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high lights graphical abstract

< We modeled wind, solar, and 
storage to meet demand for 1/5 of 
the USA electric grid.

< 28 billion combinations of wind, 
solar and storage were run, seeking 
least-cost.

< Least-cost combinations have excess 
generation (3 load), thus require 
less storage.

< 99.9% of hours of load can be met by 
renewables with only 9e72 h of 
storage.

< At 2030 technology costs, 90% of 
load hours are met at electric costs 
below today's.
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We model many combinations of renewable electricity sources (inland wind, offshore wind, and 
photovoitaics) with electrochemical storage (batteries and fuel ceils), incorporated into a large grid 
system (72 GW). The purpose is twofold: 1) although a single renewable generator at one site produces 
intermittent power, we seek combinations of diverse renewables at diverse sites, with storage, that are 
not intermittent and satisfy need a given fraction of hours. And 2) we seek minimal cost, calculating true 
cost of electricity without subsidies and with inclusion of external costs. Our model evaluated over 28 
billion combinations of renewables and storage, each tested over 35,040 h (four years) of load and 
weather data. We find that the least cost solutions yield seemingly-excessive generation capacity d at 
times, almost three times the electricity needed to meet electrical load. This is because diverse renew­
able generation and the excess capacity together meet electric load with less storage, lowering total 
system cost. At 2030 technology costs and with excess electricity displacing natural gas, we find that the 
electric system can be powered 90%e99.9% of hours entirely on renewable electricity, at costs compa­
rable to today’sd but only if we optimize the mix of generation and storage technologies.
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technologies [3e5], Specifically, Delucci and Jacobson pick one mix 
of eight renewablegeneration technologies, increased transmission, 
and storage in grid integrated vehicles (GIV), and show this one mix 
is sufficient to provide world electricity and fuels. However, these 
globalstudiesdo notassesstheabilityofvariablegeneration to meet 
real hourlydemand within asingle transmission region, nordothey 
calculate the lowest cost mix of technologies.

Ekren and Ekren analyzed a small-scale system with batteries, 
PV, wind turbines, and auxiliary power [6], The study assumes 
near-constant load (for communications), calculates only an energy 
capacity for the batteries and not power limits, and optimizes the 
configuration for minimum capital cost, not minimum total cost. 
Unfortunately, Ekren and Ekren only report their optimized system 
cost and area of solar and wind rotor as well as battery size so it is 
difficult to analyze these results. In a real grid, we must satisfy 
varying load, and with high-penetration renewables, charging and 
discharging storage will at times be limited by power limits not just 
by stored energy. More typical studies combining wind and solar do 
notseek anyeconomicanalysisand/or do not look at hourly match 
of generation to load (e.g. Markvart, 1996).

Hart and Jacobson determined the least cost mix for California of 
wind, solar, geothermal and hydro generation [7], Because their mix 
includes dispatchable hydro, pumped hydro, geothermal, and solar 
thermal with storage, their variable generation (wind and photovol­
taic solar) never goes above 60% of generation. Because of these 
existing dispatchable resources, California poses a less challenging 
problem than most areasd elsewhere, most or all practical renewable 
energy sources are variable generation, and dedicated storage must 
be purchased for leveling power output. We cannot draw general 
conclusions from the California case’s resultsdfor example, one 
might plausibly infer from thisstudy that it is possible to havea power 
system with 60% variable generation, but not a higher fraction; or, we 
might conclude that a grid based exclusively on variable generation 
would require prohibitively ex pensive amounts of storage.

We can also compare our model with the HOMER micropower 
optimization model [8], which takes hourly load and resource data 
and calculates the most cost effective mix of generation. Much like 
HOMER, the present work employs a more valid storage cost model 
than other studies, because it distinguishes cost per M Wh (cost per 
stored energy unit) from cost per MW (cost per power transfer 
rate). The difference between our study and HOMER is that we 
examine a regional power system, whereas HOMER has been used 
primarily for small isolated grids such as islands or single resi­
dences or buildings. One of our main objectives is to incorporate 
the power-leveling effects of meteorological and resource diversity 
on a regional scale.

1. Introduction

What would the electric system look like if based primarily on 
renewable energy sources whose output varies with weather and 
sunlight? Today’s electric system strives to meet three require­
ments: very high reliability, low cost [1], and, increasingly since the 
1970s, reduced environmental impacts. Due to the design 
constraints of both climate mitigation and fossil fuel depletion, the 
possibility of an electric system based primarily on renewable 
energy isdrawing increased attention from analysts.Several studies 
(reviewed below) have shown that the solar resource, and the wind 
resource, are each alone sufficient to power all humankind’s energy 
needs. Renewable energy will not be limited by resources; on the 
contrary, the below-cited resource studies show that a shift to 
renewable power will increase the energy available to humanity. But 
how reliable, and how costly, will be an electric system reliant on 
renewable energy? The common view is that a high fraction of 
renewable power generation would be costly, and would either 
often leave us in the dark or would require massive electrical storage.

Here we model the hourly fi uctuations of a large regional grid, 
PJM Interconnection, in order to answer these questions. PJM is 
a large Transmission System Operator (TSO) in the eastern United 
States. It is located geographically in Fig. 1, and described in more 
detail in Appendix A. To obtain a multi-year run with constant 
system size we analyze calendar years 1999e2002, before its recent 
growth, when PJM managed 72 GW of generation, with an average 
load of 31.5 GWa [2],

To evaluate high market penetration of renewable generation 
under a strong constraint of always keeping the lights on, we match 
actual PJM load with meteorological drivers of dispersed wind and 
solar generation (Fig. 1) for each of the 35,040 h during those four 
years. We created a new model named the Regional Renewable 
Electricity Economic Optimization Model (RREEOM). Our model is 
constrained (required) to satisfy electrical load entirely from 
renewable generation and storage, and fi nds the least cost mix that 
meets that constraint. The model is computationally-constrained, 
so we did not include additional computing-intensive consider­
ations, such as how much additional transmission is optimum, or 
reliability issues not related to renewable resource fluctuations.

2. Prior studies

We do not fi nd the answers to the questions posed above in the 
prior literature. Several studies have shown that global energy 
demand, roughly 12.5TW increasing to 17TW in 2030, can be met 
with just 2.5% of accessible wind and solar resources, using current

3. Enough power to meet load

Current electric power systems use fossil fuels as a form of stored 
energy, burning fuel at variable rates to generate power matched to 
fi uctuating power demand. The operating principle of fossil gener­
ation is “burn when needed”, a principle simple enough that it could 
be followed without computers, digital high-speed comm unications, 
or weather forecasting d precisely the conditions when today’s 
electric system was created, early in the 20th century.

The ability to reliably meet load will still be required of systems 
in the future, despite the variability inherent in most renewable 
resources. However, a review of existing literature does not find 
a satisfactory analysis of how to do this with variable generation, 
nor on a regional grid-operator scale, nor at the least cost. We need 
to solve for all three.

In order to manage variable generation, there are four known 
options: geographical expansion, diversifying resources(e.g.solar plus 
wind), storage, and fossil backup. All four are employed in thisstudy.

Fig. 1. A map showing the outlines of the current PJM system (blue line) and of the 
inland and offshore meteorological stations used for the wind data (pink asterisks). 
(For interpretation of the references to color in this figure legend, the reader is referred 
to the web or PDF version of this article.)
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The first option is to geographically distribute generation. Wind 
from geographically dispersed sites (greater than 1000 km) provides 
more consistent power output than generation at nearby locations 
with similar weather patterns [9e 11]. The current study calculates 
the time diversity of generation from geographically dispersed sites’ 
actual hourly weather (Fig. 1).

The second option, diversifying sources, can similarly level 
power production, as has been shown in prior studies of wind and 
solar [12,13] for a wider range of renewables [4,7], These prior 
studies showed that combining more diverse renewable resources 
produced more level power.

Storage is the third option, typically the most costly. Storage can 
fill in supply gaps as well as absorb excess production, and since 
storage responds quickly, it can adjust for rapid changes in wind or 
solar output. Denholm et al. employed existing spatially dispersed 
wind farms in the Midwest along with fixed amounts of storage 
with the goal of providing level power output, like a baseload 
thermal plant [14], But, the real grid management problem is not to 
simulate a single baseload plant by creating constant output; 
rather, the problem is to meet fluctuating load reliably with fluc­
tuating generation, for an entire grid.

A fourth option is to use existing fossil generation for backup. 
Although this reintroduces pollution into the system and can only 
produce to meet shortfall, not absorb excess electricity, it takes 
advantage of existing generation plants, thus costing only fuel and 
operations not new plant investment. We model fi ll-in power from 
fossil, not hydro or nuclear power. Hydropower makes the problem 
of high penetration renewables too easily solved, and little is 
available in many regions, including PJM. We do not simulate 
nuclear for backup because it cannot be ramped up and down 
quicklyand itshigh capital costs make iteconomically inefficient for 
occasional use. For scenarios in which backup is used rarely and at 
moderate fractions of load, load curtailment is probably more 
sensible than fossil generation. This could be considered a fifth 
mechanism, but for simplicity we here conservatively do not 
assume load management but fi II any remaining gaps of power with 
fossil generation.

insufficient for that hour’s load, storage is used first, then fossil 
generation. During times of excess renewable generation, we first 
fi II storage, then use remaining excess electricity to displace natural 
gas. When load, storage and gas needs are all met, the excess 
electricity is “spilled” at zero value, e.g. by feathering turbine 
blades. See Fig. 2 for more on the model's operation.

In calculating thecost ofeach combination, wecalculate truecost 
of electricity without subsidies. In the case of renewable generation, 
we exclude current subsidies from the Federal and State govern­
ments. For fossil power, we add in pollution’s external costs to third 
parties; these are not included in market price, but are borne by 
other parties such as taxpayers, health insurers, and individuals. 
Here they are included in the cost of electricity (see Appendix, “Cost 
of Electricity”). For the cost of renewable energy and storage, we 
used published costs for 2008, and published projections for 2030, 
all in 2010 dollars. For example, projected capital costs for wind and 
solar in 2030 are roughly half of today’s capital costs but projected 
operations and maintenance (O&M) costs are about the same 
(references and ex planat ions of costs are in Tables 1 and 2). The 2030 
cost projections assume continuing technical improvements and 
scaleup, but no breakthroughs in renewable generation nor storage 
technologies. For fossil fuels, we use prices plusexternal costs today, 
without adjustments for future scarcity, pollution control require­
ments, nor fuel shifts. Our cost model is detailed in Appendix, “Cost 
of Electricity ”, and as we will show (in Table 4), a simple validation of 
thecost model isthat unsubsidized renewableenergycosts, for 2008 
cost input parameters, are consistent with actual renewable power 
costs in recent years. We do not include load growth because we are 
comparing the optimum point under differing cost parameters, not 
projecting to the power system of 2030. These assumptions have the 
advantage that simple and transparent inputs to a complex model 
make relationships clearer.

The costs being minimized included the expenses of financing, 
building and operating solar, wind and storage, expressed in cents 
per kWh delivered to load. The hours not covered by the system have 
an additional cost for fossil electricity; this is tabulated to compute 
cost per kWh but it wasnot part of thecost minimization algorithm.

Separatesimulations were performed for each of the three storage 
tech nologies.for 2008 costsand for 2030 costs, and forth ree coverage 
requirements (30%, 90%, and 99.9% of hours) making a total of 18 
RREEOMruns. Theooveragerequirementisaconstrainton the model, 
that is, any one tested combination of generation types and storage 
must meet all load that fraction of hours, or we do not evaluate it for 
cost. These three percentage requirementsallow us to evaluate the 
practicality of a range of renewable penetrations. They are not system 
reliability targets d as noted subsequently,existing fossil is assumed 
to cover part of the load for hours during which renewables were not 
sufficient. That is, for example, our 99.9%coverage target does not 
imply that the commercial electric reliability requirementof 99.97% 
has been reduced, only that the last fraction of a percent above our 
99.9% would have to be covered by existing fossil generation (or 
demand management, etc.). Each of the 18 REEOM simulations 
evaluated about 1.6 billion combinationsof technologies to pick the 
least cost mix that met each coverage constraint.

We simplify our grid model by assuming perfect transmission 
within PJM (sometimes called a “copper plate” assumption), and 
no transmission to adjacent grids. We also simplify by ignoring 
reserve requirements, within-hourly fi uctuations and ramp rates; 
these would be easily covered with the amount of fast storage 
contemplated here. In addition, we assume no preloading of 
storage from fossil (based on forecasting) and no demand-side 
management. Adding transmission would raise the costs of the 
renewable systems calculated here, whereas using adjacent grids, 
demand management, and forecasting all would lower costs. We 
judge the latter factors substantially larger, and thus assert

4. Model parameters

For each of the three power generation technologies d solar PV, 
offshore wind, and inland wind dour input parameters set 
a maximum, up to actual resource limits in PJM, and the REEOM 
model will try all values from 0 to the maximum, seeking optimum 
combinations. The model was run for three storage technologies: 
centralized hydrogen, centralized batteries, and grid integrated 
vehicles (GIV), the latter using plug-in vehicle batteries for grid 
storage when theyare notdriving (also called “vehicle togrid power” 
or V2G) [15,16} Wind and solar are parameterized as GW capacity, 
storage is parameterized as GW throughput and GWh energystorage 
capability. Storage is additionally characterized by losses in storing 
or releasing electricity, plusthestandby losses while sitting idle.The 
models for each individual technology are relatively simple. For 
example, we used NREL’s program PVWATTS for the solar power 
hourly output, and used a typical commercial wind tubine’s power 
curve to calculate the hourly wind power output with the wind 
speed input from NOAA buoys. The method is discussed in more 
detail in in “Technologies” section of the Appendix. The purpose of 
this study is not to model and validate each individual technology in 
detail, rather we use accepted and simple models for each tech­
nology, so we can focus on capturing the varying times of generation 
and load, and how much storage is needed to level variable 
generation.

When running the simulation, for each hour, weather is used to 
determine that hour’s power production. If renewable generation is
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Inputs: MW of PV, MW of Inland Wind, MW of Offshore Wind, MW of Storage, MWh
of Storage

The inputs are sampled linearly with 70 samples per input between zero and that 
input's upper limit. All the permutations are evaluated in parallel using the 

algorithm below.

Calculate total generation based on wind speeds and solar insolation for current 
hour. Reduce storage by standby losses.

Is
Load>=Generation
for current hour?No Yes

1 f
Take energy out of storage 
(EOS) taking into account 

MW, MWh, and round trip 
efficiency of storage

Put energy into storage (EIS) taking 
into account MW and MWh of 

storage

11

Is toad >= 
Generation 

+EOS?

No
<■Increment Hours_Covered

Yes
Does Current 
Hour = Total 
Simulation 

Hours?

Increment Current 
Hour No

Yes

Percent_Coverage = Hours_Covered/(Total Simulation Hours)*100%
Outputs are Total Cost of Generation and Storage and Percent_Coverage

Once all permutations of the input parameters are completed, the optimum inputs are chosen as 
those with the lowest cost while Percent_Coverage is greater than a user defined minimum.

Fig. 2. Flow chart of RREEOM.

(without calculation) that the net effect of adding all these factors 
together would not raise the costs per kWh above those we 
calculate below.

In order to realistically simulate generation, we use insolation 
and wind data from DOE and NOAA for each hour being modeled. 
To start with a realistic amount of storage, we run for a 9 month 
initialization period to fill storage based on actual generation and 
loads. Methods and input values are described in the Appendix.

Our study has some limitations. PJM is a large system operator; 
a smaller region would experience less smoothing effect from con­
necting wind across its region. We discounted future renewable 
generation at 12%, did not project any increase in fossil fuel prices, 
eliminated tax subsidies for renewables but not traditional genera­
tion, and did not project any technology breakthroughs for renew­
ables, all of which raise the comparative cost of renewable power.

5. Results and discussion

Table 3 shows the results from three of the 18 simulations, for 
storage using GIV and 2030 technology costs for all three coverage 
constraints of 30%, 90% and 99.9% For other storage technologies 
and 2008 technology costs, the relationships are similar to those 
shown in Table 3 but quantitative results are not (see Table 8 for all 
cases). Results in Table 3 are shown in capacity installed (in GW), 
and energy generated or released from storage in average power or 
GWa. (GWa is equivalent to GWh yL1 divided by 8760 h yL1; using 
GWa for average power rather than GWh for energy per year makes 
it easier to compare among capacity, production, and load.) The 
actual PJM system generation capacity and load are shown on the 
bottom line. PJM for the years of our study had 72 GW of generation 
capacity, which was 230% of its 31.5 GWa average load.
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Table 1
Input parameters 2008 values.

Capital cost per O&M cost per energy O&M net present Lifetime of energy Capital power cost O&M cost per unit O&M net present cost3 
energy storage storage throughput 
($/kWh)

Technology
cost3 ($/MWh) equipment (years) ($/kW capacity) of power capacity for 20 years ($/kW)

($/kW/year)($/MWh)

6350b
4050b
2022b

100ch
1683ek
703d

12.3b 
94.0b 
31.8 b

Photovoltaics 
Offshore Wind 
Inland Wind 
GIV
Hyd rogen 
Central Batteries 

(Lithium titanate)

0 N/A 0 N/A 91.6
0 N/A 0 N/A 702
0 N/A 0 N/A 238

31.8e'f 
28.1eJ 

318 d

15d 0cj247CiS 1847 0
20ej 27.5sk

12.3d
0s 0 206
0d 15d0 91.6

Technology Lifetime power Energy cost for Upper energy limit Power cost for Upper power limit Round trip efficiency Storage loss over time
equipment (years) 20 years ($/kWh) of resource (GWh) 20 years ($/kW) of resource (GW) (fraction) (fraction lost per hour)

301 42941
31681
15071

186mPhotovoltaics 
Offshore wind 
Inland wind 
GIV
Hyd rogen 
Central batteries 

(lithium titanate)

N/A N/A N/A N/A
301 158nN/A N/A N/A N/A
30' 132°N/A N/A N/A N/A
50p 382q 239q 0.81r 

0.438* 
0.81r

8.33E-05S
1.50E-08U
8.33E-053

44.9 40
20* 28.1 N/A 1889 N
15V 424 N/A 1060 N

3 Net present costs were determined using a 12% discount rate over 20 years. 
b Delucchi and Jacobson [3J. 
c Kempton and Tomic [15]. 
d Burke and Miller [18]. 
e Steward [19].

The energy cost for the GIV batteries is assumed to be 10%of the cost of standalone Li-ion batteries because of increased cycling, based on our estimate £ $400 divided by 
the battery size (24 kWh, the size of the battery in the Nissan Leaf) on board vehicle costs, which will last the w 15 year life of vehicle, from Kempton and Tomic [15] Table 5 
parameter Cc.

9 This calculation is taken from Table 5 and equations (13) and (15) of [15]. For Li Ion, the lifetime (Lc) is assumed to be 5000 cycles [18]. Es is assumed to be 24 kWh which is 
the size of the battery pack (equivalent to Nissan Leaf). Also, the CYP is the cycles per year which is assumed to be 10. This is updated after the optimum is reached to a more

$247:25

f

realistic value. The value is then multiplied by 30% because the depth of discharge is less than 100%, degrading the batteries less. c<$ 14 °bat *CPY*30% 14
Lc Es

h Capital power costs for GIV were calculated assuming it would cost $1500 for the building connections for a 15 kW battery, which converts to $100,000/MW, with a typical
MWh year

building lifetime of 50 years. From Kempton and Tomic [15], Table 5.
' O&M power costs for GIV are considered to be zero because there is no additional maintenance due to GIV power. Maintenance is not increased due to power capability for 

GIV, it is calculated as proportional to energy in a separate column. The maintenance costs for controls that are particular to the GIV system, not otherwise required for the 
vehicle, are considered negligible.

The energy cost is the cost of the steel tank, based on how many kg of hydrogen the tank can hold [20] which is converted to a $/MWh equivalent using the HHV of 
hydrogen. It is assumed that the steel tanks last 20 years.

k The power cost is assumed from the capital cost of the solid oxide fuel cell (SOFC) system and electrolyzer system taking into account the replacement cost of the stack is 
30%after ten years (this replacement cost is also discounted at 10 years out). It is assumed that the power systems will last 20 years if this stack replacement is performed. A 
SOFC was chosen instead of a proton exchange membrane fuel cell because of the lower cost and higher efficiency. The high operating temperature eliminates the need for 
precious metals, thus leading to lower cost, and the activation energy decreases, thus leading to higher efficiency. This is in contrast to most transportation applications where 
SOFC cannot work because of low power density.

1 Delucci and Jacobson [3].
m This is calculated by scaling up a recent study of capacity potential of south facing rooftop in Newark, DE [21] and extrapolating by population to the PJM region.
n This is obtained for the PJM region by Baker [22], For 2008 it is assumed that only the turbines out to 60 m water depth are available.
0 This is obtained for each state from NREL’s Wind Powering America Study [23] and then multiplied by the percentage of each state in PJM as shown in the Model 

Parameters section. In an NREL capacity study wind sites with less than a 30%bulk capacity factor were discarded, so for an inland wind site to be considered for this simulation 
it had to meet the same criterion.

p The power electronics are mostly considered a part of the regular operation of the vehicle. The only additional electronics are the electronics used to discharge energy back 
to the grid. Lifetime is considered to be 50 years.

q We will limit availability of GIV storage based on the vehicle fleet. Although it would make sense to discount the fleet by the number who we guess might be participating, 
or also the percentage of EVs and plug-in hybrids available, here we assume that 100% of the count of light vehicles in 2002 PJM are available. This is an upper resource limit. 
The total vehicle fleet per state is from NHTS 2009 survey [24], 15 kW of storage per vehicle is assumed just as in the cost calculation for GIV.

r Lund and Kempton [25],
3 Chen et al. [26].
' Steward [20],
u Assumed 6.35 mm thick 316 stainless steel at 51.7 MPa at 25 JC [27],
v Burke and Miller [18].

j

Consider first the power capacity, the leftmost 3 numeric 
columns in Table 3. As we move from requiring renewable power to 
meet load 30% of hours to 90%, then 99.9% of hours, the capacity of 
renewable generators increases and the diversity of renewable 
resources increases. For example, at 30%, only the least expensive 
renewable, inland wind, is used. But to meet 99.9%, significant 
amountsof all three generation resourcesare represented, including 
higher cost offshore wind and solar; total generation capacity is over 
three times that of the current system. Counter-intuitively, when we 
increase the requirement from 90% to 99.9%, less storage and 
significantly less fossil backup capacity are needed. This is because,

to meet 99.9% of hours, more renewable generation is required from 
more diverse sources.

The energy columns of Table 3 show that the 30% case is rather 
different in generated energy from the higher levels of coverage. To 
cover 30% of hours with renewables, we generate about equal 
amounts of renewable energy and fossil energy, the sum approxi­
mately matching the total need for electricity. That is, 30%coverage 
is roughly the equivalent of producing 50% of energy (for the given 
GIV storage case), with very little excess generation. By contrast, for 
90% or 99.9% of hours, the GWa generated exceeds the electrical 
energy need of PJM by factors of about 2 and 3 , respectively!
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Table 2
Input parameters 2030 values.

Technology Capital cost per O&M cost per energy 
energy storage storage throughput 

($/MWh)

O&M net present 
cost2 ($/MWh)

Lifetime of energy Capital power cost
equipment (years) ($/kW capacity)

O&M cost per unit of O&M net present 
power capacity 
($/kW/year)

cost3 for 20 years 
($/kW)($/kWh)

2848b 
2128b 
1202b 

100ch 
737sk 
411 d

12.3b 
94.0b 
31.8b

Photovoltaics 
Offshore wind 
Inland wind 
GIV
Hydrogen 
Central batteries 

(lithium titanate)

0 N/A 0 N/A 91.6
0 N/A 0 N/A 702
0 N/A 0 N/A 238

19.2cf 
11.2eJ

15d gcj106CiS 791 0
20ed 12.2ek

12.3d
0s 0 91.4

192 d 0d 15d0 91.6

Technology Lifetime power
equipment (years) 20 years ($/kWh) of resource (GWh) 20 years ($/kW) of resource (GW)

Energy cost for Upper energy limit Power cost for Upper power limit Round trip Storage loss over time 
efficiency (fraction) (fraction lost per hour)

301 19581
18861

186mPhotovoltaics 
Offshore wind 
Inland wind 
GIV
Hydrogen 
Central batteries 

(lithium titanate)

N/A N/A N/A N/A
Z0l 248nN/A N/A N/A N/A
Z0l 960^ 132°N/A N/A N/A N/A
50p 891q 239q 0.81r 

0.609s 
0.81 r

8.33E-05S 
1.50E-08u 
8.33E-053

26.7 40.0
20s 11.2 N/A 828 N
20v 256 N/A 503 N

3 Net present costs were determined using a 12%discount rate over 20 years. 
b Delucchi and Jacobson [3], 
c Kempton and Tomic [15], 
d Gaines and Cuenca [28], 
e Steward [20].

The energy cost for the GIV batteries are assumed to be 10%of the cost of standalone Li-ion batteries because of increased cycling, based on our estimate |d $400 divided by 
the battery size (56 kWh, the size of the battery in the Tesla) on board vehicle costs, which will last the w15 year life of vehicle, from Kempton and Tomic [15] Table 5, 
parameter Cc.

9 This calculation is taken from Table 5 and equations (13) and (15) [15], For Li Ion, the lifetime (Lc) is assumed to be 5000 cycles [18], E*, is assumed to be 56 kWh which is the 
size of the battery pack (equivalent to Tesla Roadster). Also, the CYP is the cycles per year which is assumed to be 10. This is updated after the optimum is reached to a more

$105:96

f

realistic value. The value is then multiplied by 30% because the depth of discharge is less than 100%, degrading the batteries less.cd 14 °bat *CPY*30% 14
t-c Es

h Capital power costs for GIV were calculated assuming it would cost $1500 for the building connections for a 15 kW battery, which converts to $100,000/MW, with
MWh year

a lifetime of 50 years. From Kempton and Tomic [15], Table 5.
' O&M power costs for GIV are considered to be zero because there is no additional maintenance due to GIV power. Maintenance is not increased due to power capability for 

GIV, it is calculated as proportional to energy in a separate column. The maintenance costs for controls that are particular to the GIV system, not otherwise required for the 
vehicle, are considered negligible.

j The energy cost is the cost of the steel tank, based on how many kg of hydrogen the tank can hold [20] which is converted to a $/MWh equivalent using the HHV of 
hydrogen. It is assumed that the steel tanks last 20 years.

k The power cost is assumed from the capital cost of theSOFC system and electrolyzer system taking into account the replacement cost of the stack is30%after ten years (this 
replacement cost is also discounted at 10 years out). It is assumed that the power systems will last 20 years if this stack replacement is performed.

1 Delucchi and Jacobson [3].
m This is calculated by scaling up a recent study of capacity potential of south facing rooftop in Newark, DE [21] and extrapolating by population to the PJM region.
n This is obtained for the PJM region by Baker [22], For 2030 it is assumed the whole area out to 1 km is available.
0 This is obtained for each state from NREL’s Wind Powering America Study [23] and then multiplied by the percentage of each state in PJM as shown in the Model 

Parameters section. In an NREL capacity study wind sites with less than a 30%bulk capacity factor were discarded, so for an inland wind site to be considered for this simulation 
it had to meet the same criterion.

p The power electronics are mostly considered a part of the regular operation of the vehicle. The only additional electronics are the controls to regulate charge and discharge.
q We will limit availability of GIV storage based on the vehicle fleet. Although it would make sense to discount the fleet by the number who we guess might be participating, 

or also the percentage of EVs and plug-in hybrids available, here we assume 100%of the count of light vehicles in PJM in 2002. This is an upper resource limit. The total vehicle 
fleet per state is from NHTS 2009 survey [24], 15 kW of storage per vehicle is assumed just as in the cost calculation for GIV.

r Lund and Kempton [25],
3 Chen et al. [26].
' Steward [20].
u Assumed 6.35 mm thick 316 stainless steel at 51.7 MPa at 25 JC [27],
v Gaines and Cuenca [28],

This is another important new fi nding. That is, our cost-minimizing 
model of very high penetration (90% and above) d shows that the 
least-cost way to cover most or all hours results in producing (or 
being capable of producing) 2 or more the electrical energy 
needed. The 99.9% criterion by definition means fossil would 
account for no more than 0.1%of load; Table 3 shows that the actual 
fossil burn required was 0.05% (0.017/31.5).

Fig. 3 shows the four-year simulation for the 99.9% case using 
GIV storage, which corresponds to the 99.9% columns in Table 3. 
The top graph, in green, is renewable generation; even with the mix 
of generation types renewable power generation fluctuates often, 
and can be seen to have lower average output in the summer than 
winter. Correspondingly, storage stays mostly filled in the winter 
months but discharges periodically during the summer months.

Table 3
Capacity and energy of the cost-minimized mix for 2030 technology costs, using GIV 
for storage.

Hours covered Power capacity (GW) Energy produced (GWa)

30% 90% 99.90% 30% 90% 99.90%

Solar PV 
Offshore Wind 
Inland Wind 
Fossil
Total generation 
Storage

0 0 16.2 0 0 2.64
0 14.4 89.7 0 6.16 38.3
40.1 126 124 16.3 51.1 50.3
61.7 56.9 28.3 15.4 2.18 0.017
102 197 258 31.7 59.4 91.3
27.7 69.2 51.9 1.4 7.99 2.47

PJM 1999 e 2002 72 31.5 (average load)
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Table 4
Cost to make load using renewables, storage, and fossil backup, <£/kWh in 2010 
dollars.

Table 8
Least cost optimization results for each of the 18 RREEOM runs in the text, plus an 
additional one with H2 and GIV storage.

Hours covered by Hydrogen 
all renewables (%)

Central batteries GIV 2008 Costs 2030 Costs

2008 2030 2008 2030 2008 2030 30% 90% 99.9% 30% 90% 99.9%
30 11 09 11 09 11 11 Hydrogen storage 

PV GW
Offshore wind GW 
Inland wind GW 
Hydrogen GW 
Hydrogen GWh

90 22 10 23 15 28 09 0 0 8.69 0 0 17.4
99.9 36 17 45 25 32 17 0 46 91 0 7 68

50 101 111 50 124 115
0 58 87 0 58 58
0 1232 2971 0 2464 2899Table 5

Cost to make load as in Table 4, but also including credit for selling excess electricity 
to displace natural gas, (<£/kWh). Average power provided 

to load (GWa)
Average excess power (GWa)

19.0 30.7 31.5 19.0 31.0 31.5

Hours covered by Hydrogen 
all renewables (%)

Central batteries GIV 1.18 29.9 54.0 1.18 22.5 47.0

2008 2030 2008 2030 2008 2030
30 10 09 10 09 10 11

Central battery storage 
PV GW
Offshore wind GW 
Inland wind GW 
Li-titanate batteries GW 
Li-titanate batteries GWh

90 19 08 20 11 23 06
0 0 32.6 0 0 5099.9 31 13 39 20 26 11
0 80 128 0 90 129

53 76 83 50 55 61
0 29 58 0 29 58
0 145 435 0 145 362Table 6

Pearson’s linear correlation coefficient among the generation technologies and with 
load. Average power provided 

to load (GWa)
Average excess power (GWa)

19.8 30.0 31.4 19.0 29.1 31.3

Inland wind Off-shore wind Solar Load 1.64 35.0 62.4 1.18 31.7 56.9
Load
Solar
Off-shore wind 
Inland wind

0 0.08 0.28 1
0.18 0.01 1
0.46 1 GIV storage 

PV GW
Offshore wind GW 
Inland wind GW 
GIV GW 
GIV GWh

1 0 0 0 0 0 16.2
0 130 146 0 14 90

50 101 120 40 126 124
0 0 49 28 69 52

This is intuitive because in winter, wind generation is high and 
electric load is low, thus storage is kept full. In summer, when wind 
generation is low and storage energy is depleted, fossil generators 
are run, albeit infrequently.

The finding noted from Table 3 for the 90%and 99.9%GIV cases, 
that more energy is generated than is consumed, is true for the other 
two storage technologies as well, and goes against the common 
notion that generation output should be matched to load. As 
examples of this common notion, Markvart proposed to match the 
generation energy each month to the load energy each month, 
adding storage as needed to balance hourly variability within the 
month [12], Similarly, Denholm analyzes a combination of renew­
able generation, storage and load but evaluates the mix as better if 
over-generation is minimized, accomplished by more storage or by 
limiting new renewable generators [17], Our model, of course, cares 
not about overgeneration, it simply makes load at minimum cost. 
Which criterion is right? Since our model is cost optimizing, it 
demonstrates that matching generation to load via more storage 
(per Markvart, Denholm and others) would lead to higher cost of 
energy than our model's selected mix. Thus, one conclusion of our 
study is that over-generation is preferred over more storage because 
excess generation is more cost-effective.

Fig. 4 shows finer detail than Fig. 3, for one challenging week 
starting the evening of Friday, 23 August 2002, and compares the 
three storage technologies. The top three graphs of Fig. 4 illustrate

o o 382 90 891 891

Average power provided 
to load (GWa)

Average excess power (GWa)

19.0 30.0 31.4 16.2 31.0 31.5

1.18 66.8 79.7 0.09 26.3 59.9

H2 p GIV storage 
PV GW
Offshore wind GW 
Inland wind GW 
Storage GW 
Storage GWh

0 0.0 13.8 0 0 27.9
0 85.4 122

92.7 105
0 37.1 95.7

50.7 46.5 102 100
0 29.0 64.6 9.23 52.1 55.9
0 459 1263 30.1 1167 1384

Average power provided 
to load (GWa)

Average excess power (GWa)

19.3 30.2 31.4 18.0 30.4 31.4

1.33 43.9 65.4 0.81 26.9 54.6

load versus generation without storage. Hourly load, our target, is 
the black wavy line, the daily load cycle over these 7 days. Gener­
ation is indicated by the filled in areas, with colors distinguishing 
inland wind (magenta), offshore wind (blue), and solar (yellow).The 
value of using diverse resources can be seen because offshore wind 
and solar are often generating when inland wind is not. The middle 
column istheoptimum generation mix usingcentral batteries. Si nee 
batteries have the highest storage cost, the cost minimization 
selects for higher diversity in renewable generation sources, that is, 
the middle top graph has more solar and offshore wind despite their 
higher cost, resulting in fewer times of insufficient power (insuffi­
cient power isshown as the white spaces below the black load line). 
(For interpretation of the references to color in this paragraph, the 
reader is referred to the web or PDF version of this article.)

Fig. 4’s bottom row of three graphs shows how storage acts to 
balance generation with load. Here green shows all renewable 
generation that either serves load (green areas below black line) or 
generation that fi llsstorage (green above black line). Olive is “excess 
generation,” renewable generation that is not used or stored. There

Table 7
Summary of external costs used to calculate cost of fossil electricity.

Coal & lignite Oil Gas Nuclear Hydro Wind

Vcent/kWh 1995 5.71 (ExternE) 5.7
0/kWh e 1995$
0/kWh e 2010$
PJM % generation 48 
Total PJM external cost cents/kwh 
Load following contract price cents/kwh 
Total cost with externalities

1.79 0.39 0.426
8.15 2.56 0.558 0.609
11.7 3.69 0.803 0.877
0.1 12 36

0.15
N/A 0.215

0.309
<0.01

18 (Epstein)
1.9

9.45
8

17.5
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Renewable Power l|
Generation (GW)

1000 -1
Energy in 750 ~X"..

Storage (GWh) 500 - !
250 —
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HiFossil Backup 

Generation (GW) 11 JZ i0 -
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Jan 1999 Jul 1999 Jan 2000 July 2000 Jan 2000 Jul 2001 Jan 2001 July 2002 Jan 2002

Fig. 3. Renewable generation (top), energy in storage (middle), and fossil generation (bottom) for the four-year study period in the 99.9%coverage case with GIV storage and 2030 
technology costs. Scales are GW generated and GWh held in storage.

is more generation than needed to meet load at the beginning and 
end of the week, but storage has to provide energy in the middle of 
the week (gray), and asa last resort load is met with fossil generation 
(red). (For interpretation of the references to color in this paragraph, 
the reader is referred to the web or PDF version of this article.)

For the three types of storage in Fig. 4, hydrogen, central 
batteries, and GIV, the optimized power and energy sizes are: 
hydrogen, 58 GW and 2899 GWh, central batteries, 58 GW and 
362 GWh, and GIV 52 GW and 891 GWh (Table 8). H2 and central 
batteries were at cost-optimized sizes, but GIV could not exceed 
891 GWh due to lack of electric vehicles, even assuming all vehicles 
would be electrified and available. Another measure of storage size 
is, how long could storage exclusively provide average summer load 
(about 40 GW)dthe cost minimum for the three storage types 
correspond to 72 h, 9 h, and 22 h. We fi nd these to be remarkably 
small amounts of storage d 9 to 72 h d to run the system at 99.9% 
reliability under all conditions encountered over four years.

We selected the week of Fig. 4 because it was one of the most 
challenging. During this week, fossil was dispatched to meet load in

all three storage cases. In the hydrogen case load was not met 
because of the power limitation from storage (lower left figure, 
barely perceptible red tick near the peak of day three), whereas in 
the centralized battery and GIV cases it is not met because of the 
energy limit of storage, that is, storage was empty (shown as red 
fi lling the gap from green up to load until green goes above load). 
Conversely, charging storage can be power limited (seen as height- 
limited green above load, with olive above the green), or can be 
energy limited, that is, storage full (only olive above the load curve, 
no green, until storage is drawn down again). These cases illustrate 
that a realistic model of large-scale storage must reflect limitations 
of both power and energy, as RREEOM does. (For interpretation of 
the references to color in this paragraph, the reader is referred to the 
web or PDF version of this article.)

Fig. 5 summarizes results from all 18 of our simulations. The 
height of bars represents GW capacity. Each cluster of bars shows 
one of the three percentage coverage levels, at one of the two cost 
years, thus six clusters of bars. Above each cluster of bars is a pie 
chart of energy (GWh), with each color showing how much each

140—,-V

5 120—cd Offshore Wind 
Inland Wind 
Photovoltaic 

--------PJM Load 1
100—~G

COo
80 —

"O
c I60—CO

r\c
.9 140
ns i j
0 20—\c L.as

CD 0—1 T T T TT
31950 32000 32050 32100 31950 32000 32050 32100 31950 32000 32050 32100

§ 140—,
CD 1Renewable Generation 

Provided to Load or Storage 
Energy from Storage 
Spilled Renewable

120—0
cn

t
cd 100—o Generation

Fossil Generation 
--------PJM Lo

CO I80—TJ lC i
^A/vVVvv''-

CD t60—
t5 vvWVwCD 4(O

c 20—°
0-lt T T T T T T T T T T T T T T T T T T Tai

c 31950 32000 32050 32100 31950 32000 32050 32100 31950 32000 32050 32100(U
CD

Hours

Fig. 4. Response of the optimized energy system (99.9% coverage, 2030 costs) to a challenging week for three storage technologies: hydrogen (left column), centralized battery 
(center column), and GIV (right column). Top row distinguishes three types of renewable generation compared to load. Bottom row distinguishes generation, storage, and spilled 
generation. Abscissa scale is hour of simulation.
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Fig. 6. Natural gas consumption for the PJM region (black) compared with excess 
renewabiesgeneration (gray), for the GIV 2030 99.9%case. Bars are energy per month.

Cases
Fig. 5. Power capacity of generation and storage (bars) and source of energy used to 
meet load (pie charts) in all 18RREEOM runs. Each cluster of bars (e.g. the 4 bars labeled 
“2008 90%") and pie chart above are an average of the three storage technologies.

with current power costs as all are expressed in 2010 dollars. The 
electricity product we have modeled is “load following” power, that 
is, power provided from a diversity of generators with the power 
supplier required to continuously match load; this is more valuable 
than the commonly-cited baseload power costs, which cannot 
cover peak loads. We estimate from bilateral contracts that load 
following power has a wholesale market price in PJM of 80 kWh 
for the electricity only, or total cost of 170 kWhL 1 including exter­
nalities (calculated in Section A6). Comparing today’s costs of 
170 kWhL1 with Table 4, w efi nd that at 2008 technology costs, 30% 
renewable coverage costs less than today’s electricity plus exter­
nalities, whereas at 90% or 99.9% coverage, renewables cost more 
than today. But at 2030 technology costs, with inexpensive storage 
(hydrogen or GIV), renewables are at price parity at 99.9%, and are 
less expensive than today at 90%.

Table 5 incorporates the sale of excess electricity at times of 
natural gas need. Even though the electricity is sold when gas is 
needed, at the lower value of gas, and only at its heat value (not 
using a heat pump), the economics are notably improved over 
spilling or giving it away (per Table 4). For example, consider the 
low-cost case in Table 5, GIV storage and 2030 technology costs: 
renewables can cover 90% of the hours at only 60 kWhL1, 
substantially lower than today’s cost of 170 kWhL1. For the GIV, 
2030 prices case, one mightask, why is90%thecost minimum?The 
answer is that costs are higher at 99.9% because substantially more 
renewable equipment must be purchased, and costs are higher at 
30% because fossil backup costs more than renewables at 2030 
costs, with all subsidies removed. On the other hand, costs for 
a non-optimal mix can be high. This is seen even in Tables 4 and 5 
for the high-cost case of central batteries. Not shown in these tables 
are a very large number of more expensive ways to build a high- 
penetration renewablessystem that failed our cost-minimum tests.

We make four policy observations from Tables4 and 5: First, at 
2008 equipment costs, today’s cost of electricity would be lowered 
by renewables covering 30% of hours (60% of energy). That is, the 
true cost of electricity is 1/3 lower (dropping from 170 to 100 or 110) 
at 2008 technology costs. At 2030 technology costs, we find that 
90% coverage of hours (96% of energy) is the least cost for most 
cases. If storage is inexpensive (the GIV case) 90% coverage is much 
less expensive than lower fractions of renewables. The second 
policy observation is that aiming for 90%or more renewable energy 
in 2030, in order to achieve climate change targets of 80%e90%

technology serves load. The three storage technologies are aver­
aged to compress the graph, equivalent to deploying a mix of 
storage technologies. In brief, each cluster of bars shows the GW 
capacity and the pie above it shows the proportions of energy.

Fig. 5 demonstrates that the cost-minimized system at 30% 
coverage, with either 2008 or 2030 costs, has roughly equal capacity 
of wind and fossil, with wind generating over 60% of energy, and 
little or no storage. At 90% and 99.9%, renewable generation and 
storage increase, fossil capacity drops 10e20%, fossil energy 
production drops to a nearly imperceptible wedge, and virtually all 
electric energy comes from wind (offshore plus inland). For 99.9% 
coverage, comparing 2008 and 2030 costs, anticipated cheaper 
solar in 2030 leads to almost twice the solar capacity, enabling 
reduced capacity for all other generation and storage.

We found that, at high fractions of renewables, the cost 
minimum specifies excess renewable generation. As shown in 
Fig. 3, the greatest excess is in winter (more precisely, November 
through May). This finding leads us to analyze the use of excess 
electricity to displace natural gas in the residential and commercial 
sectors, where natural gas is mostly used for low-temperature heat. 
This heat use evaluation was done offline, after the cost- 
minimization runs, so this second use of electricity was not given 
any value in cost-minimization. Specifically, we converted elec­
tricity to heat based on energy content to compare the monthly 
match. The result, in Fig. 6, shows that monthly excess electricity 
corresponds to monthly residential and commercial consumption 
of natural gas; the match is remarkably good. This means that 
a more efficient economic optimization would not spill excess 
electricity, but rather would use it to displace natural gas. In one of 
our economic calculations below we credit excess electricity at the 
prevailing market price of natural gas. (We equivalence electricity 
to gas at its heat value, for example this could be done with low- 
capital-cost but inefficient electric resistance heat; see Appendix 
“Value of Excess Generation”.)

The costs of electricity for these 18 optimized REEOM mixes are 
given in Tables 4 and 5. Table 4 gives the cost of providing all 
electric power from renewables, storage and fossil, with no credit 
for excess electricity. The 0 kWhL 1 in both tables can be compared

L1
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reduction of CO2 from the power sector, leads to economic savings, 
not costs. Third, the 2008 and 2030 differences show we can seek 
an intermediate 30% target now, and seek a 90% target later, and 
with the right mix, at each step the target will move toward lower 
costs than today’s system. And fourth, noting that we find the cost- 
minimum using unsubsidized prices, today’s market will not move 
to the least-cost system with current policies, because today’s 
market isdistorted by tax subsidies for renewablesand nuclear,and 
by larger cross-sector subsidies for fossil.

Acknowledgments

For help and advice we thank Andrew Levitt, Mark Jacobson, 
Mark Delucchi and Claus Nygaard Rasmussen. Authors Sewell, 
Thomson and Kempton were partly supported by US DOE grant DE- 
EE0003535, “Advanced Offshore Wind Energy d Atlantic Consor­
tium.” Kempton was also supported by the Otto Monstad Goest 
Professorship at Danish Technical University.

Appendix A

RREEOM model6. Conclusions

The Regional Renewable Electricity Economic Optimization 
Model (RREEOM) takes as inputs the costs of each type of genera­
tion or storage technology, a constraint to fully meet load for aset% 
of hours (“percent coverage”), a maximum limit for each resource, 
and hourly weather and load. The output is a single most cost- 
effective combination of renewable types and storage capacity, to 
meet the percentage coverage of hours with the given type of 
storage. The model does not prohibit over capacity; the capability 
for excess generation above load and fi lling storage has no negative 
or positive value in the optimization other than its effect on the 
cost. (In the real-time management of a power system, excess 
generation isavoided simply by turning down fuel input to thermal 
generators, feathering the blades of wind turbines, or switching off 
solar inverters; excess capacity is not a management problem, only 
a potential economic problem.) The model calculates renewable 
generation each hour from the given inputs (solar photovoltaics, 
offshore wind, inland wind) and subtracts that from the same 
hour’s load. If there is excess generation it is put into storage. If 
instead load exceeds generation, then the model draws energy out 
of storage. If load exceeds generation and there is not enough in 
storage, the hour is counted as failing to make load from renew­
ables. The standby losses from storage are also calculated and 
subtracted from energy in storage each hour. A flow chart of the 
simulation is in Fig. 2.

RREEOM was run using the enumerative method with 70 equally 
spaced-divisions per input variable i.e. all inputs were linearly 
sampled 70 times and all combinations of these samples were run 
with RREEOM. There are 5 input variables (power capacity for each 
of three renewable generation types, energy capacity of storage, and 
power capacity of storage), so 705, or 1,680,700,000 combinations 
were run. Since testing each of the 70s combinations against 4 years 
of data took approximately 0.1 s, parallel processing was essential. A 
3000-processor cluster was employed, reducing each of the 18 input 
RREEOM casesto 168,070,000s/3000 processors1/^ 56,023s1/i 15.5h, 
times 18 different combinations !4 11.6days with 3000 processors. 
The electricity cost of each combination was calculated in 0 kWhL 1, 
using 2010 dollars, as described below. Then the four years were 
simulated, using hourly weather, to determine if the given mix of 
technologies was sufficient to make hourly load the required 
percentage of hours. (Processing time was reduced by not running 
the four year simulation if the costs were higher than that of a prior 
successful run.)

After the optimization is run, excess generation was used to 
displace natural gas as a post-processing step that generated 
revenue and thus reduced the cost of electricity. However, the cost 
minimization only minimized the cost of electricity, so natural gas 
savings were not considered in the cost optimization.

Here we simulated fluctuating power input to a large regional 
electric system, seeking the least-cost combinations of renewable 
generation and storage to provide sufficient power for load. Unlike 
many prior studies, we do not employ storage in order to balance 
generation capacity more closely to load d we only care about 
reliably making load at the least cost.

We find that 90% of hours are covered most cost-effectively by 
a system that generates from renewables 180%the electrical energy 
needed by load, and 99.9% of hours are covered by generating 
almost 290% of need. Only 9e72 h of storage were required to cover 
99.9%of hours of load over four years. So much excess generation of 
renewables is a new idea, but it is not problematic or inefficient, any 
more than it is problematic to build a thermal power plant 
requiring fuel input at 250%of the electrical output, as we do today.

At 2008 technology costs, 30% of hours is the lowest-cost mix 
we evaluated. At expected 2030 technology costs, the cost- 
minimum is 90% of hours met entirely by renewables. And 99.9% 
of hours, while not the cost-minimum, is lower in cost than today’s 
total cost of electricity.

Over-generation is cost-effective at 2030 technology costs even 
when all excess is spilled. If excess generation displaces heating 
fuels, the cost is lowered further. Today’s electricity is rarely used for 
heating because fuel cost dominates electric generation costs and 
energy is lost in generating electricity, so when heat is desired it is 
cheaper to burn fuel on site where the heat is needed. By contrast, 
renewable generation's primary costs are capital and the fuel is 
free d once built, we will want to run renewable generators when­
ever electricity has any value at all. Again, the cost-optimization 
model forces us to think about system design differently. Today 
we build dispatchable generation, and design for enough capacity to 
meet peak load plus a reserve margin. If we applied the fi ndings of 
this article, in the future we would build variable generation, 
designing for enough capacity to make electric load for the worst 
hours, and as a side effect we will have enough extra electricity to 
meet thermal loads.

In the 99.9%case, using fossil generation to fill the gaps in the 
remaining 0.1%of hours (9 h yearL 1) requires maintaining less than 
half of today’s legacy generation capacity, with that capacity 
producing only 0.017%of the energy needed for load. Thus, further 
pollution-reduction will providescant motivation to retire old fossil 
generation. However, maintaining old fossil plant may be uneco­
nomic if rarely used, in which case, other existing mechanisms d such 
as demand management, interruptible rates, or preloading storage 
from lower capacity fossil d could be used to retire old fossil plants.
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Interconnect. PJM’s area includes land area in 13 states and the 
District ofColumbia, specifically: NJ(100%),PA(95%), DE (100%), MD 
(100%), VA (95%), WV (100%), IN (15%), OH (65%), Ml (5%), IL (25%), 
NC (15%), KY (10%) and DC (100%). These land areas are for the PJM 
region today, not for our study period in 1999e2002. The earlier 
study period was used for load records in order to have a longer 
period of time (4 years) without the complication of system 
expansion during the model run years of our simulation. We used 
the contemporary PJM land areas for our renewable power output 
calculations, because we are using, and developing, data matched to 
the current PJM system, and because PJM already draws on many 
wind projects outside it’s territory, from adjacent states. None of 
inland wind, solar, or offshore wind were limited by resources, so 
the use of a wider area had no effect of increased resource size but 
would have increased our model's inland wind diversity slightly 
over a territorial cutoff at the historic boundary. As of this writing 
(2012), the system has expanded to 178 GW of generation, with 
0.65 GW of wind and 0.02 GW of solar operating, and applications in 
process to add 37.8 GW of wind and 3.6 GW of solar.1

B Round trip efficiency (dimensionless fraction) e applies only to 
storage

B Storage lost over time (hL 1) e fraction of remaining energy lost 
per hour

Technologies

Inland wind e Most inland wind is generated by utility-scale 
(1 e3 MW) turbines placed in areas of high wind speeds. The cost 
of wind power capacity, including the capital equipment, installa­
tion, and maintenance, were obtained from Delucchi and Jacobson 
[3], there is no per MWh energy production cost, as maintenance 
cost is calculated per power capacity per month of operation. We 
calculated three quantities: annual capacity factor from measured 
wind speed to determine likely development sites, hourly capacity 
factor to determine hourly power output, and upper wind resource 
limit for the region. All 135 meteorology stations with wind data 
available for the 4-year time period was collected from the National 
Climate Data Center [29], Wind data at measurement height were 
extrapolated to 80 m hub height and power output was calculated 
via a commercial turbine power curve (a REpower 5M). To select 
stations, annual average capacity factor (CF) was calculated for each 
site, and stations with CF below 30% were eliminated as less likely 
for wind development. The resulting stations are shown in Fig. 1. 
The remaining stations’ hourly CFs are then calculated, yielding 
asingleCFfor each hour, for the aggregate of stations. Using a single 
inland wind CF for each hour tremendously speeds up the iterative 
calculation of four years for each of the 70s combinations of 
renewables and storage, and a single hourly CF is justified since we 
have already simplified the problem by assuming perfect trans­
mission. However, the stations with hourly wind speed are not 
adequate to know the total wind resource, which requires inter­
polation between weather stations and consideration of excluded 
land areas. The total resource calculation is available from DOE’s 
state wind resource data [23], We added the DOE-calculated wind 
capacity for each state in PJM. When appropriate we took a fraction 
of the state proportional to the amount of land in PJM. This yielded 
a total resource, expressed in MW of capacity, to use as the 
maximum value for RREEOM. This process resulted in a high 
capacity factor, about 40%, because the less economic sites were 
eliminated. We judge this a bit high for large-scale deployment of 
inland wind in this region; a more accurate approach would be to 
decrease the capacity factor of subsequent wind farms, after the 
best initial sites are developed.

Offshore wind e Offshore wind employs turbines installed on 
the continental shelf. Installation and maintenance costs are higher 
in the marine environment, but the wind is stronger and steadier. 
The turbines are larger (5 MW, with 10 MW planned) to reduce 
costs. As with inland wind, energy costs were set at zero, power 
capacity and O&M costs were obtained from Delucchi and Jacobson 
[3], also checked against Levitt et al. [30], The hourly wind data was 
from NOAA buoys [29], locations shown in Fig. 1. The total resource 
size for the PJM region is from Baker [22], The calculation methods 
are thesame as for inland wind; in this case it is more reasonable to 
assume a uniform CF no matter how much resource is developed.

Solar e Solar photovoltaics (PV) convert light into electricity. As 
with wind power, capital costs and O&M costs are taken from 
Delucchi and Jacobson [3], cost per energy unit produced is set at 
zero. Calculations of generation potential draw from a study of 
rooftop potential for Newark, DE [21] and extrapolate to the PJM 
region. Hourlysolar irradiation from NREL [31] for Wilmington, DE, 
was used to calculate solar output. Wilmington is roughly mid­
latitude in the PJM region. Output power was calculated from 
solar inputs using NREL’s PVWatts program [32],

Constant input values

For each technology, and for the cost years of 2008 and 2030, we 
provide input values for each technology in 2010 dollars. Input 
values are shown in Tables 1 and 2. The values in those tables are 
described as follows:

B Capital cost per energy storage ($/kWh) e This is zero for gener­
ation technologies, but is important for storage technologies, for 
which cost per energy storage size can be the dominant cost.

B O&M cost per energy storage throughput ($/MWh) e This 
expresses a MWh throughput wear factor that degrades life­
time further, on top of the standard $/MW O&M based on 
capacity. (Thissecond O&M value is needed only for GIV, whose 
base O&M per MW is not counted since its cost is attributed to 
the driving function [15]; we attribute GIV O&M cost to the 
electric system only proportionally to the additional energy 
moved through the batteries to serve as grid storage.

B Lifetime of energy equipment (years) e Applies to storage only. 
Lifetime of the energy (not power) components.

B Capital power cost ($/kW capacity) e A standard cost measure 
of generation, also used here for power capacity of storage. 
Note that capacity factor is not calculated for generation here, 
because the actual power output is determined hourly by 
measured wind speed or insolation.

B O&M cost per unit of power capacity ($/kW yearL 1) e The cost 
is per power capacity as larger facilities require more mainte­
nance. Most data resources give O&M costs per MW capacity, 
so we apply it to facilities based on their MW capacity.

B Lifetime of power equipment (years) e Applies to generation 
and storage e lifetime of generation, or for storage, lifetime of 
power conversion components. Counted as years to replace­
ment, at which time the capital cost must be expended again.

B Upper power limit of resource (GW) e Maximum power 
resource for solar and wind. For GIV, total number of cars times 
max power per car. (No practical power resource limit on H2 or 
central batteries, since the model builds as much power 
conversion for these as is economical.)

B Upperenergy limitof resource (GWh) e Appliesonly to GIV. The 
total n u m ber of cars ti mes battery size per car. There is no energy 
resource limit for H2 and central batteries, as more can be built.

1 From “Renewable Energy Dashboard," accessed May 2012 at www.green.pjm.
com.
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Hydrogen storage e Power into hydrogen storage is via elec­
trolysis and compression. Power out is via a Solid Oxide Fuel Cell 
(SOFC). Storage is in a constructed high-pressure tank. The energy 
and power costs were both obtained from Steward [20], The 
capital power cost in $/kW is the capital cost of the SOFC system 
and electrolyzer taking into account the replacement cost of the 
stack, which is 30% after ten years (this replacement cost is also 
discounted at 10 years out). A SOFC system is used because it has 
a lower capital cost per energy unit stored, lower maintenance 
cost, and higher efficiency than the other dominant fuel cell 
technology, protein exchange membrane. Compared to batteries, 
tank-based hydrogen storage also has the advantage that there are 
lower losses of stored energy. The disadvantages of SOFC are its 
low power density which makes it unfit for transportation appli­
cations (not relevant here) and the high cost of conversion 
equipment for moving in and out of storage. It is assumed that the 
power systems will last 20 years if this stack replacement is per­
formed. The capital cost of storage is calculated from the cost per 
kg capacity of a hydrogen storage tank, which is converted to 
a $/kWh equivalent using the Higher Heating Value of hydrogen. 
As the technology is essentially a large steel tank, there is no size 
restriction assumed, and it is assumed that the steel tanks will last 
20 years.

Central batteries e Lithium titanate batteries were specified 
because they have the longest cycle life (>5000 cycles), and the 
ability to charge quickly. For 2008 the costs were obtained from 
Burke and Miller [18] while 2030 costs were obtained from Gaines 
and Cuenca [28], Power electronics prices and life-time were 
assumed to be the same as solar inverter costs for 2008 and 2030 
taken from NREL [33], No maximum amount of battery storage was 
assumed as more batteries can be built.

Grid Integrated Vehicles (GIV) e In a GIV system, an electric 
vehicle (here assuming lithium ion batteries) has controls to 
regulate the rates of charge from the grid and discharge back to the 
grid. Because the batteries and power electronics would already 
have been bought and maintained to drive the car, the costs are 
controls added for GIV and communications, plus increased wear 
on the batteries due to extra cycling. Costs are calculated according 
to Kempton and Tomic [15], Energy costs are here set at 10%of the 
cost of standalone batteries (assuming 10%added wear due to GIV), 
plus $400 (on board incremental cost of controls) divided by the 
battery size (see below). Power costs are the cost of upgrading the 
building electrical system to accommodate higher power than 
might be used only for charging. Calculations are shown in the 
footnotes to Tables 1 and 2. The maximum energy capacity of the 
GIV storage is determined by the size of the battery and the size of 
the vehicle fleet in 2002 PJM. Weassume that 100%of light vehicles 
will be EVs or PHEVs and will be made available for grid storage at 
times of greatest need. Assuming all cars available yield 
a maximum resource estimate, which could be scaled down 
depending on expectations of policy, market penetration and 
program participation. As batteries become less expensive, car 
buyers will want larger battery packs, so we assume per-vehicle 
energy storage will grow from 24 kWh for the 2008 cost to 
56 kWh in 2030 (respectively, the sizes of batteries in the Nissan 
Leaf and the Tesla Roadster today). For the purpose of comparison, 
weassume the same 2002 fleet size for both cost years, because our 
years compare different technology costs, not the actual circum­
stances in each year. We do vary the size of the battery in the two 
years, to be realistic about vehicles for 2030. Vehicle data per state 
is from an NHTS 2009 survey [24] and the percentage of vehicles 
available in each state is given above in the PJM interconnection 
section. Thisgivesa total of 15.9 million GIVs.15 kW powercapaoity 
is assumed per vehicle for power available and for cost calculations 
for GIV. This power level assumes some upgrade to the building

wiring, part of the per kW cost of GIV, assuming a 50 year life 
consistent with building life.

In the model, whenever energy is taken out of storage, the 
energy available is obtained by the following: EL %S*R where EL is 
the energy from storage that can meet load, S is the energy in 
storage to be taken out, and R is the round trip efficiency of the 
storage technology (can be found in Tables 1 and 2). Also each 
storage technology losses some of its energy content each hour. 
This is quantified by the following: E^i % Et*L, where E^i is the 
new value of the energy that is stored, Et is the current energy in 
storage, and L is one minus the storage loss over time (can be found 
in Tables 1 and 2).

Model operation

The differing mixes of generation and storage technologies are 
all run attempting to meet the load for the entire PJM region from 1 
April 1998 through 31 December 2002, with the first months used 
only to initialize storage at a realistic level. The different generation 
resources have different time profiles. As an example, Fig. 4 
suggests visually that solar has a better correlation with load than 
either offshore or inland wind. The load-matching advantage of 
solar is confirmed by the Pearson correlation coefficients seen in 
Table 6. Offshore wind produces more consistent output than either 
of the other two sources, as can also be seen in Fig. 4. The consis­
tency of offshore wind is not visible in the correlation coefficient, 
although it has been previously demonstrated for the Atlanticcoast 
[11], These characteristics of solar and offshore wind can also be 
seen in the present study’s cost-minimization model results, in 
which adding solar and offshore wind both reduce the need for 
storage.

We constrained the model to require that renewable generation 
plus storage are sufficient to provide all load for three percentages 
of hoursd 30%, 90%, and 99.9%of hours. From each of the mixes of 
generation and storage that successfully meet the given percentage 
coverage requirement, we calculate the total cost of the renewable 
system used to meet load. The output for each case is the least cost 
mix that meets the required percentage of hours.

The 99.9%criterion corresponds to 9 h per year when not all load 
would be covered. This is a less stringent criterion than the tradi­
tional target of “one day in 10 years” or roughly 0.03% of the time. 
We used 99.9% rather than 99.97% or 100% because to make a clai m 
of 100%coverage would require a simulation run of more than 4 
years, because cost may go up asymptotically as we require all 
hours of load for a longer sequence of years, and because we 
suspect it would be more cost efficient to use demand management 
(see below) for the few hours of shortage than to build more 
generation and storage. Of course, an electric system meeting our 
criterion of 99.9% from renewables and storage would not have 
lower reliability than today’s electric system, because we assume 
that asubset of existing fossil plants will be used to meet load when 
the new renewables and storage are not sufficient. (In fact, by 
installing storage in distributed locations with appropriate 
switching, our proposed system would have higher reliability, 
because distribution failures are the most common cause of power 
loss.) We conservatively did not assume any use of demand 
management at all, whereas most large distribution utilities today 
have many ways of dealing with generation or transmission 
shortfalls d they can shed load, activate direct load reduction 
programs, dispatch old fossil power plants, bring in power by 
transmission, invoke critical peak pricing, etc. Those are likely to be 
more cost effective ways to meet the last 0.1% in our 99.9% case.

The RREEOM model can be thought of as calculating how much 
renewable electricity will be produced each hour, and how much 
goes to load, to storage, and out of storage. The use of renewable
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electricity is sorted into the following cost categories, used for the 
subsequent cost calculations:

Renewable electricity uses and values:

cost of fossil fi ll-in power is included in Tables 4 and 5, as it is part 
of the total cost per kWh of providing electricity to meet 100% 
of load.

The cost per delivered MWh of fossil electricity is simply 
calculated as present market price plus present external cost. Our 
comparisons with the cost of renewable electricity discount future 
renewable generation at 12%, and compare to the present cost and 
externalities of fossil fuels, a comparison that probably disadvan­
tages renewables. Market electricity most comparable to our 
output is a bilateral contract price for load-following power (in 
which the power provider matches the needed load), not the 
hourly locational marginal price (LMP). Our model output matches 
load (at some expense) like a load-following contract, whereas LMP 
is primarily the cheaper baseload, and does not match load fluc­
tuations. From familiarity with a few bilateral contracts in PJM, we 
take $80 MWh11 as a reasonable load-following contract price. For 
the higher penetration cases (90% and 99.9%), less fossil capacity is 
needed, so the market would shift to fewer legacy generators in 
operation, and we would expect attrition from the fleet of gener­
ators. Those which are not easily maintained would likely be the 
fi rst to be decommissioned. Such a market might have higher costs 
per kWh for electricity, but lower externalities because they would 
be run far less frequently. As the model results show, these legacy 
generators will be running within a future generation mix that 
includes substantial storage, sod contrary to conventional 
thinking d fast ramp rates may not be needed as much as the ability 
to stay shut down efficiently for months. What we are describing is 
a different market for electricity, but again for simplicity, we 
assume the same market prices and the same externalities per 
kWh. We would speculate that in the 99.9% system, demand 
management will be more economical to cover the 9 h yearL1 of 
shortfall, rather than retaining old fossil generators. Whether in the 
future we use old fossil or demand management has no effect on 
the least-cost system results, since our model considers only the 
cost of renewables and storage in minimizing cost to meet load.

For external costs for coal-generated electricity, we used the 
recent and thorough Epstein et al. study. Including all coal life cycle 
impacts (mining, transport, combustion products, climate change), 
the total mid-range external value in 2008$ is, 17.80 kWhL1 [34], 
For other fuels, we used the earlier EU report “ExternE” [35], and 
averaged differing country values to develop a single value for each 
fuel, the top row in Table 7. ExternE monetizes the external costs 
associated with human health, ecosystems, crop output, climate 
change and other factors, but the values are lower than those from 
more thorough analyzes such as Epstein et al. [34], (For example, 
ExternE calculated coal external cost as 5.71 Euro cents, or in 
US$2010,11.750kWhL1, versus Epstein et al. 17.80kWhL 1.) Table 7 
shows the calculation for each fuel, weighted by the percentage in 
PJM. The coal value is based on Epstein et al., the other fuel values 
are from ExternE, converted to US 2010$ [35], This calculation 
yields an external cost of PJM electricity of 9.450 kWhL 1, a cost born 
by other parties not paying for the electricity, in addition to our 
estimated 80 kWhL1 bilaterial price paid by the buyer, for a total 
cost of PJM electricity of 17.450 kWhL1.

Adding the total cost of renewables and storage to the total cost 
of fossil provides the total cost of electricity shown in Table 4 of the 
main text.

We conclude this cost section with a perspective on future cost 
estimation. To summarize our technology cost inputs in Tables 1 
and 2 the projected 2030 capital costs are roughly half of today’s 
capital costs, and O&M costs are roughly the same. These values are 
based on literature review, cited in the table notes. Of course, the 
precise 2030 values are not known. Based on the present rate of 
technical advancement and cost-reductions, and general principles 
of industrialization, scale-up, and learning curves, we consider the

1. Meets load immediately e credited at electricity price
2. Fills storage and replacing leaks from storage e no value
3. Drawn from storage to meet load e credited at electricity price
4. Excess generation above load and above filling of storage

a Displaces natural gas e not used to fi nd cost minimum, but 
credited at natural gas price when calculating cost of elec­
tricity in Table 5

b Spilled or sent by transmission outside region e no value

Cost of electricity calculation

Equipment cost is one input to the model, and because the costs 
of these new technologies are changing rapidly, we calculate costs 
for two time periods. We pick the years 2008 and 2030 because the 
fi rst reflects known installed costs and the second represents a time 
of more mature industry, with costs based on mass-production. We 
chose 2030 as a future comparison year also so that we could draw 
from, and compare results with, prior published work, specifically 
Delucchi and Jacobson [3],

In both 2008 and 2030 cases, the net present cost of the 
renewable generation plus storage is calculated as: the installation 
cost of all generation and storage technologies used, plus the 
discounted present cost (12%) of all operations and maintenance 
costs and equipment replacement costs (battery and power elec­
tronics) over a 20 year horizon. From present cost, we calculate the 
cost of electricity in $/kWh by calculating the “present energy 
value”. That is, the lifetime amount of energy production is dis­
counted to “present energy value”, also at 12% Discounting of 
future energy production in kWh is unconventional, but allows us 
to discount energy benefits in the future prior to knowing the 
future price of energy. In counting energy value, we count only 
kWh delivered to load, because production not delivered to load is 
conservatively assumed to have no value. In the cost- 
minimization, we did not attribute any value to remaining elec­
tricity, and the values (0/kWh) in Table 4 are based on this 
calculation. After the cost minimization we separately calculate 
the value of selling excess electricity to displace natural gas, using 
the methods explained in the next section, even though realisti­
cally it could also be sold to adjacent electricity markets, or used 
for new non-electric end-uses such as electric cars, both with 
higher value than natural gas. These assumptions tend to under­
value excess electricity production in the cost minimization, so if 
excess electricity was given value in the cost minimization, our 
optimum mixes would have somewhat higher generation capacity 
than shown.

Cost-minimization byRREEOM is based on the above-calculated 
cost of renewable electricity delivered to load, including that 
delivered to load from storage. For the hours not fully covered by 
renewables or storage, some of the kWhs needed to make load are 
supplied by fossil generation and are charged the fossil kWh rate. 
To calculate the external cost of that fossil generation, we use the 
existing PJM generation mix, which in fact is partially nuclear, thus 
in PJM, our use of the word “Fossil” for traditional generation is not 
quite accurate. Because there is so little energy from traditional 
generation in our high penetration models, fill-in power probably 
would in fact be fossil, not nuclear. This is due to fossil generation's 
lower capital carrying cost and faster ramping, which are more 
important than fossil's disadvantages of high fuel costs and high 
externality costs. Although the cost of fossil electricity is not used 
in the optimization and we assume zero capital cost for fossil, the
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cited 2030 costs to be reasonable estimates, not optimistic. In fact 
the 2030 costs do not include technology breakthroughs, which we 
would judge to be likely before 2030. The point of running our cost- 
minimization model is not to calculate a precise cost of electricity in 
the future, the accuracy of which is limited by uncertainties in input 
values. Rather, our model shows that d given lower equipment 
costs for renewable generation and for storage, both inevitable d a 
cost-optimized electricity system will have substantially more 
generation than needed by load, and can meet required load with 
storage measured in a few days rather than measured in months or 
seasons. Those general findings are unlikely to be changed by 
refi nements in future cost estimates. For perspective on our fi nding 
of over-capacity being optimum, an analogy would be that, at 1980 
personal computer costs, a professional worker would have one 
computer on his or her desktop; for those few workers who had 
a second computer at home, all members of the household shared 
it. At 2012 computer costs, the same worker may have a desktop 
computer at the office, a laptop in the briefcase, a cell phone in 
a purse or pocket, and younger members of the family may have 
a tablet, each of these devices a “computer”. Furthermore, each 
computer would have three orders of magnitude more computing 
power than the 1980 computer from which a “one computer per 
family” projection might have been made. Our point is that for 
rapidly-evolving technologies, we must use some estimate of 
future costs, because projecting on the basis of present costs will 
obscure our understanding of the future system’s configuration.

average of the residential and commercial price for the United 
States, $10.2 per thousand cubic feet [37] was used in this calcu­
lation and all revenue for our 20 year study period was discounted 
(using 12%discount rate) to the current year. This does not include 
the recent (2011 and 2012) drop in price, assumes no price 
increases for natural gas, and discounts future natural gas revenues. 
Arguably, we should have used wholesale natural gas prices and 
included externalities rather than retail and not including exter­
nalities. This present value of gas revenue was subtracted from the 
total cost of the renewable generation and storage system which 
was then used to recalculate the $/kWh of electricity (Table 5 in 
main text).

Summary table of output values

Table 8 shows the outputs of the 18 RREEOM simulations dis­
cussed in the text, organized by one table section per storage 
technology. The forth table section at the bottom is a run with both 
GIV and H2 as options to bring in, not discussed in the text; this had 
to be run at lower increment resolution or it would have required 
impractical amounts of computer time.
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Executive Summary

Introduction
Electric energy storage is poised to become an important element of the electricity infrastructure 
of the future. The storage opportunity is multifaceted - involving numerous stakeholders and 
interests - and could involve potentially rich value propositions. Those rich value propositions 
are possible because, as described in this report, there are numerous potentially complementary 
and significant benefits associated with storage use that could be aggregated into attractive value 
propositions. In addition, proven storage technologies are in use today, while emerging storage 
technologies are expected to have improved performance and/or lower cost. In fact, recent 
improvements in energy storage and power electronics technologies, coupled with changes in the 
electricity marketplace, indicate an era of expanding opportunity for electricity storage as a cost- 
effective electric energy resource.

Scope and Purpose
This guide provides readers with a high-level understanding of important bases for electric- 
utility-related business opportunities involving electric energy storage. More specifically, this 
guide is intended to give readers a basic understanding of the benefits for electric-utility-related 
uses of energy storage.

The guide includes characterization of 26 benefits associated with the use of electricity storage 
for electric-utility-related applications. The 26 storage benefits characterized are categorized as 
follows: 1) Electric Supply, 2) Ancillary Services, 3) Grid System, 4) End User/Utility 
Customer, 5) Renewables Integration, and 6) Incidental. For most of these benefits, the financial 
value and maximum market potential are estimated. An estimate of the potential economic 
impact associated with each benefit is also provided.

As a complement to characterizations of individual benefits, another key topic addressed is the 
concept of aggregating benefits to comprise financially attractive value propositions. Value 
propositions examples are provided.
Also addressed are storage opportunity drivers, challenges, and notable developments affecting 
storage. Finally, observations and recommendations are provided regarding the needs and 
opportunities for electric-energy-storage-related research and development.

Intended Audience
The intended audience for this guide includes persons or organizations needing a framework for 
making first-cut or high-level estimates of benefits for a specific storage project and/or those 
seeking a high-level estimate of viable price points and/or maximum market potential for their 
products. Thus, the intended audience includes, in no particular order: electric utility planners 
and researchers, non-utility electricity service providers and load aggregators, electricity end 
users, electric utility regulators and policymakers, and storage project and technology developers 
and vendors.
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Value Propositions
As a complement to coverage of individual benefits, a key topic addressed in this guide is the 
aggregation of benefits into financially attractive value propositions. That is important because, 
in many cases, the value of a single benefit may not exceed storage cost whereas the value of 
combined benefits may be greater than the cost.

Characterizing the full spectrum of possible value propositions is beyond the scope of this guide; 
however, eight potentially attractive value propositions are characterized as examples:

1. Electric Energy Time-shift Plus Transmission and Distribution Upgrade Deferral

2. Time-of-use Energy Cost Management Plus Demand Charge Management
3. Renewables Energy Time-shift Plus Electric Energy Time-shift
4. Renewables Energy Time-shift plus Electric Energy Time-shift plus Electric Supply 

Reserve Capacity
5. Transportable Storage for Transmission and Distribution Upgrade Deferral and Electric 

Service Power Quality/Reliability at Multiple Locations

6. Storage to Serve Small Air Conditioning Loads
7. Distributed Storage in lieu of New Transmission Capacity
8. Distributed Storage for Bilateral Contracts with Wind Generators

Notable Challenges for Storage
Clearly, there are important challenges to be addressed before the full potential for storage is 
realized. At the highest level, in most cases storage cost exceeds internalizable benefits for a 
variety of reasons, primarily the following:

• High storage cost (relative to internalizable benefits) for modular storage.

• To a large extent, pricing of electric energy and services does not enable storage owners 
to internalize most benefits.

• Limited regulatory ‘permission’ to use storage and/or to share benefits among 
stakeholders - especially benefits from distributed/modular storage.

• Key stakeholders have limited or no familiarity with storage technology and/or benefits.

• Infrastructure needed to control and coordinate storage, especially smaller distributed 
systems, is limited or does not exist.

The concept of an internalizable benefit is an important theme for this report. An internalizable benefit is one that 
can be ‘captured’, ‘realized’, or received by a given stakeholder. An internalizable financial benefit takes the form 
of revenue and/or a cost reduction or avoided cost.
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Notable Storage Opportunity Drivers
Some notable recent and emerging developments driving the opportunities for storage include 
the following (in no particular order):

• Modular storage technology development in response to the growing market for hybrid 
vehicles and for portable electronic devices.

• Increasing interest in managing peak demand and reliance on ‘demand response’ 
programs - due to peaking generation and transmission constraints.

• Expected increased penetration of distributed energy resources.

• Adoption of the Renewables Portfolio Standard, which will drive increased use of 
renewables generation with intermittent output.

• Financial risk that limits investment in new transmission capacity, coupled with 
increasing congestion on some transmission lines and the need for new transmission 
capacity in many regions.

• Increasing emphasis on richer electric energy and services pricing, such as time-of-use 
energy prices, locational marginal pricing, and increasing exposure of market-based 
prices for ancillary services.

• The increasing use of distributed energy resources and the emergence of Smart Grid and 
distributed energy resource and load aggregation.

• Accelerating storage cost reduction and performance improvement.

• Increasing recognition by lawmakers, regulators, and policymakers of the important role 
that storage should play in the electricity marketplace of the future.

Research and Development Needs and Opportunities
The following R&D needs and opportunities have been identified as ways to address some of the 
important challenges that limit increased use of storage:

1. Establish consensus about priorities and actions.
2. Identify and characterize attractive value propositions.

3. Identify and characterize important challenges and possible solutions.
4. Identify and develop standards, models, and tools.
5. Ensure robust integration of distributed/modular storage and Smart Grid.
6. Develop more refined market potential estimates.

7. Develop model risk and reward sharing mechanisms.
8. Develop model rules for utility ownership of distributed/modular storage.
9. Characterize, understand, and communicate the societal value proposition for storage.
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Key Assumptions and Primary Results
Key assumptions and primary results from the guide are provided in Table ES-1. That table 
contains five criteria for the 17 primary benefits characterized in this report. Discharge duration 
indicates the amount of time that the storage must discharge at its rated output before charging. 
Capacity indicates the range of storage system power ratings that apply for a given benefit. The 
benefit indicates the present worth of the respective benefit type for 10 years (2.5% inflation, 
10% discount rate). Potential indicates the maximum market potential for the respective benefit 
over 10 years. Economy reflects the total value of the benefit given the maximum market 
potential.

XVlll

SB GT&S 0531280



Table ES-1. Summary of Key Assumptions and Results

Economy| Discharge 
| Duration*

Benefit
($/kW)**

Capacity
(Power: kW, MW)

Potential
(MW, 10 Years) T($Million)

Benefit Type ; Low High High High CA U.S. CA U.S,Low Low#
Electric Energy Time-shift 2 8 500 MW 400 700 1,445 18,417 795 10,1291 1 MW

Electric Supply Capacity 6 500 MW 359 710 1,445 18,417 772 9,8382 4 1 MW

3 Load Following 2 500 MW 600 1,000 2,889 36,834 2,312 29,467;4 1 MW

Area Regulation 15 min. 30 min. 40 MW 785 2,010 80 1,012 112 1,4151 MW

5 Electric Supply Reserve Capacity 2 500 MW 57 225 636 5,986 90 8441 1 MW

4006 Voltage Support 15 min. 10 MW 722 9,209 433 5,5251 MW1

192Transmission Support 2 sec. 5 sec. 10 MW 100 MW 1,084 13,813 208 2,6467

100!W

T&D Upgrade Deferral 50th 
percentilett_____________9.1 3 6 250 kW 5 MW 481 687 386 4,986 226 2,912
T&D Upgrade Deferral 90th 
percentilett_____________9.2 3 6 250 kW 2 MW 759 1,079 997 91677 71

10 Substation On-site Power 8 16 1.5 kW 5 kW 1,800 3,000 20 250 60047

|H 1,226Time-of-use Energy Cost Management 6 1 kW 5,038 64,228 6,177 78,7434 1 MW

58212 Demand Charge Management 5 50 kW 10 MW 2,519 32,111 1,466 18,69511

I 13 Electric Service Reliability 5 min. 0.2 kW 10 MW 359 978 722 9,209 483 6,1541

Electric Service Power Quality 10 sec. 0.2 kW 10 MW 359 978 722 9,209 483 6,15414 1 min.

15 Renewables Energy Time-shift 3 5 500 MW 233 389 2,889 36,834 899 11,4551 kW

16 Renewables Capacity Firming 2 1 kW 500 MW 709 915 2,889 36,834 2,346 29,9094

Wind Generation Grid Integration, 
Short Duration

10 sec. 15 min. 0.2 kW 500 MW 500 1,000 181 2,302 135 1,72717.1

Wind Generation Grid Integration,
Long Duration

‘Hours unless indicated otherwise, min. = minutes, sec. = seconds.
“Lifecycle, 10 years, 2.5% escalation, 10.0% discount rate.
tBased on potential (MW, 10 years) times average of low and high benefit ($/kW).
n Benefit for one year. However, storage could be used at more than one location at different times for similar benefits.

17.2 6 0.2 kW 500 MW 100 782 1,445 18,417 637 8,122 s1
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Financial benefits and maximum market potential estimates for the U.S. are provided in Figure 
ES-1. The same values for California are provided in Figure ES-2.
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Figure ES-1. Application-specific 10-year benefit and 
maximum market potential estimates for the U.S.
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Figure ES-2. Application-specific 10-year benefit and 
maximum market potential estimates for California.

Care must be used when aggregating specific benefits and market potential values because there 
may be technical and/or operational conflicts, and/or institutional barriers may hinder or even 
preclude aggregation, as described in Section 4.4.2.
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Acronyms and Abbreviations
alternating current 

air conditioning 

area control error 

automated generation control 

Advanced Metering Infrastructure 

compressed air energy storage 

California Independent System Operator 

California Energy Commission 

commercial and industrial (energy users) 

direct current
distributed energy resource(s) 

dynamic operating benefit 

U.S. Department of Energy 

effective load carrying capacity 

Electric Power Research Institute 

electric vehicle

flexible AC transmission systems
Federal Energy Regulatory Commission

kilowatt

kilowatt-hour

kilovolt

kilovolt-Ampere (or kilovolt-Amp)

kilovolt-Ampere reactive (or kilovolt-Amp reactive)

Institute of Electronics and Electrical Engineers 

investor-owned utility 

independent system operator

pronounced “I squared R” meaning current squared times electric resistance
load duration curve
lithium-ion
modular energy storage

AC

A/C
ACE

AGC
AMI

CAES
CAISO
CEC

C&I
DC
DER
DOB

DOE

ELCC
EPRI
EV

FACTS
FERC
kW

kWh

kV

kVA
kVAR

IEEE

IOU
ISO

I2R

LDC
Li-ion

MES
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MW megawatt
megawatt-hour
megavolt-Ampere (or megavolt-Amp) 

sodium/sulfur

North American Electric Reliability Council
nickel-cadmium

nickel-metal hydride
operation and maintenance
Oak Ridge National Laboratory
power conditioning unit

Power Electronics Applications Center
plug-in electric vehicle

Pacific Gas and Electric Company
plug-in hybrid electric vehicle
photovoltaic
present worth (factor)

research and development
Renewables Portfolio Standard
supervisory control and data acquisition
superconducting magnetic energy storage

Sandia National Laboratories
static synchronous compensator
transmission and distribution

total harmonic distortion
time-of-use (energy pricing)

uninterruptible power supply
volt-Amperes reactive (or volt-Amps reactive)

variable operating cost
value-of-service
zinc/bromine

MWh
MYA

Na/S
NERC
NiCad
Ni-MH
O&M
ORNL

PCU
PEAC
PEV

PG&E
PHEV
PV

PW
R&D

RPS
SCADA

SMES
SNL
StatCom
T&D

THD

TOU
UPS
VAR

VOC
VOS
Zn/Br
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Glossary
Area Control Error (ACE) - The momentary difference between electric supply and electric 
demand within a given part of the electric grid (area).
Automated Generation Control (AGC) - A protocol for dispatching electric supply resources 
(possibly including demand management) in response to changing demand. AGC resources often 
respond by changing output at a rate of a few percentage points per minute over a predetermined 
output range. The AGC signal can vary as frequently as every six seconds though generation is 
rarely called upon to respond that frequently. Typically, generation responds to an average of 
that more frequent signal, such that a response (change of output) is required once per minute or 
perhaps as infrequently as every five minutes.
Application - A specific way or ways that energy storage is used to satisfy a specific need; 
how/for what energy storage is used.
Arbitrage - Simultaneous purchase and sale of identical or equivalent commodities or other 
instruments across two or more markets in order to benefit from a discrepancy in their price 
relationship.

Benefit - See Financial Benefit.
Beneficiaries - Entities to whom financial benefits accrue due to use of a storage system.

Carrying Charges - The annual financial requirements needed to service debt and/or equity 
capital used to purchase and to install capital equipment (i.e., a storage plant), including tax 
effects. For utilities, this is the revenue requirement. See also Fixed Charge Rate.
Combined Applications - Energy storage used for two or more compatible applications.
Combined Benefits - The sum of all benefits that accrue due to use of an energy storage system, 
regardless of the purpose for installing the system.
Demand Response - Controlled reduction of power draw by electricity end users accomplished 
via automated communication and control protocols done to balance demand and supply, 
possibly in lieu of adding generation and/or transmission and distribution (T&D) capacity.

Discharge Duration - Total amount of time that the storage plant can discharge, at its nameplate 
rating, without recharging. Nameplate rating is the nominal full-load rating, not the emergency, 
short-duration, or contingency rating.

Discount Rate - The interest rate used to discount future cash flows to account for the time 
value of money. For this document, the assumed value is 10%.
Dispatchable - Electric power resource whose output can be controlled - increased and/or 
decreased - as needed. Applies to generation, storage, and load-control resources.

Diurnal - Having a daily cycle or occurring every day.
Diversity - The amount of variability and/or difference there is among members of a group. To 
the extent that electric resources are diverse - with regard to geography and/or fuel - their 
reliability is enhanced because diversity limits the chance that failure of one or a few individual 
resources will cause significant problems.
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Economic Benefit - The sum of all financial benefits that accrue to all beneficiaries using 
storage. For example, if the average financial benefit is $100 for 1 million storage users then the 
economic benefit is $100 x 1 million = $100 Million. See Financial Benefit.

Efficiency (Storage Efficiency) - See Round-trip Efficiency.
Effective Load Carrying Capacity (ELCC) - A characterization of a generator’s contribution 
to planning reserves for a given level of electric supply system reliability. ELCC is a robust and 
mathematically consistent measure of capacity value. ELCC can be used to establish appropriate 
payments for resources used to provide capacity needed to meet system reliability goals.
Financial Benefit (Benefit) - Monies received and/or cost avoided by a specific beneficiary, due 
to use of energy storage.
Financial Life -The plant life assumed when estimating lifecycle costs and benefits. A plant life 
of 10 years is assumed for lifecycle financial evaluations in this document (i.e., 10 years is the 
standard assumption value).
Fixed Charge Rate - The rate used to convert capital plant installed cost into an annuity 
equivalent (payment) representing annual carrying charges for capital equipment. It includes 
consideration of interest and equity return rates, annual interest payments and return of debt 
principal, dividends and return of equity principal, income taxes, and property taxes. The 
standard assumption value is 0.13 for utilities.

Flexible AC Transmission Systems (FACTS) - “A power electronic-based system and other 
static equipment that provide control of one or more alternating current (AC) transmission 
system parameters to enhance controllability and increase power transfer capability.

I2R Energy Losses - Energy losses incurred during transmission and distribution of electric 
energy, due to heating in an electrical system, caused by electrical currents in the conductors of 
transformer windings or other electrical equipment. I2R (pronounced I squared R) indicates that 
those energy losses are a function of the square of the current (I2) times the resistance (R) per 
Joule’s Law (which characterizes the amount of heat generated when current flows through a 
conductor). So, for example, reducing current by 50% reduces I2R energy losses to one quarter of 
the original value.
Inflation Rate (Inflation) - The annual average rate at which the price of goods and services 
increases during a specific time period. For this document, inflation is assumed to be 2.5% per 
year.

Internalizable Benefit - A benefit (revenue and/or reduced cost) that accrues, in part or in 
whole, to a specific stakeholder or stakeholders. A benefit is most readily internalizable if there 
is a price associated with it.
Lifecycle - See Financial Life.
Lifecycle Benefit - Present worth (value) of financial benefits that are expected to accrue over 
the life of a storage plant.

,,*

Definition provided by the Institute of Electrical and Electronics Engineers (IEEE).
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Load Duration Curve (LDC) - Hourly demand values (usually for one year) arranged in order 
of magnitude, regardless of which hour during the year that the demand occurs. Values to the left 
represent the highest levels of demand during the year and values to the right represent the 
lowest demand values during the year.
Loss of Load Expectation - Measure of the electric supply system’s reliability that indicates the 
adequacy of the system to satisfy demand.
Loss of Load Probability - measure of the electric supply system’s reliability indicating the 
likelihood that the system cannot satisfy demand.

Market Estimate - The estimated amount of energy storage capacity (MW) that will be 
installed. For this document, market estimates are made for a 10-year period. Market estimates 
reflect consideration of prospects for lower cost alternatives to compete for the same applications 
and benefits. (The Market Estimate is a portion of the Maximum Market Potential.)
Maximum Market Potential - The maximum potential for actual sale and installation of 
energy storage, estimated based on reasonable assumptions about technology and market 
readiness and trends, and about the persistence of existing institutional challenges. In the context 
of this document, it is the plausible market potential for a given application. (The Maximum 
Market Potential is a portion of the Market Technical Potential.)
Market Technical Potential - The estimated maximum possible amount of energy storage (MW 
and MWh) that could be installed over 10 years, given purely technical constraints.

Plant Rating (Rating) - Storage plant ratings include two primary criteria: 1) power - nominal 
power output and 2) energy - the maximum amount of energy that the system can deliver to the 
load without being recharged.

Present Worth Factor (PW Factor) - A value used to estimate the present worth of a stream of 
annual expenses or revenues. It is a function of a specific combination of investment duration 
(equipment life), financial escalation rate (e.g., inflation), and an annual discount rate. The PW 
factor of 7.17 used in this guide is based on the following standard assumption values: a 10-year 
equipment life, 2.5% annual price/cost inflation rate, 10% annual discount rate, and a mid-year 
convention.
Price Inflation Rate (Inflation) - See Inflation.

Revenue Requirement - For a utility, the amount of annual revenue required to pay carrying 
charges for capital equipment and to cover expenses including fuel and maintenance. See also 
Carrying Charges and Fixed Charge Rate.
Round-trip Efficiency - The amount of electric energy output from a given storage 
plant/system per unit of electric energy input.

Smart Grid - A concept involving an electricity grid that delivers electric energy using 
communications, control, and computer technology for lower cost and with superior reliability. 
As characterized by the U.S. Department of Energy, the following are characteristics or 
performance features of a Smart Grid: 1) self-healing from power disturbance events; 2) enabling 
active participation by consumers in demand response; 3) operating resiliently against physical 
and cyber attack; 4) providing power quality for 21st century needs; 5) accommodating all 
generation and storage options; 6) enabling new products, services, and markets; and 
7) optimizing assets and operating efficiently.
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Societal Benefit - A benefit that accrues, in part or in whole, to utility customers as a group 
and/or to society at large.
Standard Assumption Values (Standard Values) - Standardized/generic values used for 
example calculations. For example, financial benefits are calculated based on the following 
standard assumption values: a 10-year lifecycle, 10% discount rate, and 2.5% annual inflation. 
See also Standard Calculations.
Standard Calculations - Methodologies for calculating benefits and market potential - used in 
conjunction with Standard Assumption Values.

Storage Discharge Duration - See Discharge Duration.
Storage System Life (System Life) - The period during which the storage system is expected to 
be operated. For this document, the Storage System Life is equal to the Financial Life.
Supervisory Control and Data Acquisition (SCADA) - A generic term describing various 
approaches used to automate monitoring and control of T&D equipment and to gather and store 
data about equipment operation.
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1. Introduction

1.1. About This Document
This document provides high-level characterizations of electric energy storage applications, 
including key characteristics needed for storage used in electric-grid-related applications. 
Financial benefits and maximum market potential estimates, in California and the U.S., are 
provided for those applications.

Financial benefit estimates provide an indication of the financial attractiveness of storage for 
specific applications. Individual benefits provide bases for value propositions that comprise two 
or more individual benefits, especially value propositions involving benefits that exceed cost.

Application-specific maximum market potential estimates provide an indication of the potential 
demand for storage. Values for application-specific benefits are multiplied by the maximum 
market potential to estimate the potential economic effect ($Millions) for storage used for 
specific applications.
The goal is to provide 1) bases for first-cut or screening-level evaluation of the benefits and 
market potential for specific, possibly attractive, storage value propositions and 2) a possible 
framework for making region-specific or circumstance-specific estimates.
The presentation in this document is storage-technology-neutral, though there is some coverage 
of storage technology system characteristics as context for coverage of applications, benefits, and 
value propositions. In fact, value propositions characterized using values and insights in this 
report may provide a helpful indication of storage system cost and performance targets. Many 
other existing resources can be used to determine the cost for, and technical viability of, specific 
storage types.[1][2][3]

Background and Genesis
The original work underlying this report, supported and funded by the U.S. Department of 
Energy (DOE), was developed in support of the California Energy Commission (CEC) Public 
Interest Energy Research (PIER) Program. The purpose of that work - documented in the report 
Energy Storage Benefits and Market Analysis Handbook (Sandia National Laboratories report 
#SAND2004-6177) - was to provide guidance for organizations seeking CEC co-funding for 
storage demonstrations. The approach used for selecting co-funding proposals emphasized 
demonstration of storage to be used for a specific value proposition. Furthermore, the CEC gave 
some preference to value propositions with more potential to have a positive impact.

1.2.

1.3. Intended Audience
The intended audience for this document includes persons or organizations needing a framework 
for making first-cut or high-level estimates of benefits for a specific storage project and/or those 
seeking a high-level estimate of viable price points and/or maximum market potential for their 
products. Thus, the intended audience includes, in no particular order: electric utility planners 
and researchers, non-utility electricity service providers and load aggregators, electricity end
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users, electric utility regulators and policymakers, and storage project and technology 
developers, and vendors.

1.4. Analysis Philosophy
The methodologies used to estimate application-specific values for benefits and market potential 
are intended to balance a general preference for precision with the cost to perform rigorous 
financial assessments and to make rigorous market assessments. Much of the data needed for a 
more rigorous approach is proprietary or otherwise unavailable; is too expensive, does not exist 
in a usable form, or does not exist at all. It is also challenging to establish extremely credible 
generic values for benefits when those values are somewhat-to-very specific to region and 
circumstances. Similarly, making national estimates of maximum market potential using limited 
data requires many assumptions that are established using a combination of informal surveys of 
experts, subjectivity, and authors’ familiarity with the subject. Nonetheless, despite those 
challenges, this report includes just such estimates of generic, application-specific values for 
benefits and maximum market potential.
Given the diversity of California’s generation mix, load types and sizes, regions, weather 
conditions, etc., it was assumed to be a reasonable basis for estimating national values. The 
application-specific benefit estimates are especially California-centric. Also, maximum market 
potential estimates developed for California are extrapolated to estimate values for the entire 
country. (See Section 4 for details.)

Although the methodology used to estimate benefits and maximum market potential involves 
some less than rigorous analysis, it was the authors’ intention to make reasonable attempts to 
document assumptions and methodologies used so that the evaluation is as transparent and 
auditable as is practical. This gives the necessary information to readers and analysts so that they 
may consider the merits and appropriateness of data and methodologies used in this report. To 
the extent that superior data or estimates are available, and/or a superior or preferred estimation 
methodology exists, those should be used in lieu of the assumptions and approaches in this 
report.
Similarly, given the generic nature of the benefit estimates, for specific situations or projects it is 
prudent to undertake a more circumstance-specific and possibly more detailed evaluation than is 
possible using the assumptions and estimates in this guide.

1.4.1. Application versus Benefit
It is important to note the distinction made in this document between applications and benefits.
In general terms, an application is a use whereas a benefit connotes a value. In many cases, a 
benefit is quantified in terms of the monetary or financial value. Of course, some qualitative 
benefits - such as the ‘goodness’ of reduced noise and improved aesthetics - may not be readily 
quantifiable and/or expressed in financial terms.

Internalizable Benefits
The concept of an internalizable benefit is an important theme for this report. An internalizable 
benefit is one that can be ‘captured’, ‘realized’, or received by a given stakeholder or 
stakeholders. An internalizable financial benefit takes the form of revenue or reduced cost. A 
benefit is most readily internalizable if there is a price associated with it. (Some refer to a benefit

1.4.2.
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for which there is an established financial value - especially in the form of a price - as a benefit 
that is ‘monetized’.)
An example of a readily internalized benefit is electricity bill reduction that accrues to a utility 
customer who uses storage to reduce on-peak a) energy cost and b) demand charges. In that 
example, the benefit is a function of a) the amount of energy and the level of demand involved 
and b) the on-peak and the off-peak prices for energy and the on-peak demand charge.
Continuing with the example; consider that the same customer-owned and -operated storage 
could also reduce or delay the need {and cost) for additional utility-owned transmission and 
distribution (T&D) capacity. The resulting ‘T&D upgrade deferral’ benefit (i.e., reduced, 
deferred or avoided cost) though real, cannot be directly internalized by the utility customer who 
installs the storage. That is because there is no established ‘price’ associated with reducing the 
need for a specific T&D capacity upgrade {i.e., the utility’s avoided cost cannot be shared with 
end users who take actions that defer/reduce the need and cost for a T&D upgrade). Rather, the 
resulting T&D upgrade deferral benefit is internalized by the utility and/or the utility’s ratepayers 
as a group (in the form of reduced, deferred, or avoided price increase).

Societal Benefits
Although not addressed in detail in this report, it is important to consider some important 
storage-related benefits that accrue, in part or in whole, to electric utility customers as a group 
and/or to society at large. Three examples of possible storage-related societal benefits are the 
integration of more renewables, more effectively; reduced air emissions from generation; and 
improved utilization of grid assets {i.e., generation and T&D equipment).
In most cases, societal benefits are accompanied by an intemalizable or partially intemalizable 
benefit. Consider an example: A utility customer uses storage to reduce on-peak energy use. An 
intemalizable benefit accrues to that customer in the form of reduced cost; however, other 
societal benefits may accrue to utility customers as a group and/or to society as a whole. For 
example, reduced peak demand could lead to reduced need for generation and transmission 
capacity, reduced air emissions, and a general improvement of businesses’ cost competitiveness.
This topic is especially important for lawmakers, electric utility regulators, energy and electricity 
policymakers and policy analysts, and storage advocates as laws, regulations, and policies that 
could affect prospects for increased storage use are developed.

1.4.3.

1.5. Grid and Utility-related General Considerations
Applications described in this report affect the electric supply system and the T&D system - 
known collectively as ‘the grid’. This subsection characterizes several important considerations 
and topics related to the electric grid. Those topics are presented here as context for results 
presented throughout the rest of this report.

1.5.1. Real Power versus Apparent Power
For the purposes of this document, units of kW and MW (real or true power) are used universally 
when kVA and MVA (apparent power) may be the more technically correct units. Given the
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degree of precision possible for market potential and financial benefit estimation, the distinction 
between these units has relatively little impact on most results.

Ancillary Services
Some possible uses of storage are typically classified as ancillary services. The electric utility 
industry has a specific definition of ancillary services. (See Appendix A for brief overview of 
ancillary services.)

Three specific ancillary services are explicitly addressed in this report: 1) area regulation,
2) electric supply reserve capacity, and 3) voltage support. Although not always categorized as 
an ancillary service, in this guide load following is also included in the ancillary services 
category.

1.5.2.

1.5.3. Electricity Transmission and Distribution
The electric utility transmission and distribution (T&D) system comprises three primary 
subsystems: 1) transmission, 2) subtransmission, and 3) distribution, as described below. Several 
storage applications involve benefits associated with one or more of these subsystems.
Electricity Transmission - Electricity transmission is the backbone of the electric grid. 
Transmission wires, transformers, and control systems transfer electricity from supply sources 
(generation or electricity storage) to utility distribution systems. Often, the transmission system 
is used to send large amounts of electricity over relatively long distances. In the U.S., 
transmission system operating voltages generally range from 200 kV (200,000 V) to 500 kV 
(500,000 V). Transmission systems typically transfer the equivalent of 200 MW to 500 MW. 
Most transmission systems use alternating current (AC), though some larger, longer transmission 
corridors employ high-voltage direct current (DC).
Electricity Subtransmission - Relative to transmission, subtransmission transfers smaller 
amounts of electricity, at lower operating voltages, over shorter distances. Normally, 
subtransmission voltages fall within the range of 50 kV (50,000 V) to 100 kV (100,000 V) with 
69 kV (69,000 V) being somewhat common.

Electricity Distribution - Electricity distribution is the part of the electric grid that delivers 
electricity to end users. It is connected to the subtransmission system which, in turn, is connected 
to the transmission system and the electric supply system (generation). Relative to electricity 
transmission, the distribution system is used to send relatively small amounts of electricity over 
relatively short distances. In the U.S., distribution system operating voltages generally range 
from a few thousand volts to 50 kV. Typical power transfer capacities range from a few tens of 
MW for substation transformers to as few as tens of kW for very small circuits.
Two applications addressed in this report apply only to the transmission system: 1) transmission 
support and 2) transmission congestion relief.

In practice, there are important technical and cost differences between true power (kW or MW) and apparent 
power (kVA or MV A). Various load types reduce the effectiveness of the grid by, for example, injecting harmonic 
currents or by increasing reactive power flows. As a general indication of the magnitude of the difference, consider 
this example: a power system serves 10 MW of peak load (true power). During times when load is at its peak, the 
‘power factor’ may drop to 0.85. Given that power factor, the T&D equipment should have an apparent power rating 
of at least 10 MW/0.85 = 11.76 MVA.

4

SB GT&S 0531294



1.5.4. Utility Regulations and Rules
Some of the benefits characterized in this report may not apply in any particular circumstance 
because provisions of applicable rules or regulations may not provide the means for a given 
stakeholder to internalize the benefit. For example, one application characterized is demand 
charge reduction for utility customers; but, if the customer is not eligible for demand charges, 
then that application does not apply. Consider another example: A utility customer with 100 kW 
may not be allowed to participate in the market for ancillary services (without some type of ‘load 
aggregation’) because the minimum capacity required is 1 MW.

Utility Financials: Fixed Charge Rate
Some important applications involve storage used to reduce 

the need to own other utility equipment - generation, 
transmission, and/or distribution. The cost reduction is often 
referred to as an avoided cost.
For investor-owned utilities (IOUs), the avoided cost of 
equipment ownership is primarily consists of six elements:
1) interest payments for bond holders, 2) equity returns 
(dividends) for stock owners, 3) annual return of principal or 
depreciation, 4) income taxes, 5) property taxes, and 
6) insurance.
Though circumstances can vary, the avoided cost for 
municipal utilities (munis) and co-operative utilities (co­
ops) includes annual interest payments and ‘return of 
capital’ (i.e., amortization). Cooperatives’ cost may also be 
subject to property taxes and insurance.

When estimating benefits related to deferred or avoided cost 
for utility equipment ownership, it is usually necessary to 
first estimate the annual cost. Utilities often refer to this 
annual avoided cost as the annual revenue requirement 
because it is equal to the annual revenue needed (from utility customers) to cover the full cost of 
owning the equipment.

In this guide, a fixed charge rate is used to estimate annual avoided cost of equipment 
ownership. The fixed charge rate reflects the six elements of utility equipment cost listed above 
(annual interest and equity payments, etc.) as applicable for a given utility.

Annual avoided cost is calculated by multiplying the equipment’s total installed cost by a utility- 
specific fixed charge rate. (Installed cost includes all costs incurred until equipment enters 
service, including equipment purchase price, design, installation, commissioning, etc.)

Note that the annual avoided cost calculated using the fixed charge rate is equivalent to an 
annuity payment involving a series of equal annual payments over the equipment’s life, similar 
to a mortgage. Given that the annual avoided cost is expressed as equal annual payments, it is 
often referred to as a Tevelized’ cost.
Consider an example: A new storage system costing $500,000 is installed. Given the utility 
financial structure and the expected life of the storage system, the utility financial group

1.5.5.

Although the topic is beyond the 
scope of this guide, readers should 
note the important distinction 
between—

1) avoided cost for ownership of a 
capital investment (in this case, 
utility equipment)

and

2) avoided cost for an expense 
incurred due to equipment 
operation, such as the cost for fuel 
or variable maintenance.

The distinction is important because 
investor-owned utilities’ profit is 
based on investments made in 
equipment, whereas expenses are 
pass throughs to end users as-is 
{i.e., without profit).
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calculates the fixed charge rate for the equipment to be 0.11. So, the full ‘capital carrying 
charges’ incurred to own the storage plant (without regard to energy charging cost and other 
variable expenses) is $500,000 x 0.11 = $55,000 per year for each year during the expected life 
of the storage plant. (A fixed charge rate of 0.11 is the standard value used in this guide.)

1.6. Standard Assumption Values
Standard assumption values established for this guide are used to make high-level, generic 
estimates of financial benefits and maximum market potential for storage. Key standard 
assumption values are those provided for financial criteria and for storage discharge duration, 
power rating, and maximum market potential.

Certainly, to one extent or another, establishing such generic values requires subjectivity, 
speculation, simplifying assumptions, and/or generalizations. So, for any particular circumstance 
or situation, analysts are encouraged to use circumstance-specific assumptions and/or additional 
or superior information to establish superior values instead of the generic assumptions, as 
appropriate. To the extent possible, the rationale and underlying assumptions used to establish 
standard assumption values are presented and described in this report.

1.6.1. Standard Assumption Values for Financial Calculations
The following standard assumption values are used in this report to generalize and to simplify 
the calculations used as examples.

1.6.1.1. Storage Project Life
A storage project life of 10 years is assumed for lifecycle financial evaluations. That is an 
especially important standard assumption value for a variety of reasons. Clearly, using any one 
value is suboptimal because, if nothing else, each storage type and system may have a different 
life and each circumstance is different. Important factors affecting storage life also include the 
way(s) and amount that storage is used and the frequency and quality of storage system 
maintenance.
Given such considerations, without selecting one standard assumption for storage project life, it 
is conceivable that many estimates would have to be made for each benefit. Estimating benefits 
for various timeframes would add complexity to the evaluations and would yield results that are 
unwieldy and challenging to report. Furthermore, making numerous estimates for each benefit 
would require more resources than were allocated for this report.
Although the selection of 10 years is may seem somewhat arbitrary, there was a rationale for 
doing so. First, though a 10-year life is too short for compressed-air energy storage (CAES) and 
pumped hydro, it may be generous for the other storage types, given their somewhat-to-very 
limited record. Additionally, estimates of benefits accruing over periods of 10 to 20 years may 
not be credible and/or precise, given expected changes to and increasing uncertainty in the 
electricity marketplace. In fact, given that uncertainty, there is even a chance that some of the 
benefits may not even exist 10 or 20 years from now. Finally, when accounting for the time 
value of money, a significant majority of benefits accrue in the first 10 years.
Consider also that, for most benefits, there may be fairly straightforward ways to adjust benefit 
estimates to accommodate timeframes that are longer than the 10 years assumed. Section 1.6.1.4 
provides an indication of a simplified way to accommodate a lifecycle other than 10 years.
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1.6.1.2. Price Escalation
A general price escalation of 2.5% per year is assumed for the analysis in this guide. Electric 
energy and capacity costs and prices are assumed to escalate at that rate during the storage 
plant’s financial life.

1.6.1.3. Discount Rate for Present Worth Calculations
An annual discount rate of 10.0% is used for making present worth (PW) calculations to estimate 
lifecycle benefits.

1.6.1.4. Present Worth Factor
The simplified approach described below for estimating the present worth (PW) of a stream of 
annual expenses or revenues is used throughout this guide. It is intended to provide a simple, 
auditable, and flexible way to estimate PW. Detailed treatment of more sophisticated financial 
calculations is beyond the scope of this guide.

Present worth calculations are made using these standard assumptions:

• 2.5% per year annual price/cost escalation

• 10.0% per year discount rate

• 10-year storage equipment life

• Mid-year convention

The PW factor is calculated based on these assumptions. That value is used to estimate present 
worth based on the value in the first year of operation. Given the standard assumption values of 
2.5% cost/price escalation rate, 10% discount rate, and 10-year storage system life, the standard 
assumption value for the PW factor is 7.17.

Consider an example of how the PW factor is used: For an annual/first year benefit of $100,000, 
the estimated lifecycle benefit is $100,000 x 7.17 = $717,000 (present worth) for 10 years.
The equation for the PW factor for a 10-year service life is as follows:

10

l i-.5(1+e)PW Factor i-,5(1+d)

e = annual price escalation rate (%/year) 
d = discount rate (%/year) 
i = year

Figure 1 shows PW factors for three discount rates, assuming a cost escalation of 2.5% per year. 
(Note that the value of T is calculated at mid-year.) For a given life/discount rate combination, 
the PW factor represents the present worth for a sum of a stream of annual values. Table 1 
includes PW factors for Years 5 to 20 for a discount rate of 10% (shown with the solid line). The 
figure allows for quick comparisons of annually recurring costs and benefits for various storage 
project lifecycles and discount rates.
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Figure 1. Present worth factors.

Table 1. Present Worth Factors, 2.5% Escalation, 10% Discount Rate

Year 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
PW Factor 4.21 4.89 5.52 6.11 6.66 7.17 7.65 8.09 8.5 8.89 9.25 9.58 9.9 10.2 10.5 10.7

Consider another example: Assume that a storage plant will operate for 20 years and that it has a 
first-year operating cost of $100,000 which is expected to escalate at a rate of 2.5% per year. If 
the owner uses a 13% discount rate, then the PW factor is about 8.80 (as shown in Figure 1). So, 
the 20-year present worth of all operating costs (before taxes) is

$100,000 x 8.80 = $880,000.
Implicit in this approach is the assumption that annual benefits for all years considered (10 in this 
case) are the same as the first year, except that the cost or price escalates at 2.5%. If that 
approach is not appropriate, then an actual cash flow evaluation may be required to estimate the 
lifecycle benefits.

1.6.1.5. Fixed Charge Rate
The standard assumption value for fixed charge rate - which applies to utilities only - is 0.11. 
The fixed charge rate is used as follows: Consider utility equipment whose installed cost is 
$500,000. The utility’s annual revenue requirement (and avoided cost) is

$500,000 x 0.11 = $55,000/year.
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1.7. Results Summary
Key study results are summarized in Table 2. The table contains three criteria for the 17 primary 
benefits characterized in this guide, for California and for the U.S.: 1) benefit, 2) potential, and 
3) economy. The ‘benefit’ value indicates the present worth of the respective benefit type for 
10 years (assuming 2.5% inflation and 10% discount rate). ‘Potential’ indicates the maximum 
market potential for the respective benefit over 10 years. ‘Economy’ reflects the total value of 
the benefit given the maximum market potential.
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Table 2. Primary Results Summary — Benefits, 
Maximum Market Potential, and Maximum Economic Value

Economy
($Million)t

Benefit Potential
(MW, 10 Years)($/kW)**

I LowBenefit Type
Electric Energy Time-shift

High CA U.S. CA U.S.#

j 400 700 1,445 18,417 795 10,1291

I 2 Electric Supply Capacity 359 710 1,445 18,417 772 9,838

3 Load Following 600 1,000 2,889 36,834 2,312 29,467

Area Regulation 785 2,010 80 1,012 112 1,4154

5 Electric Supply Reserve Capacity 57 225 636 5,986 90 844

400I 6 Voltage Support 722 9,209 433 5,525

192Transmission Support 1,084 13,813 208 2,6467

8 Transmission Congestion Relief 31 2,889 36,834 248 3,168141
T&D Upgrade Deferral 50th 
percentilett_____________9.1 481 687 386 4,986 226 2,912
T&D Upgrade Deferral 90th 
percentilett____________9.2 759 1,079 997 91677 71

10 Substation On-site Power 1,800 3,000 20 250 60047

1,226Time-of-use Energy Cost Management 5,038 64,228 6,177 78,74311

58212 Demand Charge Management 2,519 32,111 1,466 18,695

13 Electric Service Reliability 359 978 722 9,209 483 6,154

Electric Service Power Quality 359 978 722 9,209 483 6,15414

15 Renewables Energy Time-shift 233 389 2,889 36,834 899 11,455

16 Renewables Capacity Firming 709 915 2,889 36,834 2,346 29,909
Wind Generation Grid Integration, 
Short Duration 500 1,000 181 2,302 135 1,72717.1

Wind Generation Grid Integration 
Long Duration17.2 100 782 1,445 18,417 637 8,122

*Hours unless indicated otherwise, min. = minutes, sec. = seconds. 
**Lifecycle, 10 years, 2.5% escalation, 10.0% discount rate.
tBased on potential (MW, 10 years) times average of low and high benefit ($/kW).
tt Benefit for one year. Flowever, storage could be used at more than one location at different times for similar I
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2. Electric Energy Storage Technology Overview
A general introduction to energy storage technology is provided as context for the applications 
and benefits addressed in this guide. Storage technology and subsystems are subjects covered in 
detail by other studies and reports. Section 2.1 provides a brief description of storage types. 
Sections 2.2 through 2.20 briefly describe important storage characteristics. Note that the order 
in which these characteristics are presented is not meant to imply order of importance.

2.1. Overview of Storage Types

2.1.1. Electrochemical Batteries
Electrochemical batteries consist of two or more electrochemical cells. The cells use chemical 
reaction(s) to create a flow of electrons - electric current. Primary elements of a cell include the 
container, two electrodes (anode and cathode), and electrolyte material. The electrolyte is in 
contact with the electrodes. Current is created by the oxidation-reduction process involving 
chemical reactions between the cell’s electrolyte and electrodes.
When a battery discharges through a connected load, electrically charged ions in the electrolyte 
that are near one of the cell’s electrodes supply electrons (oxidation) while ions near the cell’s 
other electrode accept electrons (reduction), to complete the process. The process is reversed to 
charge the battery, which involves ionizing of the electrolyte.

An increasing number of chemistries are used for this process. More familiar ones include lead- 
acid, nickel-cadmium (NiCad), lithium-ion (Li-ion), sodium/sulfur (Na/S), zinc/bromine (Zn/Br), 
vanadium-redox, nickel-metal hydride (Ni-MH), and others.

2.1.1.1. Flow Batteries
Some electrochemical batteries (e.g., automobile batteries) contain electrolyte in the same 
container as the cells (where the electrochemical reactions occur). Other battery types - called 
flow batteries - use electrolyte that is stored in a separate container (e.g., a tank) outside of the 
battery cell container. Flow battery cells are said to be configured as a ‘stack’.

When flow batteries are charging or discharging, the electrolyte is transported (i.e., pumped) 
between the electrolyte container and the cell stack. Vanadium redox and Zn/Br are two of the 
more familiar types of flow batteries. A key advantage to flow batteries is that the storage 
system’s discharge duration can be increased by adding more electrolyte (and, if needed to hold 
the added electrolyte, additional electrolyte containers). It is also relatively easy to replace a flow 
battery’s electrolyte when it degrades.

Capacitors
Capacitors store electric energy as an electrostatic charge. An increasing array of larger capacity 
capacitors have characteristics that make them well-suited for use as energy storage. They store 
significantly more electric energy than conventional capacitors. They are especially well-suited

2.1.2.

Trade names for such devices include Supercapacitor and Ultracapacitor.
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to being discharged quite rapidly, to deliver a significant amount of energy over a short period of 
time (i.e., they are attractive for high-power applications that require short or very short 
discharge durations).

Compressed Air Energy Storage
Compressed air energy storage (CAES) involves compressing air using inexpensive energy so 
that the compressed air may be used to generate electricity when the energy is worth more. To 
convert the stored energy into electric energy, the compressed air is released into a combustion 
turbine generator system. Typically, as the air is released, it is heated and then sent through the 
system’s turbine. As the turbine spins, it turns the generator to generate electricity.
For larger CAES plants, compressed air is stored in underground geologic formations, such as 
salt formations, aquifers, and depleted natural gas fields. For smaller CAES plants, compressed 
air is stored in tanks or large on-site pipes such as those designed for high-pressure natural gas 
transmission (in most cases, tanks or pipes are above ground).

2.1.3.

2.1.4. Flywheel Energy Storage
Flywheel electric energy storage systems (flywheel storage or flywheels) include a cylinder with 
a shaft that can spin rapidly within a robust enclosure. A magnet levitates the cylinder, thus 
limiting friction-related losses and wear. The shaft is connected to a motor/generator. Electric 
energy is converted by the motor/generator to kinetic energy. That kinetic energy is stored by 
increasing the flywheel’s rotational speed. The stored (kinetic) energy is converted back to 
electric energy via the motor/generator, slowing the flywheel’s rotational speed.

2.1.5. Pumped Hydroelectric
Key elements of a pumped hydroelectric (pumped hydro) system include turbine/generator 
equipment, a waterway, an upper reservoir, and a lower reservoir. The turbine/generator is 
similar to equipment used for normal hydroelectric power plants that do not incorporate storage.
Pumped hydro systems store energy by operating the turbine/generator in reserve to pump water 
uphill or into an elevated vessel when inexpensive energy is available. The water is later released 
when energy is more valuable. When the water is released, it goes through the turbine which 
turns the generator to produce electric power.

Superconducting Magnetic Energy Storage
The storage medium in a superconducting magnetic energy storage (SMES) system consists of a 
coil made of superconducting material. Additional SMES system components include power 
conditioning equipment and a cryogenically cooled refrigeration system.

The coil is cooled to a temperature below the temperature needed for superconductivity (the 
material’s ‘critical’ temperature). Energy is stored in the magnetic field created by the flow of 
direct current in the coil. Once energy is stored, the current will not degrade, so energy can be 
stored indefinitely (as long as the refrigeration is operational).

2.1.6.
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Thermal Energy Storage
There are various ways to store thermal energy. One somewhat common way that thermal energy 
storage is used involves making ice when energy prices are low so the cold that is stored can be 
used to reduce cooling needs - especially compressor-based cooling - when energy is expensive.

2.1.7.

Storage System Power and Discharge Duration
When characterizing the rating of a storage system, the two key criteria to address are power and 
energy. Power indicates the rate at which the system can supply energy. Energy relates to the 
amount of energy that can be delivered to loads. In practical terms, the amount of energy stored 
determines the amount of time that the system can discharge at its rated power (output), hence 
the term discharge duration.

Storage power and energy are described in more detail below. For detailed coverage of the topic, 
readers should refer to a report developed by the Electric Power Research Institute (EPRI) and 
the DOE entitled Estimating Electricity Storage Power Rating and Discharge Duration for 
Utility Transmission and Distribution Deferral, a Study for the DOE Energy Storage 
Program. [4]

2.2.

Storage Power
A storage system’s power rating is assumed to be the system’s nameplate power rating under 
normal operating conditions. Furthermore, that rating is assumed to represent the storage 
system’s maximum power output under normal operating conditions. In this guide, the normal 
discharge rate used is commonly referred to as the system’s ‘design’ or ‘nominal’ (power) rating. 
Generic application-specific power requirements are summarized in Table 4 (in Section 3).

2.2.1.1. Storage ‘Emergency’ Power Capabiiity
Some types of storage systems can discharge at a relatively high rate (e.g., 1.5 to 2 times their 
nominal rating) for relatively short periods of time {e.g, several minutes to as much as 
30 minutes). One example is storage systems involving an Na/S battery, which is capable of 
producing two times its rated (normal) output for relatively short durations.[5]
That feature - often referred to as the equipment’s ‘emergency’ rating - is valuable if there are 
circumstances that occur infrequently that involve an urgent need for relatively high power 
output, for relatively short durations.
Importantly, while discharging at the higher rate, storage efficiency is reduced (relative to 
efficiency during discharge at the nominal discharge rate), and storage equipment damage 
increases (compared to damage incurred at the normal discharge rate).
So, in simple terms, storage with emergency power capability could be used to provide the 
nominal amount of power required to serve a regularly occurring need {e.g, peak demand 
reduction) while the same storage could provide additional power for urgent needs that occur 
infrequently and that last for a few to several minutes at a time.

2.2.1.

13

SB GT&S 0531303



Storage Discharge Duration
Discharge duration is the amount of time that storage can discharge at its rated output (power) 
without recharging. Discharge duration is an important criterion affecting the technical viability 
of a given storage system for a given application and storage plant cost.
To the extent possible, this document includes generalized guidance about the necessary 
discharge duration for specific applications. Application-specific guidance and standard 
assumption values are provided in their respective subsections, below. Application-specific 
discharge durations and the assumptions used to establish them are summarized in Table 5 (in 
Section 3).

2.2.2.

Energy and Power Density
Power density is the amount of power that can be delivered from a storage system with a given 
volume or mass. Similarly, energy density is the amount of energy that can be stored in a storage 
device that has a given volume or mass. These criteria are important in situations for which space 
is valuable or limited and/or if weight is important.

2.3.

2.4. Storage System Footprint and Space Requirements
Closely related to energy and power density are footprint and space requirements for energy 
storage. Depending on the storage technology, floor area and/or space constraints may indeed be 
a challenge, especially in heavily urbanized areas.

2.5. Storage System Round-trip Efficiency
All energy transfer and conversion processes have losses. Energy storage is no different. Storage 
system round-trip efficiency (efficiency) reflects the amount of energy that comes out of storage 
relative to the amount put into the storage.
Typical values for efficiency include the following: 60% to 75% for conventional 
electrochemical batteries; 75% to 85% for advanced electrochemical batteries; 73% to 80% for 
CAES; 75% to 78% for pumped hydro; 80% to 90% for flywheel storage; and 95% for 
capacitors and SMES.[6][7]

Storage Operating Cost
Storage total operating cost (as distinct from plant capital cost or plant financial carrying 
charges) consists of two key components: 1) energy-related costs and 2) operating costs not 
related to energy. Non-energy operating costs include at least four elements: 1) labor associated 
with plant operation, 2) plant maintenance, 3) equipment wear leading to loss-of-life, and 
4) decommissioning and disposal cost (addressed in Section 2.20).

2.6.

2.6.1. Charging Energy-Related Costs
The energy cost for storage consists of all costs incurred to purchase energy used to charge the 
storage, including the cost to purchase energy needed to make up for (round trip) energy losses. 
An example: For a storage system with 75% efficiency, if the unit price for energy used for 
charging is 40/kWh, then the plant energy cost is

40/kWh h- 0.75 = 5.330/kWh.
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Labor for Plant Operation
In some cases, labor may be required for storage plant operation. Fixed labor costs are the same 
magnitude irrespective of how much the storage is used. Variable labor costs are proportional to 
the frequency and duration of storage use. In many cases, labor is required to operate larger 
storage facilities and/or ‘blocks’ of aggregated storage capacity whereas little or no labor may be 
needed for smaller/distributed systems that tend to be designed for autonomous operation. No 
explicit value is ascribed to this criterion, due in part to the wide range of labor costs that are 
possible given the spectrum of storage types and storage system sizes.

Plant Maintenance
Plant maintenance costs are incurred to undertake normal, scheduled, and unplanned repairs and 
replacements for equipment, buildings, grounds, and infrastructure. Fixed maintenance costs are 
the same magnitude irrespective of how much the storage is used. Variable maintenance costs 
are proportional to the frequency and duration of storage use. Plant maintenance costs are highly 
circumstance-specific and are not addressed explicitly in this report.

Replacement Cost
If specific equipment or subsystems within a storage system are expected to wear out during the 
expected life of the system, then a ‘replacement cost’ will be incurred. In such circumstances, a 
‘sinking fund’ is needed to accumulate funds to pay for replacements when needed. That 
replacement cost is treated as a variable cost (i.e., the total cost is spread out over each unit of 
energy output from the storage plant). Replacement cost is highly technology- and circumstance- 
specific and is not addressed explicitly in this report. (See Appendix B for an example 
calculation of equipment replacement cost.)

Variable Operating Cost
A storage system’s total variable operating cost consists of applicable non-energy-related 
variable operating costs plus plant energy cost, possibly including charging energy, labor for 
plant operation, variable maintenance, and replacement costs. Variable operating cost is a key 
factor affecting the cost-effectiveness of storage. It is especially important for ‘high-use’ value 
propositions involving many charge-discharge cycles.

Ideally, storage for high-use applications should have relatively high or very high efficiency and 
relatively low variable operating cost. Otherwise, the total cost to charge then discharge the 
storage is somewhat-to-very likely to be higher than the benefit. That can be a significant 
challenge for some storage types and value propositions.
Consider the example illustrated in Figure 2, which involves a 75% efficient storage system with 
a non-energy-related variable operating cost of 4e/kWholll. If that storage system is charged with 
energy costing 40/kWhin, then the total variable operating cost - for energy output - is about 
9.330/kWhout.

2.6.2.

2.6.3.

2.6.4.

2.6.5.
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Figure 2. Storage total variable operation cost for 75% storage efficiency.

2.7. Lifetime Discharges
To one extent or another, most energy storage media degrade with use (i.e., during each charge- 
discharge cycle). The rate of degradation depends on the type of storage technology, operating 
conditions, and other variables. This is especially important for electrochemical batteries.
For some storage technologies - especially batteries - the extent to which the system is emptied 
(discharged) also affects the storage media’s useful life. Discharging a small portion of stored 
energy is a ‘shallow’ discharge and discharging most or all of the stored energy is a ‘deep’ 
discharge. For these technologies, a shallow discharge is less damaging to the storage medium 
than a deep discharge.
Note that many battery vendors can produce storage media with extra service life (relative to the 
baseline product) to accommodate additional charge-discharge cycles and/or deeper discharges. 
Of course, there is usually a corresponding incremental cost for the superior performance. To the 
extent that the storage medium degrades and must be replaced during the expected useful life of 
the storage system, the cost for that replacement must be added to the variable operating cost of 
the storage system.

2.8. Reiiabiiity
Like power rating and discharge duration, storage system reliability requirements are 
circumstance-specific. Little guidance is possible. The project design engineer is responsible for 
designing a plant that provides enough power and that is as reliable as necessary to serve the 
specific application.
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Response Time
Storage response time is the amount of time required to go from no discharge to full discharge. 
At one extreme, under almost all conditions, storage has to respond quite rapidly if used to 
provide capacity on the margin in lieu of T&D capacity. That is because the output from T&D 
equipment (i.e., wires and transformers) changes nearly instantaneously in response to demand.

In contrast, consider storage used in lieu of generation capacity. That storage does not need to 
respond as quickly because generation tends to respond relatively slowly to demand changes. 
Specifically, some types of generation - such as engines and combustion turbines - take several 
seconds to many minutes before generating at frill output. For other generation types, such as 
those fueled by coal and nuclear energy, the response time may be hours.
Most types of storage have a response time of several seconds or less. CAES and pumped 
hydroelectric storage tend to have a slower response, though they still respond quickly enough to 
serve several important applications.

2.9.

2.10. Ramp Rate
An important storage system characteristic for some applications is the ramp rate - the rate at 
which power output can change. Generally, storage ramp rates are rapid (i.e., output can change 
quite rapidly); pumped hydro is the exception. Power devices with a slow response time tend 
also to have a slow ramp rate.

2.11. Charge Rate
Charge rate - the rate at which storage can be charged - is an important criterion because, often, 
modular energy storage (MES) must be recharged so it can serve load during the next day. If 
storage cannot recharge quickly enough, then it will not have enough energy to provide the 
necessary service. In most cases, storage charges at a rate that is similar to the rate at which it 
discharges. In some cases, storage may charge more rapidly or more slowly, depending on the 
capacity of the power conditioning equipment and the condition and/or chemistry and/or physics 
of the energy storage medium.

2.12. Energy Retention and Standby Losses
Energy retention time is the amount of time that storage retains its charge. The concept of energy 
retention is important because of the tendency for some types of storage to self-discharge or to 
otherwise dissipate energy while the storage is not in use. In general terms, energy losses could 
be referred to as standby losses.
Storage that depends on chemical media is prone to self-discharge. This self-discharge is due to 
chemical reactions that occur while the energy is stored. Each type of chemistry is different, both 
in terms of the chemical reactions involved and the rate of self-discharge. Storage that uses 
mechanical means to store energy tends to be prone to energy dissipation. For example, energy 
stored using pumped hydroelectric storage may be lost to evaporation. CAES may lose energy 
due to air escaping from the reservoir.

To the extent that storage is prone to self-discharge or energy dissipation, retention time is 
reduced. This characteristic tends to be less important for storage that is used frequently. For
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storage that is used infrequently (i.e., is in standby mode for a significant amount of time 
between uses), this criterion may be very important.

2.13. Transportability
Transportability can be an especially valuable feature of storage systems for at least two reasons. 
First, transportable storage can be (re)located where it is needed most and/or where benefits are 
most significant. Second, some locational benefits only last for one or two years. Perhaps the 
most compelling example of the latter is T&D deferral, as discussed in detail in Section 3. Given 
those considerations, transportability may significantly enhance the prospects that lifecycle 
benefits will exceed lifecycle cost.

2.14. Modularity
One attractive feature of modular energy storage is the flexibility that system ‘building blocks’ 
provide. Modularity allows for more optimal levels and types of capacity and/or discharge 
duration because modular resources allow utilities to increase or decrease storage capacity, when 
and where needed, in response to changing conditions. Among other attractive effects, modular 
capacity provides attractive means for utilities to address uncertainty and to manage risk 
associated with large, ‘lumpy’ utility T&D investments.

2.15. Power Conditioning
To one extent or another, most storage types require some type of power conditioning (i.e., 
conversion) subsystem. Equipment used for power conditioning - the power conditioning unit 
(PCU) - modifies electricity so that the electricity has the necessary voltage and the necessary 
form; either alternating current (AC) or direct current (DC). The PCU, in concert with an 
included control system, must also synchronize storage output with the oscillations of AC power 
from the grid.
Output from storage with relatively low-voltage DC output must be converted to AC with higher 
voltage before being discharged into the grid and/or before being used by most load types. In 
most cases, conversion from DC to AC is accomplished using a device known as an inverter.
For storage requiring DC input, the electricity used for charging must be converted from the 
form available from the grid (i.e., AC at relatively high voltage) to the form needed by the 
storage system (e.g., DC at lower voltage). That is often accomplished via a PCU that can 
function as a DC ‘power supply’.

2.16. Power Quality
Although requirements for applications vary, the following storage characteristics may or may 
not be important. To one extent or another, they are affected by the PCU used and/or they drive 
the specifications for the PCU. In general, higher quality power (output) costs more.

2.16.1. Power Factor
Although detailed coverage of the concept of power factor is beyond the scope of this report, it is 
important to be aware of the importance of this criterion. At a minimum, the power output from 
storage should have an acceptable power factor, where acceptable is somewhat circumstance-
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specific. For some applications, the storage system may be called upon to provide power with a 
variable power factor. (See Appendix C for more details about this consideration.)

2.16.2. Voltage Stability
In most cases, it is important for storage output voltage to remain somewhat-to-very constant. 
Depending on the circumstances, voltage can vary; though, it should probably remain within 
about 5% to 8% of the rated value.

2.16.3. Waveform
Assuming that storage output is AC, in most cases, the waveform should be as close as possible 
to that of a sine wave. In general, higher quality PCUs tend to have waveforms that are quite 
close to that of a sine wave whereas output from lower quality PCUs tends to have a waveform 
that is somewhat square.

2.16.4. Harmonics
Harmonic currents in distribution equipment can pose a significant challenge. Harmonic currents 
are components of a periodic wave whose frequency is an integral multiple of the fundamental 
frequency. In this case, the fundamental frequency is the utility power line frequency of 60 Hz. 
So, for example, harmonic currents might exist with frequencies of 3 x 60 Hz (180 Hz) or 7 x 
60 Hz (420 Hz). Total harmonic distortion (THD) is the contribution of all the individual 
harmonic currents to the fundamental.

2.17. Storage System Reactive Power Capability
One application (Voltage Support) and one incidental benefit (Power Factor Correction) 
described in this guide involve storage whose capabilities include absorbing and injecting 
reactive power (expressed in units of volt-Amperes reactive or VARs). This feature is commonly 
referred as VAR support. In most cases, storage systems by themselves do not have reactive 
power capability. For a relatively modest incremental cost, however, reactive power capability 
can be added to most storage system types. (See Appendix C for more details.)

2.18. Communications and Control
Storage used for most applications addressed in this report must receive and respond to 
appropriate control signals. In some cases, storage may have to respond to a dispatch control 
signal. In other cases, the signal may be driven by a price or prices. Storage response to a control 
signal may be a simple ramp up or ramp down of power output in proportion to the control 
signal. A more sophisticated response, requiring one or more control algorithms, may be needed. 
An example of that is storage used to respond to price signals or to accommodate more than one 
application.

2.19. Interconnection
If storage will be charged with energy from the grid or will inject energy into the grid, it must 
meet applicable interconnection requirements. At the distribution level, an important point of 
reference is the Institute of Electronics and Electrical Engineers (IEEE) Standard 1547. [8] Some 
states and utilities have more specific interconnection rules and requirements.
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2.20. Decommissioning and Disposal Needs and Cost
Although not addressed explicitly in this report, in most cases there will be non-trivial 
decommissioning costs associated with almost any storage system. For example, eventually 
batteries must be dismantled and the chemicals must be removed. Ideally, dismantled batteries 
and their chemicals can be recycled, as is the case for the materials in lead-acid batteries. 
Ultimately, decommissioning-related costs should be included in the total cost to own and to 
operate storage.
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3. Electric Energy Storage Applications

3.1. Introduction
This section characterizes 17 electric grid-related energy storage applications. Included in each 
characterization are a description of the application, an overview of application-specific technical 
considerations, and a summary of possible synergies with other applications. (Section 2 includes 
a brief characterization of several important storage system characteristics.) The 17 applications 
are grouped into five categories as shown in Table 3.

Table 3. Five Categories of Energy Storage Applications

Category 1 — Electric Supply
1. Electric Energy Time-shift
2. Electric Supply Capacity

Category 2 — Ancillary Services
3. Load Following
4. Area Regulation
5. Electric Supply Reserve Capacity
6. Voltage Support

Category 3 — Grid System
7. Transmission Support
8. Transmission Congestion Relief
9. Transmission & Distribution (T&D) Upgrade Deferral
10. Substation On-site Power

Category 4 — End User/Utility Customer
11. Time-of-use (TOU) Energy Cost Management
12. Demand Charge Management
13. Electric Service Reliability
14. Electric Service Power Quality

Category 5 — Renewables Integration
15. Renewables Energy Time-shift
16. Renewables Capacity Firming
17. Wind Generation Grid Integration

3.1.1. Power Applications versus Energy Applications
Although this report does not focus on specific storage technologies, it is helpful to be aware of 
the distinction between storage technologies classified as those that are best suited for power 
applications and those best suited to energy applications.
Power applications require high power output, usually for relatively short periods of time (a few 
seconds to a few minutes). Storage used for power applications usually has capacity to store
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fairly modest amounts of energy per kW of rated power output. Notable storage technologies that 
are especially well-suited to power applications include capacitors, SMES, and flywheels.
Energy applications are uses of storage requiring relatively large amounts of energy, often for 
discharge durations of many minutes to hours. So, storage used for energy applications must 
have a much larger energy storage reservoir than storage used for power applications. Storage 
technologies that are best suited to energy applications include CAES, pumped hydro, thermal 
energy storage, and most battery types.

Capacity Applications versus Energy Applications
Similar to the distinction between power applications and energy applications is the distinction 
between capacity applications and energy applications. In simple terms, capacity applications are 
those involving storage used to defer or to reduce the need for other equipment. For example, 
storage can be used to reduce the need for generation or T&D equipment. Depending on 
circumstances, capacity applications tend to require relatively limited amounts of energy 
discharge throughout the year.

As described above, energy applications involve storing a significant amount of electric energy 
to offset the need to purchase or to generate the energy when needed. Typically, energy-related 
applications require a relatively significant amount of energy to be stored and discharged 
throughout the year. An important consideration is that storage used for energy applications 
should be relatively efficient, or the cost incurred due to energy losses will offset a significant 
amount of the benefit. The same applies to non-energy-related variable operation cost.

Importantly, for investor-owned utilities (IOUs) capacity is generally treated like an investment 
whereas purchases of or generation of energy are typically thought of as an expenses involving 
variable operating cost and fuel-related costs. This distinction is especially important for 
investor-owned utilities given what is sometimes referred to as the revenue requirement method 
for establishing cost-of-service. Under that regulatory scheme utilities earn a rate of return 
(i.e., profit) on investments in capital equipment whereas expenses are treated as a ‘pass-through’ 
to end users without any mark-up (i.e., IOUs do not earn profit for energy provided).

Application-specific Power and Discharge Duration
Table 4 and Table 5 list application-specific standard assumption values for two key storage 
design criteria: 1) power rating and 2) discharge duration. Also shown are key underlying 
assumptions used when establishing those values. Table 4 lists application-specific, standard 
assumption values for storage power ratings and notes explaining the rationale used to make the 
estimates. Table 5 lists application-specific standard assumption values for discharge durations 
along with notes explaining the rationale used to make the estimates.

The standard assumption values used herein are intended to be generic. They were developed 
based on varying levels of engineering judgment and simplifying assumptions. Readers are 
encouraged to use case-specific assumptions and additional information, as needed and available, 
for more precise estimates of power ratings and discharge durations.

3.1.2.

3.1.3.
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Table 4. Standard Assumption Values for Storage Power

Storage Power
HighType Low Note#

Low per ISO transaction min. (Can aggregate smaller 
capacity.) High = combined cycle gen.

1 Electric Energy Time-shift 1 MW 500 MW

500 MW

3 Load Following Same as above.1 MW 500 MW
Low pe'- ISO transaction "'in. Max is 50: 1- of 
estimated CA technical potential of 80 MW.

4 Area Regulation 1 MW 40 MW

Low per ISO transaction min. (Can aggregate smaller 
capacity.) High = combined cycle gen.

5 Electric Supply Reserve Capacity 1 MW 500 MW

Assume distributed deployment, to serve Voltage 
support needs locally.___________________________

6 Voltage Support 1 MW 10 MW

7 Low value is for substransmission.Transmission Support 10 MW 100 MW

Low per ISO transaction min. (Can aggregate smaller 
capacity.) High = 20% of high capacity transmission.

Transmission Congestion Relief8 1 MW 100 MW

Low = smallest likely, High = high end for distribution 
& subtransmission.

9.1 T&D Upgrade Deferral 50th percentile 250 kW 5 MW

9.2 T&D Upgrade Deferral 90th percentile 250 kW 2 MW Same as above.

10 Substation On-site Power 1.5 kW 5 kW Per EPRI/DOE Substation Battery Survey.

industrial
Management11

Small commercial to large commercial/industrial 
users.

12 Demand Charge Management 50 kW 10 MW

Low = Under desk UPS.
High = facility-widefor commercial/industrialusers.

Electric Service Reliability13 0.2 kW 10 MW

Electric Service Power Quality 0.2 kW Same as above.14 10 MW

Low = small residential PV.
High = "bulk" renewable energy fueled generation.

15 Renewables Energy Time-shift 1 kW 500 MW

16 Renewables Capacity Firming 1 kW Same as above.500 MW

Wind Generation Grid Integration, 
Short Duration

Low = small residential turbine. 
High = larged wind farm boundary.

17.1 0.2 kW 500 MW

Wind Generation Grid Integration, 
Long Duration.......................................

0.2 kW Same as above.17.2 500 MW
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Table 5. Standard Assumption Values for Discharge Duration

Discharge Duration*
HighType s Low Note#

Depends on energy price differential, storage 
efficiency, and storage variable operating cost.1 Electric Energy Time-shift 2 8

2 Electric Supply Capacity 6 Peak demand hours4
Assume: 1 hour of discharge duration provides 
approximately 2 hours of load following. :3 Load Following 2 4

Area Regulation 15 min. 30 min. Based on demonstration of Beacon Flywheel.4

Allow time for generation-based reserves to 
come on-line.5 Electric Supply Reserve Capacity 21

Time needed for a) system stabilization or b) 
orderly load shedding.__________________| 6 Voltage Support 15 min. 1

Per EPRI-DOE Handbook of Energy Storage for;; 
Transmission and Distribution i
Applications.! 171________________________ |
Peak demand hours, low value is for "peaky" 
loads, high value is for "flatter" load profiles. $

7 Transmission Support 2 sec. 5 sec.

Transmission Congestion Relief 3 68

9.1 T&D Upgrade Deferral 50th percentile 3 6 Same as Above

T&D Upgrade Deferral 90th percentile 3 6 Same as Above9.2

10 Substation On-site Power 8 16 Per EPRI/DOE Substation Battery Survey.

11 Time-of-use Energy Cost Management 6 Peak demand hours.4

Maximum daily demand charge hours, per 
utility tariff._________________________12 Demand Charge Management 5 11

Time needed for a) shorter duration outages 
or b) orderly load shutdown._____________| 13 Electric Service Reliability 5 min. 1

Time needed for events ridethrough depends 
on the type of PQ challenges addressed.S10 sec.Electric Service Power Quality14 1 min.

Depends on energy cost/price differential and 
storage efficiency and variable operating cost.15 Renewables Energy Time-shift 3 5

Low & high values for Renewable Gen./Peak 
Load correlation (>6 hours) of 85% & 50%.16 Renewables Capacity Firming 2 4

?or a) Power Quality (depends on type of 
challenge addressed) and b) Wind 
Intermittencv.______________________

Wind Generation Grid Integration, 
Short Duration

17.1 15 min.10 sec.

Wind Generation Grid Integration,
Long Duration

‘Hours unless indicated otherwise. Min. = minutes. Sec. = Seconds.

17.2 6 Backup, Time Shift, Congestion Relief.1
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3.2. Electric Supply Applications

3.2.1. Application #1 — Electric Energy Time-shift

3.2.1.1. Application Overview
Electric energy time-shift (time-shift) involves purchasing 
inexpensive electric energy, available during periods when 
price is low, to charge the storage plant so that the stored 
energy can be used or sold at a later time when the price is 
high.

Entities that time-shift may be regulated utilities or non­
utility merchants. Importantly, this application tends to 
involve purchase of inexpensive energy from the wholesale 
electric energy market for storage charging. When the 
energy is discharged, it could be resold via the wholesale 
market, or it may offset the need to purchase wholesale 
energy and/or to generate energy to serve end users’ needs.

3.2.1.2. Technical Considerations
For the time-shift application, the plant storage discharge 
duration is determined based on the incremental benefit 
associated with being able to make additional buy-low/sell- 
high transactions during the year versus the incremental cost 
for additional energy storage (discharge duration).

The standard assumption value for storage minimum 
discharge duration for this application is two hours. The 
upper boundary for discharge duration is defined by 
potential CAES or pumped hydroelectric facilities. For 
storage types that have a high incremental cost to increase 
the amount of energy that can be stored (i.e., to increase 
discharge duration), the upper boundary is probably five or 
six hours — the typical duration of a utility’s daily peak demand period.
Both storage (non-energy-related) variable operating cost and storage efficiency are especially 
important for this application because electric energy time-shift involves many possible 
transactions whose economic merit is based on the difference between the cost to purchase, store, 
and discharge energy (discharge cost) and the benefit derived when the energy is discharged.
Any increase in variable operating cost or reduction of efficiency reduces the number of 
transactions for which the benefit exceeds the cost. That number of transactions is quite sensitive 
to the discharge cost, so a modest increase may reduce the number of viable transactions 
considerably.
Two performance characteristics that have a significant impact on storage variable operating cost 
are efficiency and the rate at which storage performance declines as it is used.

It is common for those involved with 
storage to refer to energy time-shift 
transactions (using storage) as 
arbitrage, It is important to note, 
however, what arbitrage means to 
people involved in finance.

A finance-centric definition of 
arbitrage is the simultaneous 
purchase and sale of identical or 
equivalent commodities or other 
instruments across two or more 
markets in order to benefit from a 
discrepancy in their price 
relationship.

So, strictly speaking, from a finance 
perspective the term ‘arbitrage’ may 
be regarded as a misnomer when it 
is applied to most energy storage 
‘buy-low/sell-high’ (time-shift) 
transactions. That is because the 
purchase and storage of electric 
energy occurs at a different time 
than sale or use of the energy. In 
fact, most often charging and 
discharging are separated by 
several hours.
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3.2.1.3. Application Synergies
Although each case is unique, if a plant used for electric energy time-shift is in the right location 
and if it is discharged at the right times, it could also serve the following applications: electric 
supply capacity, T&D upgrade deferral, transmission congestion relief, electric service 
reliability, electric service power quality, and ancillary services.

3.2.2. Application #2 — Electric Supply Capacity

3.2.2.1. Application Overview
Depending on the circumstances in a given electric supply system, energy storage could be used 
to defer and/or to reduce the need to buy new central station generation capacity and/or to ‘rent’ 
generation capacity in the wholesale electricity marketplace.
In many areas of the U.S., the most likely type of new generation plant ‘on the margin’ is a 
natural gas-fired combined cycle power plant. For utilities needing additional peaking capacity, 
the conventional proxy or default alternative is usually a relatively clean, simple cycle 
combustion turbine. Depending on circumstances, however, other peaking resources may be 
preferred (e.g., other types of central/bulk generation, distributed generation, demand response, 
and energy efficiency).
The marketplace for electric supply capacity is evolving. In some cases, to one extent or another, 
generation capacity cost is included in wholesale energy prices (as an allocated cost per unit of 
energy). In other cases, market mechanisms may allow for capacity-related payments. In fact, the 
price paid for capacity not used - under terms of utility demand response programs - may reflect 
some or all of the marginal cost for generation capacity.

3.2.2.2. Technical Considerations
The operating profile for storage used as supply capacity (characterized by annual hours of 
operation, frequency of operation, and duration of operation for each use) is circumstance- 
specific. Consequently, it is challenging to make generalizations about storage discharge 
duration for this application. Another key criterion affecting discharge duration for this 
application is the way that generation capacity is priced. For example, if capacity is priced per 
hour, then storage plant duration is flexible. If prices require that the capacity resource be 
available for a specified duration for each occurrence (e.g., five hours), or require operation 
during an entire time period (e.g., 12:00 p.m. to 5:00 p.m.), then the storage plant discharge 
duration must accommodate those requirements.

3.2.2.3. Application Synergies
Depending on location and other circumstances, storage used for this application may be 
compatible with the following applications: electric energy time-shift, electric supply reserve 
capacity, area regulation, voltage support, T&D upgrade deferral, transmission support and 
congestion relief, electric service power quality, and electric service reliability.
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3.3. Ancillary Services Applications

3.3.1. Application #3 — Load Following

3.3.1.1. Application Overview
Load following is one of the ancillary services required to operate the electricity grid. (See 
Appendix A for more detail about ancillary services.) Load following capacity is characterized 
by power output that changes as frequently as every several minutes. The output changes in 
response to the changing balance between electric supply (primarily generation) and end user 
demand (load) within a specific region or area. Output variation is a “.. .response to changes in 
system frequency, timeline loading, or the relation of these to each other...” that occurs as 
needed to “.. .maintain the scheduled system frequency and/or established interchange with other 
areas within predetermined limits.”[9]
Conventional generation-based load following resources’ output increases to follow demand up 
as system load increases. Conversely, load following resources’ output decreases to follow 
demand down as system load decreases. Typically, the amount of load following needed in the 
up direction (load following up) increases each day as load increases during the morning. In the 
evening, the amount of load following needed in the down direction (load following down) 
increases as aggregate load on the grid drops. A simple depiction of load following is shown in 
Figure 3.

Peak
Generation

System
Load Load \ 

up Following down
Intermediate Duty 

Generation£
Energy Purchases

Baseload Generation

Hour

Figure 3. Electric supply resource stack.

Normally, generation is used for load following. For load following up, generation is operated 
such that its output is less than its design or rated output (also referred to as ‘part load 
operation’). That allows operators to increase the generator’s output, as needed, to provide load
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following up to accommodate increasing load. For load following down, generation starts at a 
high output level, perhaps even at design output, and the output is decreased as load decreases.
These operating scenarios are notable because operating generation at part load requires more 
fuel and results in increased air emissions relative to generation operated at its design output 
level. Also, varying the output of generators (rather than operating at constant output) may 
increase fuel use and air emissions, and it increases the need for generator variable maintenance.

Storage is well-suited to load following for several reasons. First, most types of storage can 
operate at partial output levels with relatively modest performance penalties. Second, most types 
of storage can respond very quickly (compared to most types of generation) when more or less 
output is needed for load following. Consider also that storage can be used effectively for both 
load following up (as load increases) and for load following down (as load decreases), either by 
discharging or by charging. (See Appendix D for details.)

When charging storage for load following, the energy stored must be purchased at the prevailing 
wholesale price. This is an important consideration - especially for storage with lower efficiency 
and/or if the energy used for charging is relatively expensive - because the cost of energy used to 
charge storage (to provide load following) may exceed the value of the load following service.
Conversely, the value of energy discharged from storage to provide load following is determined 
by the prevailing price for wholesale energy. Depending on circumstances (i.e., if the price for 
the load following service does not include the value of the wholesale energy involved), when 
discharging for load following, two benefits accrue - one for the load following service and 
another for the energy.

Storage competes with central and aggregated distributed generation and with aggregated 
demand response/load management resources including curtailable/interruptible loads and direct 
load control.

3.3.1.2. Technical Considerations
Storage used for load following should be somewhat-to-very reliable or it cannot be used to meet 
contractual obligations associated with bidding in the load following market. Storage used for 
load following will probably need access to automated generation control (AGC) from the 
respective independent system operator (ISO). Typically, an ISO requires output from an AGC 
resource to change every minute.

For this application, storage could provide up to two service hours per hour of discharge 
duration. (See Appendix D for details.)

3.3.1.3. Application Synergies
Large/central storage used for load following may be especially complementary to other 
applications if charging and discharging for the other applications can be coordinated with 
charging and discharging to provide load following. For example, storage used to provide 
generation capacity mid-day could be charged in the evening thus following diminished system 
demand down during evening hours.

Load following could have good synergies with renewables capacity firming, electric energy 
time-shift, and possibly electric supply reserve capacity applications. If storage is distributed,
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then that same storage could also be used for most of the distributed applications and for voltage 
support.

3.3.2. Application #4 — Area Regulation 

3.3.2.1. Application Overview
Area regulation (regulation) is one of the ancillary services for which storage may be especially 
well-suited. Regulation involves managing “interchange flows with other control areas to match 
closely the scheduled interchange flows” and moment to moment variations in demand within 
the control area. [10]
The primary reasons for including regulation in the power system are to maintain the grid 
frequency and to comply with the North American Electric Reliability Council’s (NERC’s) 
Control Performance Standards 1 and 2 (NERC 1999a). Regulation also assists in recovery from 
disturbances, as measured by compliance with NERC’s Disturbance Control Standard.[l 1]
In more basic terms, regulation is used to reconcile momentary differences between supply and 
demand. That is, at any given moment, the amount of electric supply capacity that is operating 
may exceed or may be less than load. Regulation is used for damping of that difference. Consider 
the example shown in Figure 4. In that figure, the thin (red) plot with numerous fluctuations 
depicts total system demand without regulation. The thicker (black) plot shows system load after 
damping of the short-duration fluctuations with regulation.
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Figure 4. System load without and with area regulation.

Regulation is typically provided by generating units that are online and ready to increase or 
decrease power as needed. When there is a momentary shortfall of electric supply capacity, 
output from regulation resources is increased to provide up regulation. Conversely, regulation 
resources’ output is reduced to provide down regulation when there is a momentary excess of 
electric supply capacity.
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An important consideration for this application is that most thermal/baseload generation used for 
regulation service is not especially well-suited or designed to provide regulation. This is because 
most types of thermal/baseload generation are not designed for operation at part load or to 
provide variable output. Notably, thermal power plant fuel conversion is usually most efficient 
when power plants operate at a specific and constant (power) output level. Similarly, air 
emissions and plant wear and tear are usually lowest (per kWh of output) when thermal 
generation operates at full load and with constant output.

So, storage may be an attractive alternative to most generation-based load following for at least 
three reasons: 1) in general, storage has superior part-load efficiency, 2) efficient storage can be 
used to provide up to two times its rated capacity (for regulation), and 3) storage output can be 
varied rapidly (e.goutput can change from none to full or from full to none within seconds 
rather than minutes).

Two possible operational modes for 1 MW of storage used for regulation and three possible 
operational modes for generation used for regulation are shown in Figure 5. The leftmost plot 
shows how less-efficient storage could be used for regulation. In that case, increased storage 
discharge is used to provide up regulation and reduced discharge is used to provide down 
regulation. In essence, one half of the storage’s capacity is used for up regulation and the other 
half of the storage capacity is used for down regulation (similar to the rightmost plot which 
shows how 1 MW of generation is often used for regulation service). Next, consider the second 
plot which shows how 1 MW of efficient storage can be used to provide 2 MW of regulation - 
1 MW up and 1 MW down - using discharging and charging, respectively.
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Figure 5. Storage and generation operation for area regulation.

When storage provides down regulation by charging, it absorbs energy from the grid, and the 
storage operator must pay for that energy. That is notable - especially for storage with lower
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efficiency - because the cost for that energy may exceed the value of the load following service. 
(Energy stored during load following, however, could be used later for other benefits which, if 
combined with the load following benefit, may still be attractive.)

3.3.2.2. Technical Considerations
The rapid-response characteristic (i.e., fast ramp rate) of some types of storage makes that 
storage especially valuable as a regulation resource. In fact, the benefit of regulation from 
storage with a fast ramp rate (e.g., flywheels, capacitors, and some battery types) is on the order 
of two times that of regulation provided by generation. (See Appendix E for details.)

Storage used for regulation should have access to and be able to respond to the area control error 
(ACE) signal which may require a response time of less than five seconds. Resources used to 
provide regulation should be quite reliable, and they must have high quality, stable (power) 
output characteristics.

3.3.2.3. Application Synergies
In most cases, storage used to provide area regulation cannot be used simultaneously for another 
application. However, at any given time, storage could be used for another more beneficial 
application instead of using it for regulation (e.g., electric energy time-shift, electric supply 
capacity, electric supply reserve capacity, or T&D upgrade deferral).

Application #5 — Electric Supply Reserve Capacity

3.3.3.1. Application Overview
Prudent operation of an electric grid includes use of electric supply reserve capacity (reserve 
capacity) that can be called upon when some portion of the normal electric supply resources 
become unavailable unexpectedly. In the electric utility realm, this reserve capacity is classified 
as an ancillary service. (See Appendix A and [12] for details about ancillary services.)
At minimum, reserves should be at least as large as the single largest resource (e.g., the single 
largest generation unit) serving the system. Generally, reserve capacity is equivalent to 15% to 
20% of the normal electric supply capacity, although specific reserve margins are designated in 
rules and/or regulations. In the U.S., the National Electric Reliability Council (NERC) is a key 
agency involved in establishing reserve capacity requirements.[13]

The three generic types of reserve capacity are:

• Spinning Reserve - Generation capacity that is online but unloaded and that can respond 
within 10 minutes to compensate for generation or transmission outages. ‘Frequency- 
responsive’ spinning reserve responds within 10 seconds to maintain system frequency. 
Spinning reserves are the first type used when a shortfall occurs.

• Supplemental Reserve - Generation capacity that may be offline, or that comprises a 
block of curtailable and/or interruptible loads, and that can be available within
10 minutes. Unlike spinning reserve capacity, supplemental reserve capacity is not 
synchronized with the grid (frequency). Supplemental reserves are used after all spinning 
reserves are online.

3.3.3.
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• Backup Supply - Generation that can pick up load within one hour. Its role is,
essentially, a backup for spinning and supplemental reserves. Backup supply may also be 
used as backup for commercial energy sales.

Importantly for storage, generation resources used as reserve capacity must be online and 
operational (i.e., at part load). Unlike generation, in almost all circumstances, storage used for 
reserve capacity does not discharge at all - it just has to be ready and available to discharge if 
needed.

Note that storage can provide two times its capacity as reserve capacity when the storage is 
charging, because the storage can simultaneously stop charging and start discharging.

3.3.3.2. Technical Considerations
Of course, storage used for reserve capacity must have enough stored energy to discharge for the 
required amount of time (usually at least one hour).
Storage used for this application must be somewhat reliable, though penalties for not providing 
the service after a bid are not onerous for individual events. Reserve capacity resources must 
receive and respond to appropriate control signals. Typical discharge durations for this 
application are between one and two hours. Reserve capacity may have to respond to the ISO’s 
AGC signal.

3.3.3.3. Application Synergies
Electric supply reserve capacity is especially compatible with other applications and application 
combinations primarily for the following reasons:

• Most times when storage is used for reserves, it does not discharge.

• While charging, storage can provide two times its capacity as reserve capacity.

• If there is an hour-ahead market for reserve capacity, then decisions can be made almost 
real-time regarding the merits of discharging - if needed - compared to saving the energy 
to use later, for more benefit. [14]

In most cases, storage cannot serve any other applications while it is providing electric supply 
reserve capacity. Nevertheless, when storage is not used as electric supply reserve capacity, it 
could be used for electric energy time-shift, electric supply capacity, other ancillary services, 
renewables energy time-shift, renewables capacity firming, and wind generation grid integration. 
Depending on location, it could also be used for transmission congestion relief and T&D upgrade 
deferral.

3.3.4. Application #6 — Voltage Support

3.3.4.1. Application Overview
An important technical challenge for electric grid system operators is to maintain necessary 
voltage levels with the required stability. In most cases, meeting that challenge requires 
management of a phenomenon called ‘reactance’. Reactance occurs because equipment that 
generates, transmits, or uses electricity often has or exhibits characteristics like those of 
inductors and capacitors in an electric circuit. (See Appendix C for more details.)
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To manage reactance at the grid system level, grid system operators rely on an ancillary service 
called ‘voltage support’. The purpose of voltage support is to offset reactive effects so that grid 
system voltage can be restored or maintained.

Historically, voltage support has been provided by generation resources. Those resources are 
used to generate reactive power (VAR) that offsets reactance in the grid. New technologies 
(e.g., modular energy storage, modular generation, power electronics, and communications and 
control systems) make new alternatives for voltage support increasingly viable. [15] [16]
(Conventional ‘power factor correction’ capacitors are good for managing localized reactance 
that occurs during normal operating conditions. Capacitors do not perform well as a voltage 
support resource, however, because they draw an increasing amount of current as voltage drops - 
to maintain power - which adds to voltage-related problems affecting the greater grid system.
See Section 5.3.6 and Appendix C for more details about power factor correction.)

This is an application for which distributed storage may be especially attractive because reactive 
power cannot be transmitted efficaciously over long distances. Notably, many major power 
outages are at least partially attributable to problems related to transmitting reactive power to 
load centers. So, distributed storage - located within load centers where most reactance occurs - 
provides especially helpful voltage support. [17] [18]
One especially notable load type for this application is smaller air conditioning (A/C) equipment 
like that used for residences and for small businesses. The reactance from motors used for A/C 
compressors poses a significant voltage-related challenge because, as grid voltage drops - during 
localized or region-wide grid emergencies - the motors draw an increasing amount of current to 
maintain power. That exacerbates the voltage problem, in part because air conditioners are most 
likely to be turned on when the grid is most heavily loaded and possibly when the grid is 
especially prone to voltage-related problems.

3.3A.2. Technical Considerations
Storage systems used for voltage support must have VAR support capability if they will be used 
to inject reactive power. Also, storage used for voltage support must receive and respond quickly 
to appropriate control signals.

The standard value for discharge duration is assumed to be 30 minutes — time for the grid 
system to stabilize and, if necessary, to begin orderly load shedding.

3.3.4.3. Application Synergies
In general, storage used for voltage support must be available within a few seconds to serve load 
for a few minutes to perhaps as much as an hour. Thus, storage serving another application could 
also provide voltage support if the storage can be available within a few seconds to provide 
voltage support and if the storage has enough stored energy to discharge for durations ranging 
from a few minutes to an hour.
Central/bulk storage used for voltage support could also be used for electric energy time-shift, 
electric supply capacity, other ancillary services, renewables energy time-shift, renewables 
capacity firming, and wind generation integration.

Distributed storage used for voltage support probably cannot be used for area regulation or 
transmission support though it probably could be used for most or all of the other applications
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covered in this report with little or no technical conflict, though circumstance-specific dispatch 
needs may cause operational conflicts.
If the same storage is used for voltage support and for another ‘must-run’ application (e.g., T&D 
upgrade deferral), then the worst case is that the storage is completely dedicated to serving local 
demand during the few dozen to few hundred hours per year when the T&D equipment is most 
heavily loaded, leaving storage available during 95%+ of the year to serve other applications.

3.4. Grid System Applications

3.4.1. Application #7 — Transmission Support

3.4.1.1. Application Overview
Energy storage used for transmission support improves T&D system performance by 
compensating for electrical anomalies and disturbances such as voltage sag, unstable voltage, 
and sub-synchronous resonance. The result is a more stable system with improved performance 
(throughput). It is similar to the ancillary service (not addressed in this guide) referred to as 
Network Stability. Benefits from transmission support are highly situation-specific and site- 
specific. Table 6 briefly describes ways that energy storage can provide transmission support.

Table 6. Types of Transmission Support
Type Description

Transmission Stability Damping Increase load carrying capacity by improving dynamic 
stability.

Sub-synchronous Resonance Damping Increase line capacity by allowing higher levels of 
series compensation by providing active real and/or 
reactive power modulation at sub-synchronous 
resonance modal frequencies.

Voltage Control and Stability 1. Transient Voltage Dip Improvement

Increase load carrying capacity by reducing the 
voltage dip that follows a system disturbance.

2. Dynamic Voltage Stability

Improve transfer capability by improving voltage 
stability.

Under-frequency Load Shedding 
Reduction

Reduce load shedding needed to manage under­
frequency conditions which occur during large system 
disturbances.

Source: adapted from information provided by EPR.I.[ 19] [20] [21 ]

3.4.1.2. Technical Considerations
To be used for transmission support, energy storage must be capable of sub-second response, 
partial state-of-charge operation, and many charge-discharge cycles. Communication and control 
systems are important for this application. Also, storage used for transmission support must be

34

SB GT&S 0531324



very reliable. For storage to be most beneficial as a transmission support resource, it should 
provide both real and reactive power. [22]
Typical discharge durations for transmission support are between one and twenty seconds. The 
standard discharge duration assumed for this application is five seconds.

3.4.1.3. Application Synergies
Storage that is used for transmission support probably cannot be used concurrently for other 
applications. Nevertheless, storage used for transmission support during peak demand or peak 
congestion times could be used at other times for several other applications, if the storage has the 
necessary discharge duration (e.gone hour or more for ancillary services).

Application #8 — Transmission Congestion Relief

3.4.2.1. Application Overview
In many areas, transmission capacity additions are not keeping pace with the growth in peak 
electric demand. Consequently, transmission systems are becoming congested during periods of 
peak demand, driving the need and cost for more transmission capacity and increased 
transmission access charges. Additionally, transmission congestion may lead to increased use of 
congestion charges or locational marginal pricing (LMP) for electric energy.

Storage could be used to avoid congestion-related costs and charges, especially if the charges 
become onerous due to significant transmission system congestion. In this application, storage 
systems would be installed at locations that are electrically downstream from the congested 
portion of the transmission system. Energy would be stored when there is no transmission 
congestion, and it would be discharged (during peak demand periods) to reduce transmission 
capacity requirements.

3.4.2.2. Technical Considerations
The discharge duration needed for transmission congestion relief cannot be generalized easily, 
given all the possible manifestations. As with the T&D upgrade deferral application, it may be 
that there are just a few individual hours throughout the year when congestion charges apply. Or, 
there may be a few occurrences during a year when there are several consecutive hours of 
transmission congestion. Also, congestion charges may be applied like demand charges with 
payments made for maximum demand during specific times during specific months of the year. 
Congestion charges may vary from year to year because supply and demand are always 
changing.

The standard discharge duration assumed for this application is four hours.

3.4.2.

3.4.2.3. Application Synergies
Depending on location, the owner, the discharge duration, and other circumstances, storage used 
for transmission congestion relief may be compatible with most if not all applications described 
in this report, especially electric energy time-shift, electric supply capacity (peaking), ancillary 
services, and possibly renewable energy time-shift.
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3.4.3. Application #9 — Transmission and Distribution Upgrade Deferral

3.4.3.1. Application Overview
Transmission and distribution (T&D) upgrade deferral involves delaying - and in some cases 
avoiding entirely - utility investments in transmission and/or distribution system upgrades, using 
relatively small amounts of storage. Consider a T&D system whose peak electric loading is 
approaching the system’s load carrying capacity (design rating). In some cases, installing a small 
amount of energy storage downstream from the nearly overloaded T&D node will defer the need 
for a T&D upgrade.
Consider a more specific example: A 15-MW substation is operating at 3% below its rating and 
load growth is about 2% per year. In response, engineers plan to upgrade the substation next year 
by adding 5 MVA of additional capacity. As an alternative, engineers could consider installing 
enough storage to meet the expected load growth for next year, plus any appropriate engineering 
contingencies (i.e., it may not be prudent to install ‘just enough’ storage, especially if there is 
uncertainty about load growth). For the 15-MW substation in this example: At a 2% load growth 
rate, the load growth during the next year will be 300 kW (2% x 15 MW). Adding a 25% 
engineering contingency, the storage plant needed to defer T&D upgrade would be about 
375 kW.

The key theme is that a small amount of storage can be used provide enough incremental 
capacity to defer the need for a large ‘lump’ investment in T&D equipment. Doing so reduces 
overall cost to ratepayers; improves utility asset utilization; allows use of the capital for other 
projects; and reduces the financial risk associated with lump investments.
Notably, for most nodes within a T&D system, the highest loads occur on just a few days per 
year, for just a few hours per year. Often, the highest annual load occurs on one specific day 
whose peak is somewhat higher than any other day. One important implication is that storage 
used for this application can provide a lot of benefit with limited or no need to discharge. Given 
that most modular storage types have a high variable operating cost, this application may be 
especially attractive for some storage types.
Alhough the emphasis for this application is on T&D upgrade deferral, a similar rationale 
applies to T&D equipment life extension. That is, if storage use reduces loading on existing 
equipment that is nearing its expected life, the result could be to extend the life of the existing 
equipment. This may be especially compelling for T&D equipment that includes aging 
transformers and underground power cables.
Readers are encouraged to see the Sandia National Laboratories report entitled Electric Utility 
Transmission and Distribution Upgrade Deferral Benefits from Modular Electricity Storage for 
more details.[23]

3.4.3.2. Technical Considerations
Energy storage must serve sufficient load, for as long as needed, to keep loading on the T&D 
equipment below a specified maximum. Discharge duration is a critical design criterion that 
cannot be generalized well. It may require interaction with utility engineers or engineers that 
design and/or operate distribution systems. The standard discharge duration is assumed to range 
from three to six hours.
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3.4.3.3. Application Synergies
Utility-owned storage used for T&D deferral is also likely to be well-suited for several other 
applications, especially electric energy time-shift, electric supply capacity (peaking), and electric 
supply reserve capacity. Depending on location and circumstances, the same utility-owned 
storage could also be used for voltage support, transmission congestion relief, electric service 
reliability, electric service power quality, and renewables energy time-shift.
If the storage is customer-owned, it may be especially compatible with TOU energy cost and 
demand charge management as well as electric service reliability and electric service power 
quality and for renewables (co-located distributed PV) capacity firming.

Application #10 — Substation On-site Power

3.4.4.1. Application Overview
There are at least 100,000 battery storage systems at utility substations in the U.S. They provide 
power to switching components and to substation communication and control equipment when 
the grid is not energized. The vast majority of these systems use lead-acid batteries, mostly 
vented and to a lesser extent valve-regulated, with 5% of systems being powered by NiCad 
batteries. [24]

Apparently, users are generally satisfied, though reduced need for routine maintenance, 
improved reliability, and longer battery life would make alternatives attractive, especially if the 
cost is comparable to that of the incumbent technologies.

3.4.4.

3.4.4.2. Technical Considerations
One important feature that competitive substation on-site power options must have is equal or 
better reliability than the standard option. Ideally, new options have lower maintenance 
requirements than the existing systems. Also, competitive options should have a straightforward 
way to determine the storage system’s remaining useful life and ideally its ‘statc-of-hcalth’.
One feature needed to address an emerging opportunity is the ability to serve the growing 
number of on-site DC loads (e.g., from DC motors and actuators replacing electro-mechanical 
systems). Especially important are the capacity to provide inrush currents (e.g., for motor 
startup) and a faster ramp rate to serve momentary loads including switchgear operation, motor- 
driven valves, isolating switches, and the field flashing of generators.[25]

IEEE Standard 485, which addresses sizing of battery systems for substation DC loads, groups 
substation DC loads into three categories: 1) continuous loads, 2) non-continuous loads, and 
3) momentary loads. Based on results from a survey of systems, locations serving voltages of 
about 69 kV are rated at 1.6 kVA; locations serving the grid at 69 kV to 169 kV have storage 
rated at about 2.9 kVA; and substations serving the grid at voltages exceeding 169 kV have 
storage systems rated at 8.5 kV A. The standard value assumed is 2.5 kW. The standard discharge 
duration is assumed to range from 8 to 16 hours.

3.4.4.3. Application Synergies
Conceptually, the same storage used for substation on-site power could be used for other 
applications. Key considerations include a) use of the storage for other applications cannot 
degrade reliability and b) the storage must have sufficient discharge duration to serve the
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substation on-site power application plus other applications (i.e., enough energy must be stored 
to serve the substation on-site power application and the other applications). For example, if 
8 hours of discharge duration is required for substation on-site power and 5 hours are required 
for another application then the total discharge duration must be 8 + 5 = 13 hours. Given the high 
incremental cost for most types of storage that would be used for substation on-site power, use of 
the same storage system for other applications may be impractical in most circumstances.

3.5. End User/Utility Customer Applications

3.5.1. Application #11 — Time-of-use Energy Cost Management

3.5.1.1. Application Overview
Time-of-use (TOU) energy cost management involves storage used by energy end users (utility 
customers) to reduce their overall costs for electricity. Customers charge the storage during off- 
peak time periods when the electric energy price is low, then discharge the energy during times 
when on-peak TOU energy prices apply. This application is similar to electric energy time-shift, 
although electric energy prices are based on the customer’s retail tariff, whereas at any given 
time the price for electric energy time-shift is the prevailing wholesale price.

Pacific Gas and Electric Company’s (PG&E’s) Small Commercial TOU A-6 tariff was used for 
the working example. It applies from May to October, Monday through Friday. Commercial and 
industrial electricity end users whose peak power requirements are less than or equal to 500 kW 
are eligible for the A-6 tariff.
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Figure 6. Summer energy prices for PG&E’s Small Commercial A-6 TOU rate.
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As shown in Figure 6, energy prices are about 32 0/kWh on-peak (12:00 p.m. to 6:00 p.m.). 
Prices during partial-peak (8:30 a.m. to 12:00 p.m. and 6:00 p.m. to 9:30 p.m.) are about 
15 0/kWh, and during off-peak (9:30 p.m. to 8:30 a.m.) prices are about 10 0/kWh.

Although electricity end users receive the benefit for reducing energy cost, it is likely that that 
storage design, procurement, transaction costs, etc. would be too challenging for many potential 
users, especially those with relatively small energy use. If so, one option is to establish a 
partnership with an aggregator, as discussed in Section 6.5.4.

3.5.1.2. Technical Considerations
The maximum discharge duration for this application is determined based on the relevant tariff. 
For example, for the A-6 tariff there are six on-peak hours (12:00 p.m. to 6:00 p.m.). The 
standard value assumed for this application is five hours of discharge duration.

3.5.1.3. Application Synergies
Depending on overlaps between on-peak energy prices and times when peak demand charges 
apply, the same storage system use for time-of-use energy cost management might also be 
compatible with the demand charge management application. It could also provide benefits 
associated with improved electric service power quality and improved electric service reliability. 
Similarly, depending on a plant’s discharge duration and when discharge occurs, it may be 
compatible with the T&D upgrade deferral application.

Application #12 — Demand Charge Management 

3.5.2.1. Application Overview
Energy storage could be used by electricity end users (i.e., utility customers) to reduce the 
overall costs for electric service by reducing demand charges, by reducing power draw during 
specified periods, normally the utility’s peak demand periods.

To avoid a demand charge, load* must be reduced during all hours of the demand charge period, 
usually a specified period of time (e.g., 11:00 a.m. to 5:00 p.m.) and on specified days (most 
often weekdays). In many cases, the demand charge is assessed if load is present during just one 
15-minute period, during times of the day and during months when demand charges apply.
The most significant demand charges assessed are those based on the maximum load during the 
peak demand period (e.g., 12:00 p.m. to 5:00 p.m.) in the respective month. It is somewhat 
common to also assess additional demand charges for 1) part peak or (partial peak) demand that 
occurs during times such as ‘shoulder hours’ in the mornings and evenings and during winter 
weekdays and 2) ‘baseload’ or ‘facility’ demand charges that are based on the peak demand no 
matter what time (day and month) it occurs. The latter is important for storage because facility 
demand charges apply at any time, including at night when most storage charging occurs.
Because there is a facility demand charge assessed during charging, the amount paid for facility 
demand charges offsets some of the benefit for reducing demand during times when the higher

3.5.2.

In the utility realm, ‘demand’ often refers to the maximum power draw during a specified period of time (e.g., a 
month or year). To avoid confusion relative to the more general economics definition, especially regarding demand 
for energy, in this report Toad’ is often used instead of the term demand when referring to power draw.
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peak demand charges apply. Consider a simple example: The peak demand charge (which 
applies during summer afternoons, from 12:00 p.m. to 5:00 p.m.) is $10/kW-month, and the 
annual facility demand charge is $2/kW-month. During the night, when charging occurs, the 
$2/kW facility demand charge is incurred; when storage discharges mid-day (when peak demand 
charges apply), the $10/kW-month demand charge is avoided. The net demand charge reduction 
in the example is

$10/kW-month - $2/kW-month = $8/kW-month.

Note that the price for electric energy is expressed in $/kWh used, whereas demand charges are 
denominated in $/kW of maximum power draw. Tariffs with demand charges have separate 
prices for energy and for power (demand charges). Furthermore, demand charges are typically 
assessed for a given month, thus demand charges are often expressed using $/kW per month 
($/kW-month).

To reduce load when demand charges are high, storage is charged when there are no or low 
demand charges. (Presumably, the price for charging energy is low too.) The stored energy is 
discharged to serve load during times when demand charges apply. Typically, energy storage 
must discharge for five to six hours for this application, depending on the provisions of the 
applicable tariff.
Consider the example illustrated in Figure 7. The figure shows a manufacturer’s load that is 
nearly constant at 1 MW for three shifts. During mornings and evenings, the end user’s direct 
load and the facilities’ net demand are 1 MW. At night, when the price for energy is low, the 
facility’s net demand doubles as low-priced energy is stored at a rate of 1 MW while the normal 
load from the end user’s operations requires another MW of power. During peak demand times 
(12:00 p.m. to 5:00 pm in the example), storage discharges (at the rate of 1 MW) to serve the end 
user’s direct load of 1 MW, thus eliminating the real-time demand on the grid.

40

SB GT&S 0531330



Direct Load 

Storage Power 
- - Net Demand

2.30

2.00 -■ - i “

l l1.70 - i ■
i1.40 - i

i i
1.10 -

\\8SS\\\\»S\\\^\\\^\\\mx\\\l»N\\\8^\\NW\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\^\\\^\\\^\\\B^\\\8^\\^\\\^\\\SiK\\X

II0.80 -
No Net 

Demand 
■ 12:00 to 5:00 1

I

| 0.50 - 

0.20 - 

-0.10 -

Storage
Charging

■■

if* ►i

Storage
Discharging

-0.40 -

-0.70 -

-1.00 -

-1.30
123456789 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Hour

Figure 7. On-peak demand reduction using energy storage.

In the above example, storage is 80% efficient. To discharge for 5 hours, it must be charged for 
5 hours 0.8 = 6.25 hours.

The ‘additional’ 1.25 hours of charging is needed to offset energy losses. If a facility demand 
charge applies, it would be assessed on the entire 2 MW (of net demand) used to serve both load 
and storage charging.

Although it is the electricity customer that internalizes the benefit, for this application, the author 
presumes that the design, procurement, transaction cost, etc. could be challenging for many 
prospective users, especially those with relatively small peak loads. One possible way for storage 
to be viable for those prospective users is to partner with an aggregator.

3.5.2.2. Technical Considerations
Given that demand charges apply for an entire month (and perhaps even for an entire year), for 
maximum load that occurs for even a few minutes, storage must be reliable. It must have 
acceptable or better power quality for loads served.
For this application, the storage plant discharge duration is based on the applicable tariff. For 
example, PG&E’s E-19 Medium General Demand-Metered TOU tariff defines six on-peak hours 
(12:00 p.m. to 6:00 p.m.). The standard assumption for this application is five hours of discharge 
duration.
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3.5.2.3. Application Synergies
Although each circumstance is different, storage used for demand charge management may be 
compatible with the electric energy time-shift application, and it could provide some ancillary 
services if end users are allowed to participate in the wholesale energy marketplace.
This application may be compatible with the transmission congestion relief and T&D upgrade 
deferral applications if storage use reduces load on T&D equipment when and where needed. 
(Note that T&D owners must be motivated and allowed to share related benefits, either by 
contract or prices.) Storage used for demand charge management is also likely to be compatible 
with the TOU energy cost management application if storage is discharging during times when 
energy price is high. Storage used for this application may also be compatible with the electric 
service power quality, electric service reliability, renewables capacity firming, and electric 
energy time-shift applications.

Application #13 — Electric Service Reliability

3.5.3.1. Application Overview
The electric service reliability application entails using energy storage to provide highly reliable 
electric service. In the event of a complete power outage lasting more than a few seconds, the 
storage system provides enough energy to ride through outages of extended duration; to 
complete an orderly shutdown of processes; and/or to transfer to on-site generation resources.

3.5.3.2. Technical Considerations
The discharge duration required is based on situation-specific criteria. If an orderly shutdown is 
the objective, then discharge duration may be an hour or more. If an orderly transfer to a 
generation device is the objective, then no more than a few minutes of discharge duration are 
needed. The standard value for discharge duration is 15 minutes.
Storage used for this application must reliably yield power with sufficient quality.

3.5.3.

3.5.3.3. Application Synergies
The electric service reliability application may be compatible with most applications described in 
this report except area regulation and transmission support. It is especially compatible with the 
electric service power quality application.
If a storage system has sufficient discharge duration to serve the electric service reliability 
application plus other applications, it could be especially well-suited to serving the TOU energy 
cost and demand charge management applications as well as renewables (co-located distributed 
PV) capacity firming.

Depending on circumstances, the same storage system could also be used for electric energy 
time-shift, electric supply capacity (peaking), ancillary services, voltage support, transmission 
congestion relief, T&D upgrade deferral, electric service reliability, electric service power 
quality, and renewables energy time-shift applications.
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Application #14 — Electric Service Power Quality 

3.5.4.1. Application Overview
The electric service power quality application involves using energy storage to protect on-site 
loads downstream (from storage) against short-duration events that affect the quality of power 
delivered to the load. Some manifestations of poor power quality include the following:

• Variations in voltage magnitude (e.g., short-term spikes or dips, longer term surges, 
or sags).

• Variations in the primary 60-Hz frequency at which power is delivered.

• Low power factor (voltage and current excessively out of phase with each other).

• Harmonics (i.e., the presence of currents or voltages at frequencies other than the 
primary frequency).

• Interruptions in service, of any duration, ranging from a fraction of a second to 
several or even many minutes.

3.5A.2. Technical Considerations
Needless to say, storage used for power quality should produce high-quality power output and 
should not adversely affect the grid. Typically, the discharge duration required for the power 
quality application ranges from a few seconds to about one minute.

3.5.4.

3.5.4.3. Application Synergies
Given the short discharge duration and distributed deployment of storage for electric service 
power quality, few if any applications are compatible with storage designed specifically for that 
application. Nevertheless, the electric service power quality application may be compatible with 
several other applications if storage is designed for those other applications (i.e., with longer 
discharge duration), especially time-of-use energy cost management, demand charge 
management, and electric service reliability.

3.6. Renewables Integra tion Applica tions

3.6.1. Application #15 — Renewables Energy Time-shift

3.6.1.1. Application Overview
Many renewable energy generation resources produce a significant portion of electric energy 
when that energy has a low financial value (e.g., at night, on weekends and during holidays) - 
generally referred to as off-peak times. Energy storage used in conjunction with renewable 
energy generation could be charged using low-value energy from the renewable energy 
generation so that energy may be used to offset other purchases or sold when it is more valuable.

The low-value energy is generated off-peak at night and during early mornings when demand is 
low and supply is adequate. The energy is more valuable on-peak when demand is high and 
supply is tight. The energy value is especially high during hot summer afternoons when A/C use 
is most prevalent. The energy that is discharged from the storage could be used by the owner,
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sold via the wholesale or ‘spot’ market, or sold under terms of an energy purchase contract 
(commonly referred to as a ‘power purchase agreement’ or PPA).
Storage used for renewables energy time-shift could be located at or near the renewable energy 
generation site or in other parts of the grid, including at or near loads. Energy discharged from 
storage located at or near the renewable energy generation would have to be transported via the 
transmission system during on-peak times whereas storage located at or near loads is charged 
using low-value energy that is transmitted during off-peak times.
Typically, the storage discharge duration needed for energy time-shift ranges from four to six 
hours, depending mostly on the duration of the region’s off-peak and on-peak periods and the on- 
peak versus off-peak energy value or price differential.

Two variations of the renewables energy time-shift application are evaluated in this guide. They 
are 1) time-shift of energy from intermittent renewable energy generation resources and 2) time- 
shift of energy from baseload renewable energy generation resources. Intermittent renewables 
include solar, wind, ocean wave, tidal and, in some cases, hydroelectric. Baseload renewables - 
those whose output is somewhat-to-very constant, for several thousand hours per year - include 
geothermal, biomass, and, in some cases, hydroelectric. The intermittent renewable energy 
generation type evaluated here is wind-fueled generation. The baseload renewable energy 
generation evaluated is generic: It operates 24 hours per day and at a minimum it operates during 
every weekday during the year.

Storing electric energy from solar generation is not addressed in this report for two reasons.
First, for situations involving grid-connected solar generation, a lot or even most electricity is 
produced when energy is already valuable, making energy time-shift relatively unattractive. 
Second, most of the value for storage used with solar generation is for capacity firming. (See 
Section 3.6.2.) Also not addressed is seasonal renewables energy time-shift. That is because 
storing enough energy for seasonal renewables energy time-shift is either impractical or 
prohibitively expensive with the possible exception of CAES.

3.6.1.2. Energy Time-shift from Wind Generation
For the case involving wind generation, low-value electric energy from wind generation is stored 
at night and during early mornings. The stored energy is discharged when it is most valuable — 
during weekday afternoons when demand for electricity is highest.
Not only does energy from wind generation produced off-peak have a low value, depending on 
regional circumstances wind generation occurring during off-peak hours can cause operational 
challenges. Two such operational challenges are minimum load violations and accommodating 
rapid changes to output from intermittent renewable energy generation. (See Section 3.6.3.)
When minimum load violations occur, the combined output from wind generation capacity plus 
other ‘must-run’ generation exceeds demand (must-run generation tends to include that which is 
fueled by coal, nuclear, baseload renewable energy, and some types of natural-gas-fueled 
generation). Rapid output changes from intermittent renewable energy generation can lead to 
‘ramping’ of other dispatchable generation, which increases wear, fuel use, and emissions (all 
per kWh).

An example of the daily operation profile for wind generation plus storage on a summer day is 
shown in Figure 8. For the scenario depicted, wind generation output occurring at night, when 
the energy’s value is low, is used to charge storage. In the example, about one-half of the energy
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used on-peak is from wind generation that occurs off-peak. The result is constant power for five 
hours.
For the wind generation case, storage discharge duration required ranges from two and one-half 
hours to as much as four hours, depending on the amount of energy from wind generation that 
occurs during on-peak times.
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Figure 8. Wind generation energy time-shift.

3.6.1.3. Energy Time-shift from Baseload Renewable Energy Generation
Baseload renewables energy time-shift is accomplished by storing energy at night, during off- 
peak periods, so the energy can be used when it is most valuable, especially when hot 
temperatures drive significant air conditioning use.

An example of the concept is illustrated in Figure 9. The example involves storage whose power 
is equal to that of the generator’s (1 MW) and whose discharge duration is five hours. The 
storage is charged during off-peak times using most or all of the generator’s output and the 
storage discharges during five on-peak hours. Note that time-shift energy from baseload 
renewable energy generation has the effect of doubling the renewable energy generation’s 
capacity during times when both demand and the value of electric supply capacity are highest.
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Figure 9. Baseload renewables energy time-shift.

3.6.1.4. Technical Considerations
The discharge duration for this application is circumstance-specific. It depends mostly on 
expectations about electric energy prices and/or the terms of the energy purchase agreement, 
especially the price and timing of purchases. The standard value assumed in this guide for 
discharge duration is five hours.
For intermittent renewable energy generation, another important criterion is the degree to which 
the renewable energy generation output coincides with times when the price for electric energy is 
high.

PCUs used in conjunction with many, or even most, renewable energy systems do not have what 
is needed to facilitate use of storage. Consequently, PCUs used for renewables energy time-shift 
must have additional hardware and software to accomplish and to manage charging and 
discharging of the storage.

3.6.1.5. Application Synergies
Depending on the location, the timing of the discharge, storage discharge duration, storage ramp 
rate, and the owner’s flexibility to optimize storage dispatch, storage used to time-shift electric 
energy from renewables generation could also serve several other applications described in this 
report.
Renewables energy time-shift is especially compatible with the renewables capacity firming and 
electric supply capacity applications. Centrally located storage used for this application could 
also be used for electric supply reserve capacity and area regulation. If the storage is deployed in
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distributed mode, then the storage could serve most applications (other than area regulation), 
especially voltage support, transmission congestion relief, T&D upgrade deferral, electric service 
power quality, electric service reliability, TOU energy cost management, and demand charge 
management.

Application #16 — Renewables Capacity Firming 

3.6.2.1. Application Overview
Renewables capacity firming applies to circumstances involving renewable energy-fueled 
generation whose output is intermittent. The objective is to use storage to Till in’ so that the 
combined output from renewable energy generation plus storage is somewhat-to-very constant.

The resulting firmed capacity offsets the need to purchase 
or ‘rent’ additional dispatchable (capacity) electric supply 
resources. Depending on location, firmed renewable energy 
output may also offset the need for transmission and/or 
distribution equipment. Renewables capacity firming is 
especially valuable when peak demand occurs.

For the purpose of renewables capacity firming, renewable 
energy generation’s output intermittency can be classified 
as ‘short-duration’ (i.eoccurring somewhat-to-very 
randomly over timescales ranging from seconds to minutes) 
and/or ‘diurnal’ (i.e., occurring in a regular and/or 
predictable way during a 24-hour period).

One important challenge associated with intermittent 
renewable energy generation is that the generation’s power 
output can change rapidly over short periods of time.
Photovoltaic (PV) output can drop quite quickly as clouds 
pass. Wind generation output can change rapidly during 
gusty conditions.

These rapid changes (also known as ramping) can lead to 
the need for dispatchable power sources whose output can 
also change rapidly. Most new, non-renewable energy 
generation facilities are best operated at constant output. In 
some regions, however, there may not be enough 
dispatchable generation capacity to offset renewable energy 
generation’s ramping. Storage can have an important effect 
on the amount of dispatchable generation needed to meet 
the renewable energy generation ramping challenge.

In broad terms, good opportunities for renewables capacity firming tend to involve renewable 
energy resources whose output is somewhat-to-very coincident with the peak demand and 
somewhat-to-very constant. Storage used to firm resources with these characteristics needs 
relatively modest discharge duration. Solar generation’s output tends to occur when demand for 
electricity is highest and varies somewhat modestly, albeit predictably. In some locations, wind-

3.6.2.

Note the important distinction 
between renewables capacity 
firming, and renewables energy 
time-shift.

Capacity firming allows use of 
an intermittent electric supply 
resource as a nearly constant 
power source. Such use may 
reduce power-related charges 
(e.g., capacity payments or 
demand charges), or it may offset 
the need for equipment 
(e.g., wires, transformers, and 
generation) which is an 
investment with a fixed cost.

By contrast, energy time-shift
involves enhancing the value of 
energy to increase profits and/or 
reduce fuel, operation, variable 
operation, and maintenance costs 
which are expenses.

In most circumstances, 
renewables capacity firming is 
likely to result in a combined 
benefit comprised of a benefit for 
renewables energy time-shift and 
one for the firm capacity.
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fueled generation output sometimes coincides with peak load and is somewhat stable during peak 
load periods.

Although, in most cases, wind generation output is not as coincident with peak demand as that 
from solar generation, non-trivial amounts of wind generation do occur during peak demand 
periods. Also, wind generation tends to be ramping down as load is increasing, making firming 
valuable as a way to reduce load following resources. Additionally, wind generation is somewhat 
to quite predictable.

Given those premises, leading candidates for renewables capacity firming include those fueled 
with solar energy (especially PV) or with wind energy. Depending on local circumstances, ocean 
wave generation output could also be firmed with storage, though it is not considered in this 
report.

3.6.2.2. PV Capacity Firming
Although capacity firming applies somewhat equally to large ‘bulk’ solar generation facilities 
and to small systems, distributed PV systems are featured here as the solar-fueled generation 
because, in many circumstances, it is possible for storage to serve other valuable applications if 
the storage is distributed. And, distributed PV systems are more likely to have suboptimal 
orientation leading to output that is only somewhat coincident with peak demand periods.
The PV systems are assumed to consist of flat-panel PV modules with a fixed orientation. Fixed- 
orientation PV remains stationary as the sun’s position in the sky changes throughout the day. 
Output from fixed-orientation PV systems increases as the sun rises during the morning hours; 
stays somewhat constant (at the daily maximum) for one to two hours during mid-day; and 
declines as the sun moves across the sky in the afternoon. Consequently, output from PV with a 
fixed orientation is at a maximum during a portion of the peak load period in many locations. If 
fixed PV orientation is not optimal, it will produce a modest to significant portion of output 
before or after the utility’s peak demand period.

Wind Generation Firming
Large-scale ‘bulk’ wind generation is featured in this report because a significant portion of wind 
generation development will involve large wind farms, whereas it seems unlikely that a 
significant amount of distributed wind generation will be added, at least for the foreseeable 
future. Nonetheless, the capacity firming benefit could apply to distributed wind generation as 
well as to central/bulk wind farms.

3.6.2.3.

3.6.2.4. Short-duration Intermittency
Solar Generation Short-duration Intermittency — Shading caused by terrestrial obstructions 
such as trees and buildings can cause relatively short-duration, location-specific intermittency. 
The most compelling cause of short-duration intermittency from solar generation, however, is 
clouds. As a cloud passes over solar collectors, power output from the affected solar generation 
system drops. When the cloud moves away from the collector, the output returns to previous 
levels. Importantly, when that happens, the rate of change (of output from the solar generation 
plant) can be quite rapid. The resulting ramping increases the need for highly dispatchable and 
fast-responding generation such as a simple cycle combustion turbine to fill in when clouds pass 
over the solar collector.
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Wind Generation Intermittency — Short-duration intermittency from wind generation is caused 
by variations of wind speed that occur throughout the day. Although such variations may not be 
significant during much of the year, it can be a ramping-related challenge if peak demand for 
electricity coincides with gusty wind conditions. Figure 10 shows a basic example of short- 
duration intermittency and the implications for storage needed for firming. In the figure, the one- 
minute average renewable energy output (for a 1-kW renewable energy plant) is plotted. Note 
the variation from one minute to the next.
As shown in the figure, the power needed from storage to offset the short-duration intermittency 
is determined based on the maximum difference between the renewable energy plant rating and 
the reduced plant output due to short-duration intermittency. In the example, the largest 
(magnitude) short-duration drop-off of power from the renewable energy generation is about 
34% of the renewable energy’s plant rating. Consequently, the storage plant would need to have 
a power rating of at least 0.34 kW per kW of renewable energy generation.
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Figure 10. Renewable-fueled generation, short-duration intermittency (example).

3.6.2.5. Diurnal Intermittency

Solar Generation Diurnal Intermittency — Diurnal intermittency of solar generation is mostly 
related to the change of insolation throughout the day as the sun rises in the morning and then 
descends in the evening. Shading (not related to clouds) can also add to solar-energy-fueled 
generation’s diurnal intermittency. Also, the solar energy-to-electricity conversion efficiency for 
some types of solar generation (especially flat-panel PV) drops as the equipment’s temperature 
increases. Thus, if ambient temperatures are high, then efficiency may drop, reducing output 
commensurately.
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The key source of diurnal intermittency from solar-energy-fueled generation is shown in Figure 
11. In that example, storage is discharged when solar generation production is less than the solar 
plant’s rated output. The figure also shows that the lowest output from the solar generation 
during peak demand hours (about 75% of rated capacity) occurs in the early afternoon as the sun 
continues to rise. The effects of short-duration intermittency, if any, are not shown. Based on the 
example (without regard to short-duration intermittency), firming of the PV’s output requires 
storage whose capacity (power) is equivalent to at least 0.25 kW per kW of the solar generation’s 
power rating. The storage must have enough energy to deliver 0.52 kWh per day, for each kW of 
the solar generation’s power rating.
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Figure 11. PV generation output variability during peak demand hours (example).

Wind Generation Diurnal Intermittency — In most regions, wind tends to be stronger during 
certain parts of the day than during others. For example, in some regions wind speed is relatively 
high in the late afternoon and evening and relatively low in the morning and early afternoon. 
Such a scenario is shown in Figure 12. As shown in Figure 12, storage fills in when wind 
generation output is less than the wind turbine’s rated output. In the figure, the lowest level of 
output from the wind generation (about 35% of rated capacity) occurs at about 1:45 p.m. (13:45). 
The effects of short-duration intermittency are not shown. So, for the example described in 
Figure 12, the storage must provide capacity (power) equal to about 65% of the wind turbine’s 
rating. The storage must be able to deliver 2.36 kWh per kW of wind capacity for firming.
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Figure 12. Wind generation diurnal intermittency during peak demand hours.

3.6.2.6. Technical Considerations

Storage power and discharge duration (for renewables capacity firming) are quite circumstance- 
specific and resource-specific. At the lower end, it is assumed that one-half to as much as two 
hours of discharge duration is needed to firm solar generation, assuming that much of PV output 
coincides with peak demand. For the example: To firm wind generation, a somewhat longer 
discharge duration (two to three hours) is needed.

Storage used for capacity firming should be quite reliable because the primary reason for 
capacity firming is to provide constant power. Also, the price paid for constant power 
(i.e., demand charges for retail electricity end users or market price for capacity for the wholesale 
part of the market) is usually accompanied by a significant financial penalty if power is not firm.

Power conditioning equipment used for many renewable energy systems does not include the 
functionality needed for charging and discharging storage, which requires additional hardware 
and software. Nevertheless, the ability to accommodate storage can be added to the power 
conditioning equipment used for the renewable energy generation at a relatively low incremental 
cost. [26]

3.6.2.7. Application Synergies

Although possibilities are circumstance-specific, storage used for renewables capacity firming 
could also provide benefits related to several other applications. Renewables capacity firming is 
especially compatible with the renewables energy time-shift and electric supply reserve capacity 
applications.
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For distributed renewable energy generation, depending on the location, capacity firming may 
also be compatible with several other applications including voltage support, transmission 
congestion relief, T&D upgrade deferral, TOU energy cost management, demand charge 
management, electric service reliability, and electric service power quality. Incidental benefits 
that could accrue are those for reduced T&D energy losses and reduced transmission access 
charges.
One especially attractive synergy for distributed PV plus storage is improved electric service 
reliability and/or improved electric service power quality. The discharge duration required for 
reliability-related and quality-related needs varies considerably; it depends on the robustness of 
the electric grid, T&D quality, and the loads and end uses served. The discharge duration needed 
for reliability and power quality can range from seconds to hours. For this report, it is assumed 
that one-quarter to one-half hour of storage (discharge duration) would be added to the PV plus 
storage system to provide reliability and/or power quality-related benefits.

Application #17 — Wind Generation Grid Integration

3.6.3.1. Application Overview
For all but modest wind generation penetration levels, wind generation is likely to have at least 
some undesirable impact on the grid. And wind generation does seem poised to be a key element 
of the global move toward increased use of renewable energy. In the U.S., growth of wind 
generation capacity will be driven, in part, by targets established under the auspices of the 
Renewables Portfolio Standard (RPS). (See Section 4.3.1.1 for details about RPS.)
To the extent that emphasis on renewable energy does increase, wind generation is well- 
positioned to provide a significant portion of electricity. Wind generation is especially attractive 
given the relatively low and dropping electricity production cost from wind generation and good 
or better wind resources in many geographic regions.
As wind generation penetration increases, the electricity grid effects that are unique to wind 
generation will also increase. Storage could assist with orderly integration of wind generation 
(wind integration) by managing or mitigating the more challenging and less desirable effects 
from high wind generation penetration.

The wind generation grid integration application includes six subtypes which are grouped into 
two categories: 1) short-duration {i.e., lasting for a few seconds to a few minutes) and 2) long- 
duration (i.e., lasting for many minutes to a few hours). The six subtypes are shown in Table 7.

3.6.3.
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Table 7. Wind Generation Grid Integration Categories and Subtypes

Short-duration Applications

Reduce Output Volatility

Improve Power Quality

Long-duration Applications

Reduce Output Variability

Transmission Congestion Relief

Backup for Unexpected Wind Generation Shortfall

Reduce Minimum Load Violations

3.6.3.2. Reduce Output Volatility
The reduce output volatility application subtype is related to the need to offset wind power 
output fluctuations caused by short-duration variation of wind generation output, lasting seconds 
to a few minutes.
It is important to note that, in most cases, wind turbines’ geographical diversity smoothes the 
aggregate effect of output volatility considerably. If the wind generation is interconnected with a 
large, well-diversified, electric supply and grid system, then that system can accommodate 
significant wind generation output fluctuations.[27] Nevertheless, for large wind generation 
resources, even somewhat modest volatility in the aggregate output may drive a need for a non­
trivial supplemental resources to supply capacity and energy. Smaller and/or less diverse wind 
generation resources may require even more storage capacity (per MW of wind generation 
capacity).

Although requirements will be different for each location and area, for this report it is assumed 
that a well-diversified wind generation resource using storage rated at 2% to 3% of the wind 
generation capacity would reduce aggregate volatility and reduce the need for area regulation 
significantly. [28] [29] That range (2% to 3% of wind generation capacity) applies to wind 
penetration levels of about 10% (of total generation capacity). Presumably, the capacity needed 
(per kW of wind generation capacity) will change as wind generation penetration increases.
The benefit for this application is estimated based on avoided need for additional area regulation 
resources and service. Depending on the amount of output volatility, an alternate approach could 
involve that described for renewables capacity firming for short-duration intermittency as 
described in Section 3.6.2.4.

3.6.3.3. Improve Power Quality
The power quality application reflects a category of wind-generation-related challenges that are 
related to performance standards, interconnection requirements, effects from phenomena such as 
wind gusts, and changing electrical conditions in parts of the grid affected by and/or with an 
effect on wind generation operations.[30]
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Seven specifically power quality-related challenges are as follows:

• Reactive power

• Harmonics

• Voltage flicker

• Transmission line protection

• Transient stability

• Dynamic stability

• System voltage stability
In most cases, conventional non-storage options are available to address these power quality 
challenges. For example, capacitors may be used for some reactive-power-related needs. Also, 
newer wind turbines will, by design, have reduced power quality impacts.[31]

3.6.3.4. Reduce Output Variability
This application is related to the need to offset generation output variability caused by natural 
wind speed variability over durations of several minutes to a few hours. Increasing wind 
generation penetration seems likely to increase the need for load following resources beyond 
what would otherwise be needed for a more dispatchable electric supply mix. It is important to 
note, however, that large, well-diversified electric supply and transmission systems can 
accommodate a lot of wind generation variability, especially if the wind generation is 
geographically diverse and/or comprises a relatively small portion of the electric supply 
capacity. [32]

This application is somewhat analogous to the Toad following’ ancillary service application 
because of the time scales and operational profiles involved. In fact, at the grid level, system load 
following resources are used to compensate for such variations. Presumably, reducing aggregate 
wind generation variability will also reduce the need for central load following.

In more than a few regions, normal wind speed patterns mean that wind generation output drops 
off just as load picks up (i.e., it decreases as people begin activities in the morning). Similarly, 
wind generation often increases as load drops off (i.e., generation output rises as people’s 
activity, and the associated electric load, decreases at night). In such a scenario, adding wind 
generation capacity may also increase the need for load following capacity. In the evening, the 
grid may need extra load following in the down direction to accommodate increasing wind 
generation output that occurs during times when load is decreasing. Because wind generation 
output drops in the morning just as load picks up, more load following in the up direction may be 
needed as new wind generation capacity is added.
Wind generation variability (and the corresponding need for load following resources) may be an 
especially compelling challenge during times when load is light. This is because, in many 
regions, a relatively small amount of dispatchable generation is available at those times to 
accommodate wind generation fluctuations (i.e., the output of most generation online at those 
times tends to be coal-fired, nuclear, natural gas/steam, ‘must-take’ energy purchase contracts 
and some hydroelectric generation that cannot be reduced).[33]
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Although requirements will be different for each location and area, for this report, it is assumed 
that storage capacity whose power rating is 4% to 6% of wind generation capacity could offset 
the need for a similar amount of system load following resources (i.e., those load following 
resources would be needed to accommodate wind generation’s natural variability, without 
storage).[34]

That range (4% to 6% of wind generation capacity for reducing output variability) applies to a 
geographically diverse wind resource with wind generation penetration levels of about 10% of 
total generation capacity. Presumably, the optimal amount of storage would change with wind 
generation penetrations above 10%.

3.6.3.5. Transmission Congestion Relief
This application reflects an important challenge posed by the installation of significant amounts 
of wind power capacity. At any given point in time, the transmission system may not have 
enough capacity to transfer the energy generated by all the wind turbines, causing ‘congestion’ 
on the grid (i.e., too much energy to be transferred through the available transmission capacity). 
Storage could be used in lieu of upgrading transmission to accommodate wind generation during 
times when congestion occurs:

• Storage located upstream from the point of congestion could be charged when congestion 
occurs, so energy can be transmitted when there is no congestion.

• Storage located downstream from the point of congestion would allow for transmission of 
energy for charging when there is no congestion. That energy can be used later when 
congestion occurs.

3.6.3.6. Backup for Unexpected Wind Generation Shortfall
The need for storage backup for unexpected wind generation shortfall materializes when regional 
wind velocity is considerably lower than predicted and wind generation is supplying a relatively 
large portion of total grid power. Although such events are rare, the effect on the grid may be 
significant. As wind generation penetration increases, the impact from such events may also 
increase.

Consider one real-world example. On February 27, 2008, the state of Texas experienced an 
unexpected “drop in wind generation.. .coupled with colder than expected weather.” During the 
event, wind generation output reportedly dropped from about 1,700 MW to about 300 MW. Grid 
operators responded by asking grid customers with interruptible electric tariffs to reduce power 
use by about 1 GW for about 90 minutes.[35] Two key options when this occurs are 1) to call on 
end users with interruptible or curtailable electric service or 2) to dispatch reserve capacity.

3.6.3.7. Reduce Minimum Load Violations
In some cases, wind generation output occurs when must-run and/or non-dispatchable generation 
capacity online exceeds demand. In this report, that situation is referred to as a minimum load 
violation. Possible alternatives for addressing minimum load violations may include ‘dumping’ 
or ‘spilling’ unusable energy or curtailing wind generation output. Storage may be especially 
helpful to manage those situations, especially if the minimum load violation results in ‘negative 
prices’, meaning that energy users get paid to take the energy.
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3.6.3.8. Technical Considerations
Storage for wind-generation-related transmission congestion relief and for backup does not have 
any unique technical requirements. Ramp rate is not especially important, and reliability is not 
especially important if there are a large number of storage units in service.
Storage used to address wind output intermittency and power quality must have a rapid ramp 
rate. Storage used to address wind output intermittency will likely need to have a very high 
efficiency and low operation cost because that application involves many charge/discharge 
cycles per hour.

If reactive power capability is needed for power quality, then the storage system’s PCU must 
have VAR support capability or must be able to produce reactive power.

3.6.3.9. Application Synergies
Generalizing application synergies for wind generation grid integration may not be especially 
helpful, as technical and operational needs for the six application subtypes vary so much. 
Nevertheless, there are many possible combinations, some of which may be attractive now or in 
the future. Especially notable are synergies with the renewables energy time-shift and 
renewables capacity firming applications; storage used with wind generation for those 
applications may also reduce grid effects from wind output variability incidentally.

Reducing output volatility is probably not compatible with any other application subtype or with 
any of the other primary applications described in this report because storage used to manage 
output volatility is almost always in service. Storage designed for the improved power quality 
application subtype probably has a short duration and thus may not be compatible with use for 
other applications.

Depending on the timing of storage output and the storage’s location, storage used for the 
transmission congestion relief, reduce output variability, reduce minimum load violations, and 
backup for unexpected wind generation shortfall application subtypes may be compatible with 
each other or with several other primary applications.

If the storage is located at distributed locations (i.e., for small commercial or even residential 
wind turbines), then storage could also be used for T&D upgrade deferral, electric service 
reliability, electric service power quality, TOU energy cost management, and demand charge 
management.

3.7. Distributed Energy Storage Applications
Locating storage near loads opens up opportunities to use the same storage for many more 
applications than a larger ‘central’ or ‘bulk’ resource could address. Depending on the location, 
storage deployed as a distributed energy resource (DER) may be compatible with all applications 
listed in this report except for area regulation, transmission support, and some wind integration- 
related uses.

Locational Distributed Storage Applications
The applications in this subsection are those that are best served by distributed storage or cannot 
be served unless the storage is deployed in distributed mode (i.e., the storage is located where 
needed, near to loads). These applications include voltage support, transmission congestion

3.7.1.
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relief, T&D upgrade deferral, TOU energy cost management, demand charge management, 
electric service reliability, electric service power quality, renewables capacity firming, and wind 
generation grid integration

For example, storage used to defer a T&D capacity upgrade must be located near loads served by 
the T&D equipment in question. More specifically, the storage must be located downstream 
(electrically) from the T&D node in question. Another example is storage used to improve 
localized power quality. That storage must be located where it actually provides the necessary 
effect(s) on power quality.

3.7.1.1. Voltage Support
For this report, distributed storage (i.e., storage located near loads that most heavily affect 
voltage) is a viable option for the voltage support application, whereas voltage support provided 
centrally is assumed to be from large generation facilities. Unless the grid is weak or poor, 
storage will be used very little, if at all, for this application. Given that consideration, almost any 
storage located at or near loads that contribute to cascading outages could provide voltage 
support if it has VAR support capabilities and a discharge duration of 30 minutes or more.

Transmission Congestion Relief
If distributed storage is located downstream from congested transmission, then it could be used 
to store energy when there is no congestion and/or to reduce demand downstream from 
congestion when the congestion occurs. For distributed storage, this application/benefit may be 
especially compatible with the following applications/benefits: demand charge management, 
TOU energy cost management, electric supply reserve capacity, voltage support, electric service 
reliability, and electric service power quality.

3.7.1.2.

3.7.1.3. T&D Upgrade Deferral
T&D upgrade deferral is one of the richest possibilities for distributed storage because the 
benefit can be so high. Also, this application/benefit may be compatible with several other 
applications/benefits, especially the following: electric supply reserve capacity, voltage support, 
electric service reliability, electric service power quality, TOU energy cost management, demand 
charge management, and possibly even electric supply reserve capacity and load following.

3.7.1.4. Time-of-use Energy Cost Management and Demand Charge 
Management

Bill management includes two closely related applications: TOU energy cost management and 
demand charge management. These applications are notable because storage used for them could 
also be used for electric service reliability, electric service power quality, electric supply reserve 
capacity (when charging and when charged but not discharging) and load following (when 
charging). Storage installed in advantageous locations could also provide voltage support, T&D 
upgrade deferral, and transmission congestion relief.

3.7.1.5. Electric Service Reliability and Electric Service Power Quality
Electric service reliability and electric service power quality are especially notable applications 
because significant demand for storage already exists in the form of uninterruptible power 
supplies (UPSs). They are also notable because, in most cases, storage can provide significant
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benefit with limited charging/discharging and relatively short discharge durations. In many 
cases, storage used for several distributed storage applications could also provide backup energy 
for electric service reliability and could be used to condition power as needed to address power 
quality problems.

3.7.1.6. Renewables Capacity Firming - Photovoitaics
There are strong synergies when modest storage capacity is coupled with on-site PV. Although 
PV production may not coincide with capacity needs, most PV production occurs during times 
when most energy is used, and PV alone cannot provide emergency or backup power without 
sunlight. Distributed storage used to firm PV capacity may also be compatible with other 
applications, including demand charge management, TOU energy cost management, electric 
supply reserve capacity, voltage support, electric service reliability, and electric service power 
quality.

3.7.1.7. Wind Generation Grid Integration
New wind turbine concepts may lead to increasing use of distributed wind generation capacity. 
As noted in the discussion of the wind generation integration application (Section 3.6), storage 
may be important if there will be even modest penetration of wind generation capacity at the 
distribution level. Depending on the circumstances, wind generation’s energy could be sold to 
the grid at a profit or used to reduce TOU energy charges. Also depending on the circumstances, 
firming wind generation capacity with storage may provide capacity value if the utility has a 
need for the firm capacity and/or if the end user can use it to reduce demand charges.

3.7.2. Non-locational Distributed Storage Applications
For the following applications, distributed storage may be located anywhere that its operation 
does not cause operational or technical problems for the grid: electric energy time-shift, electric 
supply capacity, load following, area regulation, electric supply reserve capacity, and renewables 
energy time-shift.

3.7.2.1. Electric Energy Time-shift
Assuming that distributed storage is not subject to transmission congestion during charging, 
distributed storage could be used to store inexpensive off-peak electric energy from the grid so 
that the energy may be used or sold when value/price is high.

3.7.2.2. Electric Supply Capacity
As with electric energy time-shift, if distributed storage is not subject to transmission congestion 
when charging occurs, it can be used to store inexpensive off-peak electric energy from the grid 
so that the energy may be used for electric supply capacity firming when doing so is valuable.

3.7.2.3. Load Following
To the extent that distributed storage can respond to control signals from the ISO, it can be used 
for load following. Perhaps most interesting is the possibility of providing load following, 
incidentally, while charging. (See Section 3.3.1 for details.)
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3.7.2.4. Area Regulation
Conceptually, area regulation could be provided anywhere within an area if the location does not 
have any transmission constraints. If the area regulation capacity is located downstream 
(electrically) from subtransmission or distribution equipment, there may be some back-feed 
constraints if the equipment cannot accommodate a significant amount of energy flow into the 
transmission system. If so, then perhaps the area regulation capacity could be matched to local 
area regulation needs.

3.7.2.5. Electric Supply Reserve Capacity
Distributed storage that is charging or that is in standby mode can provide reserve capacity. 
Notably, unless the electric supply system served is weak or poorly managed, storage will be 
used very little for reserve capacity.

3.7.2.6. Renewables Energy Time-shift
As the electricity marketplace evolves, there may be opportunities for using distributed energy 
storage to store energy generated by large renewable-fueled generation located upstream from 
transmission and/or distribution system bottlenecks. Key objectives include increasing 
renewables’ energy and capacity value and relieving grid system congestion. This seems 
especially valuable if distributed storage can be charged when minimum load conditions exist (or 
even when less severe mismatches between supply and load exist); and/or when charging can be 
used for load following; and when transmission congestion is not a challenge.

Incidental Applications from Distributed Storage
Distributed storage can serve some applications, incidentally, while charging - most notably load 
following and electric supply reserve capacity. If the distributed storage (which is charging) has 
enough stored energy then it can also discharge to provide additional electric supply reserve 
capacity for other applications including voltage support, electric service reliability, and electric 
service power quality. Note that reduced storage charging has the same effect as adding reserve 
capacity. If, after charging is stopped, that same storage then discharges into the grid or picks up 
load, then the storage essentially provides two times its capacity as reserve capacity.
Similarly, distributed storage that is charged can serve several applications, incidentally, while in 
standby mode (i.e., while not being used for a primary application) including electric supply 
capacity, voltage support, electric service reliability, and electric service power quality.

3.7.3.

3.8. Applications Not Addressed in this Guide
It is important to note that the approach used for this report - involving applications that are 
defined based on the corresponding electric utility-related benefit - may seem to exclude many 
possible uses of storage. Certainly, that was not the authors’ intention. Indeed, the framework 
developed for this report can be used to estimate the financial benefits associated with many uses 
of storage, including many not addressed explicitly, because the benefits described are intended 
to address the various revenues and avoided costs that accrue when storage is used.

Consider three examples of storage use: 1) as a backup power source for telecommunications 
facilities, 2) as part of a rail system to address voltage sags and to recuperate energy using
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regenerative braking, and 3) for localized reactive power compensation (VAR support) by 
utilities.
For the first example (backup for telecom facilities), the benefit is related to avoided outages.
The magnitude of the benefit can be estimated using an approach similar to that described in this 
report for the electric service reliability benefit. Specifically, the benefit is either the cost avoided 
because a more expensive alternative (e.gdiesel engine generators) is not needed if storage is 
used, or the application-specific value of avoided unserved energy.
The benefit for use of storage in the second example (rail system trackside storage) is some 
combination of reduced cost for other equipment needed to address the voltage sag challenge; 
reduced cost to purchase energy; and reduced peak demand charges. In many cases, the 
equipment purchases that are deferred or avoided are for additional circuits and/or transformers 
and/or power electronics.

In the third example (utility use of storage for VAR support), the benefit is the avoided cost for 
equipment that would have to be installed without storage, normally capacitors.
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4. Maximum Market Potential Estimation

This section describes a framework for making a high-level, ‘first-cut’ estimate of the market 
potential for storage for each of the applications characterized herein (see Figure 13). It entails a 
generic, three-step process. Estimates for steps one and two are provided in this guide. Taking 
the estimate to the final step is beyond the scope of this report, as making it requires detailed 
analysis involving, among other criteria and considerations, 1) a broad array of national and 
regional market conditions, drivers, and trends; 2) utility regulations and rules; 3) technology 
cost and performance, existing and trends; 4) the spectrum of benefits (values) for individual 
applications and for viable application combinations (value propositions); and 5) stakeholder 
biases and preferences.

4.1. Market Potential Estimation Framework
As indicated by the outer square in Figure 13, the first step required when estimating economic 
market potential is to ascertain the technical market potential. It is the maximum amount (MW) 
possible given technical constraints. As an upper bound, the technical potential is the peak 
electric demand.

Next, the maximum market potential is established. As shown in Figure 13, maximum market 
potential is a portion of the technical potential. It is an estimate of the maximum possible 
demand given constraints that are practical or institutional in nature (e.gutility regulations and 
practices). Maximum market potential is also established without regard to storage cost.
Finally, an estimate would be made of the expected market potential (market estimate). As 
shown in Figure 13, the market estimate is some portion of the maximum market potential. The 
market estimate reflects the amount of storage that an analyst expects to be deployed, over a 
given period of time (10 years in this document), for the specified application or combination of 
applications.

Technical Market Potential
I

Maximum Market Potential
I I

Market Estimate

Figure 13. Market potential and estimate.
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Market estimates may be as detailed and precise as appropriate. At the very least, various levels 
of market potential can be tested for reasonableness using a combination of judgment, 
knowledge, and preliminary product cost estimates. Alternative bases for estimates could 
include, for example, sales trends and projections, surveys, analysis of utility capital budget 
plans, detailed product cost estimates, and/or market research or intelligence.

Role of Aggregators
For some applications, and for electricity end users that do not use a lot of energy, the hassle, 
learning curve, and transaction costs may make using storage and other modular or distributed 
options too expensive, despite attractive benefits. In a growing number of areas, there may be 
load and distributed resources aggregators that combine several or many smaller end users in a 
given area into what could be called power blocks. (See Section 6.5.4 for details.)

4.1.1.

4.2. Technical Potential: Peak Electric Load
A key parameter that underlies the maximum possible market size is the total electric load (kW 
or MW) served by the grid. Market potential is some portion of that peak load. The values in 
Table 8 include projected peak load in the U.S. and California. The values for the U.S. are based 
on information from NERC.[36] Visit the NERC website (nerc.com) for details. Values for 
California are published by the CEC. Visit the CEC website (energy.ca.gov) for details. (Note 
that the CEC website refers to peak demand rather than peak load.) The 2008 peak load in 
California was approximately 62,946 MW, comprising 8% of the total U.S. peak load.[37][38]

Table 8. U.S. and California Peak Load and Peak Load Growth

California1 U.Sf
Peak Load, 2008 (MW) 62,946 796,479

Generation Capacity, 2008 (MW) 76,794 925,916
Reserve Margin (%) 22.0% 16.3%

Expected Peak Load Growth Rate (%/year) 1.37% 1.80%
Load Forecast, 2017 (MW) 72,235 920,850

Load Growth Estimate, 2008 to 2017 (MW) 9,289 124,371

Source: California Energy Comission (CEC)
2Source: North American Electric Reliability Council (NERC).

4.3. Maximum Market Potential
The maximum market potential for all applications in this guide is the upper bound to the market 
estimate. It is established by considering constraints (on market potential) that are practical and 
institutional. Maximum market potential is established without regard to storage cost. For 
example, given the premise that it is unlikely that storage will displace existing utility equipment, 
a simplifying assumption (for utility applications) is that the market for new storage to serve 
electric load is limited to some portion of the annual load growth. For specific applications, other 
practical or institutional limits on the maximum market potential apply. For example, if the 
application is for a commercial or industrial customer, then residential customers are not part of 
the maximum market potential.
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4.3.1. Maximum Market Potential Estimates
Maximum market potential estimates for 17 electric-grid-related energy storage applications are 
shown in Table 9. Estimates for California and U.S. markets are provided, as are the key 
assumptions and the rationale used to establish those estimates.

Table 9. Maximum Market Potential Estimates

Maximum Market Potential (mw, io Years)

CA U.S.Type Note#
10% of peak load is assumed to be in-play, 
20% of that, maximum, served by storage.

1 Electric Energy Time-shift 1,445 18,417

16 as above.2 Electric Supply Capacity 1,445 18,417
Total load following = 20% of peak load, 
20% of that, maximum, served by storage.

3 Load Following 2,889 36,834

Per CEC/PIER study involving Beacon Power 
flywheel storage for regulation.

4 80 1,012Area Regulation

20% of peak load is assumed to be in-play, 
20% of that, maximum, served by storage.

5 Electric Supply Reserve Capacity 636 5,986

5% of peak load is assumed to be in-play, 
20% of that, maximum, served by storage.

6 Voltage Support 722 9,209

7 Transmission Support 1,084 13,813 1.5% of peak demand, per EPRI/DOE report.

20% of peak load is assumed to be in-play, 
20% of that, maximum, served by storage.

8 Transmission Congestion Relief 2,889 36,834

T&D upgrade needed for 7.7% of peak load.
Of that, a maximum of 50% of qualifying peak 
load is served by storage. Storage = 3.0% of 
peak load, on average.______________________

5 9.1 T&D Upgrade Deferral 50th percentile 386 4,986

9.2 T&D Upgrade Deferral 90th percentile 99777

10 Substation On-site Power 20 250 2.5 kW per system

67% of peak load is assumed to be in-play. 
1%/yr storage adoption rate._____________

11 Time-of-use Energy Cost Management 5,038 64,228

33% of peak load is assumed to be in-play. 
1%/yr storage adoption rate._____________

12 Demand Charge Management 2,519 32,111

10% of peak load is assumed to be in-play, 
10% of that, maximum, served by storage.

13 Electric Service Reliability 722 9,209

14 Electric Service Power Quality 722 9,209 Same as above.

20% of peak load is assumed to be in-play, 
20% of that, maximum, served by storage.

15 Renewables Energy Time-shift 2,889 36,834

16 Renewables Capacity Firming 2,889 36,834 Same as above.

10.0% of peak load is in play. Add storage 
equal to as much as 2.5% of that amount 
for intermittency._______________________

Wind Generation Grid Integration, 
Short Duration

17.1 181 2,302

10% of peak load from wind gen.,
Add storage to a maximum of 20% of that.

The term "in-play" indicates the maximum portion of peak demand that is assumed to be addressable with storage 
w/o regard to market or technical constraints. Maximum market potential is some portion of that amount.

Wind Generation Grid Integration, 
Long Duration17.2 1,445 18,417
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4.3.1.1. Caveats about Maximum Market Potential Estimates
The rationale used to establish the above maximum market potential estimates was designed to 
be transparent (all assumptions used are presented). The values were developed based on a 
combination of the authors’ and supporting analysts’ experience and familiarity with the 
following: energy storage technology; utility loads and supply including costs and prices; utility 
biases, rules and regulations; electricity market-related business opportunities for energy storage 
and for modular and distributed resources; and market acceptance of new technologies in the 
electricity marketplace. Some estimates are based on a relatively high degree of speculation, due 
to both the dearth of information about the topic and the nascent nature of demand for storage for 
the applications covered herein. To the extent that analysts have superior and/or newer 
information, they are encouraged to update or modify these estimates as appropriate.

Renewables Portfolio Standard
Renewable energy seems poised to become a significant fuel source for electric generation. In 
the U.S., the Renewables Portfolio Standard (RPS) is expected to be a key driver of the trend 
toward renewables for electricity. Figure 14 indicates RPS-related targets, by state, as of 
2008. [39] In this guide, it is assumed that by 2017 15% of electric energy (MWh) in the U.S. will 
be generated using renewables, and two-thirds of that will be from wind generation.

4.3.2.
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Figure 14. U.S. Renewables Portfolio Standard targets by state.
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4.4. Market Estimate
The final step in the market estimation process is to consider the portion of the maximum market 
potential that will be realized during the target period. The market estimate should be as detailed 
and precise as appropriate. At the very least, various levels of market potential can be tested for 
reasonableness using plausible combinations of judgment, knowledge, or preliminary product 
cost estimates. Alternative bases for estimates could include, for example, sales trends and 
projections, surveys, analysis of utility capital budget plans, detailed product cost estimates, or 
market research or intelligence. Note that a market estimate is product-specific and organization- 
specific, making generic market estimates unhelpful, so none are provided in this report.

Important Considerations
Important criteria affecting market estimates for storage systems include system cost (capital, 
installation, operation and maintenance, etc.), efficiency, marketing costs, market adoption rates, 
and other considerations discussed in more detail below.

4.4.1.

4.4.1.1. Price Signals or Risk and Reward Sharing Mechanisms Must Exist
To include potential demand in the estimate, the region where the demand exists must have price 
signals or risk and reward sharing mechanisms in order for a given stakeholder to internalize the 
benefit(s) associated with the targeted value proposition. For example, if utility rules and 
regulations do not provide adequate incentive for a utility to defer a T&D upgrade, then the T&D 
deferral application does not apply in that region. Or, if a wind farm developer cannot get a 
credit for reducing electric service power quality impacts, then that application does not apply in 
the region.

4.4.1.2. Utility Rules and Regulations Should Give Explicit Permission
It is important to account for utility rules and regulations that forbid use of storage for a given 
application when making estimates.

4.4.1.3. Storage Must Be Cost Effective
One obvious driver of the market potential for storage systems (used for a given application or 
applications) is the value proposition to be demonstrated. Specifically, if the cost for storage is 
higher than the lifecycle benefits, then no storage systems will be sold. If benefits exceed cost by 
a large margin, then the amount of storage used could be significant.

4.4.1.4. Storage Must Be Cost Competitive
As described in Section 5, benefits associated with the use of energy storage are estimated 
irrespective of the specific solution being considered. It is important to note that the 
competitiveness of a given solution (storage or other acceptable substitutes) depends on whether 
there is a lower cost and/or another viable option.

When establishing the maximum market potential estimate, it is important to account for the fact 
that solutions whose costs are not competitive are not attractive candidates. Specifically, storage 
systems whose cost exceeds the cost of another technically viable option are not financially 
competitive solutions.
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4.4.1.5. Changing Electricity Supply and Demand: Effect on On-peak
versus Off-peak Electric Energy Price Differential

Two important premises affect the prospects for utility-related use of storage:

1. There are times when electric energy prices are low — because energy use is low and 
because efficient power plants are on the margin, usually at night.

2. There are times when energy prices are high — because energy use is high and because 
inefficient generation is on the margin, usually during the day, especially midday, on 
weekdays.

Consequently, there is a significant price difference (price delta) between the off-peak price and 
the on-peak price for electric energy. Nevertheless, there are electric energy supply and demand 
considerations that could lead to a modest to significant reduction in that price delta. Perhaps 
most important is the expected increase in the use of plug-in electric vehicles (PEVs) and plug-in 
hybrid electric vehicles (PHEVs). If a significant number of these vehicles are used, then 
presumably there would be downward pressure on the price delta because more electric energy 
will be needed during off-peak periods. Similarly, if a lot of energy storage is installed for the 
applications described in this guide, then additional upward pressure will be exerted on the off- 
peak price for electric energy. Other possibilities include the increased use of electric energy 
during off-peak periods to serve loads if, for example, increased economic activity leads to more 
business and manufacturing activities at night and upward pressure on price for generation fuel 
used off-peak.

Market Estimates for Combined Applications and Benefits
In many cases, storage may be used for more than one application. When making market 
estimates for these circumstances, it is important that estimates account for the fact that 
combining applications may increase storage system benefit ($/kW) while reducing the overall 
market potential.

Four possible reasons that it may be inappropriate to add the entire market potential for one 
benefit to the entire market potential for another benefit are as follows:

1. Some benefits accrue to separate stakeholders.
2. Some applications/benefits are region- or location-specific.
3. For most applications the value (magnitude of the benefit) varies among possible 

beneficiaries.
4. Not all beneficiaries for one benefit ascribe value to the other benefit.

Consider an example: A storage plant is used for the T&D upgrade deferral application. If 
storage benefits also accrue for electric service reliability, then the estimated market potential is 
based on the intersection between the market estimate for T&D upgrade deferral alone and the 
market estimate for electric service reliability alone. The resulting estimate indicates the market 
potential for customer load that is served by T&D equipment that is due to be upgraded and 
that requires high electric service reliability. This concept of application/benefit intersection is 
illustrated in Figure 15.

4.4.2.
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Figure 15. Market intersection.

Consider another example: Utility customers will use energy storage for demand charge 
management, electric service reliability, and electric service power quality. Market estimates 
would account for the following:

• Technical market potential encompasses all commercial and industrial electricity end 
users.

• Only a portion of those end users pay demand charges.

• For many commercial and industrial electricity end users that pay demand charges, the 
benefit associated with increased electric service reliability may be relatively low 
(depending on the value of the products and/or services involved).

• Only a portion of customers that pay demand charges and that are concerned with electric 
service reliability will derive a financial benefit from improved power quality.

Similarly, if storage is used for TOU energy cost management and for electric service reliability, 
then some electricity end users who need improved reliability may not pay based on TOU energy 
prices, and conversely, all end users who pay TOU energy prices may not need improved 
reliability.
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5. Storage Benefits

5.1. Introduction
This section discusses the calculation of application-specific financial benefits (benefits) 
associated with using storage for the 17 applications described in Section 3. Also characterized 
are nine incidental benefits that may accrue if storage is used for one or more of the 
17 applications. The 26 application-specific and incidental benefits are listed in Table 10.

Table 10. Application-specific and Incidental Benefits of Using Energy Storage

Application-specific Benefits
1. Electric Energy Time-shift
2. Electric Supply Capacity
3. Load Following
4. Area Regulation
5. Electric Supply Reserve Capacity
6. Voltage Support
7. Transmission Support
8. Transmission Congestion Relief
9. Transmission and Distribution (T&D) Upgrade Deferral
10. Substation On-site Power
11. Time-of-use (TOU) Energy Cost Management
12. Demand Charge Management
13. Electric Service Reliability
14. Electric Service Power Quality
15. Renewables Energy Time-shift
16. Renewables Capacity Firming
17. Wind Generation Grid Integration

Incidental Benefits
18. Increased Asset Utilization
19. Avoided Transmission and Distribution Energy Losses
20. Avoided Transmission Access Charges
21. Reduced Transmission and Distribution Investment Risk
22. Dynamic Operating Benefits
23. Power Factor Correction
24. Reduced Generation Fossil Fuel Use
25. Reduced Air Emissions from Generation
26. Flexibility
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Readers should note that the emphasis in this document and this section is on the financial 
benefit of storage, with very limited regard to the cost associated with owning and operating 
storage systems. Nevertheless, the benefit estimate is intended as a general indication of the cost 
at which storage is competitive.

Benefit Definition5.1.1.

5.1.1.1. Benefit Basis
In broad terms, benefits from storage can take two forms: 1) additional revenue received by the 
storage owner/operator or 2) cost that is avoided by the storage owner/operator (avoided cost). 
Examples of additional revenue include payments received for a) energy sales, b) capacity, and 
c) ancillary services. Examples of avoided cost associated with storage use include a) a utility’s 
reduced or avoided need (and cost) for generation or T&D capacity and b) a utility customer’s 
reduced cost for energy and demand charges.

Avoided cost can have at least three forms. First, if storage is the only viable alternative, then 
avoided cost involves the negative outcomes associated with doing nothing. Second, if storage is 
used in lieu of a conventional/standard solution, then avoided cost is the total cost that would 
have been incurred for the conventional/standard solution is used (where total cost includes 
purchase, installation, operation, and removal and disposal). Third, if there are several viable 
alternatives, then the avoided cost is alternative with the lowest total cost (where total cost 
includes cost to purchase, install, operate, and remove for disposal).

Avoided Cost for the Do Nothing Alternative
In some cases, the leading alternative is to ‘do nothing.’ Do nothing is a common option for 
needs that are relatively unlikely to materialize and/or that are expensive. Consider the example 
of a distribution circuit that is heavily loaded. If there is only a one-in-ten chance that 
overloading will occur, then the do nothing alternative may be preferable to installing an 
upgrade, especially if the upgrade is expensive.

Avoided Cost for the Conventional/Standard Solution
In most cases, especially those involving utilities, the benefit for storage is established based on 
the cost for a conventional/standard alternative. That is, if storage is to be used in lien of a 
standard/conventional alternative then the benefit (associated with storage use) is the (avoided) 
cost for the standard/conventional alternative. This concept is especially important for utilities 
for which the conventional/standard alternative is mandated by legislation and/or regulation.
Consider the possibility that a utility would use storage to improve localized electric service 
reliability. The conventional/standard alternative competing with storage is whatever the utility 
would normally do to improve reliability. Those alternatives may range from adding equipment 
to manage the causes of outages to a full T&D upgrade, involving alternate circuits and 
transformers. Consider another example: Due to load growth, a utility needs to upgrade its T&D 
equipment; however, use of storage could defer or to avoid the need to make the upgrade. In that 
case, the storage-related benefit is the avoided cost associated with deferring or avoiding the 
need for the conventional/ standard alternative which is the T&D upgrade.

70

SB GT&S 0531360



Avoided Cost for the Lowest Cost Viable Alternative
In some cases, the storage benefit could be based on the cost of the lowest cost alternative that is 
otherwise viable. Consider the possibility that a utility customer could add facility-scale storage 
for time-of use energy cost management and demand charge management plus electric service 
reliability. In that case, the lowest cost viable alternative could be energy efficiency measures 
plus under-desk UPSs and/or on-site backup generation.

5.1.1.2. Gross versus Net Benefit
For most benefit types, the gross benefit value is calculated. That is, benefits are estimated 
without regard to the cost. The benefit estimate is intended to provide a general indication of the 
price point required for storage to be financially viable. So, if storage can be owned and operated 
for an amount less than the estimated benefit, then the value proposition may be financially 
viable.
The one notable exception is electric energy time-shift. For that application, the financial merits 
of each possible hourly ‘buy-low/sell-high’ transaction must be calculated before the transaction 
is made, based on the difference between the benefit for the energy that is discharged versus the 
marginal cost to get that energy. Storage marginal cost includes variable operating cost, charging 
energy cost, and the cost for energy losses. So, the estimated benefit for electric energy time-shift 
is net of storage marginal cost.

5.1.1.3. Benefit Financials
For this guide, the financial benefit is defined as the total lifecycle financial benefit associated 
with use of storage. Although, arguably, some benefits cannot be quantified, only benefits that 
can be expressed in financial terms are included. For this document, storage is assumed to be in 
use for 10 years, the assumed price escalation is 2.5%, and the discount rate is 10%. (See 
Section 1.6.1 for more details about the approach used to address storage financials.)

Benefits Summary
Table 11 summarizes the benefit values characterized later in this section.

5.1.2.
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Table 11. Application-specific Benefit Estimates

Benefit ($/kW)*
HighType ; Low Note#

Low: 80% efficiency, 2(J/kWh VOC, 4 hours. 
High: 80% efficiency, Icf/kWh VOC, 5.5 hours.

1 Electric Energy Time-shift $ 400 700

Low: mid/peak duty cycle combustion turbine, 
cost $50/kW-year.
High: combined cycle combustion turbine, 
cost $99/kW-year.

Electric Supply Capacity2 359 710

Low: simple cycle combustion turbine, 
price $20/MW per service hour.
High: combined cycle combustion turbine, 
price $50/MW per service hour.

3 Load Following 600 1,000

Low: $25/MW per hour, 50% capacity factor. 
High $40/MW per hour, 80% capacity factor. 
For up regulation and down regulation.

4 Area Regulation 785 2,010

Low: $3/MW per hour, 30% capacity factor. 
High $6/MW per hour, 60% capacity factor.

5 Electric Supply Reserve Capacity 57 225

Low: prevent 1 outage lasting 1 hour over 10 years. 
High: prevent 2 outages lasting 1 hour over 10 years. 
Storage = 5% of load.

Voltage Support 400 8006

7 192 Based on DOE/EPRI storage report[14].Transmission Support

8 Transmission Congestion Relief 31 141 Based on CA1SO congestion prices in 2007.

Low: upgrade factor = 0.25. 
High: upgrade factor = 0.33.

T&D Upgrade Deferral 50th percentile s 4819.1 687

92 T&D Upgrade Deferral 90th percentile 759 Same as above.1,079

10 Substation On-site Power Based on cost for standard storage solution.1,800 3,000

Based on PG&E’s A6 time-of-use tariff. 
Six hours of storage discharge duration.

Time-of-use Energy Cost Management 1,22611

Based on PG&E's A6 time-of-use tariff. 
Six hours of storage discharge duration.

58212 Demand Charge Management

Low: avoided power quality related cost, 10 years. 
High: UPS cost-of-ownership, 10 years (present value).

Electric Service Power Quality14 359 978

Low: bulk wind generation. 
High: baseload RE generation.

15 Renewables Energy Time-shift 233 389

Low: fixed orientation distributed PV. 
High: bulk wind generation.

16 Renewables Capacity Firming 709 915

Though the estimated benefit is relatively high, 
a modest amount of storage (<0.i kW) is needed 
per kW of wind generation.

Wind Generation Grid Integration, 
Short Duration

17.1 500 1,000

Low: avoid 1 outage in 10 years from wind 
generation shortfall.
High: high estimate of benefit for reduced 
transmisison congestion.

‘Based on potential (kW, 10 years) times the average of low and high benefit estimates ($/kW, 10 years).

Wind Generation Grid Integration, 
Long Duration

17.2 100 782
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Economic Impact Summary
Table 12 summarizes the estimated economic impact from storage used for specific applications, 
given the estimated application-specific benefit and maximum market potential.

5.1.3.

Table 12. Application-specific Potential Economic Impact Estimates

Economic Potential ($Miiiion)*

CA U.S.Type#
1 Electric Energy Time-shift 795 10,129

2 Electric Supply Capacity 772 9,838

3 Load Following 2,312 29,467

4 Area Regulation 112 1,415

5 Electric Supply Reserve Capacity 90 844

6 Voltage Support 433 5,525

7 Transmission Support 208 2,646

8 Transmission Congestion Relief 248 3,168

9.1 T&D Upgrade Deferral 50th percentile 226 2,912

9.2 T&D Upgrade Deferral 90th percentile 91671

10 Substation On-site Power 60047

11 Time-of-use Energy Cost Management 6,177 78,743

12 Demand Charge Management 1,466 18,695

13 Electric Service Reliability 483 6,154

14 Electric Service Power Quality 483 6,154

15 Renewables Energy Time-shift 899 11,455

16 Renewables Capacity Firming 2,346 29,909

Wind Generation Grid Integration, 
Short Duration

17.1 135 1,727

Wind Generation Grid Integration,
Long Duration

‘Based on potential (kW, 10 years) times the average of low and high benefit 
estimates ($/kW, 10 years).

17.2 637 8,122
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5.2. Application-specific Benefits

5.2.1. Benefit #1 — Electric Energy Time-shift

5.2.1.1. Description
The annual financial benefit for electric energy time-shift (time-shift) is derived by using storage 
to make many electric energy buy-low/s ell-high transactions. For a utility, the benefit may take 
the form of either lower energy cost or profit (if the energy is sold in the energy marketplace).
For other stakeholders, the benefit is internalized as profit.[40]
To estimate the time-shift benefit, a simple storage dispatch algorithm is used. The algorithm 
contains the logic needed to determine when to charge and when to discharge storage in order to 
optimize the financial benefit. Specifically, it determines when to buy and when to sell electric 
energy, based on price. In simplest terms, the dispatch algorithm evaluates a time series of prices 
to find all possible transactions in a given year that yield a net benefit (i.e., benefit exceeds cost). 
The algorithm keeps track of net benefits from all such transactions for the entire year to estimate 
an annual time-shift benefit. One key point regarding the approach used for this guide is worth 
noting: the results reflect ‘perfect knowledge’. That is, a predetermined series of projected prices 
was used. In effect, at any given hour in the year, the algorithm ‘knows’ what prices will be at 
any other hour of the year.

Three data items are used in conjunction with the dispatch algorithm:

• Chronological hourly price data for one year (8,760 hours)

• Energy storage round-trip efficiency

• Storage system discharge duration
The chronological hourly price data used are the projected hourly electric energy prices in 
California for 2009.[41] Figure 16 shows prices for the entire year. Based on this data, there are 
about 900 hours per year when the price is above $100/MWh (100/kWh). During off-peak 
periods (when storage plants are charged), the price is frequently at about $50/MWh to 
$60/MWh (50/kWh to 6c/kWh). (See Appendix F for more details about energy prices used.)
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Figure 16. Chronological electricity price data for California, 2009 (projected).

Unlike the other benefits estimated in this report, the benefit for electric energy time-shift is 
expressed in terms of benefit net of variable cost. That is, before a decision is made to make any 
specific buy-low/s ell-high transaction, the financial merits of that transaction are determined 
based on the cost (to purchase, store, and discharge the energy) versus the expected benefit 
(revenue or cost reduction).
If the cost for wear on the storage system, plus the cost for charging energy, plus the cost to 
make up for storage losses exceeds the expected benefit, then the transaction is not made. For 
example, 3 c/kWh energy could be used to charge an 80% efficient storage plant whose variable 
operating cost is also about 30 for each kWh of storage output. After accounting for storage 
energy losses, the total cost to charge and then to discharge is about 6.6 0/kWh. So, if the energy 
is worth more than 6.6 0/kWh, then the transaction is a good one.

One other consideration regarding the electric energy time-shift benefit is worth noting. The 
benefit for electric energy time-shift is based, in large part, on the differential between on-peak 
and off-peak energy prices. Even somewhat modest deployment of storage for PEVs or PHEVs 
and/or for utility applications could lead to a non-trivial decrease in that all-important difference 
between on-peak and off-peak energy prices. That would affect the potential benefit for energy 
time-shift.

5.2.1.2. Estimate
The storage dispatch algorithm is used to estimate the electric energy time-shift benefit for a 
given year. Figure 17 shows the estimated net electric energy time-shift benefit for storage 
systems. The three plots in that figure are for storage with the following (non-energy) variable 
operating costs (maintenance and replacement cost per kWh0Ut): 1) nothing, 2) 1 g/k Whoul, and 
3) 20/kWhout. Note that if that non-energy variable operating cost (VOC) exceeds 20/kWh, then 
the number of cost-effective transactions in a given year drops precipitously.
The spread shown for each plot in Figure 17 reflects the net benefit for storage efficiencies 
ranging from 70% to 90% and for storage whose discharge duration ranges from one to eight
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hours. As the hours of storage discharge duration increase, initially the incremental benefit 
increases too, but the increase eventually levels off. That reflects the diminishing benefit per 
buy-low/sell-high transaction. The benefit decreases because storage with longer discharge 
duration requires charging during more hours per year. It also decreases because the additional 
energy used for charging is probably more expensive and the selling price is probably lower, 
yielding a diminishing benefit per kWh discharged.
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Figure 17. Annual and 10-year present worth time-shift benefit.

To estimate the lifecycle benefit for storage that provides electric energy time-shift service for 
10 years, multiply the respective annual value by the 7.17 PW factor. The present worth of 
benefits is shown in Figure 17 on the second Y axis. The generic benefit estimate for electric 
energy time-shift ranges from $60/kW-year to $100/kW-year for lifecycle benefits ranging from 
approximately $400/kW to $700/kW.

5.2.2. Benefit #2 — Electric Supply Capacity

5.2.2.1. Description

In areas where electric generation capacity is limited, energy storage could be used to offset the 
need to purchase and install new generation and/or to offset the need to ‘rent’ generation 
capacity in the wholesale electricity marketplace. The resulting cost reduction (or avoided cost) 
is the benefit associated with storage used for the electric supply capacity application. Another 
possibility for ascribing a financial value to this benefit is price-based, where price is set by the 
electricity marketplace or by a designated agency, probably at the wholesale level. If applicable, 
electric supply capacity prices could be used to estimate this benefit.

5.2.2.2. Estimate

It is important to note that, in many wholesale electricity markets, generation capacity cost is not 
separated from energy costs. In those regions, the generation capacity cost is embedded in the
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price per unit of energy purchased. In such cases, there is no explicit capacity cost or charge that 
can be avoided, nor is there a way to sell generation capacity. Nonetheless, there is a capacity 
cost which is borne by electricity end users, irrespective of how the cost is recouped.
For many regions, the most likely type of new generation plant ‘on the margin’ is a clean, 
efficient natural-gas-fired combustion turbine-based power plant (state-of-the-art combined cycle 
or advanced simple cycle configuration) that operates for 2,000 to 6,000 hours per year.
The generic installed cost assumed for this guide is $l,000/kW. A typical annual fixed operation 
and maintenance (O&M) cost for such as plant is assumed to be $10/kW-year ($2007).[42] 
Applying the standard value of 0.11 for the utility fixed charge rate yields an annual cost of 
ownership of

$l,000/kW x 0.11 = $110/kW-year.
After adding the $ 10/kW-year fixed O&M cost, the total annual cost for the generation capacity 
is $120/kW-year. Applying the PW factor of 7.17, the lifecycle benefit (for a storage plant used 
for 10 years) is

$120/kW-year x 7.17 = $860/kW.

Arguably, $120/kW-year represents the maximum value for cases involving combustion-turbine- 
based generation, on the margin. A more conservative value would probably reflect either the 
cost to contract for or to own older, less efficient, higher maintenance generation - either steam- 
based or simple cycle combustion-based. As a lower bound, it is assumed that low-cost electric 
supply capacity has an equipment cost of $50/kW-year plus $ 10/kW-year for fixed O&M, 
yielding a total cost of $60/kW-year.

5.2.3. Benefit #3 — Load Following

5.2.3.1. Description
Ideally market based pricing exists for this service. For this guide, however, generic generation 
costs are used as proxies for market-based prices. Generation cost has two possible elements:
1) marginal cost and 2) capacity cost, described below.

Generation marginal cost consists mostly of cost for fuel and for variable maintenance. The 
marginal cost can be avoided if generation does not have to operate to provide load-following 
service (because storage is used instead). Generation marginal cost may be reduced if part load 
operation (of generation for load following) is reduced. (Avoiding part load operation is 
important because doing so reduces generation wear, fuel use and air emissions per kWh 
delivered.)

Generation capacity-related cost involves cost incurred to add generation capacity The need for 
additional generation capacity for load following is quite region-specific and year-specific, 
ranging from no extra load following capacity needed to a need for relatively large increments. 
Similarly, the type of generation preferred for new load following capacity is region-specific. 
That preference depends on, among other factors, the mix of existing generation, load 
characteristics, and regional generation fuel preferences. The type of load following capacity 
added ranges from hydroelectric generation capacity to simple cycle and combined cycle 
generation capacity.
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5.2.3.2. Estimate
At the low end, the unit price for load following service may be based on the marginal cost for 
low-cost hydroelectric generation. So, the assumed low value is $20/MW per service hour. At 
the high end, the unit price for load following service reflects the marginal cost for combined 
cycle generation. Therefore, the assumed high value is $50/MW per hour of service.

The capacity-related benefit is estimated based on the generation capacity cost assumed for the 
electric supply capacity benefit (See Section 5.2.2). At the low end is a relatively clean, simple 
cycle combustion turbine costing $60/kW year to own or rent. At the high end of the spectrum is 
a new, combined cycle plant whose annual cost of $120/kW-year.
Values in Table 13 show annual and 10-year lifecycle cost calculations for generation-based load 
following. The table includes service-related costs and capacity-related costs. Service costs 
reflect a low price of $20/MW per hour, a midrange price of $35/MW per hour of service, and a 
high price of $5 0/MW per hour. Annual capacity costs include a low value of $60/kW-year and a 
high value of $120/kW-year. Three scenarios shown include 500, 1,000, and 2,000 hours per 
year of load following service.

Table 13. Load Following Benefit Calculations

500 Hrs./Year ( 1,000 Hrs./Year || 2,000 Hrs./Year
Ten Ten Ten

Annual
.. ($/kW-yr)

S20.0/MW per hour 10.0

Year || Annual
($/kVV) || ($/kW-yr)

Year | Annual
(S/kW) || ($/kW-yr)

Year
(S/kW)

71.7 20.0 143.4 40.0 286.8
Service $35.0/MW per houf 17.5 125.5 I 35.0 251.0 ^ 70.0 501.9

$50.0/MW per houf 25.0 179.3 | 50.0 358.5 ^ 100.0 717.0

en
Annual
(f/kW-yr)

Year
(S/kW) ;

430.2$60/kW-yeaf 60Capacity
$120/kW-year... 120 860.4

Assuming 2,000 service hours per year and an average unit price of $30/MW per hour of service, 
the marginal cost is about $430/kW. Assuming that at least some capacity cost will also be 
incurred over 10 years, a generic load following benefit value of $800/kW is used in this guide.

Benefit #4 — Area Regulation

5.2.4.1. Description
At minimum, and until regulation requirements change, the intemalizable benefit from storage 
used for area regulation will be the same amount (per kW per hour of service) as conventional 
generation-based regulation, with the value reflecting the prevailing price paid for the service. 
That price is denominated in $/MW per hour of service. Nonetheless, as described in Section 
3.3.2 and in Appendix E, two important features may make storage the superior area regulation 
resource.

5.2.4.
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First, most types of storage can respond somewhat-to-very rapidly (i.e., the rate of discharging 
and charging can change rapidly). Flywheels, capacitors, SMES, and many types of batteries 
have such a fast response. Even generation-like pumped hydroelectric storage and CAES can 
respond more quickly than many generation-based regulation resources. Because of this 
characteristic, regulation from such rapid-response storage may provide up to twice the benefit as 
regulation from generation.[43][44][45]
Second, unlike generation used for area regulation, efficient 
storage can provide 2 kW of service for each 1 kW of rated 
output. Storage can do that because it can provide regulation 
while discharging and while charging, in a fashion similar to 
storage used for load following.
Notably, if providing area regulation while charging, energy 
that is lost (as a function of storage efficiency) must be 
purchased at the prevailing price. Consider an example:
10 MW of 90% efficient storage used for area regulation; 
during a specific hour when storage provides regulation, it 
absorbs 4 MWh to provide down regulation, and it injects 4 
MWh to provide up regulation. In that example, the energy 
losses for the hour are calculated as

The price for area regulation - 
denominated in $/MW per hour of 
service - is not the same as the 
price for energy which is 
denominated in $/MWh. Rather, 
the price for area regulation 
reflects payment for one hour of 
service for each MW, without 
regard to the amount of energy 
involved.

Although unlikely, area regulation 
resources could be made 
available during a given hour to 
provide regulation service without 
actually being used to provide the 
service. In that case, area 
regulation providers would 
receive a payment for one hour of 
service, with no energy-related 
implications.

(1 - 0.9) x 4 MWh = 0.40 MWh.

5.2.4.2. Estimate
Revenue for providing up and down regulation services 
(regulation) for one year was estimated based on the 
California Independent System Operator’s (CAISO’s) 
published hourly prices for 2006. Those prices (in $/MW 
per hour of service) for up and for down regulation, are presented in Appendix E.

In 2006, in California the combined price (for up and down regulation) averaged about 
$36.70/MW per service hour (based on an annual average of $21.48/MW per service hour for up 
regulation and $15.33/MW per service hour for down regulation). After escalating the value for 
two years (at 2.5%), the price assumed is an hourly average of $38.55/MW per service hour.
Further, two storage operating scenarios for area regulation are evaluated: 1) operation 50% of 
the year and 2) operation 80% of the year. The single-year and 10-year lifecycle benefits for 
those prices and operating scenarios are shown in Table 14. The standard value for the area 
regulation benefit is $785/kW to $2,010/kW, for an average of $l,397/kW.

As noted above, it is possible that storage with rapid response may provide area regulation 
service whose benefit is twice that of the slower, generation-based regulation. If so, the benefit 
would be roughly double the values in Table 14.
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Table 14. Area Regulation Annual and Lifecycle Benefit Summary

Low High

Capacity Factor 0.50 0.80

Annual Service Hours 4,380 7,008

Regulation Price* 
($/MW per service hour)

25.0 i 40.0 25.0 i 40.0

Annual Benefit ($/kW) 110 j 175 175 ! 280

Lifecycle Value** ($/kW) 785 ■ 1,256 1,256 j 2,010

* For up regulation plus down regulation.
** For ten years, assuming PW factor = 7.17

Benefit #5 — Electric Supply Reserve Capacity 

Description
Storage serving as electric supply reserve capacity (reserves) reduces the need and cost for those 
reserves that are normally supplied by generation. In many cases, the price for reserves is 
market-based - typically prices are a result of ‘day-ahead’ and ‘hour-ahead’ bidding.

The electric supply reserve capacity benefit is somewhat small - because generation-based 
reserves are inexpensive; nonetheless, it could be an important element of an attractive value 
proposition because providing reserves has low incremental cost. While charging, storage can 
provide two times its capacity as reserves (it can simultaneously cease charging and begin 
discharging). When charged storage can, in most cases, provide reserves merely by being ready 
to discharge (reserves are only used infrequently).

5.2.5.

5.2.5.1.

5.2.5.2. Estimate
The electric supply reserve capacity benefit estimate is based on the price paid for reserves and 
the number of hours per year during which storage provides reserves. Benefits are estimated 
assuming a low price of $3/MW per service hour and a high of $6/MW per service hour. Storage 
is assumed to provide 2,628 service hours per year at the low end and 5,256 service hours per 
year at the high end. The resulting annual benefit for those two scenarios is shown in Table 15.
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Table 15. Electric Supply Reserve Capacity Annual Benefit

Low High

Capacity Factor 0.30 0.60

Annual Service Hours 2,628 5,256

Charge
($/MW per service hour)

3.0 6.0

Annual Value ($/kW-year) 7.9 31.5

Lifecycle Value* ($/kW) 57 226

*10 years, PW factor = 7.17

5.2.6. Benefit #6 — Voltage Support

5.2.6.1. Description
Voltage support provided by storage offsets the need to use large/central generation to provide 
reactive power to the grid when region-wide voltage emergencies occur. Competing alternatives 
(to storage) may include a) do nothing and endure the cost of additional outages or the risk 
associated with possible outages; b) buy insurance to cover possible liabilities; c) perform load 
management (primarily via curtailable/interruptible loads and possibly direct load control); 
d) incur a forced outage; and e) add central generation capacity to provide voltage support.

5.2.6.2. Estimate
Establishing a generic benefit estimate for the voltage support application requires use of 
generalizations and simplifying assumptions. In general, benefit estimates should account for the 
limited likelihood of such an outage that may occur in any given area and the degree to which 
storage contributes to avoiding such an event. Furthermore, unless the utility is financially 
responsible for outage-related costs, it has no significant direct incentive to pay for or even to 
coordinate distributed resources for voltage support.

The approach used to estimate the voltage support benefit is similar to that used to estimate the 
benefit of storage for electric service reliability. The general concept involves segmenting the 
utility customer base into three groups: 1) those ascribing little or no value to avoiding outages,
2) end users for whom outages are somewhat costly, and 3) end users for whom avoiding outages 
has a high value. That yields a composite value for avoiding an outage of 1 kW for one hour.
The next step is to establish an assumption about how long outages may last. Finally, an 
assumption is needed about how many outages will be avoided over the 10-year life of the 
storage. These two criteria are not easy to generalize.

For the benefit estimate in this report, it is assumed that at the low end the distributed voltage 
support resources (including storage) would prevent one outage lasting one hour over 10 years. 
At the high end, distributed voltage support resources (including storage) are assumed to prevent 
one outage lasting two hours during its 10-year life.
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The unit value assumed for this estimate is $20 per hour of unserved load. For an outage lasting 
one hour, that’s $20/kW lifecycle (without regard to time value of money) for each kW of system 
peak load. For an outage lasting two hours, that’s two hours at $20/kW or $40/kW, lifecycle 
(without regard to the time value of money).
The standard assumption value for market potential is based on the premise that combined 
voltage support resources are distributed, are located where they can provide good support, and 
have an aggregate rating equal to 5% of peak load. Thus, by using distributed storage whose 
power is rated at 5% of peak load to avoid a 1-hour outage, the benefit is

$20/kWioad ^ 0.05 = $400/kW of distributed storage.
Avoiding a single 2-hour outage over 10 years is worth

$40/kWioad h- 0.05 = $800/kW of distributed storage.

Benefit #7 — Transmission Support 

5.2.7.1. Description
To the extent that storage increases the load carrying capacity of the transmission system, a non­
trivial benefit may accrue if transmission outages are avoided. Such a benefit may also accrue if 
additional load carrying capacity defers the need to add more transmission capacity and/or 
additional T&D equipment, and/or if it is rented to participants in the wholesale electric 
marketplace (to transmit energy) for revenue.

5.2.7.

5.2.7.2. Estimate
When evaluating the merits of using storage for transmission support, the upper bound of the 
benefit value is the cost for the standard utility solution. For example, if capacitors are the 
proposed standard solution, then energy storage would offset the need (and cost) for those 
capacitors. The avoided cost (of the capacitors) is the resulting storage benefit for the 
transmission support application. [46]

The financial benefit values listed in Table 16 are estimated based on related research by EPRI. 
That research addressed SMES used for T&D support needs in Southern California during hot 
summer conditions when the need is greatest and when the benefits are highest. The estimates 
are based on conservative assumptions.[47][48] Based on those values, the standard lifecycle 
benefit value assumed for transmission support is $192/kW.[49][50][51]
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Table 16. Transmission Support Annual Financial Benefit

Lifecycle Benefit 
($PV/kW)#

Annual Benefit 
($/kW-year)Benefit Type

Transmission Enhancement 15.1 108

Voltage Control ($ capital*) n/a 29

Subsynchronous Resonance (SSR) 
_____________ Damping ($ capital*)

n/a 16

Underfrequency load-shedding 
____________ (per occurrence)

12.8 38**

Total 192

Notes:
1. All value are for Southern California, assuming hot summer 

conditions, circumstances for which benefits are highest.

2. Based on values established in 2003 and escalated at 
2.5% for six years.

*The benefit is the cost of the most likely alternative (e.g., capacitors), that 
would have been incurred if storage was not deployed.

**$12.8/kW, per occurrence. Assume three occurrences over the (ten 
year) life of the unit. This value has not been adjusted to account for time 
value of money.

#Based on a PV Factor of 7.17 and a ten year life.

Benefit #8 — Transmission Congestion Relief 

5.2.8.1. Description
Alternatives that may compete with storage for transmission congestion relief include 
a) dumping energy upstream from congestion, b) providing load management and energy 
efficiency downstream from congestion, c) paying congestion charges, and d) adding 
transmission capacity. Note that for this application, if the generation (upstream from 
congestion) is already installed, then the do nothing option is the same as the dump energy 
option.

Given the possible shortfall of transmission capacity within and into many regions, congestion 
charges are possible if not likely. Currently, however, these charges cannot be generalized well - 
primarily because the marketplace within which transmission congestion charges will apply is in 
the formative stages and because congestion charges will be location-specific.
Much, if not most, of the new congestion will probably occur as more renewables (deployed in 
response to Renewables Portfolio Standard [RPS] targets) compete for the existing transmission 
capacity. Furthermore, it is assumed that the do nothing and the dump energy options are not 
likely. So, for this application, the benefit is based on transmission congestion charges at the low 
end and the cost of a transmission upgrade at the high end.

5.2.8.
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5.2.8.2. Estimate
Transmission congestion charges are becoming more common. In the parts of California’s 
transmission system where it occurs, congestion is present for 10% to 17% of all hours during 
the year. Congestion charges in those areas range from about $5/MW per service hour to about 
$ 15/MW per service hour. [52] As shown in Table 17, that yields an annual benefit whose 
average value is on the order of $12/kW-year and a lifecycle benefit averaging about $86/kW. 
Although that is a small amount compared to the cost for storage, it could be an element of a 
value proposition that includes several benefits.

Table 17. Congestion Charges in California, $2007

Low High

Portion of Year 10% 15%

Hours Per Year 876 1,314

Transmission Access Charge 
($/MW per hour of service)

5 15

Annual Cost ($/kW-year) 4.38 19.71

Lifecycle Value* ($/kW) 31 141

*10 years, PW factor = 7.17 
Source: derived based on data from CAISO.

More compelling are transmission corridors requiring an upgrade due to congestion. In those 
cases, the benefit is the cost that can be avoided by deferring or avoiding the upgrade. The cost 
of a transmission upgrade varies significantly depending on distance, permitting and siting 
challenges, and the equipment’s rating.

Benefit #9 — Transmission and Distribution Upgrade Deferral 

5.2.9.1. Description
The single-year T&D upgrade deferral benefit (deferral benefit) is the financial value associated 
with deferring a utility T&D upgrade for one year. That value reflects the utility’s financial 
carrying charge for the new equipment involved in the upgrade. Carrying charges include the 
costs for financing, taxes, and insurance incurred for one year of ownership of the equipment 
used for the upgrade. For a utility, that amount is also known as the ‘revenue requirement.’
The carrying charge (revenue requirement) for one year is estimated by multiplying the utility 
fixed charge rate times the total installed cost for the upgrade. Consider, for example, a 
distribution upgrade costing $1 million to purchase and install. If the utility fixed charge rate is 
0.11, then the annual revenue requirement - and thus the single year deferral benefit - is

$1 millionxO.il = $110,000.

Note that, for this guide, T&D operating cost avoided, if any, is assumed to be negligible. Also 
note that, by definition, reducing the utility revenue requirement reduces the utility’s total cost 
of-service paid by all customers as a group.

5.2.9.
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Storage power indicates the amount of storage needed for one year of deferral. It is expressed as 
a percentage of the existing T&D equipment nameplate rating (the equipment to be upgraded). 
An example: If T&D equipment to be upgraded is rated at 12 MVA, then 3% storage power is

3% x 12 MVA = 0.36 MVA or 360 kVA.

The assumed 3% storage power is intended to be representative. In practice, that value can fall 
within a range of as little as 1% to as much as 10%, depending on the actual peak load in the 
previous year plus load shape; expected load growth; load growth uncertainty; storage module 
sizes available; engineering philosophy and preferences, especially regarding storage oversizing 
to account for uncertainty; and possibly other criteria.

For more details about storage sizing for T&D upgrade deferral, readers are encouraged to refer 
to a report published by Sandia National Laboratories entitled Estimating Electricity Storage 
Power Rating and Discharge Duration for Utility Transmission and Distribution Deferral, a 
Study for the DOE Energy Storage Program!) 53] Also, refer to the discussion addressing use of 
modular storage for reducing T&D investment risk in Section 5.3.

5.2.9.2. Estimate
The starting point for estimating the T&D upgrade deferral benefit is to establish the cost of the 
T&D upgrade to be deferred. The data used as the basis for establishing that cost is expressed in 
dollars per kW added - the T&D marginal cost. In California, for 50% of all locations requiring 
an upgrade in any given year, the marginal cost is $420/kW or more (i.e., $420/kW added). For 
the most expensive locations requiring upgrades (90th percentile and above), the upgrade cost 
exceeds about $662 per kW of capacity added.[54][55]
As an aside, a familiar criterion for T&D planners is $/kVA installed. To estimate that value 
based on the marginal cost, an upgrade factor is used. The upgrade factor is the ratio of the 
capacity added to the existing capacity. Consider an example: If 4 MVA of capacity is added to a 
12 MVA system, the upgrade factor is 0.34. Typical values for upgrade factor range from 0.25 to 
0.50. An upgrade factor of 0.33 is assumed for this guide.
The T&D cost estimates used to estimate the T&D upgrade deferral benefit are summarized in 
the two tables below. Values in Table 18 indicate the single-year deferral benefit for locations 
whose cost is among the highest 50% of all costs for all upgrades needed. The value used, 
$684/kVA of storage for one year, reflects the 0.33 T&D upgrade factor, 0.11 fixed charge rate, 
and 3% storage power as described above.
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Table 18. T&D Upgrade Cost and Benefit Summary, 50th Percentile

Upgrade
Scenario

Final
Rating
(MVA)

Storage 
1 Year 

Benefit*
($/kVA-year)

Upgrade 
Annual 
Cost

Upgrade
Installed

Cost*
Capacity
Added
(MVA)

Upgrade
Factor

***
$/kVA** $ ($)

16 4 0.33 140.0 2,240,000 246,400 684

*lf marginal cost per kVA of T&D capacity $/kVA added is $420/kVA.
**Per kVA installed.

$Upgrade Installed Cost * 0.110 Fixed Charge Rate 
# SUpgrade Annual Cost - 360 kVA. (Based on 3.0% storage power)

The annual upgrade deferral value is $l,079/kVA of storage for one year for upgrades whose 
cost is among the highest 10% of upgrades needed, based on values shown in Table 19.

Table 19. T&D Upgrade Cost and Benefit Summary, 90th Percentile

Upgrade
Scenario

Final
Rating
(MVA)

Storage 
1 Year 

Benefit*
($/kVA-year)

Upgrade 
Annual 
Cost

Upgrade
Installed

Cost*
Capacity
Added
(MVA)

Upgrade
Factor $/kVA** $ ($)

15
16 4 0.33 220.7 3,530,667 388,373 1,079
18

*lf marginal cost per kVA of T&D capacity $/kVA added is $662/kVA.
**Per kVA installed.

SUpgrade Installed Cost * 0.110 Fixed Charge Rate 
# SUpgrade Annual Cost -*■ 360 kVA. (Based on 3.0% storage power)

Consider this important note: The assessment described above must occur each year for a given 
deferral because, normally, the amount of load served by a given T&D node grows. So, in each 
year after a deferral, power engineers must reassess the merits of using storage for another year 
of deferral. Usually, load grows such that for each subsequent year the amount of storage needed 
to keep pace with load growth, and thus the amount needed to defer an upgrade for the next year, 
nearly doubles. In some cases, the discharge duration requirements increase too.

5.2.10. Benefit #10 — Substation On-site Power

5.2.10.1. Description
Battery storage systems (mostly lead-acid batteries) provide power at electric utility substations 
for switching components and for substation communication and control equipment when the 
grid is not energized. [5 6]
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5.2.10.2. Estimate
Establishing a benefit value for substation on-site power is challenging. Certainly, battery 
systems provide critical service because the grid would be much more vulnerable to outages, and 
perhaps even equipment damage without an on-site, non-grid power source for times when the 
grid is not operational. The benefit for this application is estimated based on the price for high 
quality UPS systems (like those shown in Table 24 of Section 5.2.13.4).
The cost of such a state-of-the-art lead-acid battery-based system, with eight hours of discharge 
duration, is based on a price of $225/kW for power and $200/kWh of discharge. [57] Therefore, 
the presumed system (equipment) price is

$225/kW + (8 hours x $200/kWh)
= $225/kW + $l,600/kW

= $l,825/kW.

Similarly, the presumed price for a system with 16 hours of discharge duration is 

$225/kW + (16 hours x $200/kWh)
= $225/kW + $3,200/kW 

= $3,425/kW.

Given the limited discharge of these systems, variable operating costs are ignored.

5.2.11. Benefit #11 — Time-of-use Energy Cost Management

5.2.11.1. Description
To reduce electricity end users’ time-of-use (TOU) energy cost, storage is charged with low- 
priced energy so that the stored energy can be used later when energy prices are high. The 
resulting overall electric energy cost reduction is the benefit associated with use of storage for 
TOU energy cost management.

TOU energy prices are specified by the applicable rate structure (tariff). Typically, those prices 
vary by time of day, day of the week, and season of the year. There may be two or more price 
points for specific days. The standard assumption value for this benefit is calculated based on 
PG&E’s A-6 Small General TOU Service tariff. Commercial and industrial (C&I) electricity end 
users whose power requirements are greater than 199 kW and less than or equal to 500 kW are 
eligible for the A-6 tariff. TOU electricity prices for the A-6 tariff are shown in Table 20.
The summer billing period extends from May through October, and the winter billing period is 
November through April. Summer on-peak hours are 12:00 p.m. to 6:00 p.m. (Monday-Friday, 
except holidays); partial-peak hours are 8:30 a.m. to 12:00 p.m. and 6:00 p.m. to 9:30 p.m. 
(Monday-Friday, except holidays); and off-peak hours are 9:30 p.m. to 8:30 a.m. (Monday- 
Friday; all day Saturday, Sunday, and holidays). There is no winter on-peak period. Partial peak 
hours are 8:30 a.m. to 9:30 p.m. (Monday-Friday, except holidays); and off-peak hours are 
9:30 p.m. to 8:30 a.m. (Monday-Friday; all day Saturday, Sunday, and holidays). PG&E tariffs 
are available at http://www.pge.com/tariffs.
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Table 20. PG&E A-6 Time-of-use Energy Price Tariff

Total Generation DistributionPeriod % %
$0.37 $0.21 $0.13Peak Summer 57.0% 34.9%

$0.17 $0.09 $0.05Part-Peak Summer 53.0% 29.8%

$0.11 $0.06 $0.03Off-Peak Summer 49.9% 23.3%

$0.13 $0.06 $0.04Part-Peak Winter 46.0% 31.8%

$0.11 $0.05 $0.03Off-Peak Winter 47.4% 25.7%

Transmisison: $0.00913 for all hours.

5.2.11.2. Estimate
The A-6 tariffs on-peak energy price applies to 720 hours per year. Storage with a 6-hour 
discharge duration would allow the end user to avoid annual on-peak energy charges of

370/kWh x 720 hours/year

= $0.37/kWh x 720 hours/year
= $266/kW-year.

To charge an 80% efficient energy storage system, it is necessary to use 1.25 kWh of energy in 
to get one kWh out. Consider a 1-MW storage plant: To discharge for 720 hours (720MWh), the 
storage would have to be charged with

720 x 1.25 = 900MWh.

So, the charging energy cost using low-priced, off-peak energy priced at 110/kWh is

$0.11/kWh x 900 hours/year = $99/kW-year.

The cost reduction realized is
$266/kW-year - $99/kW-year = $167/kW-year.

To express that annual (cost reduction) benefit in units of $/kW lifecycle, the annual cost is 
multiplied by the PW factor of 7.17

$167/kW-year x 7.17 = $l,198/kW.

The storage plant could have a discharge duration that is less than the duration of the 6- hour, on- 
peak price period specified in the tariff. If, for example, two hours of backup are needed from a 
storage system with four hours of discharge, then the remaining two hours of discharge could be 
used for reducing energy cost. The lifecycle benefit is

(2 hours = 6 hours) x $l,198/kW-year

= 0.33 x $l,198/kW-year

= $395/kW.

Note that the benefit estimate illustrated above does not account for variable maintenance costs 
incurred as the storage plant is used (e.goverhauls and subsystem replacement, as applicable).
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5.2.12. Benefit #12 — Demand Charge Management

5.2.12.1. Description
Demand charge management involves storage used to reduce an electricity end user’s power 
draw on the electric grid during times when electricity use is high (i.e., during peak electric 
demand periods). To reduce or avoid demand charges, storage is charged when low or no 
demand charges apply, presumably using low-priced energy. The storage is later discharged 
when demand charges apply. The benefit value is the overall reduction in cost due to reduced or 
avoided demand charges.
To one extent or another, demand charges reflect the cost for utility equipment needed to 
generate, transmit, and distribute electric energy. So, demand charges are denominated in $/kW 
of power draw because that criterion defines the capacity that the electricity infrastructure must 
have to deliver service to the customer. In most cases, the demand charge is assessed each month 
based on the maximum power draw within the respective month. It is important to note that 
tariffs with demand charges also have separate prices for energy, denominated in 0/kWh.
Demand charges and, in most cases, energy prices are specified by the end user’s electricity rate 
structure (tariff). Typically, demand charges vary by day of the week and by season. Demand 
charges may also vary by time of day.
Demand charges are assessed each month based on the maximum load that occurs during times 
when peak demand charges apply, normally 1) peak, 2) partial-peak, and 3) off-peak. Some 
tariffs with demand charges also include what could be called an ‘anytime’ demand charge. 
Known generically as a ‘facility’ demand charge, these charges are levied based on the peak 
demand no matter when it occurs (time or season). That is important for storage because most 
storage charging occurs at night when demand from utility customers’ non-storage loads tends to 
be low. In those circumstances, charging storage at night will increase the anytime or facility 
demand charges incurred. Note that off-peak demand charges have a similar effect though the 
charges are based on maximum off-peak demand during the respective month.
The standard assumption value for this benefit is calculated based on PG&E’s E-19 Medium 
General Demand-Metered TOU Service tariff. That tariff applies to commercial and industrial 
(C&I) end users with peak demand that exceeds 500 kW. PG&E tariffs are available at 
http J/www .pge. com/ tariffs.

The E-19 tariff has three monthly demand charges during six ‘summer’ months (May through 
October). Summer on-peak hours are 12:00 p.m. to 6:00 p.m. (Monday-Friday, except holidays); 
partial-peak hours are 8:30 a.m. to 12:00 p.m. and 6:00 p.m. to 9:30 p.m. (Monday-Friday, 
except holidays); and off-peak hours are 9:30 p.m. to 8:30 a.m. (Monday-Friday; all day 
Saturday, Sunday, and holidays). (Notably, the off-peak demand charges will apply during 
charging.)
During the six ‘winter’ months (November through April), there are only two monthly demand 
periods: partial-peak and off-peak. Partial peak hours are 8:30 a.m. to 9:30 p.m. (Monday-Friday, 
except holidays); and off-peak hours are 9:30 p.m. to 8:30 a.m. (Monday-Friday; all day 
Saturday, Sunday, and holidays). (As with storage use during summer months, the off-peak 
demand charges will apply during charging.)
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Importantly, like most other tariffs with demand charges, the E-19 energy price (e/kWh) paid by 
utility customers also depends on those time periods.

5.2.12.2. Estimate
The assumed electricity bill for a typical commercial end user using the E-19 tariff is shown in 
Table 21. The same end user’s electric bill, after considering 80% efficient storage with 6 hours 
of discharge duration to eliminate peak load, is shown in Table 22. The changes due to use of 
storage are summarized in Table 23.

Table 21. Electricity Bill, E-19 Tariff, without Storage

Hours Peak
Load

Factor

Average
Load

Factor

Energy
Use

(kWh/year)

Energy
Price

($/kWh)

13.458

Energy  Total
Charges $ Charges
($/kW-year) | ($/kW-year)

■ ■ ■ ■ ■

82.36 144.95

Demand
Charge

($/kW-month)

Demand
Charges
($/kW-year)

Per
$ Year*Summer

Nnnnnnnnnnnnnnnnnnn -

iPeak I 765 11.59 0.90 62.59 0.80 612

iPartial-peak | 893 2.65 0.80 12.72 0.60 536 9.257 49.57 62.29

Off-peak ^ 2,723

Winter
kwwwwwww

Partial-Peak 1,658

6.89 0.60 24.80 0.55 1,497 7.541 112.92 I 137.72

1.00 0.80 4.80 0.70 1,160 8.256 95.79 100.59

Off-Peak 2,723 6.89 0.55 22.74 0.50 1,361 7.286 99.18 121.92

Total 127.65 0.590 5,166 8.513 439.82 567.47‘Approximate values.
“Average peak load during all months of the season.

Table 22. Electricity Bill, E-19 Tariff, with Storage

| Hours Peak
Load

Factor**

Average
Load

Factor

Energy
Price

(0/kWh)

13.458

Energy
Use

(kWh/year)

Demand
Charge

($/kW-month)

Demand
Charges
($/kW-year)

Energy $ Total i 
Charges $ Charges ;
($/kW-year) $ ($/kW-year) I

Per
Year*Summer

Peak 765 11.59

gPartial-peak 893 2.65 0.80 12.72 0.60 536 9.257 49.57 62.29

Off-peak

Winter

Partial-Peak 1,658 1.00 0.80 4.80 0.70 1,160 8.256 95.79 100.59

Off-Peak 2,723 6.89 0.55 22.74 0.50 1,361 7.286 99.18 121.92

Total 73.33 0.604 5,289 7.806 412.89 486.22‘Approximate values.

“Average peak load during all months of the season. 
1. Storage Efficiency: 80.0%.
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Table 23. Electricity Bill Comparison, E-19 Tariff, with and without Storage

Average
Load

Factor

Energy
Price

(0/kWh)

Energy
Use

(kWh/year)

Demand
Charges
($/kW-year)

Energy
Charges
($/kW-year)

Total
Charges
($/kW-year)

With Storage ($) 73.3 0.60 5,289 7.81 412.9 486.2
w/o Storage ($) 127.6 0.590 5,166 8.51 439.8 567.5

Change, w/Storage ($) -54.3 +0.014 +123* -0.71 -26.9 -81.2
-42.6% 2.4% 2.4% -8.3% -6.1% -14.3%(%)

‘Increase due to storage losses.

As shown in Table 23, demand charges are reduced by nearly 43% ($54.30), energy charges are 
reduced by a more modest 6.1% ($26.90), and the total annual bill is reduced by $81.20 for a 
total reduction of 14.3%.

5.2.13. Benefit #13 — Electric Service Reliability

5.2.13.1. Description
In simplest terms, the benefits associated with improved electric service reliability accrue if 
storage reduces financial losses associated with power outages. This benefit is highly end user- 
specific, and it applies to C&I customers, primarily those for whom power outages cause 
moderate to significant losses. If the utility has followed standard practices, it is usually the end 
user that is responsible for covering financial damages. In some cases, utilities are required to 
reimburse end users for financial losses due to outages.

5.2.13.2. Estimating End-user Reiiabiiity Benefit - Vaiue-of-service 
Approach

For the value-of-service (VOS) approach, the benefit associated with increased electric service 
reliability is estimated using two criteria: 1) annual outage hours (i.e., the number of hours per 
year during which outages occur) and 2) the value of ‘unserved energy’ or VOS. VOS is 
measured in $/kWh. The standard assumption value for annual outage hours is 2.5 hours per 
year. A VOS of $20/kWh is recommended as a placeholder.[58] To calculate the annual 
reliability benefit, the standard assumption value for annual outage hours is multiplied by the 
VOS:

$20/kWh x 2.5 hours per year = $50/kW-year.

To calculate lifecycle benefits over 10 years, the annual reliability benefit of $50/kW-year is 
multiplied by the PW factor (7.17):

$50/kW-year x 7.17 = $359/kW.

5.2.13.3. Estimating End-user Reiiabiiity Benefit - Per Event Approach
Reliability benefits may be estimated by ascribing a monetary cost to losses associated with 
power system events lasting one minute or more and that cause electric loads to go offline.[59] 
Reliability events considered are those whose effects can be avoided if storage is used.
Based on a survey of existing research and known data related to electric service reliability, a 
generic value of $10 per event for each kW of end user peak load is used. [60] [61] [62] The
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generic assumption for the annual number of events is 5.[63] The result is that storage used in 
such a way that the end user can avoid 5 electric reliability events, each worth $10 for each kW 
of end user peak load, yields an annual value of $50/kW-year.[64] Finally, multiplying by the 
PW factor of 7.17 yields a lifecycle benefit of $359/kW.

For additional information about financial considerations related to utility service reliability, 
please refer to a report produced by Lawrence Berkeley National Laboratory, Evaluating the 
Cost of Power Interruptions and Power Quality to U.S. Electricity Consumers .[6 5]

5.2.13.4. Estimating End-user Reliability Benefit - UPS Price Approach
One other possibly helpful proxy to use when estimating this benefit is the price paid for UPSs. 
Prices for a selection of commercially available UPSs are shown in Table 24.
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Table 24. Commercially Available UPS Ratings and Prices

Specifications Price
True

Power
(Watts)

Apparent
Power

(Volt-Amps)

Discharge
Duration*
(Minutes)

Power
Factor

Retail
Price** $/kW $/kW-hourItem

APC Back-UPS ES 8 
Outlet 200 350 0.57 2.3 44 220 5,739

Tripp Lite 
SMART550USB 300 550 0.55 5.3 225 748 8,472

Tripp Lite 
SMART1200XLHG 750 1,000 0.75 6.0 562 749 7,493

APC Back-UPS RS 
1500VA 865 1,500 0.58 5.3 250 289 3,272

MGE Pulsar EX RT 
3200VA 2,080 3,200 0.65 6.0 1,164 560 5,596

Tripp Lite SmartOnLine 
SU7500RT3U 6,000 7,500 0.80 9.0 3,493 582 3,881

Tripp Lite SmartOnLine 
SU10KRT3UHV 8,000 10,000 0.80 4.0 4,017 502 7,531

MGE Galaxy 30kVA 24,000 30,000 0.80 11.0 17,010 709 3,866

APC - Smart-UPS VT 
30KVA 5 Batteries 24,000 30,000 0.80 13.7 19,410 809 3,542

Average Power Factor 0.699 Average 574.2 5,487.9
*At full rated output.
“Based on an informal survey of retail prices.
Note: Assuming 5 year life, a rough approximation of annual cost ($/kW-year) is total cost - 5.

Additional Notes:
1. Content in Table 24 does not constitute an endorsement or recommendation of the listed 

products or brands.
2. Power ratings are in units of volt-Amps (VA).
3. Typically 1.2 to 1.3 volt-Amps are required for each Watt of load.

As shown in Table 25, a roLigh estimate of the 10-year lifecycle benefit is $978/kW. This 
estimate assumes a 5-year UPS life and one replacement of the UPS over 10 years. It is based on 
a 2.5%/year price escalation and 10% discount rate.

Table 25. UPS Lifecycle Cost

fearer
Escalator 1.00

10 | total2 3 4 5 6 7 8 9
1.03 1.05 1.08 1.10 1.13 1.16 1.19 1.22 1.25

574.2
Escalated Cost (SCurrent) 574.2 0 0 0 0 649.7 0 0 0 0

0.5:0.9! 0.33 0.62 0.2
Present Value (S) 574.2 0 0 0 0 403.4 0 0 0 0 978
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5.2.14. Benefit #14 — Electric Service Power Quality

5.2.14.1. Description
The electric service power quality benefit is highly end-user-specific and, as such, is difficult to 
generalize. It applies primarily to those C&I customers for whom power outages may cause 
moderate to significant losses.
Though power quality-related technical details are not covered in depth here, they are 
summarized in Section 3.5.4. Specific types of poor power quality are well characterized in 
many other reports and documents.[66]

In the most general terms, power-quality-related financial benefits accrue if energy storage 
reduces financial losses associated with power quality anomalies. Power quality anomalies of 
interest are those that cause loads to go offline and/or that damage electricity-using equipment 
and whose negative effects can be avoided if storage is used.

As an upper bound, the power quality benefit cannot exceed the cost to add the conventional 
solution. An example: If the annual power quality benefit (avoided financial loss) associated with 
an energy storage system is $100/kW-year, and basic power conditioning equipment costing 
$30/kW-year would solve the same problem if installed, then the maximum benefit that could be 
ascribed to the energy storage plant for improved power quality is $30/kW-year.

5.2.14.2. Estimate
Power quality-related benefits may be estimated by assigning a monetary value to losses 
associated with power quality events that last less than one minute and cause electric loads to go 
offline. [67] Power quality events considered are those whose effects can be avoided if storage is 
used.

Based on a survey of existing research and known data related to power quality, a generic value 
of $5 per event for each kW of end user peak load is the standard assumption value used in this 
guide. Based on that same information, the generic assumption for the annual number of events 
is 10.[68][69][70] The result is that storage used in such a way that the C&I electricity end user 
can avoid 10 power quality events per year, each worth $5 per kW of end user peak load, 
provides an annual benefit of $50/kW-year. After multiplying by the PW factor (7.17), the 
lifecycle electric service power quality benefit is $359/kW. Implicit in this approach is the 
assumption that the power quality benefit is the same for each of 10 years.

For additional coverage of this topic, please refer to a report published by Lawrence Berkeley 
National Laboratory entitled Evaluating the Cost of Power Interruptions and Power Quality to 
U.S. Electricity Consumers.[71]
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5.2.15. Benefit #15 — Renewables Energy Time-shift

5.2.15.1. Description
For the renewables energy time-shift application, storage is 
charged with low-value electric energy generated using 
renewable energy. That energy is stored so that it may be 
used or sold at a later time when it is more valuable.
Two cases considered in this guide are time-shift of energy 
from wind generation and generic baseload renewable 
energy generation. (See Section 3.6.1 for details.)

To one extent or another, the fuel- 
related cost for renewable energy 
is more predictable than fuel cost 
for conventional generation. In 
effect, renewable energy provides 
a ‘hedge’ against the possibility 
that fuel prices will be higher than 
expected.

One simple way to quantify at 
least part of this effect is based on 
evaluations by the Lawrence 
Berkeley National Laboratory 
Electricity Market and Policy 
program. Based on recent work 
by that group, the ‘forward prices’ 
for fuel that reflect the terms of 
actual electricity purchase 
contracts are on the order of 10% 
or more higher than prices that 
are forecast.

Indeed, a significant portion of 
electric energy from renewables is 
procured using firm prices, 
contracts, or power purchase 
agreements, rather than spot 
market prices. Consequently, the 
benefit estimated for renewables 
energy time-shift based on a 
forecast is likely to understate the 
energy-related benefit.[72]

5.2.15.2. End -user Time-of-use Energy Cost 
Reduction using Distributed 
Renewable Energy Generation

The renewables energy time-shift benefit is related to 
wholesale or ‘spot market’ electric energy for electricity 
supply. That is, the energy time-shift benefit described 
above is related to the avoided cost of purchasing electric 
energy from the wholesale or spot market.
An analogous opportunity exists for electricity end users to 
derive a renewables energy time-shift benefit. Specifically, 
if an end user’s electric service tariff includes TOU energy 
prices, then the end user could use storage to time-shift 
energy to reduce cost for electric energy. (See Section 3.5.1 
and Section 5.2.11 for more details.)

5.2.15.3. Incremental Benefit and Cost for 
Adding Storage for Renewables 
Energy Time-shift

Readers should note that the renewables energy time-shift 
benefit estimated in this guide accrues because it is added to 
renewable energy generation. That means that the benefit is 
incremental. Consequently, when evaluating the financial merits of adding storage to renewable 
energy generation, the incremental benefit is compared to incremental cost (to add storage); 
which means that the entire evaluation addresses the incremental benefit/cost relationship for
storage.

5.2.15.4. Estimate
Although each region is different, forecast energy prices for California are used to estimate the 
renewables energy time-shift benefit. A summary of those prices are shown in Table 26. (See 
Appendix F for details about the electricity prices used.)
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Table 26. Wholesale Spot Energy Price Differentials, On-peak and Off-peak, 
Weekdays, California Forecast for 2009 (in $/MWh)

Monthly Price "Bins"
Month=> 

Hour 1 2 3 4 5 6 7 8 9 10 11 12
12:00 P.M. - 5:00 P.M. 85.1 74.5 77.6 94.6 100.3 118.0 148.2 163.1 142.5 99.1 104.5 105.9

1:00 A.M.-6:00 A.M. -51.8 -44.4 -46.2 -61.2 -42.7 -35.2 -55.1 -69.7 -77.0 -61.3 -61.5 -72.9

Storage Losses* -10.4 -8.9 -9.2 -12.2 -8.5 -7.0 -11.0 -13.9 -15.4 -12.3 -12.3 -14.6

Net Time-shift Benefit 23.0 21.1 22.1 21.1 49.1 75.7 82.1 79.4 50.1 25.5 30.7 18.4

Seasonal Price "Bins"
May - October 

128.5 
-56.8 
-11.4

Annual
Value**November - April 

90.4 
-56.4 
-11.3

Hours
12:00 P.M. - 5:00 P.M.

1:00 A.M.-6:00 A.M.
Storage Losses*

Net Time-shift Benefit 
‘Storage Efficiency = 80.0%.
Note: Values expressed in units of $/MWh.

May - October 651.8 
November - April 651.8 

Total 1,304 
“Net time-shift benefit * hours/year.

39,323
14,830
54,152

60.3 22.8

AlthoLigh not used directly for the estimate in this guide, the range of typical variable costs for 
electric energy from fossil-fueled generation are shown in Figure 18. The figure is provided as 
context for the prices shown in Table 26. Values reflect a) fuel efficiencies ranging from 35% to 
55%, b) fuel prices ranging from $3/MMBtu to $9/MMBtu, and c) a generic value of 1 e/kWh 
for non fuel variable operation cost.
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Figure 18. Generation variable cost, for various fuel prices and fuel efficiencies.
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Based on the range of variable costs shown in Figure 18, variable cost for generation ranges from 
about 4.8 e/kWh for a 45% efficient combined cycle plant assuming fuel price of about 
$5/MMBtu to about 7 g/kWh for a 35% efficient simple cycle combustion turbine plant using 
higher priced ‘on peak’ fuel costing $6/MMBtu. The primary driver of those generic variable 
cost values is fuel price, shown on the graph’s X-axis. The variable cost values in Figure 18 also 
reflect a generic, non-fuel-related variable operation and maintenance (O&M) cost of 10 /kWh. 
Note that the O&M cost for simple cycle combustion turbine generation is about 2.5 g/kWh and 
for combined cycle generation (a common type of new generation) is on the order of 
0.43 0/kWh.[73]

5.2.15.5. Wind Energy Time-shift
For the wind generation case, the energy time-shift benefit 
is estimated based on the assumed difference between the 
annual average wholesale/spot value for on-peak energy and 
off-peak energy, net of energy storage losses. Instead of 
selling off-peak energy in real-time (when generated), that 
energy is stored and used at a later time when energy prices 
are high.

The off-peak versus on-peak price differential is estimated 
based on the price differential between weekday energy 
prices occurring during the periods of a) 12:00 p.m. to 
5:00 p.m. and b) 1:00 a.m. to 6:00 a.m., as shown in Table 
26. Also shown in Table 26: Time-shifting for 5 full hours 
per day (5 kWh per day per kW of wind generation), for all 
weekdays during the year, is worth about $54,152/MW-year 
or about $54.2/kW-year. Nevertheless, Figure 8 (in Section 
3.6.1.2) shows that at least some of the wind generation’s 
output occurs during the on-peak period when the energy is 
already most valuable. Consequently, the amount of energy 
from wind generation that is actually time-shifted is less 
than would be needed for 5 full hours of storage discharge 
(i.e., is less than 5 kWh per kW of wind generation).
Depending on the applicable wind generation production 
profile(s), storage could be used to time-shift 2 to 4 kWh per 
day, per kW of wind generation. Assuming that storage can 
be used to time-shift 3 kWh per kW of wind generation 
during a 5-hour on-peak period, the energy time-shift benefit (based on the above values) is:

(3 kWh h- 5 hrs) * $54.2/kW-year = $32.5/kW-year.

When multiplied by the PW factor, the benefit over 10 years is

$32.5/kW-year x 7.17 = $233.2/kW.
Depending on the local and regional circumstances, there may be an electric supply capacity- 
related benefit if the time-shift involves storage discharging as shown in Figure 8. (Also see the 
renewables capacity firming benefit characterization in Section 5.2.16.)

Importantly, to the extent that 
adding energy storage for energy 
time-shift increases output during 
times when peak demand occurs, 
a capacity credit may also apply.

Based on the benefit estimate 
used for the electric supply 
capacity application, the 10-year 
capacity credit could range from 
nothing (if generation capacity is 
not needed) up to $864/kW 
($120/kW-year), if the need for a 
natural-gas-fueled combined 
cycle generation plant is avoided.

Based on those values, the 
benefit for energy time-shift plus 
supply capacity from baseload 
renewable energy generation 
ranges from $389/kW over 
10 years (in areas not needing 
additional generation capacity) 
up to $1,288/kW if the time-shift 
defers the need for combined 
cycle power plant capacity.
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5.2.15.6. Baseload Renewables Energy Time-shift
The energy time-shift benefit for baseload renewable energy generation is based on the value 
achieved by storing low-value energy during off-peak periods and discharging the storage on- 
peak. As shown in Figure 9 (Section 3.6.1.3), the effect is to avoid using or selling the 
generator’s energy when that energy has a low value and to increase the amount of electric 
energy available during times when that energy is more valuable. Based on the differential 
between the price for off-peak energy and the price for on-peak energy (shown in Table 26), the 
value related to energy time-shift for baseload renewable energy generation is approximately 
$54.2/kW-year or about $389/kW over 10 years (7.17 x $54.2/kW-year).

5.2.16. Benefit #16 — Renewables Capacity Firming

5.2.16.1. Description
The benefit for firming output from renewable energy generation is related to the cost that can be 
avoided for other electric supply capacity. If renewable energy generation output is constant 
during times when demand is high, then less conventional generation capacity is needed. In this 
guide, benefits are estimated for two cases: 1) distributed PV generation and 2) bulk wind 
generation. (See the benefit characterization in Section 3.6.2 for details.)

5.2.16.2. Capacity Credit
The value of a generator’s capacity (capacity credit) is based on the degree to which the 
generator’s capacity contributes to the reliability of the electric supply system, primarily during 
peak demand periods. It is also based on the cost for electric supply resources which may include 
local or regional generation plants, power purchases, or demand response. Capacity credit is an 
important criterion of merit used by power engineers to estimate the contribution that renewable 
energy-fueled generation makes toward the total amount of power required to serve load.

Perhaps the most robust way to estimate an intermittent generator’s capacity credit is to calculate 
the effective load carrying capacity (ELCC). ELCC is a measure of a power plant’s contribution 
to the greater electric supply system’s capacity during times when the amount and reliability of 
capacity is important. ELCC is established using reliability and/or production cost models to 
estimate common reliability indices, such as loss of load probability, loss of load expectation, or 
expected unserved energy.
All power plants, except for the benchmark (a folly dispatchable, very reliable combustion 
turbine-based generator), have an ELCC that is less than the generator’s rated capacity. For 
example, 100 MW of wind generation may have a capacity credit of 0.25; which means that the 
wind generation provides 0.25 x 100 MW = 25 MW of capacity to the electric supply system 
when demand is high.

5.2.16.3. Generation Capacity Cost
The cost assumed for generation capacity (which forms the basis for the capacity firming benefit) 
is the same as the generation cost for the electric supply capacity benefit, as described in 
Section 5.2.2. It is for a combustion-turbine-based generation plant whose annual cost is assumed 
to be $120/kW-year.
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5.2.16.4. On-peak Period and Storage Operation
Renewables capacity firming is assumed to be most valuable during the hours of 12:00 p.m. to 
5:00 p.m., weekdays during the summer peak demand season (May through October). Because 
there is also some benefit associated with energy time-shift during the winter demand season 
(November through April), it is also assumed that the storage is used for energy time-shift during 
those months, for the same five hours per day on weekdays.

5.2.16.5. Energy for Renewables Capacity Firming
Readers should note that the renewables capacity firming benefit estimated does not include 
benefits related to the energy that is discharged when storage is being discharged to firm 
renewable energy generation output. If storage (used for renewables capacity firming) is 
discharged for a small portion of the year, then the energy-related benefit may be modest. 
Conversely, the energy-related benefit could be more significant if storage is discharged for a 
larger portion of the year.

Although each circumstance is different, the total benefit for renewables capacity firming is often 
maximized by using low-priced, off-peak wholesale energy from the grid to charge storage. 
Furthermore, all energy output from the renewable energy generation is delivered directly to the 
grid without storage losses. Among other effects, storing low-priced energy from the grid and 
directly from renewable energy generation means that there is more energy output from the 
renewable energy plus storage system than could be delivered if only energy from renewable 
energy generation is stored.

For this report, the wholesale energy prices used to estimate energy benefits associated with 
renewables capacity firming are the same ones used for the electric energy time-shift benefit (See 
Section 5.2.1). Monthly and seasonal average price differentials for the prices used are 
summarized in Table 26 in the description of the renewables energy time-shift benefit (See 
Section 5.2.15). The price differential is the difference between on-peak energy and off-peak 
energy during weekdays.

5.2.16.6. Distributed PV Capacity Firming
In many parts of California, well-designed and well-operated solar generation provides a 
capacity credit of 0.80 or more, in part because of the good correlation between insolation and 
demand. [74]

For the purpose of this guide, however, the solar generation that is firmed (i.e., distributed, flat- 
panel PV modules with a fixed orientation) is assumed to have a capacity credit of 0.40. That 
value is lower than the 0.80 capacity credit for a well-optimized, solar generation facility for 
several reasons.
First, PV systems evaluated herein have a fixed orientation; however, generation with a high 
capacity credit uses ‘tracking’ to follow the sun, so the solar collector is pointed directly at the 
sun for a large portion of the day. The result is more power production during peak demand 
periods and more energy generation during the year than a similar plant that does not employ 
tracking, though tracking adds complexity and cost.

Other reasons that distributed PV systems’ capacity credit may be relatively low include the 
following: the PV modules’ (fixed) orientation is suboptimal; regular dust accumulation on
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modules; shading of PV modules by trees, buildings, etc. during a portion of the peak demand 
period; high ambient temperatures that reduce PV’s efficiency and power during the peak 
demand period; and the level of cloudiness over the PV’s location.
Storage is used to firm PV during the five peak demand price hours in the summer months. For 
this report, the generic peak demand period assumed is 12:00 p.m. to 5:00 p.m., weekdays, 
during the summer peak demand season (May through October).

The generic storage discharge duration for storage plus PV systems ranges from 2 to 3 hours, 
though the discharge duration could be less in regions with good insolation and/or for well 
designed and maintained PV systems.
The storage plus PV system is assumed to operate as follows for PV capacity firming: low-value 
(and low-priced) energy from the grid is stored, and that energy is discharged during utility peak 
demand hours. Because most or all energy generated by PV has high or relatively high real-time 
value, all PV energy is assumed to be used or sold to the grid as it is generated.
For this analysis, adding storage to distributed fixed-orientation PV is assumed to increase the 
capacity credit from 0.40 to 1.0. Although a given storage plus PV system may not be reliable 
enough to warrant a capacity credit of 1.0, it is assumed that that unit diversity among many 
small storage plus PV systems leads to an effective aggregated electric supply capacity credit 
approaching 1.0.

5.2.16.7. Bulk Wind Generation Firming
Capacity firming could be applied to smaller distributed wind generation capacity; however, in 
this guide the wind generation that is firmed is assumed to be deployed in central/large-scale 
wind farms. The generic capacity credit assumed for wind generation is 0.25.[75]
Note that most energy production from wind generation is assumed to occur when the energy has 
relatively low value (i.e., most energy produced is generated during evening, night, and early 
morning hours).

Depending on the duration of the peak demand period and the degree to which wind coincides 
with peak load, storage used to firm wind generation capacity is assumed to have a discharge 
duration of 3 to 4 hours (3.5 hours is the generic value used.)
After being firmed with storage, the wind generation is assumed to have a capacity credit 
approaching 1.0 (0.75 of which is attributable to the addition of storage).

5.2.16.8. Distributed Renewables Capacity Firming for Demand Charge 
Reduction

Note that the renewables capacity firming benefit is related to electric supply capacity. That is, 
the benefit described above is related to the avoided cost of owning a generation plant. In the 
previous example, the generation is a generic dispatchable resource.
An important analog for electricity end users allows them to derive a benefit for capacity firming 
based on the applicable tariff for electric service. If the end user’s electric service tariff includes 
demand charges, then the end user could use storage to reduce those charges. Demand charges 
reflect the price charged by the utility for each kW of power draw (demand) by the end user.
(See Section 3.5.2 and Section 5.2.12 for more details about demand charge reduction using 
storage.)
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5.2.16.9. Incremental Benefit and Cost for Adding Storage for Renewables 
Capacity Firming

One point worth noting is that the renewables capacity firming benefit estimated in this report is 
for adding storage to renewable energy generation, so the benefit is incremental. Consequently, 
when evaluating the financial merits of adding storage to renewables generation, the incremental 
benefit is compared to incremental cost (to add storage).

5.2.16.10. Estimate
The renewables capacity firming benefit is based on the avoided cost for generation capacity of 
$120/kW-year and on the degree to which the renewable energy generation output is firmed. As 
an example: For PV, the assumed capacity credit before firming is 0.4, whereas the assumed 
capacity credit after firming is 1.0, for an increase of

1.0- 0.4 = 0.6 kW per kW of rated capacity.

The resulting capacity firming benefit is

0.6 x $120/kW-year = $72/kW-year.

The energy-related benefit (for the energy discharged from storage) is summarized in Table 27. 
The total annual benefit, including the capacity-related benefit plus the energy-related benefit, is 
summarized in Table 28.

Table 27. Energy Time-shift Benefit from Renewable Energy Generation 
During Operation for Capacity Firming

Photovoltaics Wind Generation
Summer Winter Summer Winter

1 60.3 22.2 60.3 22.2Net Unit Benefit ($/MWh)
(0/kWh) 6.03 2.22 6.03 2.22

Energy Time-shift (Hours/Day)2 2.5 2.5 3.5 3.5
Days/Year3 130 130 130 130
Hours/Year 326 326 456 456

Net Seasonal Benefit ($/kW-yr) 19.7 7.2 27.5 10.1
Net Annual Benefit ($/kW-yr) 26.9 37.6

1. On-peak energy price minus off-peak energy price minus cost for storage 
losses. Does not include consideration of storage VOC.

2. This criterion is based on the storage discharge duration.
3. This criterion is based on the definition of peak demand period.
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Table 28. Total Annual Renewables Capacity Firming Benefit

RenewablesStorage
Energy

Storage Incremental 
Value ($/kW-yr)1Effective Capacity

Discharge
Duration

w/o
Capacity2Firimq Firmed Energy Total

PV 2.5 0.40 1.00 72.0 26.9 98.9
Wind 3.5 0.25 1.00 90.0 37.6 127.6

1. During peak demand periods.
2. Assuming $120 per kW-year for combustion turbine based generation.

The annual values are converted to 10-year lifecycle benefit by multiplying by the PW factor of
7.17. The estimated 10-year net benefit associated with firming of PV output is

$98.9/kW-year x 7.17 = $709/kW.

The estimated 10-year net benefit from firming of wind generation is 

$127.6/kW-year x 7.17 = $915/kW.

5.2.17. Benefit #17 — Wind Generation Grid Integration 

5.2.17.1. Description
The wind generation grid integration (wind integration) application includes two categories and a 
total of six subtypes. The two categories are 1) short-duration (lasting for a few seconds to a few 
minutes) and 2) long-duration (lasting for many minutes to a few hours). The six subtypes are 
summarized in Table 29.

Table 29. Wind Generation Grid Integration Application Subtypes

Short-duration Applications
1. Reduce Output Volatility (due to momentary wind fluctuations)
2. Improve Power Quality

Long-duration Applications
3. Reduce Output Variability (lasting minutes to hours)
4. Transmission Congestion Relief
5. Backup for Unexpected Wind Generation Shortfall
6. Reduce Minimum Load Violations

The benefit associated with storage used for each subtype varies significantly. Even among the 
subtypes, the benefit varies from moment-to-moment, throughout the day, throughout the year 
and from year-to-year.

Benefit values for wind generation grid integration in this guide provide a starting point for 
related analyses, rather than being definitive. The rationale used to establish each benefit value is 
described below. Readers are left to judge the merits of that rationale for a specific region, 
electric supply system, or wind generation resource.
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5.2.17.2. Estimate
The methodology for estimating each of the six wind generation grid integration application 
subtypes varies. A brief discussion of each is provided below.

Reduce Output Volatility
The leading response to grid effects from wind output volatility (characterized by variations 
lasting a few seconds to a few minutes) is increased use of conventional area regulation 
resources. For this report, the benefit for reducing aggregate wind output volatility is the avoided 
cost for that additional area regulation service needed to accommodate the volatility. The area 
regulation service is described in Section 3.3.2 and the benefit is described in Section 5.2.4.

(An alternate approach that could be used to estimate the benefit for short-duration intermittency 
is that used for the renewables capacity firming application in Section 5.2.16.)

Area regulation capacity needed to accommodate wind generation additions is assumed to be 
required during the six most productive months for wind generation (which varies depending on 
region). Consequently, the benefit estimate is about half that for annual operation. If storage can 
provide rapid-response regulation, and if the benefit from that capability can be internalized by 
the storage owner, then the benefit can be as high as $l,000/kW for 10 years. If the rapid- 
response capability does not have a specified value, then the 10-year benefit may be closer to 
$500/kW. In this guide, the estimated generic benefit is $750/kW for 10 years.

Improve Power Quality
The benefit for improved power quality is specific to the location, wind resource, and wind 
turbine type(s), and it varies from moment-to-moment, throughout a day, throughout the year, 
and among years. Also, newer wind turbines pose fewer and less significant power quality- 
related challenges than older turbines.[76]

The first option for establishing the benefit for this application is to determine the cost of the 
most likely existing option for addressing the specific power quality challenge and, in some 
cases, the ‘do nothing’ option. Conventional options may include replacing components of older 
wind turbines; upgrading circuits and/or transformers; using capacitors, static VAR 
compensators, or power electronics; curtailing production from wind generation; and/or using 
on-site/local dispatchable (e.gdiesel-fueled) generation. Given the challenge of generalizing the 
circumstances and options for this application, estimating a generic benefit is probably not 
helpful, so no estimate is provided in this report.

Reduce Output Variability
Wind generation output variability involves changes that occur over periods lasting from minutes 
to hours. Wind variability (from minute-to-minute and throughout the day) adds to the need for 
load following resources that must make up the difference between load and generation that is 
already online. For this guide, the benefit of reducing aggregate wind output variability is the 
avoided cost for that additional load following service.

It is also assumed that most additional load following capacity will probably be provided by 
combined cycle generation plants. Furthermore, the additional load following is assumed to be 
needed for six hours per day (three hours during the morning when load is increasing, and three
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hours as load decreases at night) which is assumed to occur during the six most productive wind 
generation months each year.

Given that the service is provided by a combined cycle power plant, the assumed (marginal) cost 
for the additional service is $50/MW per service hour. As a result, the estimated annual benefit 
(in Year 1) for using storage with wind generation to reduce the need for additional load 
following resources is

6 hours/day x 7 days/week x 26 weeks/year) x $50/MW per hour of service 

= 1,092 hours/year x $50/MW per hour of service 

= $54,600/MW per year of service ($54.6/kW-year).

The generic lifecycle benefit is

$54.6/kW-year x 7.17 = $391.5/kW.

Transmission Congestion Relief
The transmission congestion relief application subtype cannot be easily generalized. In some 
areas, there may be enough unused transmission capacity to accommodate all, or at least most, 
expected wind generation capacity additions. In other areas, any significant additions may 
overwhelm existing transmission capacity. In some cases, congestion is reflected in pricing for 
energy or for energy transfers.

The cost to upgrade transmission to accommodate renewables in California probably reflects 
relatively high costs (for new transmission capacity); however, it may still be instructive to 
consider the circumstances. In California, cumulative wind generation capacity additions are 
assumed to be 5,200 MW by 2010 and 10,600 MW by 2020. The total installed cost for new 
transmission capacity needed to accommodate all renewables in California is an estimated 
$2.3 billion by 2010 and $6.3 billion by 2020.[77] For this report, it is assumed that about two- 
thirds of the transmission cost for all renewables is attributable to wind generation additions 
(given that most new renewable generation capacity expected is wind generation).
Based on those assumptions, the estimated lifecycle cost for transmission capacity needed to 
accommodate wind generation capacity additions is shown in Table 30. The approach used to 
make that estimate is described below.
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Table 30. Estimated Total Transmission Cost for Wind Capacity
Additions in California

Year 2010 2020
1 Wind Capacity Additions (MW cum.) 5,200 10,600

Transmission Total Installed Cost (SMillion)2 2,300 6,300
3 (Assumed) Portion of Transmission Attributable to Wind Gen. added 0.667 0.667

Transmission Cost Attributable to Wind Gen. added (SMillion)4 1,534 4,202
Transmission Annual Cost for Wind Gen. Added (SMillion)*5 168.8 462.2

Transmission Cost for Wind Gen. / Wind Gen. kW ($/kW of Wind gen.)**6 295 396
Transmission Annual Cost for Wind Gen. / Wind Gen. kW ($/kW-year of Wind gen.)7 32.5 43.6

Transmission Lifecycle Cost for Wind Gen. 
($/kW of Wind gen. for 10 years)***8 232.7 312.7

9 (Assumed) kW storage per kW of Wind gen. 0.50 0.50
Lifecycle Benefit ($/kW storage, 10 years)10 465.4 625.3

* Attributable to wind generation. Based on Fixed Charge Rate = 0.11 
** Transmission Annual Cost /Wind Capacity Additions 
... io.O%/yr. discount rate, 2.5%/yr. escalation rate: PW factor = 7.17

The approach used to estimate the transmission congestion relief benefit involves assumptions 
about or estimates of 1) wind generation capacity to be added; 2) transmission capacity needs 
and the related total and annual cost attributable to increased wind generation capacity to be 
added (key premise: wind generation-related transmission congestion will occur if that 
transmission capacity is not added); 3) the value of a 10-year deferral of the upgrades needed; 
and 4) the lifecycle (10 year) benefit if storage is used in lieu of upgrades.
The following ten-step process was used to develop the generic benefit estimate shown in Table
30:

1. Determine the total amount of wind generation to be added (Line 1 in Table 30).
2. Use a current estimate of transmission total cost that will be incurred because all types of 

renewables generation will be added (Line 2 in Table 30). Total cost is defined as the 
installed cost, including land, site preparation, permits, equipment purchases, and 
installation.

3. Estimate the portion of transmission total cost that is attributable to wind generation 
additions (line 3 in Table 30). For the example, wind generation is assumed to account 
for two-thirds of the transmission needed to accommodate all renewables.

4. Calculate the value of transmission total cost that is attributable to wind generation 
additions. In the example, multiply the transmission total installed cost for renewables 
(Line 4 in Table 30) by two-thirds. For the example, an estimated $1.53 billion would be 
spent in 2010 and $4.2 billion would be spent in 2020.

5. Calculate the annual (financial carrying) cost for the transmission attributable to wind 
generation additions by multiplying the transmission total cost that is attributable to wind 
generation additions (Line 4 in Table 30) by the fixed charge rate of 0.11. The result 
(Line 5 in Table 30) is approximately $169 million in 2010 and $462 million in 2020.
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Allocate transmission total cost attributable to wind generation additions to wind 
generation on a $/kW of wind generation basis. That is done by dividing the transmission 
cost attributable to wind generation added (Line 4 in Table 30) by the kW of wind 
generation to be added (Line 1 in Table 30). The result is $295/kW of transmission 
installed cost per kW of wind generation capacity added by 2010 and $396/kW of wind 
generation added by 2020 (Line 6 in Table 30).

Allocate the annual cost for transmission needed to serve new wind generation, on a 
$/kW of wind generation basis. That is done by dividing the annual transmission cost 
attributable to wind generation additions (Line 5 in Table 30) by the kW of wind 
generation to be added (Line 1 in Table 30). In 2010, the resulting single-year 
transmission cost is about $186 Million h- 5,200 MW = $32.5 per kW-year of wind 
capacity. In 2020, the annual cost for transmission added (per kW of wind generation 
added) is $462 Million h- 10,600 MW = $43.6 per kW-year (Line 7 in Table 30).

Estimate the lifecycle transmission cost attributable to wind generation additions by 
multiplying the annual transmission-related cost per kW of wind generation (Line 7 in 
Table 30) by the present worth factor of 7.17. That yields an estimated lifecycle cost for 
wind generation capacity added of $232.7/kW by 2010 and $312.7/kW by 2020 (Line 8 
in Table 30).

Estimate the amount of storage needed (per kW of wind generation) to avoid the need for 
additional wind generation-related transmission. In the example, the assumption is that 
0.5 kW of storage (whose useful life is 10 years) is needed per kW of wind generation to 
offset transmission-related cost (Line 9 in Table 30). That is based on the simplifying 
assumption that in almost all cases wind generation output will not be more than 50% of 
its rated capacity during times when the transmission system is heavily loaded, 
overloaded, or congested.
Calculate the 10-year lifecycle benefit associated with each kW of storage used to 
provide transmission congestion relief (based on deferring transmission upgrades for 
10 years). That value is derived by dividing lifecycle transmission cost attributable to 
wind generation additions (Line 8 in Table 30) by 0.5 (kW storage / kW wind 
generation). For the generic estimate, the benefit is $465.4/kW in 2010 and $625.3/kW in 
2020 (Line 10 in Table 30).

This benefit estimate reflects the average cost for transmission. Presumably, there are some 
locations for which the cost to upgrade the transmission is higher. Furthermore, it is those 
locations for which storage may be the best alternative (given the relatively high cost).
Consider another scenario: For the situation described above, 50% of all wind-related 
transmission upgrade costs are incurred to accommodate 20% of the wind capacity additions. 
Furthermore, those locations require 1 kW of storage per kW of wind generation to avoid the 
need to upgrade transmission equipment. The results of this scenario are shown in Table 31.

6.

7.

8.

9.

10
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Table 31. Transmission Cost for Wind Capacity 
Additions in California, High-value Locations

Year 2010 2020
1 Wind Capacity Additions (MW cum.) 5,200 10,600
2 Applicable Portion* 0.2 0.2
3 Wind Capacity Affected (MW cum.) 1,040 2,120

Transmission Total (Installed) Cost ($Million)4 2,300 6,300
5 (Assumed) Portion of Transmission Total Cost Attributable to Wind Gen. Added 0.667 0.667

Transmission Total Cost Attributable to Wind Gen. Added ($Million)6 1,534 4,202
7 Portion (of cost for all transmission additions) In Play* 0.5 0.5

Transmission Cost Attributable to Wind gen. added ($Million)8 767 2,101
Transmission Annual Cost for Wind Gen. Added ($Million)**9 84.4 231.1

Transmission Total Cost for Wind Gen. / Wind Gen. Added kW ($/kW of Wind Gen.)**10 738 991
11 ismission Annual Cost for Wind Gen. / Wind Gen. Added kW ($/kW-year of Wind Gen.) 81.1 109.0

Transmission Lifecycle Cost for Wind Gen. Added 
($/kW of Wind gen. for 10 years)***12 582 782

13 (Assumed) kW storage per kW of Wind Gen. Added 1.00 1.00
Lifecycle Benefit ($/kW storage, 10 years)14 582 782

* 50% of all costs attributible to Wind gen. are incurred for 20% of Wind gen. additions. 
** Attributable to wind generation. Based on Fixed Charge Rate = 0.11 
*** 10% discount rate, 2.5% escalation rate: PW factor = 7.17

Based on the results shown in Table 31, the lifecycle benefit for storage used to offset need for 
the most expensive transmission upgrades (those needed to accommodate wind generation) 
would be $582/kW over 10 years in 2010 and $782/kW over 10 years in 2020 (Line 1 in Table 
31).

Based on the results for the two scenarios shown in Table 30 and Table 31, the generic value 
assumed for the lifecycle benefit is $625/kW for 10 years.

Backup for Unexpected Wind Generation Shortfall
The value for this application is related to avoiding electric service outages that are caused by a 
sudden, unexpected drop in wind generation output. To the extent that storage allows grid 
operators to avoid such outages, the storage provides benefit. It is important to note that, in most 
cases, the ISO addresses a sudden reduction of wind generation output with one of several non­
storage options, especially out-of-area energy purchases; reserve capacity; interrupting or 
curtailing load to reduce demand; and increasingly automated load control. Storage provides 
another option.

The values in Table 32 reflect a simple benefit estimate based on the value-of-service (VOS) 
metric described in Section 5.2.13. The assumed composite VOS for all customer classes is 
$ 10/kWh. That value reflects the cost incurred by end users per kWh of energy not delivered due 
to the outage. Furthermore, it reflects a composite of the value for all electricity end-user classes, 
ranging from residential end users at the low end, for whom the cost is close to nothing, to high- 
value-added manufacturing customers whose VOS may exceed $ 100/kWh. As shown in the 
table, at the lower bound, one outage is avoided over 10 years for an estimated 10-year lifecycle 
benefit of $100/kW or an annual benefit of about $14/kW-year. At the high end, two outages are
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avoided over 10 years, yielding an estimated lifecycle benefit of $200/kW and an annual benefit 
of $28/kW-year.

Table 32. Benefit for Avoided Service Outages Due 
to Sudden Drop of Wind Generation Output

Low High

Wind-to-Peak Load Ratio 10.0% 10.0%

Outages Avoided 
(10 years)

1 2

Outage Duration (hours) 1 1

Value of Unserved Energy 
($/kWh)

10 10

Lifecycle Benefit 
($Year1 / kW-load)

10 20

Lifecycle Benefit* 
($ Year 1 / kW wind gen.) 100 200

Annual Benefit** 
($/kW-year)

14 28

*Lifecycle Benefit per kW of Load / Wind/Peak Load Ratio.
**Assuming PW factor = 7.17

For the estimate above, it is assumed that there is 1 kW of storage per kW of wind generation. To 
the extent that wind resources are geographically diverse, less than 1 kW of storage per kW of 
wind generation is conceivable. If, for example, storage of 0.5 kW per kW of wind generation 
capacity would suffice for a geographically diversified wind generation resource, then the benefit 
values in Table 32 would double.

Reduce Minimum Load Violations
Minimum load violations occur when generation capacity exceeds demand. When that occurs, 
some of the energy generated may not be usable. The benefit for reducing minimum load 
violations is assumed to be related to the value of energy that cannot be used. The generic value 
is estimated based on forecasted energy prices in California in 2009. A summary of those values 
is shown in Table 33.

Table 33. Low and High Values for Minimum Load Violations

Item Name Low High
Portion of the Year 1.0% 4.0%

Hours Per Year 87.6 350.4
Energy Price ($/MWh) 56.5 56.5

Benefit ($/MW-year) 4,949 19,798
($/kW-year) 4.9 19.8
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Based on the values shown in Table 33, the generic value for reduced minimum load violations 
ranges from about $5/kW-year on the low end to about $20/kW-year on the high end. The low 
value reflects minimum load violations that occur during 1% of the year, or about 57 hours per 
year. The high value reflects minimum load violations occurring during 4% of the year, or 
350 hours per year. Both values reflect an average energy price of $56.5/MWh during minimum 
load violations.

5.2.17.3. Wind Integration Benefits Summary
Table 34 summarizes the benefits estimated (and described above) for the wind integration 
application subtypes.

Table 34. Wind Integration Benefits Summary

Benefit Estimate ($/kW)*

Application Subtype Low High

Short Duration
Reduce Output Volatility (due to 
momentary wind fluctuations)1. 500 1,000

2. Improve Power Quality not estimated

Long Duration
2 Reduce Output Variability (lasting 

' minutes to hours)_____________ 391

4. Transmission Congestion Relief 465 782

Backup for Unexpected Wind 
' Generation Shortfall 100 200

6. Reduce Minimum Load Violations 5 20

* 10 years, 2.5% escalation rate, 10% discount rate: Present Worth factor = 7.17.

5.3. Incidental Benefits
Some benefits are not specific to any one application, as they may accrue incidentally when 
storage is used for one or more applications. For example, dynamic operating benefits occur 
because the operation of the greater electric supply system is more optimal because storage is 
used. And, although avoiding transmission access charges is not an application, it may be that 
using storage allows stakeholders to reduce or avoid charges associated with transmitting energy 
through the transmission system. A discussion of nine meaningful incidental benefits which are 
explored in this guide is provided below.

5.3.1. Benefit #18 — Increased Asset Utilization

5.3.1.1. Description
In many situations, use of energy storage will increase the amount of electricity that is generated, 
and/or transmitted, and/or distributed using existing utility assets. The effect is commonly
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referred to as increased asset utilization. Two important financial implications of increased asset 
utilization are 1) the cost to own the equipment is amortized across more (units of) energy which 
reduces the unit cost/price for that energy, and 2) the payback from the investment occurs 
sooner, which reduces investment risk.
Consider an example: A utility installs distributed energy storage to address local electric service 
reliability needs and to defer an expensive T&D upgrade. Storage use increases generation asset 
utilization if the storage is charged using existing generation assets (presumably during times 
when demand is low). Similarly, transmission asset utilization increases assuming that existing 
transmission capacity is used to transmit the storage charging energy (presumably the 
transmission occurs during times when transmission asset utilization is normally low).
Depending on use patterns and location, distributed energy storage may also increase distribution 
asset utilization.

The benefit of increased asset utilization is highly circumstance-specific. It is not estimated in 
this guide.

5.3.2. Benefit #19 — Avoided Transmission and Distribution Energy 
Losses

5.3.2.1. Description
As with any process involving conversion or transfer of energy, energy losses occur during 
electric energy transmission and distribution. These T&D energy losses (sometimes referred to 
as I2R or T squared R’ energy losses) tend to be lower at night and when loading is light and 
higher during the day and when loading is heavy. T&D energy losses increase as the amount of 
current flow in T&D equipment increases and as the ambient temperature increases. Thus, losses 
are greatest on days when T&D equipment is heavily loaded and the temperature is high.
If storage is charged with grid energy, then the benefit is based on the difference between the 
cost for losses incurred to deliver energy for charging (off-peak) and the cost that would have 
been incurred if the energy was delivered in real-time (on-peak). If storage is charged with 
energy generated locally, then the losses avoided (and benefit) may be even higher because 
no/limited losses are incurred to get the energy to the storage for charging.

5.3.2.2. Estimate
The generic benefit values shown in Figure 19 reflect two energy price scenarios and two 
scenarios for on-peak versus off-peak losses. The first price scenario involves an average price 
difference (labeled as Price A in the figure) of 6 g/'kWh between on-peak and off-peak energy 
prices. For the second scenario, the average difference between on-peak and off-peak energy 
prices is 8 g/kWh. The values in Figure 19 also reflect a T&D energy loss difference (labeled as 
Loss A in the figure) between on-peak and off-peak of 3% at the low end and 5% at the higher 
end. An example: If on-peak T&D losses are 8% and T&D losses off-peak are 5%, then the 
difference is 3%. The estimated generic benefit for avoided T&D I2R energy losses is 
$8/kW-year (net) or about $57/kW over 10 years.
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Figure 19. Benefit for T&D l2R energy losses avoided.

Benefit #20 — Avoided Transmission Access Charges 

5.3.3.1. Description
Typically, utilities that transmit electricity across transmission facilities that are owned by 
another entity must pay the owners for transmission ‘service’. Similarly, utility customers must 
pay the cost incurred by the utility to own and to operate transmission needed to deliver the 
electricity. Related charges are often called transmission access charges.
Consider municipal electric utilities (munis) and electric cooperatives (co-ops). Munis and co­
ops may own some or all of the generation capacity needed. Almost all munis and co-ops own 
and operate their electricity distribution system. Many, however, do not own transmission 
capacity. Also, most utilities transmit some power through other utilities’ transmission lines. 
Utilities must pay transmission access charges to transmit power from their own generation 
plant(s) and/or from the wholesale electricity marketplace.

The benefit for avoided transmission access charges depends on, among other factors, tariff 
terms and pricing, location, and increasingly, time of year and time of day. In some cases, 
transmission access is priced based on energy used ($/kWh delivered). In other cases, the 
transmission charge is assessed based on capacity used, like demand charges ($/kW).
In many parts of the country, the marketplace for transmission capacity is just emerging. As the 
marketplace for electricity opens up, transmission access charges will be available from the 
various regional transmission organizations. The trend toward locational marginal pricing of 
energy will allow for increasingly precise, location-specific allocation of transmission costs.

5.3.3.
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5.3.3.2. Estimate
At the lower end of the spectmm, transmission access charges are estimated based on annual 
average transmission charges for firm point-to-point transmission service in the Midwest ISO 
control area. Based on an informal survey of those transmission access charges, the annual 
amount is approximately $25/kW-year to $30/kW-year.[78] Furthermore, the Midwest ISO’s 
charges for off-peak transmission service are on the order of 30% less than the charge for service 
on-peak.

At the high end of the spectrum, consider a California-specific indication of the retail charge for 
transmission: A transmission access charge of 0.913 0/kWh of energy delivered is assessed for 
transmission under terms of PG&E’s A-6 commercial TOU energy price electricity service tariff. 
If assuming annual energy use of 4,300 kWh per kW of peak load, the total transmission charges 
are about $40/kW-year.[79]

Note that the value of $40/kW-year is assumed to indicate the utility ‘revenue requirement’ for 
transmission which is the amount that the utility must collect as revenue from customers to cover 
cost. Furthermore, if transmission is priced based on energy delivered, rather than being based on 
peak demand, then storage could actually increase transmission charges for end users because for 
each kWh discharged from storage, transmission charges are incurred for storage charging 
energy and for storage energy losses. Finally note that, in some cases, transmission charges are 
lower at night than during the day.

The estimated generic benefit for avoided transmission access charges is $20/kW-year. After 
applying the 7.17 PW factor, the lifecycle benefit is $143.40/kW.

Benefit #21 — Reduced Transmission and Distribution Investment 
Risk

5.3.4.

5.3.4.1. Description
Although there is no specific accounting for or price ascribed to it, there is an undetermined 
amount of risk associated with investments in T&D upgrades or expansion, as there is with any 
investment. While there is no formal way to account for that risk, it is an actual cost borne by 
electricity users.

Consider a simple example: Utility power engineers decide that it is prudent to upgrade some 
T&D equipment. When the upgrade project is half finished, the utility receives news that a large 
customer load will be removed such that the in-process upgrade will not be needed for several 
years. Whether the project is completed or not, for several years no revenue is received to cover 
the cost incurred for the upgrade. As a result, utility customers at large must pay more to cover 
that unmet revenue requirement. The effect is the same if aggregate load growth is lower than 
expected.

Uncertainty can lead to T&D project delays, the result of which may be service outages and 
damage to existing equipment. Some sources of uncertainty that can cause costly project delays 
include a) utility staff or funding shortages, b) institutional delays such as those for permits, 
c) unforeseen challenges encountered during construction, and d) weather.

Although not addressed in this report, storage could also be used to reduce generation fuel price risk.
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For most T&D upgrades, the investment risk is low to very low. A low-risk T&D investment 
tends to involve an upgrade that is routine, low cost, and whose cost is likely or very likely to be 
offset by revenues.
Storage - or any other modular resource that can be located downstream (electrically) from the 
T&D upgrade - can be used to manage risk. For example, if there is uncertainty about whether 
an expected block load addition will occur or staffing shortages or permitting delays will affect 
the upgrade, modular storage could be used to defer the upgrade for one year - enabling the 
utility to delay a possibly risky T&D upgrade investment until there is less uncertainty.
It is not possible to generalize this benefit given the wide range of possible circumstances that 
could be involved; therefore, an estimate is not provided in this guide.

Benefit #22 — Dynamic Operating Benefits
A dynamic operating benefit (DOB) is a generation operating cost that is reduced or avoided 
because storage is part of the electric supply system. Generation operating cost is reduced if 
generation equipment a) is used less frequently (i.e., has fewer startups), b) operates at a more 
constant output when it is used (avoided part load operation), and c) operates at its rated output 
level most/all of the time when in use. [80]

DOBs include those for reduced generation equipment wear, reduced fuel use, and reduced 
emissions. Reducing equipment wear may reduce maintenance costs and/or extend equipment 
service life. Fuel use and emissions are reduced if a) generation output is more constant, 
b) generation output operates at its rated output, and c) generation is started less frequently.
Some of the DOBs reflect expenses that would otherwise be incurred by utilities and that would 
be reflected in utility service prices. Other DOBs reduce societal costs. DOBs that reduce actual 
expenses include reduced fuel cost, reduced maintenance cost, and increased equipment life. The 
key societal benefits include lower cost-of-service, reduced resource (fuel) use, and reduced air 
emissions.
This benefit is specific to the generation mix in a given region. It is not estimated in this guide.

Benefit #23 — Power Factor Correction
As described in Appendix C, utilities often need to compensate for reactance that causes 
unacceptably low power factor. The typical utility response - to improve a circuit’s power factor 
and effectiveness - is twofold: 1) include a (low) power factor charge for commercial electricity 
end users’ whose loads have an especially low power factor (e.gbelow 0.85) and 2) use 
capacitors to offset the effects from inductive loads (i.e., to reduce the degree to which voltage 
and current are out of phase).
Depending on circumstances, the utility solution may involve other more expensive alternatives 
such as static synchronous compensators (StatComs) and static VAR compensators.
Depending on the type and characteristics of storage deployed, distributed storage could provide 
effective power factor correction. Battery or other storage systems whose storage media has 
direct current (DC) output and which include power conditioning to convert between AC and DC 
power are especially well-suited to power factor correction. Conventional motor-generator 
systems can also provide reactive power (VAR) needed for local power factor correction.

5.3.5.

5.3.6.
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Notably, power factor correcting capacitors (the most common approach used by utilities for 
power factor correction) are inexpensive relative to generation capacity. Typical installed costs 
range from $10 to $15 per kVAR, so the avoided cost (benefit) if storage is used would be low 
(relative to storage system cost). Nonetheless, that benefit may still be attractive if the 
incremental cost to add power factor correction capability to storage is low enough.

Benefit #24 — Reduced Generation Fossil Fuel Use
One incidental benefit that may accrue if storage is used is a reduction in the use of fossil fuels 
used for generation. Storage use can lead to reduced fossil fuel use in at least three ways. First 
stored energy from more efficient fossil fueled generation and/or renewables can offset use of 
less efficient intermediate duty or peaking generation (energy time-shift). Second, fuel use may 
be reduced due to dynamic operating benefits associated with storage use (Benefit #22). Third, 
fossil-fueled generation tends to be more efficient when ambient temperatures are low. 
Coincidentally, most storage charging occurs at night, when temperatures are lower. Finally, if 
energy is transmitted at night when ambient temperatures and T&D loading are relatively low, 
then T&D energy losses are reduced (Benefit #21).

Importantly, the degree to which fuel use is reduced or increased (due to use of storage) depends 
on three key criteria: 1) the age and type of generation equipment and fuel used to generate 
electricity for charging storage, 2) the age and type of generation equipment and fuel that would 
have been used if storage is not deployed, and 3) storage efficiency (i.e., losses).
Consider a simple example: Combined cycle combustion turbine generation (CC) whose fuel 
efficiency is 49% (requiring 6,965 Btu/kWh of fuel, often referred to as the generator’s ‘heat 
rate’) and simple cycle combustion turbine generation (CT) whose fuel efficiency is 33% (for a 
heat rate of 10,342 Btu/kWh of fuel). The fuel use difference between those two generators is

10,342 Btu/kWh on-peak - 6,965 Btu/kWh off-peak = 3,377 Btu/kWh 

3,377 Btu/kWh difference - 10,342 Btu/kWh on-peak = 32.7%.

Then, if storage efficiency is 75%, then the net amount of fuel used to generate charging energy 
for storage is

5.3.7.

6,965 Btu/kWh off-peak h- 75% efficiency = 9,292 Btu/kWh.

The result is a fuel use reduction of
10,342 Btu/kWh on-peak - 9,292 Btu/kWh charging = 1,055 Btu/kWh

1,055 Btu/kWh difference ^ 10,342 Btu/kWh on-peak
The above example and another involving charging with electric energy from coal generation are 
summarized in Table 35.

10.2%.
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Table 35. Generation Fuel Use Implications of Energy Storage Use

Off-peak/Charging

Fuel1 
Effi­

ciency

On-peak/Avoided Difference

Fuel1
Effi­

ciency

Net
Heat

Rate1
(Btu/kWh)

Heat

Rate1
(Btu/kWh)

Fuel
Use2'3

(Btu/kWh)

Change of

Fuel Use4
(Btu/kWh)(%) (%)Scenario

Charge: Combined Cycle 
Avoid: Simple Cycle C.T.

-1,055
(-10.2%)49.0% 6,965 33.0% 10,342 9,287

Charge: Advanced Coal 
Avoid: Simple Cycle C.T.

+241
43.0% 7,937 33.0% 10,342 10,583

(+2.3%)

1. In this context "fuel" only includes fossil fuels.
2. Off-peak generation fuel used, including additional fuel needed to make up for storage losses.
3. Storage efficiency = 75.0%.
4. Fuel use by on-peak resource (avoided) minus net fuel use for electrc energy used for charging.
C.T. = Combustion Turbine.

Notably, although the total amount of fossil fuel used for generation may be reduced if storage is 
used, the financial benefit associated with that reduction depends on the type and price of fuel(s) 
involved. Generally, the price for coal is lower than that for natural gas and petroleum-based 
fuels.
Given that this benefit is so circumstance-specific - being affected by on-peak and off-peak 
generation age and type, as well as on-peak and off-peak fuel type and price - it is not helpful to 
provide a generic value for fossil-fuel use reduction using storage, so no estimate is given.

Benefit #25 — Reduced Air Emissions from Generation
Reduction of air emissions from electricity generation is a potentially important incidental 
benefit of storage use. As with reduced fuel use (described above), there are at least four distinct 
ways that storage can reduce generation-related air emissions. The first involves using stored 
electric energy generated using relatively efficient and/or clean power plants (baseload and/or 
renewables) to offset the use of less efficient and/or dirtier on-peak generation (energy time- 
shift).
The remaining three ways that storage use can lead to reduced air emissions involve reduced fuel 
use (which presumably leads to reduced air emissions): 1) dynamic operating benefits 
(Benefit #22); 2) increased generation operation at night, for storage charging, when fuel 
efficiency is higher; and 3) reduced T&D energy losses that accrue if more energy is transmitted 
at night when T&D equipment is not heavily loaded and when ambient temperatures are lower 
(Benefit #21).
Importantly, storage-use-related air emission reductions are circumstance-specific. Specifically, 
the degree to which air emissions are reduced or increased (due to use of storage) depends on 
three key criteria: 1) the age and type of generation equipment and fuel used to generate 
electricity for charging storage, 2) the age and type of generation equipment and fuel that would 
have been used if storage is not deployed, and 3) storage efficiency (i.e., losses).

5.3.8.
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Depending on the circumstances, storage could lead to reduced electricity generation-related 
emissions of carbon monoxide (C02), oxides of nitrogen (NOx), oxides of sulfur (SOx), 
soot/particulate, carbon monoxide (CO) and volatile organic compounds.
Consider generic emission levels shown in Table 36 for NOx and for C02. Values in that table 
are meant to indicate two common scenarios: 1) charge storage using off-peak electricity from a 
natural-gas-fueled combined cycle combustion turbine to offset use of a natural-gas-fueled 
simple cycle combustion turbine on-peak and 2) charge storage using off-peak electricity from 
modern coal-fueled generation to offset use of a natural-gas-fueled simple cycle combustion 
turbine on-peak. (Not shown is use of renewable energy to charge storage, which would lead to a 
dramatic reduction or even total elimination of air emissions per kWh from storage.) Based on 
the values in the table, storage would lead to dramatically different results depending on the type 
of generation involved.

Table 36. Generation C02 and NOx Emissions Implications of Energy Storage Use

Difference'Off-peak/Charging On-peak/Avoided

co2
(Ibs/MWh)

co2
(Ibs/MWh)

co2
(Ibs/MWh)

NOx
(Ibs/MWh)

NOx
(Ibs/MWh)

NOx
(Ibs/MWh)Scenario

Charge: Combined Cycle 
Avoid: Simple Cycle C.T.

+98.3
(+8.7%)

+0.027
(+8.3%)922 0.260 1,131 0.320

Charge: Advanced Coal 
Avoid: Simple Cycle C.T.

+1,832
(+162%)

+4.51
(+1,408%)2,222 3.620 1,131 0.320

Source: Hadley, S.W. VanDyke, J.W. Emissions Benefits of Distributed Generation in the Texas 
Market. Oak Ridge National Laboratory Report ORNL/TM-2003/100. April 2003.
1. These values reflect additional fuel used for generation required to make up for energy 

losses for storage whose efficiency = 75.0%
C.T. = Combustion Turbine.

Of course, it is necessary to ascribe a ‘price’ to (reduction of) a given type of air emission before 
the internalizable financial benefit can be estimated. That topic is beyond the scope of this study, 
so the financial benefit for emission reductions is not estimated.

5.3.9. Benefit #26 — Flexibility
In broad terms, flexibility can be defined as the degree to which and the rate at which adjustment 
to changing circumstances is possible. More specifically, flexibility may provide the means to 
respond adeptly to uncertainty. Flexibility allows decision makers to manage risk and even to 
take advantage of business opportunities involving risk (i.e., to use ‘real options’[81]).

Although it is almost impossible to generalize, in some circumstances there may be a significant 
financial benefit associated with flexibility, especially in a changing business environment with 
significant uncertainty. The benefit accrues if the flexibility allows selection and use of more 
optimal solutions or response to business-related needs, challenges, and opportunities. For 
example, modular electric resources (including storage) can be used to provide electric supply 
and/or T&D capacity ‘on the margin,’ when and where needed. In some cases that alternative 
could comprise a more optimal (financially) response than is possible using conventional
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‘lumpy’ capacity additions. Indeed, depending on the circumstances, a more financially optimal 
solution can involve higher revenue, more profit, and/or lower cost per kW of load served.
This benefit is highly circumstance-specific and it is not estimated.

Incidental Energy Benefit
In some energy storage applications, energy is discharged incidentally during operation. That 
energy almost certainly has some value (benefit). For example, it may offset the need for a utility 
and/or a utility customer to purchase energy.

5.3.10.

5.4. Benefits Not Addressed in This Report
As characterized in Section 3.8, the approach used in this guide does not address many storage 
applications explicitly. Similarly, this report does not address some benefits explicitly, especially 
those that are not ‘utility-related’.
Consider an example provided in Section 3.8 for an application involving storage for trackside 
support of electrified rail transportation systems. Two possible benefits for that application are 
a) increased revenue related to increased ridership and b) reduced equipment wear. Clearly, those 
benefits are not addressed explicitly in this guide, although they may actually exist and they may 
be important elements of an attractive value proposition. Also not addressed are possible tax- 
related incentives, especially income tax credits, and to a lesser extent, income tax deductions.

5.4.1. Utility Incentives, Special Tariffs and Pricing Approaches Not 
Addressed

5.4.1.1. Utility Incentives Not Addressed in This Report
Although not common practice, utilities may eventually provide incentives to customers to 
install storage. Those incentives could be similar to those used to encourage customers to install 
rooftop photovoltaics, to increase energy efficiency (of loads), and to participate in demand 
response, smart metering, and Smart Grid programs. Those incentives are an important element 
of storage value propositions.

5.4.1.2. Special Electric Service Tariffs and Pricing
In addition to the reduced time-of-use energy cost and reduced demand charges described in this 
report, there are at least three other possible ways that utility customers can use storage to reduce 
their overall electricity-related cost: 1) interruptible/ curtailable tariffs, 2) critical peak pricing, 
and 3) load management programs.
Interruptible/curtailable tariffs provide a discount to participants who agree to allow the grid 
operator to ‘curtail’ or ‘interrupt’ electric service when there is a shortage of energy and/or 
capacity. Normally, the agreement specifies that maximum frequency and duration of 
curtailments/interruptions. Historically, curtailment and interruption are used during electric 
supply shortages, though in the future, they could also be used when there is transmission 
congestion and/or when localized T&D overloading occurs.

Critical peak pricing involves energy prices that are significantly higher than normal and that 
apply when there is a shortage of energy and/or capacity. Normally, critical peak prices are
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invoked during electric supply shortages. In the future, they could also be used when 
transmission congestion exists and/or when localized T&D overloading occurs.

Load management programs incorporate pricing and/or direct load control to ‘manage’ peak 
demand during electric supply energy and/or capacity shortfalls. The objective is to create 
‘dispatchable’ demand reduction (i.e., utility customer loads that can be remotely controlled by 
the ISO, when needed, to address energy or capacity shortfalls.) When needed, the power draw 
of the demand response ‘resource’ is reduced, thereby reducing the need for generation.

5.4.1.3. Electric Service Pricing Approaches Not Addressed
In addition to time-of-use energy prices that reflect predetermined price for energy used within a 
predetermined time period, there is a steady movement toward ‘dynamic’ pricing involving 
energy prices that reflect current conditions and that may change as frequently as several times 
per hour. Similarly, there is movement to location-specific electricity prices, commonly referred 
to as locational marginal pricing (LMP). No attempt was made to address those pricing 
approaches in this report.
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6. Storage Value Propositions

6.1. Introduction
This section provides an overview of the concept of storage value propositions, including 
coverage of important elements and considerations.
A value proposition is characterized by 1) one or more (combined) applications plus 2) attractive 
financial returns (i.e., benefits that exceed costs by the ‘hurdle rate’ of return). In some cases, 
storage used for just one application may provide attractive returns. In other circumstances, it 
may be necessary to combine benefits from two or more applications so that total benefits exceed 
total cost. Hence, this report emphasizes the important concept of combining applications for 
benefits aggregation.

Of course, applications must be compatible if they are to be combined. A combination of 
applications is technically compatible if the same storage system can be used for all of the 
applications. A combination of applications has operational compatibility if there are no 
operational conflicts among the applications. As a general indication, the synergies matrix shown 
in Table 37 provides an overview of the possible compatibility among the various applications 
characterized in this document.
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Table 37. Applications Synergies Matrix
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Notes
a. For Area Regulation: Assume that storage cannot be connected at the distribution level.
b. For Voltage support: Assume that a) storage is distributed and b) the storage system includes reactive power capability.
c. For Reserve Capacity: Must have stored energy for at least one hour of discharge (i.e., so can offer useof the storage as reserve capacity on "hour-ahead"
d. For T&D Load Following: For load following up (mornings) or down (evenings) involving charging; must pay prevailing energy price.
e. For T&D Deferral: Annual hours of discharge range from somewhat limited to none. So storage is available for other applications during most of the year.
f. For Time-of-use Energy Cost Management and Demand Charge Management: Assume discharge for 5 hrs./day (noon to 5:00 pm), weekdays, May to Octc
g. Transmission Support (not shown) is assumed to be mostly or entirely incompatible with other applications.

Annotations
1 Requires distributed storage that is located where needed.
x Somewhat to very circumstance-specific, especially regarding timing of operation and/or location.
* Most storage cannot provide power for both applications simultaneously.
f Presumably discharge is somewhat to very coincident for the two applications.
# For distributed storage: charging energy a) from onsite renewable generation and/or or b) purchased from offsite renewable generation via the grid. 
$ Requires utility dispatch of onsite storage.
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6.2. Benefits Aggregation Challenges
There are some notable challenges associated with benefits aggregation. One important theme in 
that regard is that much of the knowledge, perspective and experience needed for savvy and 
effective benefit aggregation are yet to be acquired because benefit aggregation is just becoming 
common practice. Given that premise, significant education and research are needed to provide 
important evidence to key stakeholders, especially utility regulators and utility engineers and 
financial decision-makers, about the merits and importance of benefits aggregation.
The following (listed in no particular order) are some of the reasons that benefit aggregation is 
challenging and not common practice:

• The potential for technical and/or operational conflicts.

• Regulatory ‘permission’ does not exist.

• Engineering standards and tools do not exist.

• Weak or non-existent price signals make it difficult for some stakeholders to internalize 
some/many benefits. In other words, inefficient markets.

• Prevailing utility technological and financial biases against any untested or unfamiliar 
solution, and consequently, the slow pace of change in the utility industry.

• Some storage benefits have been demonstrated insufficiently or not at all.

• The benefits that do exist tend to be difficult to aggregate in practice because, for 
example, different benefits accruing to several stakeholders must be coordinated for a 
given value proposition to be financially attractive and operationally viable.

6.2.1. Technical Conflicts
In some cases, storage systems do not have the features or performance characteristics needed to 
serve multiple applications. One example is storage that cannot tolerate many deep discharges. 
Such storage systems could be well-suited for T&D deferral because storage might be used 
infrequently for that application, but the same storage system is not suitable for energy time- 
shift, which requires a lot of charging and discharging.
Another example is storage that cannot respond rapidly to changing conditions. Such systems 
may be suitable for energy time-shift or to reduce demand charges, but they may not be able to 
provide transmission support or end-user power quality benefits.
Another important criterion affecting technical compatibility is the storage’s discharge duration. 
Storage whose discharge duration is optimized for some applications may not have enough 
discharge duration to serve other applications. Additionally, less reliable (though lower cost) 
storage systems may be suitable for energy time-shift or TOU energy cost reduction benefits; 
however, such systems could not be used for demand reduction, T&D support, or T&D deferral 
benefits because those applications require high reliability for the benefits to accrue.

6.2.2. Operational Conflicts
When estimating combined benefits for a value proposition, it is important to consider all 
potential operational conflicts between the applications being combined. Operational conflicts
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involve competing needs for a storage plant’s power output and/or stored energy. For example, 
when storage is providing power for distribution upgrade deferral it cannot be called upon to 
provide backup power for electric service reliability. Another example is storage that is being 
used for most types of ancillary services: That same storage cannot be used for most other 
applications (e.g., electric energy time-shift or transmission congestion relief) at the same time.

Aggregating Benefits among Stakeholders
One of the biggest challenges for many otherwise financially attractive value propositions is 
aggregating benefits that accrue to different stakeholders. Specifically, many of the benefits 
described in this report accrue to specific electricity end users, some to the ratepayers as a group, 
and others to utilities. Furthermore, various benefits accrue to different utility subsidiaries 
(e.g., electric supply, transmission, distribution, customer service and unregulated business 
activities) that do not necessarily have the same incentives or biases.

Five ‘beneficiary stakeholders’ are worth noting because most benefits accrue to them:
1) specific electricity end users (e.g., those who use storage to reduce electricity cost); 2) utility 
ratepayers at large; 3) the utility, especially T&D and electric supply business units;
4) ‘merchant’ storage project owners (i.e., entities that use storage for profit only); and 5) society 
at large (e.g., for improved environmental quality). In addition to the beneficiary stakeholders, 
there may other stakeholders with which aggregators must coordinate including regulators, ISOs, 
permitting agencies, and affected localities/communities.
Consider storage for T&D deferral. Utility ratepayers would be better off if the cost incurred per 
kWh of energy delivered is reduced, as would be the case with cost-effective T&D deferral. 
Nevertheless, in some circumstances ratepayers’ interest may be at odds with investor-owned 
utilities’ need to invest in equipment to generate dividends. (Recall that IOUs do not make any 
profit from mark-up on energy or fuel purchases, rather energy and fuel purchases are treated as 
‘pass-throughs’ meaning that the utility passes the cost for energy on to end users without any 
mark-up or profit.)

Similarly, in some circumstances, specific electricity end users that install storage to reduce TOU 
energy cost and/or to reduce demand charges may actually reduce revenues needed to cover the 
utility’s carrying cost for investments in generation and/or T&D equipment.

Consequently, when aggregating benefits into a value proposition, it is important to acknowledge 
and address the ‘cross-cutting’ nature of storage value propositions and the diversity of topics, 
stakeholders, motivators, and incentives that must be considered when developing or pursuing an 
actual project involving an electric utility-related energy storage value proposition.

Section 7.1 provides some additional details about important stakeholders and Section 7.2 
provides an introduction to important challenges that may affect prospects for benefits 
aggregation.

6.2.3.

6.2.4. Effect on Market Potential
As described in Section 4, it is important to consider the effect on market potential when 
combining applications. The market potential for specific combinations is almost certainly not 
the sum of the market potential for individual applications.
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Notable Application Synergies
Each application characterization in Section 3 included a summary of notable synergies with 
other applications. A few application synergies in particular stand out within the context of 
developing attractive value propositions.

Electric Energy Time-shift and Electric Supply Capacity
Although it is important to maintain a crisp distinction between capacity-related and energy- 
related applications (and benefits), there are important synergies between the two. Those 
synergies exist if use of energy and need for capacity occur concurrently (which is fairly 
common). For example, storage used by an end user to reduce TOU energy charges could also 
reduce the same end user’s demand charges; provide dispatchable load control as a system 
resource; or reduce loading on T&D capacity to reduce congestion or for T&D deferral. Another 
example is storage used for electric energy time-shift. It can provide electric supply capacity 
benefits because the times when energy has a high value coincide with high capacity value.

Electric Supply Reserve Capacity
Electric supply reserve capacity is especially compatible with other application/benefit 
combinations. (See Section 3.3.3 for details.) The most important reasons are 1) most times 
storage is used for reserves,so it may not have to discharge; 2) storage can provide two times its 
power as reserve capacity while charging; and 3) if there is an hour-ahead market for reserve 
capacity, then decisions can be made almost in real-time regarding the merits of discharging (if 
needed) versus saving the energy for later, for more benefit.

Load Following
Load following is somewhat compatible with storage used for other applications, primarily 
because storage can provide load following (up or down) while charging. (See Section 3.3 for 
details.) So, while storage is being charged (so that it can serve one ore more other applications), 
the same storage can provide load following.

Transmission and Distribution Upgrade Deferral
The T&D upgrade deferral application (and the closely related T&D life extension application), 
may be compatible with several applications. Probably the most important consideration is that 
storage used for T&D deferral or life extension is needed for just a few tens of hours to perhaps 
200 hours per year. Consequently, storage can be used for other applications for as much as 95% 
of the year. And, in most cases storage discharge for T&D deferral or life extension is likely to 
occur when the energy and the capacity are both valuable from an electric supply perspective. 
Similarly, depending on the location, the same storage could also be used for transmission 
congestion relief.

6.3.

6.3.1.

6.3.2.

6.3.3.

6.3.4.

Demand Charge Management and Time-of-use Energy Cost 
Management

Storage used to manage TOU energy cost and/or demand charges could provide other important 
benefits. First, the same storage used for those purposes could also be used to improve on-site 
electric service reliability and/or power quality. Also, if the storage is located in a part of the 
T&D system that is heavily loaded during peak demand times, then the same storage could also

6.3.5.
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provide benefits for T&D upgrade deferral or life extension. Similarly, the same storage could be 
used to reduce transmission congestion, if the storage is located downstream from congested 
parts of the transmission system. The same storage could also provide electric service reserve 
capacity during much of the year.

Electric Service Reliability and Electric Service Power Quality
Presumably, storage used to improve electric service reliability and/or electric service power 
quality would have a discharge duration of a few minutes to perhaps an hour. Consequently, 
storage used for those applications may not be suitable for many other applications. Storage 
deployed mainly for other applications, however, may be well-suited for improving reliability 
and/or power quality if a modest amount of storage is added to provide additional discharge 
duration relative to the discharge duration needed for the other application(s).

6.3.6.

6.4. Distributed Energy Storage
Because distributed energy storage can be used for more applications than larger, central storage, 
distributed storage may be used for a broader spectrum of value propositions.
It is important to distinguish between locational benefits and non-locational benefits. Locational 
benefits are those that can be realized only if distributed storage is deployed where needed. Non- 
locational benefits can be realized regardless of distributed storage’s location.

Locational Benefits
Locational benefits include transmission congestion relief, T&D upgrade deferral, TOU energy 
cost management, demand charge management, electric service reliability, and electric service 
power quality. Additionally, the way voltage support is defined in this report, storage used for 
voltage support should be located close to inductive loads. Depending on the circumstances, 
benefits for renewables energy time-shift and renewables capacity firming also may be 
locational, if for example, the renewable energy generation is distributed (e.gphotovoltaics).

Non-locational Benefits
Non-locational benefits that can accme if distributed storage is used include electric energy time- 
shift, electric supply capacity, load following, and electric supply reserve capacity. Depending on 
the circumstances, benefits for renewables energy time-shift and renewables capacity firming 
may be non-locational, if for example, the renewable energy generation is deployed in large wind 
farms or solar thermal generation that is remote to load centers.

6.4.1.

6.4.2.

6.5. Storage Modularity
As described in Section 2.14, to one extent or another, most storage technologies can be 
deployed as relatively small modules. Some storage technologies (especially batteries, capacitors 
and, to a lesser extent, flywheel storage) are inherently modular. Although normally considered 
to be suitable for large single-site storage projects, even above-ground CAES and small pumped 
hydroelectric storage could be modular (though above-ground CAES and pumped hydroelectric 
‘modules’ are probably larger than those of other modular storage technologies.)
Use of modular electric resources (including electricity storage) could lead to a profoundly 
different electric utility capacity expansion philosophy than that which prevailed during the
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previous century because smaller, modular resources offer more diverse, robust, and optimizable 
approaches versus the ‘limited and lumpy’ options used in the past. Furthermore, modular 
resources can be used for a wider array of applications than larger, less modular options.

Importantly, smaller, more modular resources tend to be more expensive (per kW, and for 
storage, per unit of discharge duration). Further, in many cases, more modular resources are less 
energy efficient.
The following notable considerations that are specific to modular distributed storage are 
described below:

• Optimal Capacity Additions

• T&D Planning Flexibility

• Unit Diversity

• Resource Aggregation

• Transportability

6.5.1. Optimal Capacity Additions
One of the most attractive aspects of modularity is that capacity can be added incrementally, 
where and as needed (i.e., for ‘just-in-time’ capacity). Modularity may also enable cost-effective 
redeployment of storage capacity. For utilities, modularity (and redeployment) may reduce both 
the total cost of service for and the risk associated with larger, more ‘lumpy’ investments in 
infrastructure (e.gT&D capacity additions).

6.5.2. T&D Planning Flexibility
One important feature of any modular resource, including storage, is that it allows for more 
flexible responses to challenges than are possible using the limited number of conventional 
utility solutions. (See Section 5.3.9 for more about flexibility.)

6.5.3. Unit Diversity
One reason to use modular electricity resources is that the aggregate capacity from those 
resources is probably more reliable than the aggregate capacity provided by larger, less modular 
resources because, at any time, only one module (or at most a few modules) is likely to be 
unavailable for service, so the resources’ aggregate capacity is only minimally affected. In 
contrast, the failure of a single or less diverse resource means that all or a significant portion of 
the resource’s capacity is unavailable to serve load.

Resource Aggregation
For value propositions involving residential or small-to-medium commercial end users, the effort 
required to investigate, analyze, design, purchase, install, and operate storage and other modular 
electricity resources (including demand response, distributed generation, and PHEVs) is a 
significant and possibly expensive challenge. In those circumstances, load aggregators - or more 
generally, electric resources aggregators - may be positioned to address many of the 
administrative, legal, and regulatory challenges on behalf of owners of many small individual 
resources.

6.5.4.
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6.5.5. Transportability
Modular energy resources (including storage) that can be moved somewhat-to-very easily may 
be used in two (or more) locations at different times. This feature is especially attractive if the 
challenges addressed with the transportable resources tend to be transitory (i.e., lasting just one 
or a few years). Thus, transportable storage used to address a challenge at one location in a given 
year may be relocated to address a similar or different challenge at another location, in a 
subsequent year. In fact, transportable storage could even be used at two different locations in 
the same year if the locations’ challenges occur during different seasons.
Consider a realistic example: Transportable storage used 1) at one location with a sharp, but 
infrequent, summer peak caused by residential air conditioning loads, and 2) at another location 
that has demand peaks during winter driven by heating loads. Transportability is also attractive 
for locations where capacity or energy needs change from one year to the next.

Value Proposition Examples
This section includes a characterization of possible value propositions involving combinations of 
technically and operationally compatible applications. Importantly, these are just a few of the 
possible combinations. Not included are value propositions that are technically incompatible 
(i.e., the application-specific storage needs are different).

Electric Energy Time-shift Plus Transmission and Distribution 
Upgrade Deferral

One notable application combination is electric energy time-shift plus T&D deferral. In many, 
(and perhaps most) cases, localized T&D peak demand coincides with ‘system’ (supply and 
transmission) peak demand periods. Consequently, it is likely that the energy discharged while 
storage is serving the T&D upgrade deferral application has a high value. Furthermore, in most 
cases, storage used for T&D upgrade deferral discharges for a very small portion of the year, if at 
all. So, storage used for T&D upgrade deferral during a small number of hours/days per year can 
also provide electric energy time-shift-related benefits during almost the entire year. Even if 
storage does not provide T&D upgrade deferral benefits in any given year, it can still be used for 
electric energy time-shift (and possibly other applications such as electric supply reserve 
capacity).

6.6.

6.6.1.

Time-of-use Energy Cost Management Plus Demand Charge 
Management

Many, and perhaps most, electricity end users who pay demand charges also pay TOU energy 
prices. Demand charges are most common for larger, non-residential end users, although that 
may be changing. An attractive scenario for this value proposition may be indicated by a 
combination of high on-peak demand charges, high on-peak energy prices, low or no off-peak or 
‘facility’ or ‘baseload’ demand charges, and low off-peak energy prices.

Renewables Energy Time-shift Plus Electric Energy Time-shift
It is often suggested that energy storage could be used to significantly increase the value of 
renewables’ intermittent output. In many cases, however, the incremental benefit may not be 
commensurate with the incremental cost of the storage plant. Another possibility is a project

6.6.2.

6.6.3.
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involving use of storage to time-shift energy from intermittent renewables and to time-shift 
wholesale electric energy from the grid. The same storage could even be physically decoupled 
from the generation and located where other benefits may accrue as well. For example, storage 
used to time-shift energy from wind generation and to time-shift energy from the grid could 
provide transmission support or even, conceivably, a T&D upgrade deferral benefit, depending 
on the storage system’s location.

Renewables Energy Time-shift Plus Electric Energy Time-shift 
Plus Electric Supply Reserve Capacity

Depending on circumstances, the same storage used for the value proposition described above 
(renewables energy time-shift plus electric energy time-shift) could also be used for electric 
supply reserve capacity. When the storage is charged and idle, it could provide reserve capacity. 
When it is charging, the storage could provide 2* its rated power as reserve capacity. It is even 
conceivable that storage could provide load following and provide reserves while charging if 
charging occurs during times when load is picking up (usually in the morning) and/or when load 
is dropping off (usually in the evening).

Transportable Storage for Transmission and Distribution Upgrade 
Deferral and Electric Service Power Quality/Reliability at Multiple 
Locations

For this value proposition, transportable storage is used at ten different locations for either T&D 
upgrade deferral or to improve electric service power quality and/or electric service reliability. 
The benefit for T&D upgrade deferral is assumed to be $367/kW-year of storage, and the benefit 
assumed for electric service power quality/reliability is $75/kW-year of storage.

Consider this hypothetical scenario: Transportable storage is used at five different locations for 
one year of T&D upgrade deferral at each location, in alternating years. In the other five years, 
when the storage is not used for T&D upgrade deferral, it provides a benefit related to improving 
local electric service power quality and/or electric service reliability. The benefits for that 
scenario are shown in Figure 20. As shown in the figure’s right-side Y-axis, the present worth of 
the annual benefit is nearly $l,700/kW of storage. So, if storage can be owned and operated for 
less than $l,700/kW, for 10 years, then it would be a financially attractive option. That value 
would provide a helpful target for lifecycle cost for modular electric energy storage (in this case, 
with a 10-year life).

6.6.4.

6.6.5.
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Figure 20. Value proposition for transportable storage.

Storage to Serve Small Air Conditioning Loads
Using storage in conjunction with smaller air conditioning (A/C) units, especially residential and 
small commercial ‘package’ units, could be the basis for a compelling value position, for several 
reasons, most importantly 1) A/C loads comprise a significant portion of peak demand, 2) many 
A/C loads only operate for a few hundred hours per year, 3) small A/C motors pose an especially 
difficult challenge during grid-wide voltage emergencies that can exacerbate regional power 
outages, and 4) storage used to serve air conditioning loads could be available for most of the 
year for other benefits.

In many regions, A/C comprises a significant portion of peak demand. While circumstances are 
different in each region, based on the values shown in Figure 21, A/C accounts for 30% of 
summer peak demand in California. Note also that about 53% of all A/C-related demand in 
California is for commercial electricity users and about 47% of A/C-related demand is for 
residences. [82]

Given A/C’s significant contribution to peak demand, utilities may incur a substantial 
A/C-related capacity cost - for generation, transmission, and distribution equipment to serve A/C 
load, but most A/C - especially small residential and commercial units - is operated for 
relatively few hours per year. The primary effect is that the utility receives relatively little annual 
revenue per kW of small A/C load served when compared to other common load types. So, 
smaller A/C loads cost a lot to serve (per kW) because they require so much capacity 
(equipment) even though limited use of small A/C equipment leads to low revenues (per kW). 
The consequence is very poor asset utilization.

6.6.6.
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Figure 21. Components of peak electric demand in California.

6.6.6.1. Storage for Air Conditioning: Increased Utility Asset Utilization
The concept of poor asset utilization is illustrated graphically by the load duration curve (LDC) 
in Figure 22 and Figure 23. An LDC is a plot of hourly demand values, usually for one year, 
arranged in order of magnitude, irrespective of which hour during the year the demand occurs. 
Values to the left represent the highest levels of demand during the year, and values to the right 
represent the lowest demand values during the year.

The LDC in Figure 22 represents hourly load on a part of a distribution system during a specific 
year. Figure 23 includes only the highest 2% of demand values from those shown in Figure 22. 
The LDC shown, though real, represents a relatively extreme case (i.e., the ratio of peak demand 
to average demand is unusually large). It was chosen because it illustrates well the concept of 
poor asset utilization. Specifically, as shown in Figure 23, 10% of the annual maximum demand 
occurs during about 0.4% of the year. Importantly, a significant portion of that demand is from 
A/C loads.
Storage use could increase asset utilization by reducing or eliminating the need for capacity, on 
the margin, and by providing charging energy for the storage during off-peak hours when 
generation, transmission, and distributions assets are usually underutilized.

Depending on the location and circumstances, storage serving smaller A/C loads could reduce 
the need for generation and T&D capacity and could lead to increased utilization of existing 
equipment (assets). It is likely that an energy time-shift benefit will also accrue incidentally.

131

SB GT&S 0531421



8.0

7.2

6.4 -

5.6 -

4.8

<
> 4.0 -

3.2 -

2.4

1.6

0.8

0.0
0 876 1,752 2,628 3,504 4,380 5,256 6,132 7,008 7,884 8,760

Hours

Figure 22. Load duration curve for an electricity distribution node.

8.0

7.8
l

±7.6

I7.4

7.2

<
> 7.0

6 8

6.6

6.4

6.2

+ +6.0 + t
0.00% 0.25% 0.50% 0.75% 1.00% 1.25%

Percent of All Annual Hours
1.50% 1.75% 2.00%

Figure 23. Portion of load duration curve with highest values.

132

SB GT&S 0531422



Storage for Air Conditioning: Voltage Support
The voltage support benefit is notable because, as described in Section 3.3.4, small A/C motors 
pose a considerable challenge during grid emergencies by drawing additional current as voltage 
drops. This can pose a relatively significant challenge as the grid is re-energized after outages. 
Additionally, conventional capacitors used to manage localized voltage drops (due to reactance) 
under normal circumstances do not perform well as voltage support resources.
Consider one operational scenario: Distributed storage is used to serve small A/C equipment 
under normal grid conditions. If there is an ‘electric supply emergency,’ then the storage 
responds like other demand response resources by turning off the A/C equipment and providing 
power to the grid. If the storage’s PCU has reactive power capability then the storage system 
could also provide reactive power as described in Appendix C.
Assuming that storage is located at or near A/C loads, the storage could provide several other 
important benefits, including at least two non-locational benefits: electric supply reserve 
capacity and load following. Additionally, locational benefits could include transmission 
congestion relief; improved electric service reliability and/or localized electric service power 
quality; and localized voltage support. Storage for smaller A/C loads could also be an important 
element of a robust Smart Grid and/or demand response implementation. The storage could also 
be used for wholesale or renewables energy time-shift on days that it is not needed for A/C loads.

One technical challenge is the amount of in-rush current needed for A/C compressor motor 
startup. Storage system PCUs may not be capable of providing the in-rush current needed. One 
way to address that issue is by using a hybrid storage system with two types of storage: one type 
that can provide high power for short durations, such as capacitors, and another that provides 
nominal power for long durations. Another possibility is to use the grid to provide some or all of 
the current during compressor motor startup (only during normal operating conditions for the 
grid). Given the diversity of compressor motor startups, presumably, providing in-rush current 
would not have an adverse affect on the grid.

Note that utility thermal energy storage incentives and programs are justified based on some of 
the same benefits described above primarily reduced demand for generation capacity and 
reduced cost for on-peak energy and, possibly, for reduced need for transmission capacity.

Distributed Storage in lieu of New Transmission Capacity
Distributed energy storage could be one important response to expected transmission capacity 
shortfalls. The need for new transmission capacity is driven by increasing peak demand and on- 
peak electric energy use; increasing interconnectedness of the grid and use of interregional 
generation resources; and increased deployment of renewable energy generation. Storage could 
help if it is located near load centers and charged during off-peak times, usually at night, when 
transmission systems are not heavily loaded; T&D I2R energy losses are relatively low; and 
energy price tends to be low.
During on-peak times storage is used to serve load, reducing the amount of power used during 
peak demand periods, thus reducing loading on the transmission equipment. Four primary 
benefits of such use are 1) reduced need and cost for transmission capacity, 2) increased 
transmission asset utilization, 3) reduced T&D energy losses, and 4) energy time-shift. Of 
course, because the storage is distributed it could also be used for other locational benefits.

6.6.6.2.

6.6.7.
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Distributed Storage for Bilateral Contracts with Wind Generators
In many areas, a significant portion of wind energy is produced at night when the energy’s value 
is relatively low. Additionally, at some times of the year the supply of electric energy being 
generated exceeds demand for energy. One possible way to make better use of that energy is to 
use it to charge distributed storage.

Although several possible transactional frameworks could be used, one involves a bilateral 
contract between wind energy vendors and storage owners. Of course, either of those parties 
could use agents such as aggregators. Several benefits are possible using such a framework. The 
storage owner could use the storage to manage energy and demand charges or to enhance electric 
service reliability and/or power quality. Depending on the circumstances, distributed storage 
could reduce congestion of existing transmission capacity or delay or reduce need for new 
transmission capacity.

6.6.8.

6.7. The Societal Storage Value Proposition
Although many benefits can be partially or totally internalized by the storage owner/user; an 
important factor that affects prospects for increased storage use is that some notable benefits 
accrue - in part or in whole - to utility customers as a group and/or to society at large. That leads 
to the compelling concept of a societal value proposition for storage.
The storage-related societal value proposition may include, but is not limited to, the following 
benefits (presented in no particular order):

• Reduced need for equipment and land for on-peak generation and transmission capacity.

• Increased asset utilization of existing utility generation, transmission, and distribution.

• Enabling superior operation of the existing generation fleet (i.e., dynamic operating 
benefits) and transmission capacity.

• Reduced reliance on fossil fuel and increase energy security.

• Reduced air emissions.

• Reduced transmission and distribution energy losses.

• Enabling superior renewables integration to optimize benefits and to reduce integration 
cost and challenges.

• Enabling superior value from Smart Grid.

• Reduced cost-of-service (e.g., by energy time-shift).

• Improved business productivity due to improved electric service reliability and power 
quality.

• Reduced need and cost for and extraction and refining of key commodities that would be 
needed to build conventional electric utility capacity; primarily, steel, aluminum, and 
copper.

The societal value proposition is an important consideration given the significant role that 
storage could and should play in the electricity marketplace of the future. Stakeholders that may 
need to understand and to consider the societal value for storage include existing and prospective
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storage beneficiaries, such as electric utilities and their customers; electric utility regulators; 
energy and electricity policymakers and policy analysts; and storage advocates.
Robust consideration of the societal value proposition for storage is important for reasons similar 
to those that drive the need to consider the societal value proposition for energy efficiency, 
demand response, distributed resources, and renewables. Perhaps the most important reason is 
that although the cost for storage may exceed the internalizable benefits, the cost may be lower 
than the combined value of internalizable benefits plus societal benefits. (See Section 1.4.2 
which addresses the concept of internalizable benefits.)

It is important for lawmakers, regulators, and policymakers to be inclusive as they develop, 
consider, and promulgate regulations and policies whose outcomes/results could be improved if 
storage is used. For example, relevant decision-makers should consider the ways that storage 
could improve prospects for success regarding environment, energy, and electricity-related 
policy objectives such as increased use of renewables and reduced need for transmission 
infrastructure.
Similarly, it is important to consider incidental/unintended negative effects that laws, regulations, 
and policies may have on prospects for increased storage deployment. Consider an example: 
Many utilities do not have ‘regulatory permission’ to own distributed/modular resources 
(especially storage and generation) even though those alternatives may afford a superior means 
to serve load on the margin, vis-a-vis conventional ‘lumpy’ capacity additions, especially T&D 
capacity. (See Section 3.4.3 for more details.)
Finally, the societal value proposition may overlap with, and may be somewhat or even very 
coincidental to, an owner/user storage value proposition that involves direct/intemalizable 
benefits. Consider a storage owner that uses storage to reduce on-peak TOU energy cost and 
peak demand charges. In that example, some societal benefits could include reduced land use 
impacts associated with reduced construction of new generation and transmission capacity; 
improved utility asset utilization; reduced air emissions; and improved business cost 
competitiveness.
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7. Electricity Storage Opportunity Stakeholders, Challenges, 
and Drivers

This section presents potentially important topics and factors to consider when evaluating 
prospects for storage. Included are lists of the following: possibly important stakeholders, 
important challenges facing prospective storage users and developers, and notable storage 
opportunity drivers. Also included are brief characterizations of several important developments 
that could be significant drivers of many attractive electric utility-related storage opportunities:

• Increasing recognition by lawmakers, regulators, and policymakers of the important role 
that storage should play in the electricity marketplace of the future

• Increasing sophistication and savvy of load and distributed resource aggregators

• Increasingly rich price signals for electric utility-related services

• Tax and regulatory incentives

• Growing transmission capacity constraints

• Expected proliferation of PEVs and PHEVs

• Increased use of intermittent renewables

• Increasing focus on distributed resources

• Need to reduce generation fuel use and air emissions

• Innovation that drives improvements to storage technology and storage 
subsystem technologies

• An increasingly ‘smart’ grid that enables effective integration of some renewables and 
integration and dispatch of distributed resources including demand response, generation 
and storage

7.1. Stakeholders
There is a wide range of possible stakeholders in the electric-utility-related electricity storage 
opportunity. Of course, not all possible storage uses or projects must accommodate all of the 
stakeholders. The importance of particular stakeholders varies depending on factors such as the 
application(s), storage size and type, region, the utility or utilities involved. So, it is important to 
be familiar with the spectrum of possible stakeholders when formulating or evaluating value 
propositions.

Key ‘beneficiary stakeholders’ (i.e., parties that derive benefit from storage) include the 
following:

• Specific ratepayers that use storage to reduce electricity cost

• Utility ratepayers at large (if storage reduces the utility's overall cost-of-service which 
leads to reduced electricity price)

• Utilities
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• ‘Merchant’ storage project owners (entities that use storage for profit only)

• Aggregators

• Storage equipment and services providers

• Society (e.g., for improved environmental quality and economy)
Several important institutional or ‘gatekeeper’ stakeholders include the following:

• Engineering and standards community (e.g., the American Society of Mechanical 
Engineers, the IEEE, the National Electrical Code, etc.)

• Federal and state energy/utility regulatory agencies

• Regional ISOs

• Local safety, siting, planning, and land use agencies

• Host communities
Other possibly important stakeholders include the following (presented in no particular order):

• Bill payers (often end users and bill payers are not the same people/entity)

• Utility functional entities (e.g., electric supply, transmission, distribution, customer 
services, unregulated subsidiaries)

• Storage system integrators, project developers, architecture and engineering firms

• Politicians

• Electricity and environmental regulators

• Electricity, energy, and environment policymakers

• Electricity, energy, and environment researchers and research programs

• Smart Grid

• Independent power and energy services providers

• City and community planners and zoning officials

• Permitting agencies (e.g., fire and health and safety)

• Landlords and property managers

• Storage advocates and advocacy organizations (e.g., the Electricity Storage Association)

• Ratepayer and energy user advocacy groups

• Trade groups for specific industries and/or large commercial energy users

7.2. Challenges
To be sure, there are challenges that will affect efforts to site or deploy storage for many 
potentially attractive value propositions. Readers should be aware of those challenges when 
considering prospects for storage to be used for specific value propositions.
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What follows is a summary list including some of the most important challenges that could face 
storage users and project developers as the storage opportunity unfolds. (See Appendix G for a 
more detailed list.)

• Storage’s relatively high cost per kW installed

• Lack of storage-related regulatory rules and ‘permission,’ especially regarding distributed 
storage

• Prevailing electric energy and services pricing that are not economically efficient (though 
this is changing)

• Limited risk/reward sharing mechanisms

• Permitting and siting rules and regulations

• Limited familiarity, knowledge, and experience base (for storage)

• Existing utility technology biases

• Limited storage-related engineering standards and evaluation methodologies and tools

• Financing of any ‘new’ technology is challenging

• Investor-owned utility preference for investments in equipment and aversion to expense- 
based alternatives

• Inadequate infrastructure features and ‘hooks’ needed to accommodate or to optimize 
benefits from storage, especially distributed storage

• Competition among many technologies, concepts, and programs (e.g., demand response, 
Smart Grid, distributed generation, renewables, etc.)

• Coordinating among numerous stakeholders, for ‘permission’ to use grid-connected 
storage and./or to aggregate benefits

7.3. Opportunity Drivers
The following is a list of possibly important drivers of the energy storage opportunity in the 
emerging electricity marketplace. Note that some of these drivers are also included in the list of 
challenges. The opportunity drivers identified by the authors include the following (in no 
particular order):

• Increasing interest in storage by politicians, regulators, and policymakers:
) Battery development that is driven by automotive/transportation 

o For renewables integration

o For transmission congestion relief and to reduce need for new transmission

• The emerging electricity marketplace:
o Competition

o Richer electricity-related price signals:

A general trend toward disaggregation of prices for energy and services
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Locational prices 

TOU prices
o A broad range of new electric, control, and information technologies

• Increasing emphasis on intermittent renewable energy-fueled generation

• Generation and transmission capacity constraints and transmission congestion

• Existing and prospective incentives to install storage:
o Tax-related issues 

o Regulatory/utility issues
) Storage provides similar or even superior benefits to non-storage resources that 

are currently eligible for incentives (e.gend-use efficiency, demand response 
and distributed generation).

• Surging interest in electric vehicles, PEVs, and PHEVs:
) Will affect grid cost and operations 

) Key impetus for battery technology improvements

• Growing use of demand response:
o Especially in lieu of upgrading generation and transmission capacity 

o When energy is too expensive or not available

• Smart Grid

• Load aggregation

• The important role of independent power providers and energy services providers

• Growing emphasis on modular DER:

o Distributed generation
o Geographically targeted demand response and energy efficiency 

o Distributed energy storage

• Increasing emphasis on reducing air emissions from the electric supply

• NIMBY (not in my backyard) and BANANA (build absolutely nothing anywhere 
near the area):

o Large-scale generation (conventional and renewables) 

o Transmission issues

• Growing preference for reduced fuel use

• Accelerating energy storage technology innovation (especially batteries, and to a lesser 
extent, capacitors and CAES)
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7.4. Notable Developments Affecting Prospects for Storage
This section includes brief characterizations of ten important developments - mostly in the 
electricity marketplace - that could be especially important drivers of many attractive electric- 
utility-related opportunities for storage.

7.4.1. Smart Grid and Electricity Storage
In broad terms, the vision for the Smart Grid is to increase operational efficiencies; improve 
electric service reliability; increase utility customer retention; and optimize capacity expansion 
(generation, transmission, and distribution) asset utilization.

Smart Grid acts as a controlling mechanism for the Advanced Metering Infrastructure (AMI) and 
smart meters. AMI and smart meters, in turn, enable two-way communication between a utility 
and its customers. Consider one concrete example: Smart Grid is expected to reduce energy use 
and peak demand by providing rich price signals using real-time data about energy cost and 
generation, transmission, and distribution capacity constraints.

Among other characteristics, Smart Grid is expected to be ‘continuously upgradeable’. Also, 
Smart Grid will be an important element of a ‘self-healing’ electricity T&D network. It will add 
flexibility as utilities accommodate load and energy use growth. Smart Grid will also provide 
improved means to manage electricity transmission and distribution. Smart Grid could also be 
used for reactive power compensation and voltage control which, among other benefits, increases 
the throughput of T&D equipment. In 2008, the U.S. Department of Energy Smart Grid Task 
Force established the following seven ‘characteristics of Smart Grid’:

1. Enable active participation by consumers.
2. Accommodate all generation and storage options.
3. Enable new products, services, and markets.

4. Provide power quality for the range of needs in a digital economy.
5. Optimize asset utilization and operating efficiency.

6. Anticipate and respond to system disturbances in a self-healing manner.
7. Operate resiliently against physical and cyber attacks and natural disasters.

In the future, distributed energy storage deployed as part of, or in coordination with, Smart Grid 
should enable many rich value propositions that could include a wide array of benefits, possibly 
including the following:

• Aggregation, integration, optimization and coordination of all types of DER

• Electricity price hedging

• Ancillary services (e.gelectric supply capacity reserves, voltage support provided 
locally, load following, area regulation)

• Reduced transmission congestion

• T&D upgrade deferral and equipment life extension

• Electric supply fleet performance and operation optimization (i.e., DOBs)
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Learn more about Smart Grid by visiting the U.S. DOE’s Smart Grid website: 
http ://www.oe. energy. gov/smartgrid.htm.

Increasing use of Demand Response Resources
Demand response is becoming an important resource, especially as an alternative to adding peak 
generation capacity and, to a lesser extent, to reduce need for or congestion of transmission 
systems. A summary of the value of demand response from the Peak Load Management Alliance 
includes the following primary elements:

• Reducing supplier and customer risk in the market

• Providing better reliability for the electricity system

• Reducing the costs associated with generation, transmission, and distribution

• Creating efficient markets

• Reducing environmental impact by reducing or delaying new power plant developments

Load Aggregators
The CAISO defines load aggregators as a municipality or other governmental entity, an 
energy services provider, a scheduling coordinator, a utility distribution company, or any other 
entity representing single or multiple loads for the purpose of providing demand reduction 
service to the ISO.”[84]
So, a load aggregator is any entity that combines loads into what is, in effect, a ‘block’ that can 
be controlled in response to requests by the ISO. Specifically, the ISO can rely on those blocks 
almost as if they are dispatchable generation capacity. That is, when there is not enough electric 
supply capacity available to serve all demand or to provide all necessary ancillary services, the 
ISO can request that the demand associated with load blocks be reduced or turned off.
A few points are worth considering. First, presumably, the scope of load aggregation could 
increase to include distributed generation and distributed storage. Although load aggregation 
tends to be done in response to electric-supply-related challenges, it seems likely that load 
aggregation could also be used to address more location-specific challenges such as overloaded 
T&D equipment or power-quality-related needs. It also seems likely that there could be some or 
perhaps significant convergence of Smart Grid, demand response, and load aggregation. Some of 
the advantages load aggregators have relative to individual end users, or perhaps even energy 
storage project developers, include the following (in no particular order):

• General business savvy regarding electricity value, pricing and markets

• Existing infrastructure

• Market familiarity

• Unit diversity

• The means to finance storage

• Opportunities to internalize more benefits

7.4.2.

7.4.3.
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Increasingly Rich Electricity Price Signals
Another important development is the use of price signals for an increasing array of electric 
capacity, energy, and services that provide storage owners with the means to internalize more 
benefits. At least three important conventional pricing programs have existed for many years. As 
described in Section 3.5.1, some residential and many commercial electricity end users are 
eligible or even required to pay TOU-based prices for electric energy. Also, as described in 
Section 3.5.2, some electricity end users with somewhat large demand (>50 kW to 100 kW) 
often pay demand charges based on peak load and TOU charges for energy.
Many end users with medium demand or higher (>100 kW) are eligible for interruptible or 
curtailable rates. Under those rates, participating end users pay a discounted price for energy, and 
in return, the utility or the ISO may interrupt or curtail service, during grid emergencies, for a 
specified number of times, for specified durations. The interruptible or curtailable load is usually 
treated and used like reserve capacity for the electric supply system.

A more recent development is the establishment of critical peak pricing (CPP) for retail end 
users. Under terms of critical-peak-pricing tariffs, the utility can charge ‘very high’ prices for 
each kWh of energy used during critical peak periods. CPP tariffs allow the utility to impose the 
high prices a specified maximum number of times per year and for specified durations. In the 
U.S., the ISOs have implemented open markets for several ancillary services, including public 
posting of prices.
An emerging trend is the use of locational pricing or locational marginal pricing to better reflect 
the cost associated with delivery to specific parts of the grid. Among other factors, locational 
marginal prices could reflect area-specific energy cost/price, transmission capacity cost or 
charges, transmission congestion charges, and transmission I2R energy losses. Importantly, load 
aggregators, Smart Grid, and demand response programs could be important enablers of a 
significant market for storage benefits when coupled with rich price signals.

Tax and Regulatory Incentives for Storage
One possibly important development for prospective energy storage purchasers and users is 
increased interest in providing related tax and regulatory/utility incentives. Tax incentives are 
most likely to include accelerated depreciation and possibly tax credits. Regulatory/utility 
(regulatory) incentives are most likely to include rebates that offset a portion of the purchase 
price. Although the analogy is not perfect, there is a lot of emphasis on providing tax and 
regulatory incentives for energy conservation and efficiency, peak demand reduction, and 
renewable energy systems.

Such incentives are currently offered for the following: purchasing and installing equipment for 
thermal energy storage; A/C efficiency improvements and/or downsizing; improving commercial 
lighting efficiency; installing distributed generation (e.g., the Self-Generation Incentive Program 
in California); and/or installing renewable energy generation.

All of these programs are deemed to be important, at least in part, because they reduce peak 
demand, which reduces the need for electricity supply and T&D infrastructure. They also reduce 
on-peak energy use, which reduces fuel and operation cost for inefficient and expensive-to-run 
generation. It seems logical to at least consider incentives for using energy storage to the extent 
that it provides similar benefits.

7.4.4.

7.4.5.
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Transmission Capacity Constraints
The need for additional transmission capacity is driven by several factors, including increasing 
deployment of bulk renewables generation that is located away from load centers; increasing the 
interconnectedness of the grid; increasing the use of non-utility-owned generation; increasing the 
use of generation located away from load centers, including increasing reliance on inter-regional 
energy transactions; increasing peak demand for electricity; and a heavily loaded and aging 
transmission infrastructure.

Importantly, storage could be used to reduce or to avoid the need for new, high-voltage, bulk 
transmission upgrades. That is important because one of the emerging challenges facing the new 
utility marketplace is the need for additional transmission capacity. Not only is existing 
transmission capacity getting older and less adequate, but siting new transmission is increasingly 
contentious.
While not addressed explicitly in this report, an approach similar to the ones used to estimate the 
T&D upgrade deferral benefit or T&D congestion relief benefit could also be used to estimate 
the benefit associated with avoided need for transmission. In simple terms, the benefit is related 
to the avoided cost for constructing new transmission capacity and/or upgrading existing 
equipment or regional transmission congestion charges.

Expected Proliferation of Electric Vehicles
Although the implications for energy storage generally are somewhat unclear, the expected 
proliferation of plug-in electric vehicles (PEVs) and plug-in hybrid electric vehicles (PHEVs) 
could have a significant impact on the potential for utility-related storage.[85] One possibility is 
that purchases of off-peak energy to charge storage will increase off-peak energy prices enough 
to reduce the benefit for some uses of utility-related storage, especially energy time-shift and 
TOU energy cost reduction.

Consider also that PEVs and PHEVs could provide some or perhaps most of the benefits that 
utility-related storage provides. Specifically, it may be cost-effective to charge electric vehicles 
when demand and energy prices are low or relatively low and then to dispatch aggregated power 
from those vehicles (using stored energy and/or the hybrid’s fuel-driven power plant) to support 
the grid, especially during grid emergencies.
On the positive side, the proliferation of PEVs and PHEVs could lead to economies of scale and 
lower prices for advanced batteries and battery systems, including system management and grid 
integration (interconnection, control, and communications).

Increasing Use of Intermittent Renewables
Storage seems poised to be important as a complement to the expected increase of intermittent 
renewables. If nothing else, some output from intermittent renewables occurs when energy is not 
valuable and/or can change rapidly, making grid operations challenging and reducing the 
renewables’ capacity credit. Three key facets of renewables-storage value propositions are 
notable: 1) capacity firming, 2) energy time-shift, and 3) grid integration.

Increasing Use of Modular Distributed Energy Resources
An emerging theme in the electricity marketplace is the use of modular electricity resources that 
are located near loads and downstream from overloaded T&D facilities. Distributed energy

7.4.6.

7.4.7.

7.4.8.

7.4.9.

144

SB GT&S 0531434



resources (DER) include generation, storage, and geographically-targeted load management and 
conservation.

On important reason for the increased interest in DER is that resources located near loads can 
provide more benefits than more remote resources. Other key drivers of interest in modular 
distributed resources include increasing congestion of regional transmission systems; challenges 
associated with paying for and siting large generation and transmission infrastructure; 
improvements in DER technologies; Smart Grid, and proliferating of rooftop/distributed 
photo vo ltaics.

Reducing Generation Fuel Use and Air Emissions
It is important to consider the fuel-use-related and air-emissions-related implications of storage 
because of trends toward reducing resource extraction, transportation and use, and policies that 
emphasize reducing air emissions due to generation. Depending on the circumstances, storage 
may be an important element of an overall strategy to reduce generation-related fuel use and air 
emissions.

As summarized in Section 5.3.7 and Section 5.3.8, storage can lead to reduced fuel use and air 
emissions in at least three ways: 1) time-shift energy from relatively efficient and/or clean 
baseload generation (e.g., combined cycle, geothermal or wind generation) to offset use of less 
efficient, dirtier on-peak generation (e.g., older, simple cycle combustion turbines), 2) reduce I2R 
energy losses if energy is transmitted during off-peak times, and 3) dynamic operating benefits.

Storage Technology Innovation
Innovation by storage technology and storage system developers is accelerating, especially 
regarding batteries and, to a lesser extent, capacitors and CAES. Key drivers seem to be 
transportation-related uses, the expected increased use of intermittent renewables and a growing 
need for operational flexibility for the electricity grid.

7.4.10.

7.4.11.
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8. Conclusions, Observations, and Next Steps

8.1. Summary Conclusions and Observations

8.1.1. The Storage Opportunity
Electric energy storage is poised to become an important element of the electricity grid and 
marketplace of the future. Storage has unique features and characteristics that make it useful for 
significant existing and emerging electric-utility-related opportunities and challenges.
Notable opportunities and challenges that storage can address include, but are not limited to, the 
following (presented in no particular order):

• Storage offsets the need for additional peaking generation capacity.

• Storage enables more optimal operation of the existing generation fleet, thereby reducing 
generation ramping and part load operation which, in turn, reduces equipment wear, fuel 
use, and air emissions.

• Storage is well-positioned to enable effective, optimal integration of intermittent 
renewables and possibly baseload renewables.

• Storage is well-suited to provide ancillary services, especially load following, area 
regulation, and electric supply reserve capacity. Distributed storage would be especially 
valuable for voltage support.

• Properly located storage can reduce congestion of existing transmission, reduce the need 
for additional transmission capacity, and defer the need for expensive subtransmission and 
distribution upgrades. Similarly, storage use can increase utilization of existing T&D 
assets, and in some cases it could be used to extend the life of existing T&D equipment - 
especially aging underground cables.

• Distributed storage will probably become a crucial element of the Smart Grid, and it can 
facilitate/enable increasingly important ‘demand response’ resources.

• Modular storage provides utility planners and engineers with flexible, reliable, and 
possibly less-risky alternatives to investments in conventional, inflexible, ‘lumpy’ T&D 
capacity additions.

• Distributed storage is well-suited to addressing growing electric service power quality and 
electric service reliability challenges, possibly by enabling utilities to provide 
differentiated electric service with higher quality and/or reliability (for a premium price).

• Utility customer-owned storage can be used to manage increasing electricity-related costs 
by time-shifting low-priced energy and by using storage to provide grid ‘services’, 
probably in conjunction with electric resources aggregators.
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Storage Opportunity Drivers
Several current and emerging storage opportunity drivers have been recognized. The following 
are especially notable (presented in no particular order):

• Increasing recognition by lawmakers, regulators, and policymakers of the important role 
that storage should play in the electricity marketplace of the future.

• Increasing sophistication and savvy of load and distributed resource aggregators.

• Increasingly rich electricity price signals (i.e., for energy, capacity, and ancillary 
services).

• Tax and regulatory incentives for storage.

• Expected proliferation of plug-in electric vehicles and plug-in hybrid electric vehicles.

• Increasing use of modular distributed energy resources for on-peak electric supply, 
ancillary services, and transmission congestion relief.

• Increasing use of intermittent renewables.

• Growing need for improved electric service power quality and reliability.

• Storage technology innovation, including improved subsystems (especially power 
conditioning) and storage system integration; battery innovation will accelerate, perhaps 
dramatically, due to development related to electric vehicles.

• An increasingly ‘smart’ electricity grid will enable effective integration of some 
renewables and integration and dispatch of distributed resources, including demand 
response, generation, and storage.

8.1.2.

8.1.3. Notable Stakeholders
The storage opportunity involves numerous stakeholders. Understanding stakeholder interests 
and relationships is crucial for several reasons. Perhaps the most important reason is that not all 
benefits accrue to the same stakeholder. In fact, some benefits may involve conflicting interests. 
Consider a utility customer that uses storage to reduce its electricity-related costs. To the utility, 
the resulting ‘revenue loss’ increases the average price that customers at large must pay (because 
the utility receives less revenue without a commensurate reduction of fixed cost.)
Also, the existence of numerous stakeholders is important in that storage value propositions and 
storage projects may require a significant amount of coordination and cooperation among diverse 
stakeholders, possibly with conflicting interests.

Below are eight notable ‘beneficiary stakeholders’ (i.e., parties that derive benefit from storage):

• Specific electricity end users who use storage to reduce electricity cost

• Utility ratepayers at large

• Utilities

• ‘Merchant’ storage project owners (entities that use storage for profit only)

• Aggregators
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• Storage equipment and services providers

• Society at large (e.g., for improved environmental quality and economy) 

Several ‘institutional stakeholders’ or ‘gatekeeper stakeholders’ are also notable:

• Legislators and policymakers

• Utility engineers and capacity planners

• Engineering standards organizations

• Federal and state energy/utility regulatory agencies

• Regional independent system operators

• Local safety, siting, planning and land use agencies

• ‘Host’ communities

8.1.4. Notable Challenges
The storage opportunity involves some important challenges. It is prudent to be familiar with 
those challenges when evaluating prospects for storage in general, and for specific storage- 
related applications/benefits, value propositions, projects, locations, and regions/jurisdictions.
Several notable challenges include the following (in no particular order):

• Storage’s relatively high cost per kW installed, compared to the benefit associated with 
most technically viable value propositions

• Lack of storage-related regulatory rules and ‘permission,’ especially regarding distributed 
storage

• Prevailing electric energy and services pricing that are not economically efficient 
(though, this is changing)

• Limited risk/reward sharing mechanisms (especially between utilities and customers 
and/or aggregators)

• Permitting and siting rules and regulations are not well-established for storage

• Limited familiarity with, knowledge about, and experience with storage

• Limited storage-related engineering standards and evaluation methodologies and tools

• Investor-owned utilities’ ‘rate-based’ (or revenue requirement) financials that lead to a 
strong preference for investments in equipment and aversion to expense-based 
alternatives

• Storage must compete with many technologies, concepts, and programs (e.g., demand 
response, Smart Grid, distributed generation, and renewables) for its place in the 
electricity marketplace of the future

• Coordinating among numerous stakeholders for ‘permission’ to use grid-connected 
storage and./or to aggregate benefits

See Appendix G for a more detailed list of challenges.
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8.1.5. The Importance of Benefits Aggregation
The most important topic addressed in this guide is the aggregation of benefits into attractive 
value propositions (i.e., a value proposition for which the total benefit exceeds the total cost by 
an amount that yields an acceptable-or-better return on investment). That theme is so important 
because in many situations two or more benefits will be required so the total benefit exceeds the 
total cost.
The primary purpose for this guide is to provide analysts with a framework for evaluating 
storage prospects for specific value propositions, including guidance about identifying and 
ascribing value to specific benefits that serve as building blocks for value propositions. Ideally, 
this framework will provide the foundation, and possibly the mindset, needed to recognize and 
characterize attractive value propositions.
As an aside: Given the emphasis on benefits, an important theme in this report is the need to 
maintain a crisp distinction between storage applications and the benefits that accrue if storage is 
used for a given application. (Applications are ways that storage is used, whereas benefits are 
primarily financial, including increased revenue and/or reduced or avoided cost.)

8.1.6. Multi-faceted Nature of the Storage Opportunity
Given the foregoing, clearly the storage opportunity is multi-faceted. A robust understanding of 
the storage opportunity requires at least some familiarity with several of those facets. Consider 
just a few:

Many possible application/benefit combinations

Numerous beneficiary stakeholders and institutional/gatekeeper stakeholders, some with 
conflicting interests

Myriad rules, regulations, and permitting requirements

Applicable market rules, tariffs, and pricing significantly affect the attractiveness of 
storage in specific regions and locations

Role of storage relative to the electric supply generation fleet, renewables, demand 
response, Smart Grid, PEVs, and PHEVs

Most existing storage technologies continue to improve, and advances involving 
emerging storage technologies are accelerating

Next Steps - Research Needs and Opportunities
Although utility-related storage opportunities are receiving increasing emphasis, more extensive 
research, development, and demonstration are needed. The elements of a robust storage-related 
research and development agenda are briefly characterized in this section.

Establish Consensus about Priorities and Actions
A key challenge for storage is the combination of diverse benefits and diverse stakeholders. 
Although that situation seems likely to persist, an important next step is to work toward a 
common understanding among stakeholders about several key topics, including the following: 
a) existence and magnitude of benefits; b) important value propositions, including the societal

8.2.

8.2.1.
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value proposition; c) key challenges and solutions; d) standards and rules needed 
(interconnection, permitting, etc.)-, e) market potential; f) the role of storage relative to and/or in 
conjunction with Smart Grid and demand response programs; g) storage technology and system 
cost and performance criteria, including definitions and values; and h) storage technology and 
value proposition demonstrations.

Identify and Characterize Attractive Value Propositions
This guide emphasizes the concept of value propositions and includes a few examples of 
possibly attractive value propositions. A helpful next step would be to establish a menu of 
model/generic value propositions that are a) generally accepted/recognized, b) financially 
attractive, and c) technically viable. Furthermore, value propositions targeted should be those 
involving somewhat-to-very significant market potential. Those value propositions would be 
used by storage advocates, project developers, technology and systems developers, regulators, 
policymakers, researchers, and prospective end users to focus their respective efforts.

Identify and Characterize Important Challenges and Possible 
Solutions

A crucial initial step towards consensus-building is to identify the most important challenges that 
could significantly delay and/or limit deployment of storage. First, the challenges should be 
characterized and then prioritized. Possible criteria to use in establishing priorities could include 
1) potential showstoppers, especially those that are most likely to occur; 2) challenges whose 
solutions require a long lead time; 3) challenges that affect early adopters and/or users which 
could purchase significant amounts of storage in the near term; and 4) challenges that are most 
likely to create or to reinforce unhelpful misperceptions. After priorities are established, the next 
step would be to identify and develop an approach to address those challenges.

Identify, Characterize and Develop Financial and Engineering 
Standards, Models, and Tools

If storage is to reach its potential, one key priority is to identify, characterize, and develop the 
engineering and financial/accounting standards needed to evaluate important technical and 
financial criteria. Once those standards are established, analysts will need models and tools to 
apply them. Presently, those standards, tools, and models are largely undeveloped and/or they 
require adaptation and evolution of existing tools.

Ensure Robust Integration of Distributed/Modular Storage with 
Smart Grid and Demand Response Programs

Smart Grid and demand response programs are poised to be important elements and enablers of 
the modem electricity grid and the electricity marketplace of the future. It seems likely that 
storage will be an important part of Smart Grid and demand response programs.
It is important to ensure robust and appropriate consideration of storage’s roles and benefits as 
Smart Grid infrastructure and demand response, protocols, functionality, hardware, 
communications, and controls are developed, and as the Smart Grid and demand response 
programs are deployed.

8.2.2.

8.2.3.

8.2.4.

8.2.5.
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8.2.6. Develop More Refined Market Potential Estimates
While the transparent, auditable, simplistic, maximum market potential estimates provided in this 
guide may provide a helpful point of departure, more robust methods are needed to refine those 
estimates. Such estimates are important metrics for politicians, policymakers, regulators, storage 
advocates, potential storage users, and storage vendors as they seek to gauge the potential 
implications and attractiveness of storage.

Develop Model Risk and Reward Sharing Mechanisms
As mentioned elsewhere in this guide, important discontinuities between some key stakeholders’ 
interests - especially between utilities and customers - make risk and reward sharing difficult or 
impossible. Nevertheless, many otherwise attractive value propositions are not possible without 
risk and reward sharing, especially value propositions involving locational benefits and 
distributed/modular storage.

Perhaps the best example is the benefit for T&D upgrade deferral or T&D equipment life 
extension. Consider the example of a T&D upgrade deferral or life extension that would reduce 
the utility’s total cost-of-service (an avoided cost) by $100,000 for one year.
Ideally, the utility would have the flexibility to share the avoided cost with customers that are 
willing and able reduce load, when needed, to enable the deferral. When called upon to reduce 
load, those customers could turn off loads (demand response) and/or use on-site generation 
and/or on-site storage. Peak load reduction could also be accomplished using energy efficiency.
Unfortunately, most utilities do not have the regulatory ‘permission’ or the transactional 
framework for such risk and reward sharing. If nothing else, the utility should be allowed to 
concentrate conventional demand response and energy efficiency incentives toward the part of 
the grid where T&D upgrade deferral or life extension is needed.

Develop Model Rules for Utility Ownership of Distributed/Modular 
Storage

For a variety of reasons, most utilities do not have regulatory permission to use storage in lieu of 
T&D equipment. One of the more important near terms objectives for the storage community is 
to advocate for utility permission to own and operate distributed/modular storage, just like any 
other equipment. Model rules for such utility ownership could spur the development of 
formalized rules at the state level.

8.2.7.

8.2.8.

Characterize, Understand, and Communicate the Societal Value 
Proposition for Storage

It is important to characterize, understand, and communicate the societal value proposition for 
storage (as described in Section 6.7) for at least two key reasons. First, society at large has a 
significant stake in the storage opportunity because some of the key benefits accrue, in part or in 
whole, to society at large (e.greduced air emissions and reduced land use impacts from reduced 
need for new infrastructure). Second, some significant storage benefits may accrue to more than 
one stakeholder, including utility ratepayers as a group and/or to society as a whole, making 
‘stakeholder integration’ and risk and reward sharing mechanisms especially important for 
societal benefits.

8.2.9.
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Storage Technology and Value Proposition Demonstrations
New storage technologies, subsystems, and storage system configurations must establish a record 
and reputation as a reliable, cost effective alternative before wide-scale acceptance. That same 
challenge applies to undemonstrated storage benefits and value propositions.
Establishing a track record and reputation often requires several demonstrations. Therefore, 
numerous demonstrations may be necessary (especially for modular/distributed storage) before 
wide-scale deployment of additional storage will occur.

8.2.10.
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Appendix A - Ancillary Services Overview

In broad terms, ancillary services are necessary services that must be provided in the generation 
and delivery of electricity. As defined by the Federal Energy Regulatory Commission (FERC), 
they include: coordination and scheduling services (load following, energy imbalance service, 
control of transmission congestion); automatic generation control (load frequency control and the 
economic dispatch of plants); contractual agreements (loss compensation service); and support of 
system integrity and security (reactive power, or spinning and operating reserves).

Introduction
The two primary functions of the electricity grid are 1) providing a supply of electric energy, 
primarily using generation that converts fuel to electricity in real-time and 2) delivering that 
energy to customers via the transmission and distribution (T&D) system. In addition to resources 
that provide the electric energy; additional resources - collectively known as ancillary services - 
support the overall operation of the grid. Ancillary services are defined by FERC as those 
services necessary to support the delivery of electricity from seller to purchaser while 
maintaining the integrity and reliability of the interconnected transmission system (‘the 
network’). The specific definitions used by FERC for various ancillary services are listed in 
Table A-l.
To one extent or another, energy storage can provide many of those ancillary services. Storage 
used to provide some of the ancillary services may also be used for other applications, including 
power quality, reliability, and others.

Regulation versus Load Following
Two ancillary services - regulation and load following - are somewhat similar; however, to 
understand implications for storage value propositions, it is important to distinguish between 
them:

Together, regulation and load following address the temporal variations in 
load (and generation that does not accurately follow control signals). The 
key distinction between load following and regulation is the time period 
over which these fluctuations occur. Regulation responds to rapid load 
fluctuations (on the order of one minute) and load following responds to 
slower changes (on the order of five to thirty minutes). Load following is 
defined as the 30-minute rolling average of system load; regulation is then 
the difference between actual load for each 30-second interval and the 
rolling average. Hourly load following is defined as the difference 
between the highest and lowest values of the rolling average within the 
hour. Regulation is defined as the standard deviation of the 120 regulation 
values for the hour. Finally, the implications of the current block­
scheduling conventions on load following and regulation are discussed, as 
is the need for a new scheduling convention. [A 1]

A-l
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Table A-1. Ancillary Services and Their Common Definitions

System Control Scheduling generation and transactions ahead of time, and controlling 
some generation in real time to maintain generation/ioad balance.

Reactive Supply 
& Voltage Control

The generation or absorption of reactive power from generators to 
maintain transmission system voltages within required ranges.

Regulation Minute-by-minute generation/ioad balance within a control area to meet 
NERC standards.

Spinning Reserve Generation capacity that is online but unloaded and that can respond 
within 10 minutes to compensate for generation or transmission outages. 
‘Frequency-responsive’ spinning reserve responds within 10 seconds to 
maintain system frequency.

Supplemental Reserve Generation capacity that may be offline or curtailable load that can 
respond within 10 minutes to compensate for generation or transmission 
outages.

Energy Imbalance Correcting for mismatches between actual and scheduled transactions on 
an hourly basis.

Load Following Meeting hour-to-hour and daily load variations.

Backup Supply Generation available within an hour for backing up reserves or for 
commercial transactions.

Real Power Loss 
Replacement

Generation that compensates for losses in the T&D system.

Dynamic Scheduling Real-time control to electronically transfer either a generator’s output or a 
customer’s load from one control area to another.

Black Start Ability to energize part of a grid without outside assistance after a blackout 
occurs.

Network Stability Reai-time response to system disturbances to maintain system stability or 
security.

Please see Appendix D for more about storage for Load Following and Appendix E for more 
about storage for Area Regulation.

Reference
[Al] Hirst, Eric. Kirby, Brendan. Separating and Measuring the Regulation and Load Following 
Ancillary Services. Oak Ridge National Laboratory. March 1999.

A-2

SB GT&S 0531452



Appendix B - Storage Replacement Cost Estimation Worksheet
The worksheet shown below is an example of a simple methodology that can be used to estimate the cost incurred during battery operation 
due to battery wear (i.e., damage). It spreads the damage-related cost across each unit of energy discharged to establish a value that 
represents the cost for battery replacement that is incurred per unit of energy output from the battery.
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Appendix C - Distributed Energy Storage for Voltage Support
and Reactive Power

Introduction to Reactance in AC Circuits
An important technical challenge for electric grid operators is managing the effects from a 
phenomenon called reactance in an alternating current (AC) electrical circuit. Reactance is 
caused by elements within an AC circuit (i.e., inductors and capacitors). The effects from 
reactance are related to an accumulation of electric or magnetic fields in the circuit elements 
when current is flowing. The electric and magnetic fields, in turn, produce an opposing 
electromotive force that is proportional to either the rate of change (time derivative) or 
accumulation (time integral) of the current.

Perhaps the most important manifestation of reactance in an AC circuit is that capacitors and 
inductors cause voltage and current to be ‘out of phase’ (i.e., to not be synchronized). 
Specifically, rather than the ideal situation involving voltage and current which are synchronized, 
capacitors cause current to lead the voltage and inductors cause current to lag the voltage. Figure 
C-l provides a graphical representation of the phenomenon.

•Httpt♦

Cunpt
Current

CapacitanceInductance

Figure C-1. Leading and lagging current due to inductance 
and capacitance (reactance) in an AC circuit.

In the left graph of Figure C-l, the two plots of voltage and current show capacitive reactance 
(current leads voltage). The two plots in the graph on the right show effects from inductive 
reactance (current lags voltage). The degree to which current leads or lags depends on the 
alternating current circuit’s operating frequency (e.g., electric grids operate at 50 or 60 Hz) and 
the capacitance and inductance in the circuit.

* AC power involves current flow (and voltage) that varies between a positive and a negative level. Electricity power 
systems use AC power that oscillates between negative and positive values 60 times per second (i.e., 60 Hertz AC). 
Among other advantages, AC power enables transmission over longer distances than systems using direct current 
(DC) power (power that has a constant current and a constant voltage).
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Importantly, to the extent that current leads or lags voltage, the effective voltage is reduced, in 
turn reducing the amount of usable power that can be delivered (i.e., reactance reduces the 
effective load carrying capacity of the grid). Note that, normally, reactance in the electricity grid 
is dominated by reactance from inductive loads (causing current to lag the voltage), especially 
motors.

Power Factor
The power factor of an AC electric system is defined as the ratio of real power to apparent 
power.

Real power (also known as ‘true power’) can be defined as the amount of usable power that can 
be delivered to loads in an AC circuit. More specifically, real power indicates the amount of 
work that can be accomplished over a given amount of time based on the rate at which the circuit 
can deliver electric energy. Real power could also be thought of as the ‘effective’ power or the 
useable power. The most common units used to express real power are watts (W) or kilowatts
(kW).

Apparent power is simply the product of the voltage and current within a circuit, irrespective of 
whether voltage and current are synchronized and how much work can be accomplished using 
the electric energy that the circuit can deliver to loads. The most common unit of apparent power 
is volt-Ampere (volt-Amp). Note that most power equipment - such as power supplies, wires and 
transformers - are rated based on their apparent power (volt-Amps).

In any given circuit, the apparent power can be somewhat or significantly greater than the real 
power because 1) during each alternating current cycle, energy is stored within loads and then 
returned to the circuit; and/or 2) ‘non-linear’ loads distort the current’s (sine) wave form within 
the circuit. Common non-linear loads include most electronic equipment, which have non-linear 
power supplies, and electronic ballasts used for lighting.

Of particular interest are effects from reactive loads that lead to the presence of reactive power in 
the circuit. Units of reactive power are volt-Amps reactive (VAR). VAR reduces real power 
because the associated reactance changes the temporal relationship between voltage and current 
in the AC circuit as described above. (Note that apparent power is the combination of real power 
and reactive power.)

The concept of power factor is important in part because - to the extent that the real (useable) 
power is less than apparent power - the amount of power that can be delivered to loads by a 
circuit with power factor that is less than one (unity) circuit is reduced. Consider the example of 
a circuit rated to deliver 10 MV A (apparent power) with a power factor of 0.9. That circuit could 
serve

0.9 x 10 MV A = 9 MW of load.

One implication is that a larger circuit (capacity) is needed to deliver a given amount of useful 
energy. Because more current flows within the circuit (for a given amount of energy delivered), 
there are more I2R energy losses within the circuit.

(For more detail about true, reactive, and apparent power, readers could refer to the All About 
Circuits website: http://www.allaboutcircuits.com/.)
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Utility Responses, Overview
Utilities use two important means to compensate for the presence of reactance (i.e., to restore 
voltage to and/or to maintain voltage at the desired level). Generic terms for managing effects 
from VAR are ‘VAR support’ and ‘VAR compensation’.

One such technique - involving an ancillary service known as ‘voltage support’ - is to produce 
reactive power (power that has lagging or leading current). The reactive power is meant to cancel 
out the effects of reactance in the power system.
Another more localized approach - called ‘power factor correction’ - involves using equipment 
within the T&D system to offset effects from localized reactance. In most cases, power factor 
correction involves use of power factor correcting capacitors that offset effects from localized 
inductance.

Distributed Storage for Voltage Support
The balance of this appendix is section is based largely on the research of scientists at Oak Ridge 
National Laboratory (ORNL). Their objective was to evaluate the potential for distributed 
generation as a resource for VAR compensation. In most cases, storage systems can or could be 
designed to provide the same service. The ORNL work tested the hypothesis that “[distributed 
generation] can play a larger and more significant role than at present in relieving voltage 
stability problems due to both a) suboptimal dispatch of reactive power supplies and b) reactive 
power supply shortages.”[Cl]
Reactive power for voltage compensation is compelling for several reasons. Among the reasons 
given by authors of the ORNL report, “past power blackouts have been attributed to problems 
with reactive power transport to load centers.”[C2] Although reactive power for voltage 
compensation is a relatively small portion of total cost to generate and transmit electricity, it 
does account for billions of dollars in total cost. Another compelling reason is that most central 
generation technologies, especially newer ones, are not well-suited to reactive power generation 
because generation is usually optimized for real (i.e., true) power generation at a constant output.

Importantly, unlike real power, reactive power cannot be transmitted over long distances. 
Consequently, central generation may not be the best source of reactive power. Conversely, a 
growing array of smaller, modular power technologies (e.gany type of power system with an 
inverter that has VAR support capability, distributed generation, energy storage, and possibly 
even demand response) could provide other sources of VAR support, and provide such support 
closer to the loads that pose the biggest challenges.

Voltage Support using Reactive Power
In simple terms, voltage control for an AC power system is accomplished primarily by managing 
reactive power. This is done by injecting and/or absorbing reactive power, when needed, as close 
as possible to the location where reactance is a problem. The amount of reactive power needed 
normally varies as a function of the transmission line loading. Heavily loaded lines require more 
reactive power than lightly loaded lines. As reactive power needs in the transmission system 
vary, the Independent System Operator (ISO) and regional transmission organizations (RTOs) 
adjust the supply of reactive power.
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The Federal Energy Regulatory Commission (FERC) separates voltage control into two 
categories: generation-based and transmission-based.
Generation-based voltage control is an ancillary service, and transmission-based voltage control 
is included as an element of transmission service agreements or tariffs. Generation-based VAR 
support is needed to operate regional power systems and electricity markets. (Other common 
ancillary services include spinning reserve, contingency, emergency, or supplemental reserve, 
and regulation.) According to authors of the ORNL report, “It is variously estimated that 
providing this bundle of ancillary services costs the equivalent of 10-20% of the delivered cost of 
electric energy.”[C3][C4]

The process of managing reactive power in transmission systems is well understood technically. 
The three primary objectives of reactive power management are as follows: 1) maintain adequate 
voltages throughout the transmission system under normal and contingency conditions,
2) minimize congestion that affects flow of real power, and 3) minimize real-power losses.
Voltage control is usually centralized because coordinated control is needed among the various 
entities and equipment in the electric grid to ensure effective operation of the system (i.e., to 
keep voltage levels within necessary parameters). System operators and planners use 
sophisticated computer models to design and operate the power system reliably and 
economically. These functions are not readily distributed to individual sub-regions or to separate 
market participants.

An important responsibility of power system planners is to address what is generically called 
‘grid security’. It involves planning whose goal is to ensure adequate operation of the power 
system (generation and transmission) during a range of conditions and contingencies. It involves, 
in part, modeling the electric grid system under a broad range of conditions to ensure that the 
electric grid has adequate reserves when transmission lines or generators fail, as well as during 
peak demand periods. (Normally, power systems maintain sufficient reserves to serve load 
should a major generation plant or transmission line fail, commonly called an N-l contingency).
Reactive power resource technologies differ significantly with respect to the amount of reactive 
power that can be produced under given conditions, response speed, and capital cost. Reactive 
power sources can be categorized as either static or dynamic.
Common static reactive power sources include transmission and distribution (T&D) equipment 
such as substation capacitors. Notably, these T&D-based options are considered to be part of the 
utility’s capital investment portfolio (of infrastructure equipment). The equipment cost is added 
to the utility ‘revenue requirement’ - the amount of revenue required, from users, to cover all 
costs.
Dynamic reactive power sources include generation facilities, which are capable of producing 
both real and reactive power, and synchronous condensers, which produce only reactive power. 
Generation equipment may be owned either by utilities or independent entities. Often, reactive 
power is bought and sold so that the cost is covered by market-based or market-like prices.

Providing Reactive Power Locally
A key difference between VAR support (or reactive power supply) and other ancillary services is 
that reactive power cannot be transmitted over long distances. Reactive power needs occur in
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direct proportion to the distribution of load across a system and the proximity between generators 
and load centers.

Reactive power from distributed energy resources (DER), including distributed generation and 
distributed energy storage, could provide distributed dynamic voltage control in response to 
variations of reactive power needs within distribution systems. To serve as a reactive power 
resource, the DER must be able to inject and absorb reactive power. Conversely, distributed 
generation and distributed energy storage that do not have the ability to generate or absorb 
reactive power can degrade voltage. Notably, many DER are connected to loads and/or to the 
grid via equipment that incorporates solid-state power electronics that may be designed to 
provide reactive power compensation.

The implications and possibilities for reactive power compensation using DER capacity are not 
well understood. Nevertheless, reactive power is currently provided, in part, by what could be 
called modular/distributed sources (e.g., static VAR compensators and capacitor banks). So, 
intuitively, it seems likely that there are exploitable synergies between the localized need for 
reactive power (usually near loads) and increasing emphasis on DER. Perhaps more importantly, 
aggregated DER capacity (if dispatched in a coordinated way) could be part of a robust approach 
to region-wide grid stability during major power interruptions involving declining area-wide or 
system-wide voltage.
As previously noted, reactive power needed to stabilize voltage cannot be transmitted very far. 
So, in general, local sources of VAR support are most helpful, especially if interruptions involve 
transmission corridors. Additionally, many DER types can respond rapidly to reduce the chances 
of a total loss of power.
Storage may be best suited to this application if rapid response is important. Some storage types 
reach their full discharge rate within seconds to just a few milliseconds, these include capacitors, 
flywheels, and superconducting magnetic energy storage. (Note that, although conventional 
capacitors are good for managing reactance under normal operating conditions, they do not 
perform well as a voltage support resource because they draw more current as voltage drops, 
possibly adding to cascading overloads.) In contrast, most types of generation take a few to many 
minutes to respond fully (e.g., pumped hydroelectric and compressed air energy storage).

Aggregated modular storage deployed at or near loads, for reasons other than voltage support, 
could provide very helpful voltage support when and where needed. Finally, by picking up or 
turning off specific types of load when grid anomalies occur, DER can reduce voltage 
degradation, thereby reducing the possibility of cascading outages.
The most challenging loads during such an event include small motors, especially those used in 
smaller air conditioning equipment to operate the compressor. Figure C-2 shows that, in 
California, such loads account for a significant portion of peak demand. Those motors pose such 
a significant challenge because as grid voltage drops during local or region-wide grid 
emergencies, the motors draw more current to maintain power which exacerbates the voltage 
problem. The same motors can also pose a relatively significant challenge as the grid is re­
energized after outages.
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Figure C-2. Peak demand (in MW) by end use in California.
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Appendix D - Storage for Load Following
Storage can provide load following up by increasing the rate of discharge and/or decreasing the 
rate of charging, as described below.
Consider the example depicted in Figure D-l which shows how charged storage with one hour of 
discharge duration can provide two hours of load following up by discharging.
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175
Load

Following150
Up

125

5 100
L

75

50 -

25 -

in 10
1 2 3 4 5 6 78 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

5 minute interval

Figure D-1. Two hours of load following up with one hour of storage discharge.

In Figure D-l, the time-specific aggregated load following capacity needed is indicated by the 
blue bars labeled Load Following. The rate of storage discharge increases as load increases 
(shown by the yellow bars labeled Storage Output). After the first hour of load following with 
storage, a full 100-MW block of generation is dispatched (shown by the red bars) while storage 
discharge is curtailed (at interval #13). Throughout the second hour of load following, the 
storage output is increased every five minutes (as it was during the first hour) as load increases. 
At the beginning of the next hour (not shown), another 100-MW block of generation is 
dispatched and storage output is halted.
Storage charging can also be used to provide load following up by reducing the rate of charging 
throughout an hour, commensurate with increasing load. Consider the example shown inFigure 
D-2. At the beginning of the first hour of load following, a 100-MW generator is dispatched to 
full output (see the red bars labeled Generation Output). At the same time, storage begins 
charging at a rate equal to the 100-MW rating of the generator that was just dispatched. Every 
five minutes, the rate of storage charging is reduced to the extent that load has increased (note 
the yellow bars labeled Storage Charging). The resulting load following up is shown by the blue 
bars. At the beginning of the second hour of load following, the second 100 MW of generation is
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dispatched (at full output), and storage charging commences again at a rate (100 MW) equal to 
the output of the second generator. Finally, at the beginning of the next hour (not shown), more 
generation is dispatched (ideally, at full output) as storage operation (in this case, charging) 
ceases.
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□ Storage Charging
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Figure D-2. Two hours of load following up with one hour of storage charging.

Storage provides load following down by decreasing the rate of discharge and/or by increasing 
the rate of charging, as described below.
For load following down involving decreasing storage discharge, the storage is cycled from frill 
output to very low (or no) output twice in a two-hour period, providing two service hours of load 
following down as shown in Figure D-3. In that figure, at the end of the previous hour (not 
shown), a 100-MW generator is taken offline as 100 MW of storage comes online (as shown by 
the yellow bars labeled Storage Discharge). Another 100 MW of generation is still online (shown 
by the red bars labeled Generation Output). The rate of storage discharge is reduced every five 
minutes during the first hour as load drops. The resulting load following capacity is shown by the 
blue bars labeled Load Following. At the beginning of the next hour, the 100-MW generator is 
taken offline and the storage begins discharging again at 100 MW. Storage discharging decreases 
throughout the second hour as load decreases until discharging ceases at the end of the second 
hour.
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Figure D-3. Two hours of load following down with one hour of storage discharge.

Figure D-4 shows how storage can be used to provide load following down while charging. The 
example shown in Figure D-4 involves storage with one hour of discharge duration that is used 
to provide two hours of load following down.
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Figure D-4. Two hours of load following down with one hour of storage charging.
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At the beginning of the hour, two 100-MW generators are on line for a total of 200 MW (shown 
by the red bars labeled Generation Output). As load decreases, there is a commensurate increase 
of storage charging (shown by the yellow bars labeled Storage Charging). The resulting load 
following capacity is shown by the blue bars labeled Load Following. At the beginning of the 
second hour, 100 MW of generation is taken offline, and storage charging begins again at low 
power. As load continues to diminish, storage charging is increased until the beginning of the 
next hour (not shown) when storage charging and generator operation both cease.

Energy Associated with Load Following
When using storage charging for load following, the energy stored must be purchased at the 
prevailing wholesale price. This is an important consideration - especially for storage with lower 
efficiency and/or if the energy used for charging is relatively expensive - because the cost of 
energy used to charge storage (to provide load following) may exceed the value of the load 
following service.

Conversely, the value of energy discharged from storage to provide load following is determined 
by the prevailing price for wholesale energy. Depending on circumstances (i.e., if the price for 
the load following service does not include the value of the wholesale energy involved), when 
discharging for load following, two benefits accrue - one for the load following service and 
another for the energy.
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Appendix E - Area Regulation

Introduction
This appendix documents a high-level analysis of the benefit from and cost for flywheel energy 
storage used to provide area regulation for the electricity supply and transmission system in 
California. The analysis is based on results from a demonstration, in California, of flywheel 
energy storage developed and manufactured by Beacon Power Corporation. Demonstrated was 
flywheel storage systems’ ability to provide rapid-response regulation. (Flywheel storage output 
can be varied much more rapidly than the output from conventional regulation sources, making 
flywheels more attractive than conventional regulation resources.)
The work was sponsored by the U.S. Department of Energy (DOE) and the Sandia National 
Laboratories (SNL) Energy Storage Systems Program. The demonstration was supported by the 
California Energy Commission (CEC) Public Interest Energy Research Program. It was located 
at the Distributed Utility Integration Testing facility managed by Distributed Utility Associates 
(DUA) and located at the Pacific Gas and Electric Company (PG&E) Technological and 
Ecological Services research facility in San Ramon, California.
Although the specific type of storage evaluated was flywheel storage, other types of storage that 
can respond rapidly when conditions change can also provide the area regulation service. Those 
may include some types of electrochemical batteries and capacitors. And though they respond 
more slowly, CAES and pumped hydroelectric storage can also be used to provide area 
regulation.

Another desirable storage characteristic is high efficiency, because when storage charging occurs 
during regulation, any energy that is lost must be purchased at the prevailing price.

Regulation Service
Regulation is a type of ancillary service that involves managing the “interchange flows with 
other control areas to match closely the scheduled interchange flows” and moment-to-moment 
variations in demand within the control area. The primary reasons for including regulation in the 
power system are to maintain the grid frequency and to comply with the North American Electric 
Reliability Council’s (NERC) Control Performance Standards 1 and 2 (NERC 1999a).
Regulation also assists in recovery from disturbances, as measured by compliance with NERC’s 
Disturbance Control Standard.[El]

When there is a momentary shortfall of electric supply capacity, the output from regulation 
resources is increased to provide up regulation when there is a momentary shortfall of power on 
the grid. Conversely, regulation resources’ output is reduced to provide down regulation when 
there is a momentary excess of electric supply power.

Ancillary services are electric resources that are used to maintain reliable and effective operation of electric supply 
and transmission systems. Most often, ancillary services are provided by utilities, although an increasing portion is 
being provided by third parties. Six key ancillary services are 1) scheduling, system control and dispatch, 2) reactive 
supply and voltage control from generation sources, 3) regulation and frequency response, 4) energy imbalance,
5) spinning reserve, and 6) supplemental reserve.
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Traditionally, regulation has been provided by dispatchable thermal generation facilities. They 
provide up regulation by increasing output when electricity demand exceeds supply, and they 
provide down regulation by reducing output when electricity supply exceeds demand. Generation 
facilities used for up regulation and those used for down regulation are operated at levels below 
the facilities’ maximum output and above minimum output, respectively.[E2] Generation units 
used for regulation must be equipped with automatic generation control (AGC) equipment and 
be able to change output relatively quickly (MW/minute) over an agreed upon range of power 
output (MW).

Flywheels for Area Regulation
Flywheel electric energy storage systems (flywheel storage or flywheels) consist of a cylinder 
with a shaft that can spin rapidly within a robust enclosure. A magnet levitates the cylinder to 
limit friction-related losses and wear. The shaft is connected to a motor/generator and stator. 
Kinetic energy is converted to electric power via an external power conditioning unit (PCU). 
High-speed flywheel electricity storage is nearing commercialization. One apparently superior 
application of the technology is for electric power system regulation (also known as area 
regulation or simply regulation). Storage provides up regulation by discharging energy into the 
grid and down regulation by absorbing energy from the grid.

Notably, the rate of power from (or into) flywheel storage can change quite rapidly whereas 
output from conventional regulation sources (primarily thermal generation plants) changes 
slowly. Generation plants’ output (up or down) changes by percentage points per minute whereas 
flywheels’ output can change from full output (discharge) to full input (charging) and vice versa 
within a few seconds. Additionally, thermal power plants generally are most efficient when 
operated at a specific and constant (power) output level. Similarly, air emissions and plant wear 
and tear are usually lowest when thermal generation operates at constant output. Unlike thermal 
power plants, flywheels’ performance is not affected much as output varies, and the systems are 
virtually emissions free.

Demonstration Plant
Results described below are for a 100-kW pilot version of a Beacon Power high-speed flywheel 
storage system. The pilot system consisted of seven individual flywheels, a PCU, and 
communication and control subsystems. It can discharge at full output for 15 minutes. The 
response time is described by Beacon Power to be “less than 4 seconds (at full power).” The 
demonstration was conducted at Distributed Utility Associates’ Distributed Utility Integration 
Test testbed located at PG&E’s Technical and Ecological Services facility in San Ramon, 
California. Recently, Beacon has developed a 20-MW Smart Energy Matrix™ version of the 
flywheel system for commercial use.

Benefits
At minimum, regulation from flywheels is at least as valuable as regulation provided by slower 
generation capacity. Regulation from flywheels, however, may prove even more valuable. First, 
flywheel storage can provide both up regulation and down regulation during the same time 
period (although not simultaneously). Also, because of their rapid-response (i.e., their ability to 
change power input and output rapidly), flywheels may provide regulation that is more effective 
than that provided by much slower generation-based resources. Because of this advantage,
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regulation from flywheels is assumed to provide twice the benefit to the grid as regulation from 
generation. [E3 ] [E4] [E5 ]
Revenue for providing up and down regulation services for an entire year (8,760 hours) is 
estimated based on California Independent System Operator (CAISO) published hourly prices 
for both services for the year 2006. (See the subsection ‘Price for Regulation Service’ in this 
appendix for details.) The hourly prices are multiplied by two (to reflect the higher benefit from 
flywheels relative to generation-based regulation) before annual revenues are estimated.
In addition to the price for regulation in specific hours of the year, another important criterion 
affecting the flywheel-for-regulation value proposition is flywheel plant availability. The amount 
of time that the flywheel is available to provide regulation affects the total profit that can be 
realized during the year. Because flywheel storage is modular, equipment diversity should result 
in high reliability. For example, a Beacon’s 20-MW, commercial-scale plant is expected to 
comprise a few hundred flywheels.
Although not included in the financial analysis, additional benefits derived from the use of 
flywheels for regulation may include a reduced need for generation capacity, reduced fuel use for 
generation, reduced air emissions from generation, and reduced generation equipment wear-and- 
tear.

As an indication of the prospects for reducing air emissions, consider results from a study 
performed by KEMA, Inc (kema.com), shown in Table E-l. Based on study results, flywheels 
used for regulation in California could reduce C02 emissions by 26% when compared to pumped 
hydroelectric storage, 53% if the flywheels replace baseload gas-fired generation and 59% if a 
natural gas-fired peaking generator is displaced. Similarly, (NOx) emissions may also reduced by 
20% to nearly 50%.[E6]

Table E-1. Air Emissions Reduction Potential

Flywheel Emission Savinas Over 20-year Life: CA-tSO
Coal Natural Gas Pumped Hydro

Baseload Peaker Baseload Peaker
C02

91,079 91,079
322,009 608,354
230,930 517,274

72% 65%

91,079 91,079
194,534 223,997
103,455 132,917

53% 59%.

91,079
123,577
32,498

26%

Flywheel 
Alternate ©ert. 

Savings (Flywheel)
Percent Savings

S02
63 63 63 63 63Flywheel 

Alternate Gen. 
Savings (Flywheel) 
Percent Savings

1,103 2,803 0 0 85

■: ■ 98%. nfa 27%nfa

NOx
6464 64 64 84Flywheel 

Alternate Gen. 
Savings (flywheel)
Percent Savings

499 1f269
1,205

__ 118
435 16 54 23
87% 95% 20% 46% 28%
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Flywheel Energy Storage Cost and Performance
The values shown in Table E-2 are flywheel storage system cost and performance assumptions 
plus the price for make-up energy (energy required to make up for storage losses). The cost and 
performance values for flywheels reflect expected values for a 20-MW commercial-scale plant. 
Installed cost reflects a 20% uncertainty adder. This value is used to account for the normal 
uncertainty associated with technology scale-up and commercial project development 
(e.g., siting, contracts, construction delays, etc.).

Table E-2. Flywheel Storage Cost and Performance Assumptions

| ValueCriterion
Commercial Rant Scale (MW)!20

Plant Installed Cost ($/kW)M,566
Plant Availability;0.95

Roundtrip Efficiency ;81%
Variable Operartion Cost ($/MWh out)!3.14 

Fixed Operation Cost ($/kW, Year 1 )hl60
Makeup Energy Price ($/MWh) |40

Price for Regulation Service
The key data used for estimating the regulation benefit is the hourly price for up and down 
regulation services. The price is denominated in $/MW per hour of service. There are two prices 
for the hour: up regulation and down regulation. Hourly prices for up and down regulation in 
California in 2006 are shown in Figure E-l and , respectively. Annual average prices used for the 
valuation are $21.48/MW and $15.33/MW per service hour for up and for down regulation, 
respectively, for a total of $36.70/MW per service hour.

Figure E-1. Up regulation prices in California, 2006.
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Figure E-2. Down regulation prices in California, 2006.

Value of Regulation from Flywheels
As described elsewhere in this appendix, it is assumed that flywheels used for regulation provide 
twice as much benefit (to the grid) as generation-based regulation. Specifically, it is assumed that 
regulation resources are twice as valuable if they follow the area control error (ACE) signal 
closely. That signal changes every several seconds to reflect the momentary difference between 
the amount of power that is online and the amount needed to keep supply and demand balanced 
and to maintain the electrical stability of the grid (especially the 60-Hz AC frequency). Based on 
this assumption, flywheel storage used as a regulation resource is treated as if it is eligible for 
payments that are twice as much as the prices shown above for conventional, generation-based 
regulation.

Market Potential
In addition to financials, the CEC’s Public Interest Energy Research Program is interested in the 
market potential (in MW) for the flywheels-for-regulation value proposition. Unfortunately, the 
authors of this guide do not have the resources needed to establish that value rigorously or 
credibly. Nonetheless, the authors speculate that a conservative estimate of the market potential 
in California could be on the order of 50 to 60 MW of the total regulation market managed by 
the CAISO over the next 10 years. (The CAISO does not manage all of the regulation resources 
within the state. Some of that capacity could be in play as well.) This speculation has two 
primary bases. The first is a very cursory review of regulation capacity requirements available at 
the CAISO Open Access Same-time Information System website (http://oasis.caiso.com/, under 
the ancillary services tab). The second is a discussion with representatives from Beacon 
Power. [E7]
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Financial Assumptions
The financial analysis used to calculate lifecycle cost and benefits include a 2.5% annual price 
escalation and a 10% discount rate. The annual plant carrying cost is calculated by applying an 
annualization factor (i.e., a fixed charge rate) of 0.20 (e.g., annual financial carrying charges for 
a $1 million plant = $200,000/year).

Results
Demonstration plant availability for three plant output levels (relative to full rating) is 
summarized in Table E-3. Also shown is the availability assumed for a commercial plant. As 
shown in the table, the demonstration unit operated 51.4% of the time at full capacity (full 
capacity means that all seven flywheels were operating). Similarly, the demonstration unit 
operated nearly 53% of the time at 85.7% of rated capacity (85.7% capacity represents six 
flywheels of seven). There were at least five of seven flywheels (71.4% of full rated capacity) 
operating almost 88% of the time.

Also shown is that the demonstration plant’s availability would be somewhat higher when 
accounting for research-related outages. Research-related outages include downtime due to 
causes that would only affect operation of a research or pilot project (e.g., no control signal was 
available, access to the demonstration facility was restricted, or the system could not be 
connected to the grid). Downtime to due equipment failure is not considered a research-related 
outage.

Table E-3. Demonstration Plant Actual Availability 
and Commercial Plant Expected Availability

Without
"Research-

related"
Outages

Commercial
Plant

(expected)
\\\\\\\\\\\\\\\\\\\\\\\\w\\

95.0%

Capacity 
(% of full)

Availability
(Actual)

100% 47.3% 51.4%
85.7% 52.7% 56.9%
71.4% 87.8% 92.0%

The financial implications of plant availability are summarized inFigure E-3. In the figure, the 
left axis shows $/kW in Year 1. The axis on the right indicates the corresponding lifecycle value, 
over the 10-year life assumed for the plant. Results are shown for three levels of annual average 
power output: 71%, 86%, and 100% of plant rating (note that these values correspond to those 
shown in Table E-3, rounded to the nearest full percentage point). An output of 71% represents 
5 of 7 flywheels in the demonstration system, 86% represents 6 of 7 flywheels, and 100% 
represents 7 of 7 flywheels. Results are presented, for each of those three plant output levels, for 
a range of plant annual availability levels. Also shown is the break-even amount, reflecting the 
carrying cost for a commercial plant.
The uppermost plot indicates results for plants operating at full rating. The next two plots 
indicate financials for a plant operating at 86% and 71% of its rating, respectively. Thicker parts 
(to the lower left) of the three plots reflect results from the demonstration. Endpoints on all three 
plots indicate financials for a plant operating at the respective portion of rated output, if the plant
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operates as much as a commercial plant is expected to operate (i.e., 95% of the year, full-load 
equivalent). The box in the upper right indicates financials that would be expected for a 
commercial plant, based on assumptions provided in Section 3 of this guide. The financial 
benefit/cost ratio for such a plant ranges

from $500/kW benefits ^ $313/kW breakeven =1.6

up to $554/kW benefits = $313/kW breakeven = 1.77.

Note that plant designers expect a 20-year service life for a 20-MW, commercial-scale plant, 
although the assumed service life for this report is 10 years. To account for the difference, the 
present worth of additional benefits increases by about 50%.
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Figure E-3. First-year and lifecycle net revenue, with breakeven indicator.

Methodology Observations and Caveats
• The make-up energy price assumed was not developed rigorously. Although this value is 

adequate for this analysis, it should be established using a more rigorous approach when 
evaluating the financials for an actual project.

• Based on results from the demonstration project, flywheel systems with 15 minutes of 
storage can store enough energy to provide regulation during 97.5% of the time that the 
storage is used. For the purpose of this evaluation, the financial implications of that 
criterion are assumed to be modest and are ignored.

• The project was a demonstration of the flywheel’s ability to respond to rapidly changing 
control signals without regard to the magnitude of the response (in MW) that might be 
needed. Consequently, the results reflect the value for regulation capacity on the margin.
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• The market potential estimate used for this evaluation, although adequate for a high-level 
estimate of the magnitude of statewide economic impact, is imprecise. Unfortunately, 
little is known about the effect significant penetration of rapid-response regulation 
capacity will have on the need for regulation and on the price for regulation.

• The premise about how much more valuable flywheels are than generation-based 
regulation resources, as meritorious as it may be, may not be reflected in regulation 
pricing without a significant amount of confirmation, regulatory accommodation, and 
time.

• The 0.20 annualization factor used to estimate the annual carrying cost for the plant, 
though perhaps imprecise, does provide a reasonable general indication of the cost to 
finance the plant and equipment using non-utility capital.

• Another important assumption affecting these results is the 20% uncertainly adder 
(provided by Beacon Power) that increases the assumed installed cost for a commercial 
plant. That value is used to account for the myriad unforeseen challenges that are likely to 
beset any technology development enterprise and project development effort.

• The design service life for a commercial Beacon Power flywheel plant is 20 years; 
however, the assumed service life for the evaluation described in this report is 10 years. 
The reason for this is twofold. First, guidelines established by the CEC’s Public Interest 
Energy Research Program for evaluating the merits of various storage demonstrations 
require the use of standard assumptions as bases for comparing financials for all 
demonstration projects sponsored. Those standard assumptions include a 10-year life, a 
10% discount rate, and a 2.5 % price escalation rate. Second, while the authors do not 
refute the 20-year expected life assumed by Beacon Power, a more conservative 10-year 
life expectancy was used because both the technology and the value proposition are so 
new.

Conclusions
Perhaps the most important result from the Beacon flywheel demonstration is that the sponsors 
and vendors successfully demonstrated the ability of the flywheel to follow control signals that 
change very rapidly, much more rapidly than the signal used to control the output of generation- 
based regulation. The results indicated that the characteristics of high-speed flywheel storage are 
generally consistent with a possible new class of regulation resources - rapid-response energy 
storage-based regulation - in California. In short, it was demonstrated that high-speed flywheel 
storage systems are capable of following a rapidly changing (every 4 seconds) control signal (the 
ACE).

Based on these results and on the expected plant cost and performance, high-speed flywheel 
storage systems have a good chance of being a financially viable regulation resource. The results 
indicated a benefit/cost ratio of 1.6 to 1.8 using somewhat conservative assumptions. The results 
also indicated that flywheel systems with 15 minutes of storage can store enough energy to 
provide regulation during 97.5% of the time that the storage is used.

The market potential (in MW) is less certain. Uncertainty about technical market potential is 
driven in part by a lack of knowledge regarding how the use of rapid-response regulation 
resources on the margin will affect overall demand and prices for regulation. Regarding market
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share, there is always uncertainty regarding competing options (e.g., other vendors/developers 
and other technologies or approaches).

R&D Needs and Opportunities
One compelling question for this value proposition is -How much of this resource could be used 
and how much will be used? Consistent with the hypothesis that rapid-response storage is twice 
as valuable as generation-based regulation capacity, another hypothesis to test is that only half as 
much regulation is needed if all regulation is rapid-response. Increased penetration of rapid- 
response regulation also means that generation capacity is freed to provide power or other more 
valuable ancillary services and less pollution will be produced and less fuel will be used per 
MWh delivered. Another way to broach the question is -What are the key implications for the 
grid if all regulation is provided entirely by rapid-response regulation? Those implications 
include impacts on: the amount of regulation needed, the total cost to ratepayers for regulation, 
fuel use, and air emissions from generation.
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Appendix F - Energy Prices

This appendix serves two interrelated objectives: 1) provide generic electric energy costs based 
on a range of fuel conversion efficiencies and fuel costs and 2) provide details about projected 
wholesale energy prices in California. The California-specific data and figures are based on a 
California Energy Commission (CEC) forecast for spot electric energy prices in 2009.[FI]

Generic Electric Energy Cost
Figure F-l and Figure F-2 show generic values for the two key components of unit energy cost: 
fuel and plant capital cost. Figure F-l illustrates how fuel price and fuel conversion efficiency 
affect electricity price. The three plots in the figure represent three conversion efficiency values: 
35%, 45%, and 55%.
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Figure F-1. Generic effect of conversion efficiency 
and fuel price on electricity price.

Figure F-2 shows how plant capital cost affects the price for electricity. The three plots in this 
figure represent three generation installed cost values: $400/kW, $l,000/kW, and $l,600/kW. 
These cost values reflect a generic fixed charge rate of 0.11. To adjust values to reflect a 
different fixed charge rate, multiply the cost values by the ratio of the actual fixed charge rate by 
the generic value of 0.11. For example, if the fixed charge rate is 0.13, then multiply the values 
in Figure F-2 by

0.13-0.11 1.19.
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Figure F-2. Generic effect of plant capital cost on electricity price.

California Electric Energy Cost Projection
Figure F-3 shows prices in chronological order, while Figure F-4shows hourly electric energy 
prices arranged in order of magnitude. In Figure F-4, two plots are shown: one is the actual price 
and the other is the running average value. The same data, with emphasis on the hours of the 
years with the highest 10% prices, are shown in Figure F-5.
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Figure F-3. Electric energy spot prices for California (2009 forecast).
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Figure F-5. Price duration curve for California (2009 forecast) 
10% highest price hours.
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Hourly average prices for each hour of the day for each month are listed in Table F-l. Data in 
Table F-2 show the net benefit for energy time-shift based on the prices in Table F-l.

Table F-1. Monthly Hourly Average Prices for California 
2009 Forecast ($/MWh)

Month=>
1 2 3 4 5 6 7 8 9 10 11 12

1 56.4 45.9 50.6 60.1 45.4 41.1 63.9 75.3 82.5 74.7 65.3 76.5
Hour

3 45.9 41.4 41.5 56.9 35.6 33.6 53.3 63.8 70.5 54.0 56.0 66.7

5 51.3 44.3 46.8 62.2 43.2 29.4 54.3 76.2 76.9 57.5 59.8 69.9

7 74.0 61.2 62.8 84.0 75.2 59.6 71.7 95.3 97.8 78.7 80.7 89.9

9 84.2 72.3 75.2 92.9 93.0 91.2 96.6 112.2 115.4 92.1 98.2 107.2

11 85.4 73.3 78.9 96.5 103.0 106.5 117.7 120.1 123.9 102.8 101.4 99.6

13 82.1 71.0 77.0 96.1 104.3 120.9 146.0 161.8 139.0 98.1 101.3 93.1

15 78.6 68.3 74.0 93.1 103.0 132.4 172.0 203.1 147.6 97.5 99.5 87.4

17 80.0 68.6 70.3 89.2 95.6 118.6 163.2 172.8 146.1 96.5 101.6 101.1

19 95.7 87.1 91.3 96.9 94.4 98.2 113.0 121.4 142.3 103.6 113.3 132.5

21 86.6 76.7 80.0 95.5 94.6 101.7 108.7 111.4 115.5 103.3 102.6 111.7

23 73.2 61.5 66.6 69.4 59.4 61.4 80.8 88.3 96.6 88.6 88.4 92.6

Month=>
1 2 3 4 5 6 7 8 9 10 11 12

00 P.M. 85.1 74.5 77.6 94.6 100.3 118.0 148.2 163.1 142.5 99.1 104.5 105.9
00 A.M. 51,8 44.4 46,2 61.2 42.7 35.2 55,1 69,7 77.0 61,3 61,5 72,9
ference 33.3 30.0 31.4 33.4 57.7 82.8 93.1 93.3 65.5 37.8 43.0 33.0

Hour

May - October 
128.5

November - April 
90.400 P.M. 

00 A.M. 
ference

56.8 56.4
71.7 34.0
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Table F-2. Storage Buy-Low / Sell-High Potential for California
2009 Forecast ($/MWh)

Month=>
Hour 123456789D1112

12:00 P.M.-5:00 P.M. 85.1 74.5 77.6 94.6 100.3 118.0 148.2 163.1 142.5 99.1 104.5 105.9
1:00 A.M.-6:00 A.M. 51.8 44.4 46.2 61.2 42.7 35.2 55.1 69.7 77.0 61.3 61.5 72.9

Storage Losses 104 09 02 1Z2 05 AO HO 109 104 1Z3 1Z3 14J5
Net 23.0 21.1 22.1 21.1 49.1 75.7 82.1 79.4 50.1 25.5 30.7 18.4

Hours Value*
Summer 651.8 39,323

Winter 651.8 14,830
Total 1,304 54,152
‘Storage Efficiency = 80.0%

May - October 
128.5

November - April 
90.412:00 P.M.-5:00 P.M.

1:00 A.M. - 6:00 A.M. 
Storage Losses*

Net
‘Storage Efficiency = 80.0%

56.8 56.4
11.4 11.3
60.3 22.8

References
[Fl] Derived from preliminary Wholesale Electricity Price Forecast data provided by Joel Klein, 
California Energy Commission. April 2008.
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Appendix G - Challenges for Storage
A spectrum of challenges may affect prospects for increased use and acceptance of storage. A 
high-level characterization of those challenges is provided in this appendix. The purpose for this 
is to provide storage advocates and other interested stakeholders with a general indication of and 
awareness about the types of challenges that may arise for any given storage project, and more 
broadly, that may require attention before storage can be widely deployed. (Note that some of the 
items listed below are also described as opportunity drivers in Section 7.3.)

• Storage has a relatively high cost.

• Storage energy losses - 20% to 40% of energy stored is lost:
o Storage tends to have round-trip efficiency of 60% to 80%

• ‘Inefficient’ electric energy and services pricing:
o Transmission and possibly distribution 

o Demand 

o Energy 

o Reliability

• Limited risk/reward sharing mechanisms between a) utilities and utility customers and 
b) utilities and third parties:

o Regulatory rules and ‘permission’

o Interconnect
o Undetermined optimal and/or maximum storage penetration levels 

bulk/central 
modular/distributed

o Operations

• Permitting and siting rules and regulations (many have yet to be developed): 
o Zoning and building codes 

o City and community planning

o Fire, public health, and safety-related rules and codes (mostly local) 
o National Electric Code
o Occupational safety and health (state and federal agencies)

G-l

SB GT&S 0531481



• Limited familiarity, knowledge, and experience base:
o Storage cost and benefits 

o Storage technology 

o Storage system integration 

o Distributed energy resources 

o Integration of storage with the grid 

o Storage benefits and value

• Existing utility technology biases (especially utilities and, to a lesser extent, regulators):

o Utilities are technologically risk averse, for understandable reasons 

o Perceived risk for any new technology

• Limited engineering standards and evaluation methodologies.

• Lack of evaluation tools:

o Electrical 
o Financial

• Financing of ‘new’ technology is challenging:

o Unknown operational costs 

o Uncertain system life

o Multi-year payback is difficult for commerciaFresidential 
o Multi-year payback is acceptable for government and utilities

• Investor-owned utilities’ (IOUs’) preference for investments in equipment and their 
aversion to expense-based alternatives (such as rentals, leases or incentives):

o IOUs derive all profit from investments in equipment

o IOUS will tend to avoid expenses related to storage involving equipment rental or 
leases and possibly ‘risk and reward sharing’

o IOUS will prefer to purchase storage equipment though financial justification will 
often be elusive

• Inadequate infrastructure features and ‘hooks’:
o Interconnection 

o Control 
o Communication 

o Price signals
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• Many technologies, concepts and programs ‘competing’ for ‘attention’: 
o Renewables

Waste and biofuels 

Solar thermal 
Photovoltaics 

Wind generation 

o Conventional fuels 

Clean coal 

Advanced nuclear 

o Demand response 

o Distributed resources 

o Load aggregation 

o Smart Grid

o Conservation and efficiency

• Coordinating among numerous stakeholders, for ‘permission’ to use grid-connected 
storage and/or to aggregate benefits may be expensive and time-consuming.
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