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Abstract 

 
This report describes a methodology for estimating the power and energy capacities for 
electricity energy storage systems that can be used to defer costly upgrades to fully 
overloaded, or nearly overloaded, transmission and distribution (T&D) nodes.  This 
“sizing” methodology may be used to estimate the amount of storage needed so that T&D 
upgrades may be deferred for one year.  The same methodology can also be used to 
estimate the characteristics of storage needed for subsequent years of deferral. 
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Section 1. Introduction 

1.a. Purpose 

The purpose of this study was to develop a methodology for distribution engineers to use 
when evaluating the amount of distributed energy storage (DES) needed to defer 
transmission and/or distribution (T&D) capacity upgrades. The emphasis of this research 
was on technical design and operations, with only incidental treatment of financials and 
specific modular energy storage technologies.   
 
There are two key drivers for this study:  

• The business environment in the evolving U.S. electricity marketplace requires 
more flexible, robust, and diverse ways to respond to accelerating change and 
uncertainty. One such option is the use of distributed energy resources (DERs) to 
reduce the cost per kW of peak load served. Distributed electricity storage may be 
especially well suited to this type of application.  

 

• Utilities need credible, standardized, and vetted means to evaluate the operational 
viability of DES. The framework described herein addresses part of that need by 
focusing on the most fundamental characteristics of DES to be used for T&D 
deferral: DES power rating and energy storage capacity. 

 
This report is the fourth in a series funded by the U.S. Department of Energy, Energy 
Storage Systems (ESS) Program implemented by Sandia National Laboratories. These 
reports present detailed analysis of innovative, high value uses for modular electric 
energy storage.[1][2][3]  

1.b. Scope 

The key elements of a DES “sizing” methodology for estimating the characteristics of 
electric energy storage equipment so that a planned or needed utility T&D capacity 
upgrade/expansion may be deferred.  The methodology yields the estimated amount of 
energy storage necessary to defer the T&D upgrade for one year.  Prospects of storage to 
defer the same upgrade at the same site must be evaluated separately for each year of 
deferral using this methodology. 
 
The methodology focuses on estimating two key storage system characteristics: a) power 
output, and b) discharge duration (or, the amount of energy that must be stored). Sizing 
estimates are made without regard to storage-system cost.  In fact, the sizing exercise is 
required before an acceptable or target DES cost can be estimated.   
 
By design, the methodology described in this document is generic.  Each utility must use 
the techniques described herein within the broader context of their existing distribution 
planning framework and philosophy to evaluate the technical and financial merits of 
storage for their organization and specific circumstances. 
 
 



 10

It is important to note that the focus of this study is on distribution and subtransmission 
systems. The key reason for this focus is that criteria used for high voltage, bulk 
transmission capacity planning are somewhat different than those used to justify a 
subtransmission or distribution upgrade. So in this report, the term T&D refers to 
subtransmission and distribution.  

1.b.1. Related Topics Beyond the Scope of this Report 

1.b.1.a. Benefits from Use of Energy Storage 

Though not the focus of this study, readers are encouraged to be familiar with the range 
of monetary benefits that may accrue in any particular situation/location if energy storage 
is used.  This is important because engineers considering the use of energy storage for 
T&D deferral may be able to ascribe additional benefits to a storage plant which they 
might specify for T&D deferral.  A recent publication by Sandia for the U.S. Department 
Of Energy (DOE) provides an overview of those benefits.[4] 

1.b.1.b. Utility Financials 

Detailed coverage of utility financials is beyond the scope of this evaluation.  However, a 
cursory understanding of those financials is important to understand the merits of 
electricity storage used to defer a T&D upgrade.   
 
Consider an example: a somewhat typical upgrade involves adding 4,000 kW to a 
12,000-kW T&D node.  The ultimate capacity is 16,000 kW. The project cost is $260 per 
kW added (see Appendix A).[5][6][7]  The total project cost is $260/kW * 4,000 kW = 
$1,040,000.   
 
When evaluating prospects for energy storage to defer a T&D upgrade, it is necessary to 
calculate the annual carrying cost for the upgraded equipment.  A “fixed charge rate” is 
often used to calculate that annual carrying cost (also known as revenue requirement). A 
representative fixed charge rate is 0.13.[8]   
 
The fixed charge rate is a simple way to represent the total annual costs (per $ invested) 
associated with owning capital equipment, including interest, dividends, return of capital, 
income tax, property tax, and insurance.  The fixed charge rate is used to calculate a 
“levelized” annual cost akin to an annuity.   
 
Applying the fixed charge rate to the example cost above, the annual cost to own the 
upgraded equipment is 0.13 * $1,040,000, or just over $135,000/year.  Similarly, the 
annual cost per kW is $260/kWadded * 0.13 = $34/kW-year. 
 
The value $260/kWadded is a representative cost based on a review of the 
literature.[5][7][9]  However, in a few cases, the cost per kWadded may be as much as 
three times this value.  Thus, depending on the specific circumstances related to the 
location, equipment, and load conditions, the range in cost for additional T&D capacity 
may be significant. 
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Another important note is that this document does not propose a specific way to pay for 
DES equipment.  There are three primary approaches: 1) lease, 2) rent, or 3) buy. There 
are significant regulatory, accounting and financial implications associated with any 
approach.   

1.b.1.c. Storage Technologies and Costs 

This report does not directly address storage systems’ cost. However, before the total cost 
for a storage system can be established, an estimate must be made of the storage system’s 
rating. Reference 10 is recommended as a source of information about storage system 
prices and costs.[10] 
 
Though no specific storage technology is assumed for this document, in general terms 
modular energy storage used for T&D deferral is assumed to provide high quality power, 
reliably.  Power from storage systems must have a high power factor, good frequency and 
voltage stability, and low harmonics. Volt-amp reactive (VAR) support capability may 
provide additional benefits.  Systems should be very reliable; ideally they must be as 
reliable as the grid service near the location of interest.   
 
The authors contend that there are several existing and emerging electricity storage 
technologies with the above characteristics. That premise is based, in part, on extensive 
utility industry experience with over 100,000 battery storage systems used for on-site 
loads at substations, especially for emergency power needs (i.e., must be very reliable).  
These systems are comprised of battery banks with power outputs that are typically in the 
tens of kWs, with discharge durations of eight hours.[11][12] 
 
Specifically, well-maintained battery storage systems used at substations (to serve on-site 
loads) provide very reliable power; availability usually exceeds 99%, and "two nines" 
reliability is common.[13]  And, electricity storage technology improvement and 
development is ongoing.[10] 

1.b.1.d. Multi-year T&D Upgrade Deferrals 

The methodology described in this document is used to calculate the amount of storage 
needed to defer a T&D upgrade for one year.  If storage is to be used at the same location 
in subsequent years, the single year evaluation described in this document must be 
undertaken for each of those subsequent years.  The annual benefits from each kW of 
storage decrease rapidly for subsequent years of T&D deferral at the same 
location.[12][13][14][15]  In general, this is due to the rapidly diminishing annual 
benefits from a fixed DES capacity ($/kW-yr) as load grows. 

1.b.1.e. Planning Uncertainty 

This document provides limited coverage of the uncertainties that may affect energy 
storage system sizing, however: 1) key sources of uncertainty are identified, and 2) when 
applicable, the authors indicate situations for which a sizing evaluation could include 
sensitivities or adjustments to account for uncertainty.   
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1.b.1.f. Relocatable Modular Storage 

If a storage system can be relocated easily, then it could be used at several locations.  For 
example, storage could be used at one location where peak demand occurs during 
summer, and then moved to another location where peak demand occurs in the winter.  
Or, the storage could be moved to different locations in different years. Such movement 
increases the life cycle benefits per kW of storage, perhaps significantly. 

1.b.1.g.  DES Used to Increase Capacity of Existing T&D Equipment 

The methodology described in this document is used to size DES to add real power 
capacity commensurate with real power requirements of loads served. Though the topic is 
beyond the scope of this document, readers should note that DES can also be used to 
increase the load carrying capacity of existing T&D equipment by improving the 
“performance” of the equipment. One example is known as damping: a relatively small 
amount of DES is used to attenuate frequency variations so the T&D equipment can carry 
more load. Additional coverage of this topic is provided in the Electric Power Research 
Institute-Department Of Energy (EPRI-DOE) Handbook of Energy Storage for 
Transmission and Distribution Applications.[16] 

1.c. Candidate Sites and Circumstances 

Though a storage sizing evaluation could be undertaken for any T&D node, presumably 
certain nodes may have been designated as “hot spots” by distribution engineers during 
normal distribution planning.  Stated another way, the authors do not propose DES as a 
solution seeking a need.  Rather, the key objective of this study is to enable a preliminary 
evaluation of the relative merits of DES as an option during the normal T&D planning 
process. Please see Section 5.a. for criteria to use to identify candidate locations. 
 
Readers will note that there is significant overlap between a) the energy storage sizing 
exercise, and b) the normal T&D planning process.  For example, when deciding whether 
to proceed with a given T&D upgrade, a prime consideration is the degree to which load 
may grow beyond the existing T&D capacity during the next peak load season. That 
same criterion is used to estimate the power requirements for the DES system which 
could be used to defer the T&D upgrade for one year. 

1.d. Energy Storage Plant Rating – Two Characteristics 

As with any equipment that generates, converts, or transfers electricity, a key 
characteristic is the equipment’s power rating: the rate at which the equipment can 
transfer, convert, or generate electric energy (for storage, power indicates the rate at 
which the system can discharge energy). A storage plant’s power rating is expressed in 
units of kW or MW.1   
 
 
 
 

                                                 
1 For this document, units of kW and MW–true power–are used, though units of kVA may be more 

appropriate. 
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Storage systems have another, equally important characteristic. That characteristic is 
related to the fact that storage systems must contain enough stored electric energy2 to 
operate for as long as needed, though the amount of energy is limited.  So, the other key 
design characteristic for storage systems is discharge duration–expressed in units of time, 
ranging from seconds to hours. Discharge duration is the amount of time that the storage 
plant can discharge at its rated power without being recharged. 
 

The two characteristics are sometimes called power and energy, respectively, where 
energy (kWh or MWh) = power (kW or MW) times discharge duration (hours). Consider 
a simple example: a one kilowatt storage system.  For that system to operate for three 
hours (a three-hour discharge duration) at its full power rating, it must have enough 
storage capacity to store three kilowatt-hours of electric energy (net of losses).   
 
As a convention, when energy output is discussed, the amount of energy discharged is net 
of losses associated with storing and discharging the energy.  Typically, the so-called 
“round-trip” energy storage losses are on the order of 10% to 30%. (Often, storage 
systems are characterized as having a specific round-trip efficiency). 

1.e. Introduction to Utility T&D Deferral 

In the future, electric utilities may find it advantageous and even prudent to use modular 
electricity storage located downstream from overloaded, or nearly overloaded, 
transmission or distribution equipment to reduce peak loading.  Some effects of this 
approach may include:  

• a T&D upgrade is deferred; 

• reduced T&D energy losses; 

• improved utilization for existing T&D equipment during peak demand periods; 

• reduced wear and tear on distribution equipment (e.g., due to thermal stressing), 
possibly leading to reduced maintenance expenses and/or increased equipment 
life. 

1.e.1. Serving Marginal Load to Defer T&D Upgrade Investment 

For this methodology, the single-year T&D deferral benefit is assumed to be the financial 
carrying cost that is avoided because the upgrade is deferred.  Further, it is assumed that 
DES is used so that the upgrade can be deferred. 
 

Consider the previous example in section 1.b.1.b. and Appendix A:  A distribution 
upgrade involving a 12,000-kW node that will be upgraded so it can accommodate 
16,000 kW of load represents an increase of 4,000 kW, or 33%.   
 

 

 

                                                 
2 In the strictest sense, energy storage could also include diesel fuel, gasoline, natural gas, and propane 

stored locally.  It could also include thermal energy.  In the context of this report, electric energy storage, 

or energy storage, refers to a device: a) for which energy to be stored is supplied to the device in the form 

of electricity, and b) that discharges electric energy.  Note that thermal energy storage used to reduce peak 

demand has very similar effects as those of electricity storage, from a utility perspective. 
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The distribution upgrade installed cost is $260/kW added, for a total of $1,040,000.   
The annual carrying cost for the upgrade is 0.13 * $1,040,000 = about $135,000.  
In simplest terms, that is the financial benefit associated with a one-year deferral of the 
upgrade. 
 
To defer an upgrade for one year; if peak load in the previous year was almost equal to 
the existing distribution equipment’s rating, then assume that the DES power output must 
be equal to the expected load growth for the next year.   
 
Continuing with the example: if load growth on the circuit is 2.5% per year, then load 
growth would be 12,000 kW *0.025 = 300 kW for the next year.  In this document, that 
value is referred to as the design load. 
 
The key point is that installing 300 kW of storage allows the utility to avoid a one time 
charge of $135,000.  From the perspective of utility ratepayers, that is a one-time, single-
year benefit of $135,000 for a storage plant with a power rating of 300 kW.  The storage 
is worth $135,000/300 kW = $450/kW of storage.   
 
Stated another way, if the storage system can be owned, leased, or rented for less than 
$450/kW for one year, then the storage system may be a cost-effective3 alternative to the 
upgrade, for one year.   
 
That conclusion does not include consideration of: a) storage charging and maintenance 
costs, b) storage reliability, c) load growth uncertainty, and d) benefits not related to 
deferrals such as energy time-shifting. 
 
For the foreseeable future, it is likely that the storage systems available for T&D deferral 
will cost more than $450/kW.  However, if such a DES is transportable such that it may 
be used for other upgrade deferrals at different locations in different years, then the life 
cycle benefits may be significant.  For example, if three such deferrals are made at an 
average annual benefit of $450/kW, then the life cycle benefits would be $1,350/kW 
(without regard to the time-value of money).   
 
And, in some locations a permanent DES system may provide other possibly significant 
benefits for several years after a T&D upgrade is completed, such as energy time-shift, 
system peak demand reduction, spinning reserve, local power quality and reliability 
enhancements, etc. 
 
Depending on circumstances, other types of DERs could also be used. Distributed energy 
resources include DES, distributed generation (DG), and geographically-targeted demand 
management and energy efficiency. 
 
 

                                                 
3 In the utility sector, cost-effective means: a) the utility earns its authorized rate of return; and b) the option 

provides a given level of service (per regulations) for the lowest total cost to the utility’s ratepayers. 
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Section 2. Storage Power Rating Estimation 

2.a. Introduction 

This section describes the elements of the analysis to estimate a storage system’s power 
rating.  In simplest terms, the amount of power needed (from the storage system) at a 
given hot spot is equal to the portion of the peak electric demand which exceeds the load 
carrying capacity at that hot spot (projected overload).  Though theoretically a storage 
system’s power rating is equal to the projected overload, there may be circumstances for 
which: a) a lower storage power rating may be acceptable, or b) a higher storage power 
rating may be needed.   
 
Consider an example: for a circuit with a rating of 11.6 MW, the expected peak load for 
the next peak season is 11.8 MW; the projected overload is 200 kW (11.8 MW - 11.6 
MW).  Unless additional design considerations must be addressed, the design load is 
assumed to be equal to the projected overload.  
 
Needless to say, making a final decision about a storage system’s power rating is not that 
simple.  To one extent or another, design load must account for several factors such as 
load growth-related uncertainty, weather-related uncertainty, the mix of loads being 
served (and the “cost” if there are outages), the cost associated with overloading (of the 
respective T&D node), special characteristics of local T&D equipment, storage system 
reliability, and organization-specific engineering preferences. 
 
Consider another simple example: the projected overload on the circuit described above 
is 200 kW.  Assume that there is a 20% chance that a 75-kW block load will be added to 
the circuit before the next peak season has passed.  If so, engineers may want to add 75 
kW to the projected overload, for a design load of 275 kW. 

2.b. Data Requirements 

Data used to estimate the required storage power output (design load) should be similar to 
data used for normal distribution planning, though additional criteria may be needed for 
the energy storage sizing analysis for specific circumstances.  For example, it may be 
important to consider the power quality impacts of storage, including the ability to 
provide “VAR support,” storage system response time (rate at which power can be 
ramped up and down), or storage plant footprint and volume, if space is a limiting factor. 

2.b.1. Base Year Peak Load 

An important data item used in this methodology is the base year peak load; it is the 
maximum load during the year before the T&D upgrade is needed. 

2.b.2. Load Growth 

Load growth–coupled with the base year peak load–is a critical criterion for estimating 
design load.  In most cases, load growth is estimated as a function of the historic peak 
load for the T&D node of interest.  So, the historic peak demand value will probably be 
required, especially if the analyst will perform sensitivity evaluations. 
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2.b.2.a. Block Load Additions 

When establishing the design load, regard must be given to any significant block load 
additions that may be added to peak demand unexpectedly during the year of interest.  
Such block loads may include housing developments, commercial buildings, industrial or 
agricultural operations, etc.   
 
Note that modular energy storage may be a superior solution–on a risk-adjusted cost basis 
–if there is uncertainty about whether or when block loads will materialize or be removed 
from the system, especially if the upgrade to be deferred is expensive. 

2.b.2.b. Standard Load Growth 

Standard (or core) load growth is the nominal increase in peak load that occurs for 
reasons other than addition of block loads. Of specific interest when estimating the 
necessary power rating of a storage system is the expected peak load growth between the 
previous peak demand season and the upcoming peak demand season.  For very cursory 
evaluations, the load growth rate suggested by a trend line might suffice.  If so, then peak 
loads for the previous several years could be used to estimate an annual average peak 
load growth rate.  
 
A more sophisticated approach is to use adjustments to the average or expected load 
growth rate to reflect more extreme cases.  One example, to get a conservative result, is 
to use the highest load growth rate observed in recent years rather than an average over 
the last several years.  Another example is an adjustment of the projected load growth so 
it reflects a one-year-in-ten temperature extreme.  In some cases, a similar adjustment 
may also be warranted for relative humidity.  To do that, historic load and coincident 
weather data (temperature and/or relative humidity) is needed as well as the one-year-in-
ten temperature values. 

2.b.3. T&D Equipment Rating 

A key parameter for the evaluation is the maximum load that the T&D equipment to be 
upgraded can serve. In some cases, two ratings are considered: 1) nominal rating, and 2) 
what is sometimes called the emergency rating. The former is the maximum rating under 
normal conditions; it might be called the design point or the nameplate rating. The second 
reflects an incremental amount of load carrying capacity that can be used for short 
periods of time without significant damage to equipment. 

2.c. Calculating Storage Power Rating Required 

To begin the process of estimating the design load, the estimated load growth (on the 
T&D node of interest) is added to the historic peak load.  The result is compared to the 
rating of the T&D equipment to estimate the degree to which peak load will exceed the 
T&D rating, i.e., projected overload.  This is shown graphically in Figure 1.   
 
In that example, the circuit can accommodate 11.6 MW of load (nominal).  Peak demand 
in the base year (year 2003) was 11.51 MW.  Assuming that peak load will grow 2.5%, 
the expected peak load during the next year (2004) would be 11.74 MW; 140 kW above 
the T&D rating of 11.6 MW, so 140 kW is the projected overload. 
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Figure 1.  Hourly Load for Highest Load Day in Summer, base Year Plus One and Plus Two Years of 

Projected Load Growth, Relative to Nominal and Emergency Distribution (D) Load Carrying 

Capacity. 

If the design load is equal to the projected overload (140 kW), and if the peak load in the 
next year happens to be exactly as projected, then when peak demand occurs, the circuit 
will carry load at its nominal rating of 11.6 MW and the storage will serve 140 kW. 

2.c.1. Establishing Design Load 

The foregoing describes a simple, deterministic approach to evaluating the power 
capacity for a storage system used to defer a T&D upgrade.  As appropriate,  
engineers should apply expertise similar to that used for conventional T&D capacity 
planning including power engineering principles, art and judgment, rules-of-thumb, and 
utility-specific design preferences.  Perhaps the most important adjustment is for extreme 
temperature.  If the projected overload does not reflect the possibility of extreme 
temperatures, then the design load should. 
 
With regard to the annual load growth rate used to establish the projected overload, for 
this exercise it may be prudent to use the highest annual load growth (rate) experienced in 
recent years rather than using an annual average rate.  It is also important to account for 
possible or uncertain block load additions. 

2.d. Other Engineering Considerations 

2.d.1. T&D Nominal Rating versus Emergency Rating 

Consideration of the tradeoffs between lower loading/less risk and higher loading/more 
risk for T&D equipment is not addressed in this document.   
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However, use of modular resources enables distribution engineers, planners, and 
operators to make a number of trade-offs for greater planning and operational flexibility.   
 

For example, to the extent appropriate, distribution engineers may perform storage power 
rating evaluations in ways that include consideration of the T&D equipment’s emergency 
rating rather than the planning or nominal rating. In fact, the authors’ ultimate vision 
involves distribution engineers having the means to understand trade-offs between 
several important decision criteria–including costs related to possible T&D equipment 
damage–when deciding which option, if any, to use to serve load on the margin.   

2.d.2. Storage System Modularity 

The storage power rating could be influenced by the degree to which the storage system 
is modular.  If additional load-carrying capacity (power) can be added to a storage system 
quickly and easily, then the initial estimate of storage power capacity required may be 
reduced.  In theory, it may be possible to add load-carrying capacity if and when needed.   
 
Modular systems also reduce the chance of complete failure.  Ideally, modules that fail 
can be replaced while most of the system continues to operate.  Modular systems also 
allow for rapid redeployment from locations where high demand is unlikely to locations 
with more critical circumstances. 

Section 3. Storage Discharge Duration Estimation 

3.a. Introduction 

This section addresses the analysis needed to estimate the storage system discharge 
duration: the amount of time that storage must be able to discharge energy, at the design 
power output rating, without recharging.  A key premise for this approach is that modular 
energy storage systems are capable of what electricity generation engineers call “load-
following.”  That is, the storage system can vary power output almost instantaneously as 
required to serve load.   
 
An implicit assumption is that the storage system can either: a) monitor line conditions 
and respond automatically when and as needed, or b) distribution system operators have 
the means to monitor the node served by the storage system, and to communicate with 
and control the DES power output. 
 
Readers should note that the analysis methodology described yields results that are 
specific to one location in one year.  If storage is to be used for subsequent years at the 
same location, then the evaluation must be undertaken for each additional year to account 
for load growth.  Normally, total power and discharge duration must be increased in each 
subsequent year, as load grows and as the peak load broadens over time.  Exceptions to 
this rule are locations: a) that experience load reduction, or b) with no load growth. 
 
Discharge duration is estimated based almost entirely on the shape of the demand profile 
expected when peak demand occurs at the T&D node of interest.   
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In addition to being a primary engineering criterion, discharge duration is a primary or 
even predominant element of storage system cost. 

The primary steps for this evaluation are: 

1. Establish the design load profile; 

2. Based on the design load profile, estimate the design discharge duration; 

3. Adjustments, if any, are made to the design discharge duration to establish the 
storage discharge duration to be specified. 

In some cases, utilities have pre-defined load profiles for capacity planning.  If not, then 
historic data are used to identify load profiles that represent the hourly loads that might 
occur during periods of maximum demand.   

3.b. Data Requirements 

3.b.1. Hourly Load Profiles 

The key data needed for this evaluation are historic hourly load data for the T&D hot spot 
being evaluated, for days during the peak demand season.  The profiles of interest are 
those with the broadest peaks.  Consider an example illustrated in Figure 2.  This figure 
shows hourly loads for days that have especially broad demand peaks.  Hourly loads are 
plotted for July 15, 2003, August 1, 2001, and June 22, 1999.   
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Figure 2.  Hourly Load Profiles for Three Days with Broad Peaks. 

3.b.2. Other Data Needed 

• Base year peak load, 

• Load growth expected by the next peak demand season–as described in Section 
2.b.2., and 

• T&D equipment’s load carrying capacity (rating).  
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3.c. Design Load Profile 

3.c.1. Introduction to Establishing a Design Load Profile 

The objective of the next step in the storage sizing methodology is to characterize hourly 
loading conditions that might occur on a day or days when maximum demand takes 
place. Note that in this context, maximum demand is the design load, as described in 
Section 2. In some cases, such design load profiles–used for T&D or even electric supply 
planning–exist for a given utility or region. If so, those may be appropriate for the 
discharge duration estimation process.  Appropriate engineering judgment should be 
applied when making that decision. 
 
If a predefined design load profile is not used, then a key to establishing the design load 
profile is to identify and evaluate historic load profiles that reflect possible loading 
conditions during the season when peak demand occurs. Estimating design discharge 
duration using the historic load profile with the broadest peak will yield a conservative 
estimate that is as robust as possible, without making additional assumptions and 
adjustments for factors such as possible block load additions or changes in energy use 
patterns. 

3.c.2. Normalizing Hourly Loads  

The next step in the evaluation involves normalizing the hourly load values by redefining 
the maximum value from each profile in Figure 2 to unity (maximum value = 1), and then 
rescaling each profile’s remaining values accordingly. Figure 3 illustrates the result. 
Though perhaps not obvious in Figure 3, the curve with the broadest peak (Load Profile 
#3) happens to be the plot with the lowest magnitude; that is the profile representing June 
22, 1999, in Figure 2.  The breadth of the peak demand curve is seen more clearly in 
Figure 4 which plots the same profiles as those in Figure 3, though it only shows the top 
4 percent of the peak load profile. 
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Figure 3.  Normalized Hourly Load Profiles for Three Days with Broad Peaks Shown in Figure 2.  
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Figure 4.  Top 4% of the Normalized Hourly Load Profiles Shown in Figure 3. 

Based on the example analysis, profile #3 (for 6/22/99) indicates the longest discharge 
duration (per kW of peak load), and thus the greatest amount of energy needed from 
storage because that profile has the most area under the curve. If no other profiles are 
evaluated, then profile # 3 becomes the design load profile. 

3.d. Discharge Duration Required 

This analysis process involves the use of the design load profile found in Section 3.c. to 
estimate the storage plant’s discharge duration. Examples in this section illustrate the use 
of load profile #3 as the basis for the design load profile. 
 
The process is shown graphically beginning with Figure 5.  That figure has three load 
plots based on the design load profile: the first plot is the hourly load for the base year, 
and the second and third plots show hourly loads for two subsequent years after applying 
a 2% annual load growth rate to the base year values.  Also shown is the T&D equipment 
rating (labeled as “Load Carrying Capacity” in the figure). 
 
The hourly load values reflect the following bases:  

• In year 2003, the magnitude of the peak demand was 11.51 MW and it occurred 
on July 15, 2003. The 11.51 MW is assumed to be the base year peak load. 

• The load profile to use–the design load profile–is based on hourly loads that 
occurred on June 22, 1999.  On that day the peak demand was 7.85 MW. 

• The hourly loads from June 22, 1999 are adjusted (scaled up) by a factor of 
11.51 MW ÷ 7.85 MW = 1.466. 
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Figure 5.  Load Profile for Base Year and for two Subsequent Years, Reflecting a 2% 

Annual Load Growth Rate, and after Normalizing to the Annual Peak Load in the Base Year. 

Given the design load profile, calculating the design discharge duration for the storage 
system involves straightforward mathematic integration of the storage power output  over 
the time during which the storage must discharge (where the power is the amount of load 
in excess of the T&D equipment’s rating). Dividing that amount (energy discharged) by 
the peak power requirement (in excess of the T&D equipment’s rating) yields the 
discharge duration. 
 
In Figure 6, the plot line labeled “Historic Load in 2003” represents hourly loads in 2003 
based on the design load profile.  The plot line labeled “Projected Load in 2004” 
represents a projection of hourly loads for 2004 after 2% load growth.   
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Figure 6.  Load Profiles for Base Year and after One Year of Projected Load Growth. 

As shown in Figure 7, the portion of the load plot for 2004 that is above the line for T&D 
capacity, labeled “Load Carrying Capacity”, indicates the amount of energy needed and, 
indirectly, the discharge duration.  Also indicated is the amount of power needed to serve 
projected load growth in excess of the load carrying capacity, i.e., about 140 kW in the 
example (11.74-MW peak – 11.6 MW of distribution equipment load carrying capacity). 
Table 1 contains the numeric values underlying the profile plotted in Figure 7. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Figure 7.  Hourly Loads for Peak Day After Adding 2% to Reflect Load Growth. 
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The design discharge duration is calculated by: a) summing the amount of energy needed 
if the storage system is to serve load in excess of the T&D equipment’s rating, and 
b) dividing by the projected overload.  In the example and from the table, the projected 
overload is 0.140 MW (140 kW) in 2004. 

Table 1.  Hourly Loads (in MW) for Design Load Profile Example for a T&D node with a Nominal 

Rating of 11.6 MW 

  Hour of the Day for Design Load Profile 

Year 10 11 12 13 14 15 16 17 

2004 10.57 11.51 11.61 11.67 11.74 11.61 11.30 9.63 

 
For this example, the result of that calculation is shown in Table 2.  Data in Table 2 
includes: a) the storage system’s power rating, b) the amount of energy that would be 
delivered to the load from storage given the hourly loads in Table 1, and c) the design 
discharge duration calculated by dividing the energy needed (MWh) by the storage plant 
rating (MW).  
 
In the example, when summing the hourly load exceeding the T&D load carrying 
capacity, the estimated energy required (to meet demand that exceeds the T&D node’s 
rating) is 0.236 MWh. Dividing the power needed (0.140 MW) into that amount of 
energy yields the discharge duration.  In this case 0.236 MWh ÷ 0.140 MW = 1.69 Hours. 

Table 2.  Example Estimated Power, Energy and Design Discharge Duration for Year 1 (2004) 

 
 
 
 
 
 

3.e. Other Engineering Considerations 

3.e.1. Energy Storage Charging 

Until this point, the authors have not discussed charging of the storage system.  The 
amount of time that the storage system requires for charging is the charge duration.  
Charge duration is a function of discharge duration, storage efficiency, the type of storage 
technology (chemistry and/or physical characteristics), and the storage system’s power 
electronics rating.   
 
Each storage technology has specific charge characteristics that must be considered in 
determining the charge duration and other attributes.  For example, some batteries can be 
recharged to approximately 80% of full charge at very high rates (short duration), but 
then must be charged more slowly to the fully charged condition. Some technologies do 
not need to be fully charged on every occasion, while others require full charge to avoid 

Discharge

Power Energy Duration

Year MW MWh (hours)

2004 0.14 0.236 1.69
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degradation. Other technologies can only be charged at a constant, low rate. Finally, 
some technologies require a complex, carefully controlled charging profile for maximum 
performance, lifetime or safety. The examples given below assume the simplest case for 
charging, but the specifics of each technology must be considered in implementing a 
complete storage system.  
 
In general, it is assumed that charging will occur during off-peak hours, during late night 
and early morning, when local and regional demand is low, and when electricity use and 
price are low.  It is further assumed that off-peak periods are long enough to charge the 
storage for the next peak demand period. The key point is that for any specific hot spot it 
is important to determine whether the location-specific circumstances allow for adequate 
charging of the specific type of storage used.  
 
Consider an example involving storage that can be charged at a rate that is very similar to 
the rate at which it is discharged: if the discharge duration is 5 hours and the storage 
efficiency is 70%, then the charge duration is 5 hours / 70% = 7.1 hours.   

3.e.2. Resolution of Load Data 

The examples shown above involved use of hourly load data.  If higher resolution data is 
available, then that may be used for a more precise result.   

3.e.3. Refining the Result 

Getting a more refined result will require some engineering judgment.  The discharge 
duration estimation exercise described above is intended to provide a conservative result.  
That is, assuming that a worst case load profile can be defined with a high degree of 
certainty, then using that profile yields a storage system discharge duration which should 
be adequate for most scenarios. 
 
Of course, it is unlikely that the analysts can be so certain; hence the need to exercise 
engineering judgment and to accommodate uncertainty and knowledge gaps.  The 
resulting manifestation, with respect to the storage system, will likely be a discharge 
duration that is longer than that estimated from the load profiles as described in this 
section. 
 

The most conservative approach is to design the storage system so it can provide full 
output during all hours when peak demand is expected to exceed the T&D capacity. 

Section 4. Multi-Year Deferrals 
Storage power and discharge duration values, developed as described in Sections 2 and 3, 
respectively, yield values that apply to one specific year.  If storage is to be used for more 
than one year at the same location, then the same storage sizing evaluation (power and 
discharge duration) must be repeated for each subsequent year. 

4.a. Storage Power Rating 

Estimating the storage power rating for a subsequent year is straightforward (for a 
specific estimate of load growth). 
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For each additional year that storage is expected to be used for the same deferral, the base 
case design load (for the respective year) is equal to the design load for the first year plus 
all load growth in subsequent years. 
 
Consider the example provided in Table 2: in year 1, after 2% growth, the load exceeds 
the T&D rated capacity by 140 kW so the design load for that year is 140 kW.  In year 2, 
after two years of load growth at a 2% annual rate, load exceeds the T&D capacity by 
375 kW.   
 
So, if storage is to be used at that location in year 2, then the design load for that year is 
375 kW: 140-kW design load in year 1, plus an amount equal to another 2% load growth 
in year 2 (235 kW). 
 
Note that the 235 kW of power needed in year 2 is nearly twice the amount installed in 
year 1.  This is shown graphically in Figure 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.  Storage Power and Energy Requirements for Two Years of T&D Upgrade Deferral. 

4.b. Storage Discharge Duration 

In addition to increasing the storage system’s power rating for subsequent years of 
deferral, in most cases the discharge duration must also be increased. As seen in Figure 8, 
the discharge duration is represented by the area under the power vs. time curve.  
 
Consider again the example provided in Table 2: in year 1, the design discharge duration 
is 1.69 hours. When doing the analysis described in Section 3 for a possible deferral in 
year 2, the estimated discharge duration is 3.49 hours.  This is also shown in Figure 8. 
 
Data used to create Figure 8 are shown in Table 3 and Table 4.  Table 3 contains numeric 
values underlying the profiles plotted in Figure 8.  Table 4 contains results from the 
storage sizing exercise undertaken for years 1 and 2 for the example. 
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Table 3.  Hourly Loads (in MW) for Design Load Profiles for Years 1 and 2 (2004 and 2005) 

  Hour of the Day for Design Load Profile 

Year 10 11 12 13 14 15 16 17 

2005 10.78 11.74 11.85 11.90 11.98 11.85 11.53 9.82 

2004 10.57 11.51 11.61 11.67 11.74 11.61 11.30 9.63 

 
Table 4.  Example Estimated Load, Energy, and Discharge Durations for Years 1 and 2 (2004 and 

2005)  

 

 
 
 
 
 

Section 5. Identifying Favorable Sites for Storage as 
T&D Capacity Deferral  
This section provides a brief characterization of criteria to consider when screening 
possible projects/locations for which modular storage systems could be a 
cost-competitive alternative to a T&D upgrade.   

5.a. Criteria for Identifying Candidate Hot Spots 

Presumably all or almost all projects/locations for which DES may be an attractive option 
will have been identified as hot spots during the normal T&D planning cycle. The next 
step is to identify candidate hot spots for which DES may be the lowest cost option to 
serve peak load on the margin. 
 
Modular DERs, including DES, are most likely to be viable options for situations 
characterized by some combination of the following (in no particular order):  

• load growth will only exceed the T&D system’s rating by a small portion (i.e., 
projected overload will be relatively small); 

• peak load is growing at a slow rate;  

• high maximum load to average load ratio, during times when peak load occurs; 
such locations are sometimes said to have a “peaky” maximum load profile; 

• the upgrade has a high unit cost (i.e., on a $/kVA of capacity-added basis);  
includes both direct and “soft” costs such as good will and reputation; 

• the T&D upgrade project competes with other important projects for capital;  

• uncertainty regarding the timing and/or likelihood of block load additions; 

• T&D construction delays or construction resource constraints may be a challenge. 

Discharge

Power Energy Duration

Year MW MWh (hours)

2005 0.235 1.07 3.49

2004 0.14 0.236 1.69
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DES is especially well suited to those locations if: 

• the same storage capacity provides additional benefits which can be combined 
with T&D deferral-related benefits, to comprise an attractive total value 
proposition (e.g., add benefits from improved power quality and/or reliability, 
plus the value of on-peak energy, plus benefits from reduced loading on the 
transmission system);  

• air emissions regulations, noise regulations, fuel storage or other safety-related 
challenges restrict use of distributed generation. 

5.b. Locations with Limited Projected Overload 

 
Generally DES and other DERs are more attractive for situations involving relatively 
small projected overloads. That is because a relatively small amount (kW) of DES or 
DER is needed to serve peak load on the margin. 

5.b.1. T&D Capacity Slack 

A key basis for projected overload is the difference between the maximum demand 
during the previous year and the load carrying capacity (rating) of the T&D equipment 
serving that load, i.e., capacity slack. Capacity slack varies among hot spots. This concept 
is shown graphically in Figure 9. 
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Figure 9.  Variability of T&D Loading Relative to T&D Rating, Among Hot Spots. 

Consider as an example two very similar distribution system hot spots with a rated 
capacity of 12,000 kW and in this case, a 3% annual load growth.  In both locations, the 
upgrade will involve adding 4,000 kW. The upgrades will cost $1,040,000 each 
($260/kW of T&D capacity added), or about $135,000 per year (assuming a fixed charge 
rate of 0.13 to calculate the annual carrying cost for the initial investment).   
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At the first location, peak loading in the base year is about 98% of the equipment’s rated 
capacity. If load grows by the expected 3% then the projected overload is about 1% in the 
next year. That is an expected overload of 12,000 kW of existing capacity * 1% = 120 
kW. 
 
At the second location, the previous year’s peak load was almost the same as the T&D 
equipment’s rated capacity. In that case, if load growth is 3%, then the next year’s 
projected overload is nearly 360 kW (12,000 kW * 3%). 
 
At the first location, the storage system’s benefit is about $135,000 ÷ 120 kW = 
$1,125/kW of storage (for one year of deferral).  At the second location, the storage 
system’s benefit for one year of deferral is about $135,000 ÷ 360 kW (0.3 MW) = 
$375/kW of storage. This relationship is illustrated in Figure 10. 
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Figure 10.  One-year Deferral Benefit from Modular Storage as Function of Projected Overload. 

5.c. Locations with High Peak to Average Load Ratios 

DERs and DESs are especially well suited to locations where peak loading has a 
relatively short duration. Those are locations with a peak to average load ratio that is 
relatively high. Such locations are sometimes said to have “peaky” load profiles. 
 
The plots in Figure 4 illustrate this characteristic. Profile #2 is the narrowest and most 
peaky, while the profile with the broadest, least peaky maximum is profile #3. 
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DESs serving such locations require the least amount of energy (stored) per kW of peak 
demand served. For DES that means shorter discharge duration and for DGs that implies 
less fuel storage, use, and pollution.  

5.d. Locations with Uncertain Load Growth 

Generally DES and other DERs are more attractive when peak load growth is uncertain. 
Though there may be uncertainty about the core rate of load growth; modular DES may 
help most when there is uncertainty about the magnitude and timing of block load 
additions. 
 
This may be especially compelling for situations involving uncertainty about availability 
of resources (e.g., land availability and/or capital) needed for the upgrade. Regulatory 
requirements, such as industrial permitting (e.g., building, electrical, and fire code 
permits) and other types of approvals, also create uncertainty.  

Section 6. Results and Conclusions 

6.a. Summary and Key Conclusions 

This report describes a fairly straightforward process to evaluate the power output and 
discharge duration capacities for modular energy storage systems that may be used to 
defer utility T&D upgrades.  Analyzing the merits of using energy storage for T&D 
deferral requires a combination of:  a) standard distribution system data, methodologies, 
tools, and rules; b) historic diurnal load profiles representing possible hourly load profiles 
during the season/days when maximum demand occurs or standard load profiles used in 
T&D capacity planning; c) normal engineering judgment; and d) the evaluation steps 
described in this document. 
 
Ideally, this methodology could be easily integrated into initial or screening level 
evaluations undertaken for traditional T&D planning.  Though it adds a few additional 
steps and facets to standard T&D planning, storage system sizing for T&D upgrade 
deferral requires much of the same data, depends on many of the same criteria, and 
involves similar techniques and concepts as conventional T&D capacity planning. As 
energy storage becomes more widely used, we expect the methodology, or a similar one, 
to become more common.  
 
In general terms, using storage systems that have: a) power ratings ranging from 1% to 
4% of the local T&D peak load; and b) discharge durations of two to five hours may be a 
technically viable way to defer T&D upgrades.   
 
If the annualized cost to own and to operate modular energy storage is less than the 
annualized cost for a T&D upgrade, then the storage option may be the lowest cost to 
ratepayers and may even be the lowest risk option to stockholders. 
 
In addition to reducing total cost (of service) to utility ratepayers, use of storage may 
allow distribution planners to serve more peak load with the same total budget.  
Depending on circumstances, this may involve capital and/or expense budgets. 
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6.b. R&D Needs, Opportunities, and Next Steps 

The sizing process described is quite adequate for screening-level evaluations.  However, 
the authors presume that T&D planners may need a more formalized methodology that is 
appropriately vetted (e.g., by the Institute of Electrical and Electronics Engineers (IEEE) 
or by relevant utility regulatory agencies) before widespread adoption.  An important 
next step is to identify and begin the process of such vetting. Regulators and IEEE 
Standards Committees should be consulted to establish a proposed protocol for vetting 
this methodology. 
 
Transmission and distribution planners and engineers rarely have the authority, tools, or 
familiarity required to consider unconventional ways to serve T&D capacity needs on the 
margin as described in this report. An important way to address that situation is to 
provide T&D planning and engineering stakeholders with opportunities to learn more 
about how storage increases T&D planning options and flexibility, and how it may 
reduce utility cost of service, including risk. 
 
A low-cost and low-risk next step is for knowledgeable T&D engineers to “try and 
apply” the sizing process described in this report without actually installing storage. In 
fact, the process could be applied to historic cases. T&D engineers could use the sizing 
process to estimate storage power and discharge duration required for specific cases. 
Then, actual peak loading for the “next” year would be evaluated to determine whether 
storage would have provided the expected benefit. The lessons learned would then be 
compiled, synthesized, and published. 
 
Based on: 1) reviews for vetting, and 2) results from the try-and-apply exercise, the sizing 
methodology would be refined to address technical issues associated with the evaluation.  
The result would be a process with more specific “hooks” needed to integrate the 
methodology into standard T&D planning.  If indicated, simple computer tools could be 
developed to streamline the calculations. 
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Definitions 
Base Year–the year preceding the year in which a T&D upgrade is expected, also 
referred to as Year 0.   
 
Base Year Peak Load–The maximum load during the year before the T&D upgrade is 
needed. 
 
Damping–Decrease in the amplitude of an oscillation or wave motion with time. 
 
Charge Duration–The amount of time needed to charge a storage plant so it can operate 
at rated output for a specific Discharge Duration.  Charge Duration is a function of 
Discharge Duration, Storage Technology, and Storage Efficiency.  
 
Design Discharge Duration–the Discharge Duration (in units of time) required if 
storage will serve utility load at a specific T&D node. 
 
Design Load–the amount of load (kW or MW) which must be served by storage. Design 
Load is normally a function of Projected Overload. 
 

Design Load Profile–hourly loads, in chronological order, representing a day when both 
demand is at its maximum and when the hourly demand profile is broadest. 
 
Design Relative Humidity–Ambient relative humidity (%) assumed for a T&D design.  It 
is the highest relative humidity “expected” when peak demand occurs.  Examples are 
worst case, one-year-in-ten, or one-year-in-one-hundred. 
 
Design Temperature–Ambient temperature assumed for a T&D design.  It is the highest 
temperature “expected” when peak demand occurs.  Examples are worst case, one-year-
in-ten, or one-year-in-one-hundred. 
 
Discharge Duration–for an energy storage system, the amount of time (seconds, minutes, 
or hours) that the system must be able to discharge, at the Storage Power Rating, without 
recharging. 
 
Discharge Energy–for an energy storage system, the amount of electric energy 
discharged (kWh, MWh) if the storage system discharges continuously at the Storage 
Power Rating for the Discharge Duration. 
 
Expected Value–In this document, the term “expected” implies a likelihood–based on 
statistical criteria–rather than an actual expectation.  For example, “expected maximum 
temperature” is not the temperature that we actually think will prevail at a specific time 
on a certain day; instead it is the maximum to use for design.  Expected maximum 
temperature is derived given statistical data such as one-year-in-ten (based on historic 
data). 
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Hot Spot–see T&D Hot Spot. 
 

Projected Overload–for a T&D Hot Spot, the portion of the projected electric demand 
which will exceed the load carrying capacity in a specific year.  Units are expressed in 
kW or MW. Example: if load is 9.85 MW at a T&D Hot Spot with a rating of 10 MW and 
load growth is projected to be 3%, then the projected overload is (9,850 kW * 3%) - 
10,000kW = 145 kW. 
 
Storage Efficiency–The amount of energy output from an energy storage system for each 
unit of energy input; also referred to as round trip efficiency.  Typical values are 70% to 
80%. 
 
Storage Power Rating–Maximum power that the storage system must provide.  When 
sizing a storage plant for T&D deferral, this value should equal to Design Load.  (Note 
that some storage systems can provide additional power–in excess of the plant’s 
“nominal” rating–for short periods of time.) 
 
T&D Emergency Rating–Maximum power that the T&D system can provide, at the 
T&D node of interest, for short periods of time, under “emergency” conditions.  It is rare 
to operate T&D equipment at this power level. 
 
T&D Hot Spot–a T&D node that does or will soon require an upgrade due to one or more 
of the following: 1) heavy peak loading that is at or near the equipment’s load carrying 
capacity, 2) equipment damage, 3) equipment’s age has or will soon exceed its useful 
life, or 4) unacceptable local power quality or reliability. 
 
T&D Nominal Rating–Maximum power that the T&D system can provide (under 
specified conditions), at the T&D node of interest, as specified by the equipment 
nameplate or other acceptable rating (i.e., for conductors).  Normally, equipment is not 
operated such that power exceeds this rating. 
 
T&D Rating–Maximum power that the T&D system can provide for given design criteria 
such as ambient temperature.  It is the assumed maximum load carrying capacity of the 
T&D equipment for a specific scenario/case.  In any specific scenario/case, it may be the 
T&D Nominal Rating or the T&D Emergency Rating. 
 
Year 1–the year in which there is an expected need for a T&D upgrade, one year after the 
Base Year.   
 
Year 2–the second year in which a T&D upgrade may be needed, two years after the 
Base Year. 
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Appendix A. 

Distribution Cost and Deferral Value Example Worksheet 

 
Values in the worksheet below reflect the costs for an example distribution upgrade.  The 
annual cost of $34/kW-year is at the low end of the cost spectrum for California.[5]  
Likewise, the installed cost of $260/kW is at the low end of the spectrum. [6][7][9] 
 

Distribution Existing Capacity and Load

Equipment Maximum Capacity (kW) 12,000 equipment "nameplate" rating

Peak Load, Current Year (kW) 12,000 peak load = equipment rating in year before upgrade

Distribution Capacity Added

Capacity Added  (kW) 4,000 + 33%

Addition "Life" (Years before next upgrade) 11.7 based on 2.5% annual average load growth rate

Distribution Equipment Cost
Equipment Cost ($/kWnameplate) 35 transformers, wires, etc.

Installation Cost ($/kWnameplate) 30 mostly labor, permitting and other "compliance," G&A overheads

Distribution Project Cost

Equipment Installed Cost ($/kW) 65 $35/kW equipment + $30/kW installation

Upgraded Equipment Capacity (kW) 16,000 12,000 kW existing + 4,000 kW added

Total Installed Cost ($) 1,040,000 16,000 kW total * $65/kW

Annualization Factor, for Financing* 0.13 used to calculate annual cost (carrying charges) for upgrade

Annual Upgrade Ownership Cost ($) 135,200 $1,040,000 * 0.130 annualization factor

Distribution Capacity Marginal Cost
Installed Cost ($/kW added) 260 $1,040,000 total installed cost / 4,000 kW added 

Annual Cost ($/kW-year added) 34 $260/kW installed cost * 0.130 annualization factor

Load Projection
Projected Load Growth (% next year) 2.5% annual average

Peak Load Growth "Next Year" (kW) 300 12,000 kW  *  2.5%

Load Exceeding Maximum (kW)** 300 7.5% of 4,000 kW upgrade

Ratio: Upgrade Capacity/Load Growth 13.3 : 1 4,000 kW added / 300 kW exceeding existing capacity

Upgrade Deferral Value

Capacity Needed "on the margin" (kW) 300 load in excess of existing equipment capacity

DER Capacity Oversizing 0% engineering contingency

DER Capacity (kW) 300

One time, single year benefit $/kW ¢/Watt

for adding 300 kW of capacity 451 45.07 $135,200 annual cost / 300 kW storage

or for reducing load by 300 kW

     *Accounts for annual interest, dividend, depreciation, tax, and insurance payments.

     **The portion of load that exceeds the existing equipment's maximum capacity of 12,000 kW.
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