will receive higher 
payments than those available in 
today’s regulation markets. 
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Fig. 10. Coal-fired generators do not follow 
regulation signals precisely. Some (e.g., 
Generator A in the top graph) do better than 
others (e.g., Generator B, bottom). 
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Interestingly, the requirements for power delivery out of storage supplying regulation will 
depend upon the size of the storage project. A relatively small storage project (compared 
to the total regulation requirement of the control area) will likely spend all the time either  
charging or discharging at full power. A larger storage project will carefully control the 
ramp rate for charging and discharging. This is because the storage project will likely be 
the lowest marginal cost, fastest responding, best controlled regulating resource. Hence it 
will be the first resource used by the system operator. If the storage project is small in 
comparison to the total regulating requirements of the control area then the control area 
will always be calling for more control than the project can supply (Figure 4) and the 
control system will be calling for either full charge or full discharge. If, on the other 
hand, the storage project’s capabilities are similar in size to the control area’s needs, then 
the control system will be calling for the exact amount of charging or discharging power 
needed each minute and will only rarely call for the full power capabilities of the project. 

Alternative Technologies 

Other technologies have the potential to supply regulation. Some loads could supply 
regulation by rapidly varying their power consumption. Chlor-alkali production, 
aluminum, and air liquefaction are candidates, as shown in Table 6. Current regional 
reliability council rules prohibit loads from supplying regulation, and none are attempting 
to do so at this time. It will be difficult for most loads to give as much continuous control 
to an outside entity (the system operator), as is required to provide regulation for a 
function other than the load’s primary business. Loads (especially air conditioning and 
water pumping loads) could be excellent suppliers of spinning reserve, however, and may 
eventually play a significant role in that market.  

Table 6. Industrial loads that could supply regulation 

Load type 
Total U.S. MW load 

(MW) 
Air liquefaction 1,000 
Induction & ladle metallurgy furnaces 1,000 
Gas & water pumping with variable-speed 
motor drives 

NAa 

Electrolysis: >14,000 
 Aluminum 6,500 
 Chlor-alkali 4,500 
 Potassium hydroxide 1,000 
 Magnesium, sodium chlorate, copper NAa 

  a  Not available. 
 
Wind turbines themselves could supply regulation, or at least reduce their own regulation 
burden. Fast control of the turbine blades could spill energy to rapidly control the output 
for downward regulation swings. Blades could be returned to their optimal position 
during upward regulation swings. While this potential is technically exciting, the 
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necessity to reduce average output coupled with the low marginal cost of wind generation 
means that the opportunity cost to provide regulation directly from wind should be 
relatively high even compared to the current method of regulation with generators where 
the higher fuel-based energy cost reduces the opportunity cost for regulation. In 
comparison with these options, storage should be the better economic choice. 

Aggregation Implications for Storage 

The high price of regulation coupled with the good match between the technical 
capabilities of some storage technologies and the requirements of the power system make 
regulation an attractive market for storage projects. The strong aggregation effects 
exhibited by regulation have two important implications for storage projects. First, it is 
always cheaper to provide regulation to the control area rather than to compensate for the 
variability of individual loads directly. That is, it takes fewer regulating resources to meet 
reliability requirements if those resources respond to the control area’s overall 
fluctuations as opposed to responding directly to the fluctuations of individual loads and 
wind plants. This reduces the amount of regulation, and consequently storage, required. 
Second, the reduced amount of storage that is required may be a benefit for developers of 
storage technologies because it increases the affordable price per unit of storage 
capability. The 103-MW wind plant given as an example in Section 5 does not need to 
obtain 5 MW of storage to mitigate the regulation impact it is having on the power 
system; it need only obtain 1 MW and allow that storage to be controlled by the power 
system operator to counter overall control area power fluctuations.  

Voltage Control from Storage 

Voltage control is not currently traded in hourly markets. It is more location-dependent 
than real-power regulation or contingency reserves and is typically procured through 
long-term contracts. Because reactive power losses are much greater than real power 
losses in the transmission and distribution (T&D) grid, voltage-control equipment must 
be dispersed throughout the system and located close to where the voltage support is 
needed. This also means that competitive markets have typically not yet developed for 
obtaining voltage control, since there are too few potential suppliers at each location to 
compete. Instead, system operators install transmission equipment (tap changers, 
capacitors, reactors, static var compensators, etc.) to address voltage problems, and/or 
they obtain voltage support from local generators. In some places, the generators are paid 
for this voltage support, while in others they are simply required to supply voltage 
support capability as a condition of interconnecting with the power system. 
 
Some storage technologies with the appropriate four-quadrant power conversion system 
can be ideal suppliers of dynamic reactive power support and voltage support. Their 
power electronics interface enables them to operate as a static var compensator, with no 
impact on the real energy being stored. In locations where voltage control is required, 
energy storage owners may be compensated for such voltage control. 
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7.  Conclusions 

Power system reliability depends upon the ancillary services that system operators obtain 
to maintain generation and load balance under normal and contingency conditions. These 
services have always been required, but with restructuring they are more precisely 
defined. More importantly, markets now set prices for these services and reveal their 
value. Prices are volatile because they predominantly depend upon the lost opportunities 
of generators that could sell into the energy market if they were not providing balancing 
services. This same dependence means, however, that regulation prices will trend with 
energy price and are not likely to go down. Prices are highest for the fastest service, 
regulation, which involves tracking the minute-to-minute fluctuations in customer loads 
and unintended fluctuations in generation. 
 
Regulation is a zero-energy service, making it an ideal candidate for supply by storage. 
Table 7 compares the characteristics required for an energy storage device to provide 
regulation and load following. As can be seen clearly in Fig. 4, providing regulation 
requires the storage device to charge and discharge many times per hour. Cycle life is 
critical. Providing load following, however, requires only one to two cycles per day. 
Similarly, high ramp rates are required for regulation but not for load following. 
Altogether, these requirements result in a stored energy requirement for load following 
that is 200 to 2000 times greater than what is required for regulation. The differing 
service requirements have implications for the storage technologies supplying each 
service. Flywheels and supercapacitors, with their high cycle life and ramping 
capabilities, are good candidates for regulation. Batteries may be better for supplying 
load following, where cycle life requirements and the ratio of peak power to stored 
energy are lower. 
 
 

Table 7. Energy storage characteristics required to provide regulation 
versus load following  

 Regulation Load following 
Cycle life (20-year) 500,000 3,000–10,000 
Round trip efficiency High Less critical 
Response time >1 minute >1 hour 
Power delivery duration 10–15 min 2–10 hours 
Service duty Continuous Hours between cycles 
Potential technologies Flywheels 

Ultra capacitors 
Flow batteries 
CAES 
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Once regulation markets mature, the almost perfect control exhibited by storage devices 
should command higher prices than the poor control exhibited by large thermal power 
plants. The same power electronics interface that enables storage devices to provide 
precise regulation control can often also provide dynamic voltage control. Markets do not 
yet exist for dynamic voltage control because of the reduced geographic scope of reactive 
power, but system operators enter into long-term contracts for its provision. 
 
The proliferation of renewable portfolio standards and the maturing of wind technology 
(with decreasing costs, higher availability, and greater reliability) is resulting in increased 
amounts of wind power. One of the few drawbacks to wind is the unpredictability and 
variability of the power output. Aggregation, both among wind turbines within wind 
plants and with the overall control area load, greatly reduces the regulation impact. Still, 
wind power does increase regulation needs. Wind also displaces conventional generation, 
often the marginal generators that provide regulation. The increase in distributed 
generation and cogeneration similarly displace marginal conventional generation with 
resources that are unable to supply regulation. These factors will increase the need for 
new technologies to supply regulation.  
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