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Abstract 

The work documented in this report was undertaken as part of an ongoing investigation of 
innovative and potentially attractive value propositions for electricity storage by the United 
States Department of Energy (DOE) and Sandia National Laboratories (SNL) Electricity Storage 
Systems (ESS) Program. This study characterizes one especially attractive value proposition for 
modular electricity storage (MES): electric utility transmission and distribution (T&D) upgrade 
deferral. The T&D deferral benefit is characterized in detail. Also presented is a generalized 
framework for estimating the benefit. Other important and complementary (to T&D deferral) 
elements of possible value propositions involving MES are also characterized. 
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Executive Summary 
An expanding array of state-of-the-art and emerging technologies are opening new opportunities 
to improve and/or to reduce the costs to generate, deliver, and use electricity. One of these 
technologies is addressed in this report: modular electricity storage (MES).  

The specific utility application addressed herein is the use of MES to reduce the cost of 
electricity delivery by reducing the cost of electricity transmission and distribution (T&D) 
equipment. Specifically, MES would be used to defer expensive improvements or capacity 
additions to T&D equipment by providing modular capacity additions as needed. 

Criteria that indicate whether MES might be viable for T&D deferral include:  

1. High T&D cost. 

2. High peak-to-average demand ratio. 

3. Modest projected overload. 

4. Slow peak demand growth (rate). 

5. Uncertainty about the timing and/or likelihood of block load additions. 

6. T&D construction delays or construction resource constraints. 

7. T&D upgrade competes with other important projects for capital. 

8. The same MES system used for T&D deferral provides additional benefits – revenue or 
avoided cost – that can be aggregated into an attractive value proposition, such as 
on-peak energy and electric supply capacity.  

MES is especially well-suited to those locations where air emissions regulations, noise 
regulations, fuel storage or other safety-related challenges restrict the use of combustion-based 
distributed generation, and/or where the price differential is large between times when storage is 
charged and when it is discharged. 

A key result of the work described in this report is a generalized framework for estimating the 
financial benefit of deferring a T&D upgrade for one year with MES. The framework has three 
fundamental steps: 

1. Estimate T&D cost. 

2. Determine storage sizing – power and discharge duration. 

3. Estimate T&D deferral benefit. 

The first step is to estimate the installed cost for the T&D equipment to be deferred. That is the 
cost to design, purchase and install the T&D equipment. Typical values fall within the range of 
$25 to $250 per kW of T&D capacity installed. 

The second step is to determine the amount (size) of storage needed to defer a specific T&D 
upgrade for the next year. The storage sizing evaluation is primarily based on two criteria: 
1) storage power rating and 2) storage discharge duration (i.e., the amount of time that storage 
can be discharged, at its power rating).  
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For the purpose of this analysis, storage power rating is expressed in terms of the amount of 
storage capacity (kW) needed relative to the existing T&D capacity (storage power). Consider an 
example: for a 12 MW transformer, 3% storage power equates to storage whose power rating is 
0.03 * 12 MW = 360 kW. The various plots in Figure ES-1, below, reflect a range of storage 
power values – ranging from storage rated at 1% of the existing T&D capacity to storage rated at 
8% of the existing T&D capacity. 
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Figure ES-1. Annual (single year) Benefit for Storage Used for T&D Deferral. 

The final step is to estimate the single-year benefit for deferring a T&D upgrade whose cost is 
known. The single-year T&D deferral benefit is shown on the vertical axis of Figure ES-1. 
Benefit values are expressed in units of dollars per kW of storage needed (storage power).  

Two other important criteria reflected in Figure ES-1 are: 1) T&D upgrade factor and 2) fixed 
charge rate. T&D upgrade factor reflects the amount of load carrying capacity to be added to the 
T&D system as part of the upgrade. Benefit values shown in ES-1 are for an upgrade factor of 
0.33. (Example: equipment rated at 12 MW is replaced with equipment rated at 16 MW. The 
upgrade factor is 4/12 = 0.33.)  

The fixed charge rate is used to estimate the annual cost of utility capital equipment based on the 
total installed cost of the equipment. An example: for a plant costing $1 Million, if using a fixed 
charge rate of 0.11, the annual cost for the plant is $110,000 ($1,000,000 * 0.11 = $110,000). 
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Benefit values plotted in Figure ES-1 reflect a representative fixed charge rate of 0.11 (or 11% of 
the equipment’s installed cost, annually).  

Consider an example of how Figure ES-1 would be used. T&D equipment rated at 12 MW will 
be upgraded to 16 MW. To defer that upgrade for one year, power engineers specify storage 
whose power rating is 3% of the rating of the existing T&D equipment (that’s 0.03 * 12 MW = 
360 kW).  

As shown in Figure ES-2, if the T&D equipment upgrade being installed costs about $100/kW, 
then the single-year benefit for deferring the upgrade is about $500/kW of storage (that is 
$500/kW of storage for deferring the upgrade for one year).  
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Figure ES-2. Annual (single year) Benefit for Storage for T&D Deferral, Example. 

Note that while the generalized framework depicted in Figure ES-2 specifies storage power, it 
does include implicit consideration of discharge duration. That is, the storage system used must 
have both the power and discharge duration (energy storage) needed.  

Both power and discharge duration are established during the storage sizing process. And, both 
are very circumstance-specific: discharge duration needs are driven mostly by the load shape 
during peak loading, whereas storage power rating is driven by the magnitude of the load. 
Typical values for discharge duration range from three hours to six hours. 

Study results indicate circumstances for which incremental or modular capacity additions – 
including MES – may be the most attractive option to serve load additions and/or to 
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accommodate normal load growth. This option is especially attractive if: a) there is uncertainty 
about the need for an upgrade or about availability of resources to complete an upgrade when 
needed, or b) the modular resources are transportable and readily redeployable. Such benefits 
could be a key element of attractive value propositions for many MES projects. Furthermore, 
aggregation of two or more individual benefits may be an important way to increase the number 
of opportunities for economically viable, grid-connected MES. 
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1. Introduction 
This section describes utility transmission and distribution (T&D) deferral benefits that could be 
realized if modular distributed energy resources (DERs) are used to serve a portion of peak 
demand so that the utility may delay (defer) large T&D equipment upgrades (investments). 
DERs include modular electricity storage (MES), distributed generation (DG), geographically-
targeted demand response (DR), and energy efficiency. 

The DER concept is well-suited to the following circumstances: 

1. Peak demand on a T&D node is at or near the T&D equipment’s load carrying capacity 
(limit) – resulting in a “hot spot," 

and 

2. A relatively small amount of DER capacity located downstream (electrically) from the 
hot spot can serve a portion of peak demand, on the margin, such that an upgrade of the 
T&D equipment is deferrable.  

Modular DERs allow small capacity additions, on the margin, to defer a much larger lump 
investment in T&D equipment. The term “lump investment” refers to the fact that, by the nature 
of electric utility equipment, load carrying capacity cannot be added to the T&D system in small 
increments. Typical upgrade factor values range from 0.25 (add 25% more capacity) to as high 
as 0.50 or more.1 

For the purpose of this report, T&D includes the distribution system and what is referred to as 
“subtransmission” (equipment/circuits between the transmission and distribution systems whose 
voltage is one of the following: 69 kV, 115 kV, or 138 kV). 

Modular Electricity Storage for T&D Deferral, an Example 
To illustrate the DER concept, it is helpful to consider an example involving MES: a specific 
node within a utility’s distribution system whose rated load carrying capacity is 12 MW (12,000 
kW). Peak demand in the current year (year 0) is 11.85 MW, 1.25% below the equipment’s load 
carrying capacity, and it is growing at about 2%/year. Based on this load growth rate, peak 
demand in the next year (year 1) will exceed the 12 MW rating by about 87 kW, or 0.7%. To 
avoid overloading the equipment, engineers plan to increase load carrying capacity by 33%, to 
16 MW (upgrade factor of 0.33).  

The case is shown graphically in Figure 1. 

                                                 
1 Consider an example: A 12 MW T&D node will be upgraded so it can serve more load. If the upgrade factor is 
0.25, then 3 MW will be added, for a total of 15 MW. If the upgrade factor is 0.50, then 6 MW will be added, for a 
total of 18 MW. 
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Figure 1. Load, Existing Capacity, and Upgraded Capacity. 

For year 1, utility power engineers decide that 150 kW of electricity storage will serve sufficient 
load such that the utility may defer the upgrade. The 150 kW of storage is 72% above the 
projected overload of 87 kW, providing a margin of 63 kW additional storage capacity to allow 
for uncertainty.  

In year 2, the forecasted overload increases to 329 kW. Power engineers then decide to use a 
storage system whose rating is 500 kW (52% above the projected overload) to defer the T&D 
upgrade for the second year. The 500 kW system is 52% above the projected overload of 329 
kW, providing a margin of 171 kW additional storage capacity to allow for uncertainty. 

Note that the values used for this example illustrate the concept of deferral; however, they do not 
include consideration of common phenomena that reduce the efficacy of power delivery, such as 
harmonic currents and reactive power. To account for effects related to such phenomena, T&D 
capacity and storage systems have power ratings in units of apparent power, units are Volt-
Amps (or kiloVolt-Amps, kVA or MegaVolt-Amps, MVA).2 

                                                 
2 For the purpose of this discussion, units of true power (kiloWatts or MegaWatts) and apparent power (units of 
kiloVolt-Amps or MegaVolt-Amps) are used interchangeably. In practice, there are important technical and cost 
differences. In short, various load types reduce the effectiveness of the grid by, for example, injecting harmonic 
currents or by increasing “reactance.” As a general indication of the difference as it affects utility distribution 
systems, consider this example: a power system serves 10 MW of peak load (true power). During times when load 
peaks the power factor may drop to 0.85, so the T&D equipment should have an apparent power rating of at least 10 
MW/0.85 = 11.76 MVA. 
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Utility Revenue Requirement for T&D Equipment 
The T&D revenue requirement is the amount of revenue that utilities are required to receive from 
ratepayers to cover costs – hence the term revenue requirement.  

Capital Plant Carrying Charges 
Part of the revenue requirement – capital plant carrying charges (carrying charges) – covers the 
costs to own the plant and equipment (capital plant). The primary components of carrying 
charges include principal, dividend, and interest payments for the capital used to purchase and 
install the equipment. Insurance and taxes are also included.  

Expenses 
The revenue requirement also includes expenses; in this case, maintenance and operation 
expenses for T&D equipment. T&D expenses are usually quite small relative to annual capital 
plant carrying charges and are not addressed in this evaluation. 

Annual Revenue Requirement 
The annual amount of revenue needed to cover costs incurred in a given year is the annual 
revenue requirement. Typically, the annual revenue requirement is calculated by multiplying the 
installed cost for the T&D equipment by a utility-specific “fixed charge rate.” The fixed charge 
rate reflects all elements of the carrying charges: annual payments for return of principal, 
interest, and dividend payments plus annual income tax, property tax, and insurance payments. 
In most cases, the fixed charge rate for T&D reflects an expected equipment life ranging from 20 
to 40 years.  

Typical fixed charge rate values range from 0.08 to 0.15. Lower values reflect the cost for public 
or cooperative utilities that: a) do not have stockholders who receive dividends, b) use public 
(debt) capital with relatively low interest rates, and c) do not pay taxes. Higher values reflect 
capital costs for investor-owned utilities: a) whose financing involves equity with dividend 
payments to stockholders and use of private sector debt, and b) that pay taxes.  

A representative fixed charge rate of 0.11 is used in this report. 

T&D Avoided Cost 
In simplest terms, the T&D deferral benefit is the “avoided cost” – the cost not incurred by utility 
ratepayers if the T&D upgrade is not made. The avoided cost is equal to the revenue 
requirement.  

In many cases, an upgrade deferral option is viable for one year or a few years. In those cases, 
the deferral benefit is the annual avoided cost (the annual revenue requirement) for the year(s) 
that the upgrade is deferred). 

Often, when T&D facilities are upgraded, some portion of the equipment removed can be re-
used, especially transformers. Specifically, when a substation is upgraded and a transformer that 
can be re-used is removed from service to accommodate a larger one, the smaller transformer is 
returned to rotating stock. The financial (residual) value of the remaining useful life for re-used 
equipment is ignored in this report. 
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Single-Year Deferral Benefit 
The single-year T&D upgrade deferral benefit is defined as the utility’s annual revenue 
requirement for the upgraded T&D facility. Notably, if a T&D upgrade project is deferred, then 
the avoided payment is treated as if it is avoided forever. 

Consider the working example: a T&D node will be upgraded from 12 MW to 16 MW, a 
capacity addition of 33% (4 MW). The 12 MW equipment is removed and replaced with 
equipment rated at 16 MW for a cost of $75 per kW installed. The entire project costs $75/kW * 
16 MW * 1,000 kW/MW = $1,200,000. Using the representative fixed charge rate of 0.11, the 
annual charge to own the upgraded equipment is 0.11 * $1,200,000 = $132,000.  

Multi-Year Deferral Benefit 
In some cases, it may be technically viable and financially attractive to defer an upgrade for 
more than one year. In general, these are circumstances involving: a) slower than expected 
aggregate load growth, b) block load additions that do not materialize or that are delayed, or c) 
specific loads that are removed or that diminish. 

In many cases, especially those where demand is growing, a conventional T&D upgrade 
becomes the most viable option after one or two years of deferral, primarily because the amount 
of storage needed to defer an upgrade increases significantly as load grows. Conversely, if load 
is growing, the deferral benefit per kW of storage diminishes rapidly from one year to the next 
because: a) the amount of storage needed increases each year, and b) the annual amount of T&D 
cost that can be deferred stays nearly constant. (See subsection of Section 2 entitled Multi-Year 
Deferral Benefit for MES for details). 

Once it is determined that a T&D upgrade is the lowest cost option (e.g., in year 3) and once the 
upgrade occurs, then the storage could be left in place and used to provide other benefits. If the 
storage is transportable, it could be moved to another site to provide T&D deferral or other 
valuable benefits. 

MES Transportability 
Because the annual T&D deferral benefit per kW of MES tends to diminish from one year to the 
next, MES resources can be used for one or two years at one location, then moved to other 
locations to provide additional deferral and/or other benefits. In fact, transportable storage could 
be used more than once, in different locations, in the same year. For example, a location where 
peak demand occurs in the summer, followed by another location with a winter peak. 

Even if a storage system is moved and re-used once during the life of the storage plant, the effect 
on the storage’s cost-effectiveness may be dramatic. Of course, utilities must be able to 
disconnect, transport, and reconnect the storage with modest effort and cost to make such 
redeployments practical and cost-effective. (See the subsection of Section 2 entitled MES 
Redeployment for details.) 

T&D Upgrade Marginal Cost 
Readers should also be familiar with the marginal cost for T&D capacity – the cost per kW of 
capacity added. If nothing else, this value is notable because some related research results and 
policy-related evaluations – including those presented below – are expressed in terms of T&D 
marginal cost. 



 17

Consider the working example: the existing T&D equipment to be replaced has a rating of 12 
MW. The capacity after the upgrade will be 16 MW and will cost $75/kW nameplate. The 
amount of capacity added is 4 MW so the marginal cost is $1,200,000 / 4,000 MW = $300/kW 
of T&D capacity added.  
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2. T&D Deferral Financial Benefit 

Introduction 
For this report, the T&D deferral benefit is defined as the annual cost that will not be incurred 
(cost that is avoided) if a given T&D project upgrade is deferred. For utilities, that amount is the 
annual revenue requirement: the amount of money that must be collected from utility ratepayers 
at large to cover the single-year cost.  

Consider the working example introduced in Section 1: T&D equipment rated at 12 MW will be 
replaced with equipment rated at 16 MW, an addition of 33% more capacity, or 4 MW. The 
project will cost costs $75 per kW of T&D capacity installed. So the entire upgrade project costs 
$75/kW * 16,000 kW = $1,200,000.  

Annual Deferral Benefit for MES 
Using the representative fixed charge rate of 0.11, the annual charge (and revenue requirement) 
to own the upgraded equipment is 0.11 * $1,200,000 = $132,000. This is the money “in play” in 
a given year. 

A helpful way to express the single-year deferral benefit attributable to storage – expressed in 
units of dollars per kW of storage capacity in the respective year – is calculated by dividing the 
annual T&D revenue requirement for the deferred upgrade by the kW of storage. 

Consider the working example with load growth as shown previously in Figure 1. In year 0 (the 
year before overloading occurs), no storage is needed because demand is lower than the existing 
T&D capacity. Assuming that load will grow by 2% between year 0 and year 1, demand is 
expected to exceed the T&D capacity in year 1 by 87 kW. 

Given that load projections are not precise and that most storage system vendors only 
accommodate specific capacity increments (e.g. 50, 100 or 200 kW), utility engineers would 
most likely oversize any modular resource used for deferral. In the working example, assume 
that 150kW of storage is specified to serve the 87 kW of expected overload in year 1. (That is 
about 72% more storage capacity than the expected overload.) 

For the example, the first year deferral benefit (per kW of storage) is: 

$132,000 revenue requirement ÷ 150 kW of storage  
= $880/kW of storage 

Multi-Year Deferral Benefit for MES 
Continuing with the example shown in Figure 1, in year 1 demand is expected to exceed the 
T&D capacity in year 1 by 87 kW. Assuming that the load grows another 2% between years 1 
and 2, the projected load will exceed T&D capacity by about 329 kW in year 2. 

To serve that 329 kW expected overload in year 2, assume that engineers specify a storage 
system rated at 500kW to defer the upgrade in the second year (52% more than the expected 
overload, and 230% more than the 150kW used for deferral in the previous year).  
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If ignoring the time value of money, the second year deferral benefit (per kW of storage) is: 

$132,000 revenue requirement ÷ 500 kW of storage  
= $264/kW of storage 

Compare that single year deferral benefit in year 2 ($264 per kW of storage) to the single year 
deferral benefit in year 1 ($880 per kW of storage). 

Results from the calculations for years 1 and 2 are summarized below in Table 1. 

 

Table 1.  Summary Results for Two-Year Deferral Case Example 

Power 
Rating

Portion of 
Existing 

T&D 
Capacity

(%) $/kW

T&D Capacity (MW)

Existing 12.0
Upgraded 16.0 75.0

Added 4.0 +33.3% 300.0

Peak Load  (MW)

Year 0 11.85 98.8%

Year 1 12.09 100.7%

Year 2 12.33 102.7%

Overload (kW)

Year 1 87 +0.7% 1,517*
Year 2 329 +2.7% 402*

MES Capacity (kW)

Year 1 150 1.3% 880**
Year 2 500 4.2% 264**

Upgrade Total Cost: 16.0 MW * $75/kW = $1,200,000.
Upgrade Annual Cost: $1,200,000 * 0.110 = $132,000.
* Upgrade annual cost ÷ Overload. Units: $/kW-year.
** Upgrade annual cost ÷ MES Capacity. Units: $/kW-year.

 

Diminishing Benefit for Multi-Year Deferrals 
As illustrated in the example above, the deferral benefit per kW of storage can diminish 
dramatically from one year to the next. So, in almost all cases, at some point in time (probably 
after one or two years of deferral) the T&D upgrade will be more cost-effective than adding 
MES. That topic is addressed in more detail later in this section of the report. 

There are two fundamental drivers of this phenomenon. First, from one year to the next load 
grows, so more storage is needed each year. Second, while the amount of load exceeding the 
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T&D capacity may increase considerably each year, normally the annual financial benefit for 
T&D deferral (i.e., the avoided revenue requirement) stays almost constant (without regard to the 
time value of money). 

The effect is even more dramatic if a five year horizon is considered, as shown in 
Figure 2. 
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Figure 2. Diminishing Deferral Benefit per kW of MES Over Five Years. 

MES Redeployment 
If the MES is transportable and can be redeployed, the possible financial implications are 
compelling. Consider Figure 3 which is based on the working example above.  

The value proposition represented in Figure 3 is as follows: storage is used at five different 
locations for one year of T&D upgrade deferral, in alternating years, over a ten year span. In the 
other five years – when the storage is not used for T&D deferral – it provides a benefit related to 
improving local power quality (PQ) and/or electric service reliability (reliability). 

Each of the five upgrade projects deferred with the transportable MES system will involve 
deferral of a project to replace equipment rated at 12 MW with equipment rated at 16 MW. Each 
T&D upgrade will cost $75 ($Year 1) per kW of T&D capacity installed, or $1.2 million. The 
single year deferral benefit at each of the five locations is $1.2 million * 0.11 = $132,000.  

The projected overload at each location (in the year of the deferral) is assumed to be 2% of the 
existing capacity, or 12 MW * 2% = 240 kW. The amount of storage required for a single year 
upgrade deferral is assumed to be 50% more than the expected overload (1.5 * 240 kW = 360 
kW). So, the single year deferral benefit for storage at each of the five locations is 
$132,000 ÷ 360 kW = $367/kW of storage ($Year 1). 
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In the five years when storage is not used for deferral, it is assumed to be located so that it 
provides a benefit of $75/kW3 of storage ($Year 1) for improving local power quality (PQ) 
and/or electric service reliability (reliability). 
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Figure 3. Value Proposition for Transportable Storage. 

As shown in Figure 3 (on the right-side Y axis), the present value of the annual benefit is nearly 
$1,700/kW of storage (assuming 2.5% annual inflation and a 10% discount rate). So, if storage 
can be purchased, owned, and operated for less than $1,700/kW, for ten years, then it would be a 
financially attractive option. That value would provide a helpful target for lifecycle costs for 
MES (in this case, with a ten-year life). 

T&D Equipment Residual Value 
Often, existing T&D equipment is removed to accommodate an upgrade; though, in many cases, 
the equipment removed could still provide service elsewhere in the utility’s system. In those 
cases, the equipment removed is placed into the utility’s rotating stock.  

From the example described above, assume that the upgrade equipment installed is a transformer 
rated at 16 MW and that it replaces an existing transformer rated at 12 MW. The 12 MW 
transformer: a) has 15 years of useful life remaining, b) originally had 40 years of life, and 
c) originally cost $30/kW ($360,000 total). 

                                                 
3 As context: for a 360kW storage system the PQ/reliability benefit is 360kW * $75/kW = $27,000 per year. That is 
$27,000/12MW = $2.25 per year, per kW of peak demand served by the T&D equipment. 
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In that example, the removed 12 MW transformer has a residual value of: 

15 years remaining/40 years life * $30/kW 
= $11.25/kW ($135,000) 

For this report, residual value is ignored. In effect, that treats residual value as if: a) it is a sunk 
cost that cannot be deferred or avoided, and thus b) it does affect the benefit for deferral. 

T&D Annual Cost Among U.S. Electric Utilities 
As one might expect, the average value for T&D deferral benefit varies widely among utilities, 
locations, and from year to year. A good source for data about the average cost for various 
utilities is "FERC Form 1". FERC is the Federal Energy Regulatory Commission. FERC Form 1 
contains detailed information about investor-owned utilities' investments in capital equipment, 
including T&D equipment.  

In simplest terms, what could be called the average marginal cost for T&D capacity is calculated 
by dividing annual expenditure data from FERC Form 1 by the sum of the nameplate ratings of 
all load carrying capacity added. 

FERC Form 1 Data: Oak Ridge National Laboratories Report 
One of the best summaries of FERC Form 1 data of which the authors are aware was produced 
by Oak Ridge National Laboratories (ORNL).[1] The report evaluated average marginal cost for 
105 utilities in the U.S., with a breakout of utilities in the combined Pennsylvania, New Jersey, 
and Maryland region (the area of the country served by PJM Interconnection (PJM), the regional 
transmission organization (RTO)). 

Table 23 in the Oak Ridge report (shown on the following page as Table 2) provides the 
breakout value of distribution equipment costs for major utilities in 1998 as reported in FERC 
Form 1. The table shows data for accounts 360 through 368 which include utility distribution 
equipment.[1] 
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Table 2.  End-of-Year Balance of Distribution Equipment for 
105 Utilities and for 11 PJM Utilities 

 

The values of interest for this analysis are those in the columns labeled "Marginal Cost." This is 
the cost for equipment added (on the margin), whereas the values in the columns labeled 
"Average Cost" reflect the cost for all equipment in place, including equipment that is “fully 
depreciated” and which therefore has an annual cost of zero.  

Continuing from the ORNL report: 

"An approximation of the marginal cost for new equipment was determined by 
taking the difference in the account EOYB's [end-of-year balances] for 1998 and 
1989 divided by the difference in the distribution capacity for the same period. (The 
marginal rates tend to vary greatly from year to year, so a ten-year time span was 
used to get a reasonable average value.) The distribution capacity was taken to 
equal the Distribution Line Transformer capacity.  

Over this period, the marginal cost of distribution capacity was $290,203/MVA 
($290/kVA) nationally and, $374,737/MVA ($375/kVA) for the 11 PJM utilities. 
[Notably] the average marginal cost of distribution capacity over this period was 
more than double the average embedded cost.  

The marginal cost for transmission for the same period was $80,650/MVA 
($80.6/kVA) for the 105 nationwide utilities and $64,876/MVA ($64.9/kVA) for 
the 11 PJM utilities."[1] 

As context, recall the working example (Section 1) with a cost of $75 per kW installed for an 
upgrade that increases T&D capacity from 12 MW to 16MW, an increase of 33% or 4MW. In 
that example, the marginal cost for capacity is $1.2 Million/4,000 kW = $300/kW. That value 
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($300/kW marginal cost) is comparable to the values developed by ORNL for distribution 
capacity ranging from $290/kVA nationwide and $375/kVA for the PJM area (without regard to 
power factor). 

Rate Assistance Program Report 
Another resource for information about T&D marginal costs is the Rate Assistance Program 
(RAP). (Details are available at raponline.org.) Consider these findings and observations from 
RAP’s “review of the cost of expansion of the distribution system for all utilities filing a FERC 
Form 1 for the period 1994-1999.”[2] 

• “The average marginal costs for transformers and substations ranged from virtually zero to 
over $3,500 per kW.” After excluding areas where load did not grow or where demand 
contracted, “the average was $136 per kW, with a standard deviation of over $356 per 
kW.” 

• With regard to circuits (wires), marginal cost “ranged from virtually zero to as high as 
$19,483 per kW, for an average of $872 per kW, with a standard deviation of over $2,800 
per kW.” 

Note that most T&D projects – certainly the more expensive ones – probably include some 
combination of new transformers and wires capacity. 

Utility T&D Deferral Cost Variability 

The Range of T&D Deferral Benefits 
The previous section of this report provided a good indication of the average costs for T&D 
capacity added. Specifically, that value reflects the average cost for adding T&D capacity, over a 
period of several years, at all locations requiring an upgrade in a given year.  

Depending primarily on geographic conditions and variation in the area evaluated, the marginal 
cost for specific projects (marginal cost) may vary by a factor of ten or more. This variation is 
driven by criteria including the population density of the area, terrain, geology, weather, and the 
type and amount of T&D equipment involved (especially projects with a large footprint or that 
involves underground circuits). 

T&D marginal costs in California vary by a factor of seven for the three large investor-owned 
utilities (PG&E, SCE, and SDG&E). The percentage of those costs that are related to peak 
demand during the summer can vary by up to 103%. The analysis “indicates that climate zone is 
the dominant [indicator]”of T&D marginal cost.[3]  

Figure 4, below, displays the weighted average annual T&D avoided cost, by climate zone, for 
those three major utilities in California. 
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Figure 4. Weighted Average Annual T&D Avoided Cost for Large Investor-Owned 
Utilities in California. 

(Source: California Public Utilities Commission[3]) 

(Note: values in Figure 4 are expressed in units of $/kW per year of T&D 
equipment, whereas average marginal cost values in the previous subsection are 
expressed in units of $/kW T&D capacity installed. To convert $/kW installed to 
$/kW-year, use the fixed charge rate. If using the representative fixed charge rate 
of 0.11 and an average marginal installed cost for T&D equipment of $300/kW, 
the annual value is 0.11 * $300/kW = $33/kW. As context: based on the values in 
Figure 4, T&D marginal cost in California is about twice the average marginal 
cost nationwide.) 

Similar results (expressed in units of $/kW installed) were published in The Energy Journal.[4] 
An overview of results from that study provides another good indication of the range of benefits 
for T&D deferral. Results reflect variations observed for Pacific Gas and Electric (PG&E) and 
for Public Service of Indiana (PSI). Values reflect the costs associated with adding the 
equipment needed to accommodate demand growth. 

Key Results from The Energy Journal study: 

PG&E  

o T&D deferral benefits vary widely among PG&E's distribution planning areas; 
19% of the areas have zero T&D deferral value. 

o The average and maximum T&D deferral benefit values are $230/kW and 
$1,173/kW, respectively. 

PSI 

o T&D deferral benefits vary widely among PSI's distribution planning areas; 73% 
of the areas have zero T&D deferral value. 

o The average and maximum T&D deferral benefit values are $64/kW and 
$1,040/kW, respectively. 
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Note that the average deferral benefit between 1994 and 1999 varies modestly for both utilities, 
though the deferral benefit varies dramatically among planning areas. Note also that the values 
above are expressed in $1999. 

EPRI/PG&E Distributed Utility Penetration Study (DUPS) 
The range of T&D deferral benefits was examined in the Distributed Utility Penetration Study 
(DUPS), a detailed evaluation of the Pacific Gas and Electric Company (PG&E) distribution 
system.[5] The evaluation was jointly funded by PG&E and the Electric Power Research 
Institute (EPRI). From the report: 

"The objective is to measure the monetary savings that can be achieved by PG&E 
if all cost-effective applications of distributed utility (DU) devices, direct load 
control and demand-side management programs are adopted. DU devices include 
batteries, gensets, fuel cells, photovoltaics, direct load control, and demand-side 
management programs." 

Based on results from the EPRI study: in 50% of locations in PG&E’s service area that require 
distribution upgrades in any given year, the marginal cost is at least $381/kW added. For the 
most expensive locations requiring upgrades (90th percentile and above), the cost exceeds about 
$600/kW added. (All values adjusted to $2004 basis.) The distribution of marginal costs – for 
distribution capacity added – is shown in Figure 5.  
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Figure 5. PG&E T&D Distribution Marginal Costs. 

Note that the above values reflect distribution capacity marginal costs for locations where there 
is an existing or emerging need for an upgrade. Locations that do not require upgrades (i.e., with 
marginal cost of 0) are not included. 
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Importantly, those marginal cost values are for capacity added. A general indication of the 
relationship between marginal cost ($/kW of T&D capacity added) and installed cost ($/kW 
nameplate of T&D equipment installed) is provided by applying the generic upgrade factor from 
the working example.  

Consider the mean marginal cost of $381/kW for distribution capacity from the PG&E data. The 
corresponding installed cost is $381/kW * 0.33 = $125.7/kW nameplate, for T&D equipment 
installed. Further, 10% of all upgrades required have a marginal cost above about $600/kW 
installed or $600/kW * 0.33 = $198/kW nameplate. (For comparison, the working example is 
based on T&D capacity installed cost of $75/kW nameplate.) 

Finally, though the magnitude of PG&E’s distribution marginal costs may be higher than those 
for most other utilities, given the wide diversity of geographic conditions and load types in 
PG&E’s service territory, the spread and perhaps even the variability of PG&E’s distribution 
marginal cost may provide a helpful indication of the variability of that cost elsewhere.  
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3. Deployment Situations for T&D Deferral Applications 

Introduction 
This section describes circumstances for which T&D deferral, using modular distributed energy 
resources (DERs) including modular electricity storage (MES), yields an attractive financial 
benefit.  

At the highest level, those circumstances involve a node or location within a T&D system where 
peak demand does or will soon exceed the T&D equipment’s rating – a “hot spot.” Presumably, 
locations (hot spots) for which DERs could be an attractive alternative are identified during the 
normal T&D capacity planning cycle. The next step is to identify hot spots for which DERs may 
be the lowest-cost option to serve peak load on the margin during the next year. 

In broad terms, T&D deferral using modular resources is attractive if: 1) it reduces total cost-of-
service to utility ratepayers, 2) capital not used – because the T&D investment is deferred – is 
used for other important T&D projects, 3) doing so increases utility asset utilization, or 4) doing 
so reduces financial risk. 

Decision Criteria Summary 
The following criteria indicate whether a specific hot spot is well-suited for T&D deferral using 
modular resources (listed in no particular order): 

• High T&D upgrade cost (i.e., on a $/kVA of capacity-added basis) – including direct 
costs and “soft” costs such as utility reputation and customer goodwill. 

• High peak-to-average demand ratio; such locations are sometimes said to have a “peaky” 
diurnal load profile. 

• Modest projected overload – peak demand is expected to exceed the T&D system’s rating 
by a modest amount. 

• Slow peak demand growth (rate). 

• Uncertainty about the timing and/or likelihood of block load additions. 

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

• Budget optimization – a T&D upgrade project competes with other important projects for 
capital. 

• Benefits aggregation – the same distributed resource provides additional benefits 
(revenue or avoided cost) that can be aggregated into an attractive total value proposition, 
such as: 

o on-peak energy 

o electric supply capacity 

o value enhancement for electricity from renewable energy resources 

o reduced transmission congestion and energy losses 

o electricity end-user energy/demand bill reduction 

o electric supply reserve capacity 

o improved local power quality and/or reliability 
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MES is especially well-suited to these hot spot locations if: 

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

• The price differential is large between times when storage is charged and when it is 
discharged. 

• Used to enable end-user participation in demand management or curtailable load 
programs. 

High T&D Upgrade Cost 
Probably the most obvious criterion affecting the merits of modular resources is the cost of the 
T&D project to be deferred. In general, T&D projects whose unit cost (per kW or per kVA) is 
high tend to be superior candidates for deferral using modular resources.  

High Peak-to-Average Demand Ratio 
Modular resources are especially well-suited to locations where peak loading has a relatively 
short duration. Those are locations with a relatively high peak to average load ratio. Such 
locations are sometimes said to have “peaky” demand (profiles). 

The plots in Figure 6 illustrate this characteristic. Profile #1 is the narrowest and “peakiest”, 
while the profile with the broadest, least peaky maximum is profile #3. 
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Figure 6. Load Profiles Illustrating “Peakiness”. 

For storage, the primary reason load “peakiness” is important is that “peakier” loads require 
shorter discharge durations, and thus less energy storage equipment per kW of storage system 
power. For distributed generation, “peakier” demand means less run-time. For demand 
management, “peakier” loads mean that less load is “managed” for fewer hours per year. 
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Modest Projected Overload 
Generally, DER and MES are more attractive for situations involving relatively small projected 
overload (demand exceeding rated capacity) because a relatively modest amount of storage is 
required. 

Projected overload (kW or MW) is a function of: a) the expected peak demand growth during the 
next year, and b) T&D capacity slack. T&D capacity slack is the difference between: a) the 
maximum demand during the previous year, and b) the load carrying capacity (rating) of the 
T&D equipment serving that load.  

Capacity slack varies among hot spots. This concept is illustrated graphically in Figure 7. It 
shows a range of capacity slack values for T&D nodes whose peak demand is approaching the 
T&D equipment’s load carrying capacity.[11] 
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Figure 7. Variability of T&D Loading Relative to T&D Rating, Among Hot Spots. 

Consider an example: two very similar distribution system hot spots with a rated capacity of 
12,000 kW and 3.0%/year annual load growth. In both locations, the upgrade will involve adding 
4,000 kW.  

Assume that both upgrades will cost $1,200,000 (that is, $1.2 Million ÷ 12,000 kW = $100/kW 
of T&D capacity installed or $1.2 Million ÷ 4,000 kW = $300/kW of T&D capacity added). The 
annual cost (revenue requirement) for both upgrades is $132,000 per year (assuming a fixed 
charge rate of 0.11 to calculate the annual carrying cost for the initial investment: 0.11 * 
$1.2 Million).  

At the first hot spot, peak loading in the previous year was 98% of the equipment’s rated 
capacity, and at the second hot spot, the previous year’s peak load was almost the same as the 
T&D equipment’s rated capacity. 

At the first location peak demand growth of 3.0% yields a projected overload of about 1.0% in 
the next year, or 12,000 kW of existing capacity * 1.0% = 120 kW. The benefit for using exactly 
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120 kW of modular resources to defer the T&D upgrade is about $132,000 ÷ 120 kW = 
$1,100/kW, for one year of deferral. 

At the second location, peak demand growth of 3.0% causes a projected overload of about 3%, 
or 12,000 kW of existing capacity * 3.0% = 360 kW. The benefit for using 360 kW of modular 
resources to defer the T&D upgrade is $132,000 ÷ 360 kW = $367/kWstorage. This phenomenon is 
illustrated graphically in Figure 8. 
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Figure 8. One-Year Deferral Benefit from MES as Function of Projected Overload, 
0.11 Fixed Charge Rate 

Slow Load Growth 
In general, it is more beneficial to defer upgrades using modular resources at hot spots where 
peak demand is growing slowly than it is to defer upgrades of T&D equipment serving demand 
that is growing rapidly (specifically, inherent demand growth, not including block load additions 
such as new commercial facilities and residential development). There are at least three reasons 
for this: 

• If planners are somewhat-to-very certain that demand growth will be slow, then a low 
demand growth rate usually indicates the need for a relatively small amount of modular 
resources to defer an upgrade, in a given year. 

• Because relatively small amounts of modular resources are needed – in a given  
year – modular resources may be economically viable for more years of deferral, if 
demand growth is low. 

• If planners are somewhat-to-very certain that demand growth will be slow, then using 
modular resources may have relatively low risk (compared to using modular resources at 
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hot spots where demand growth is high) because there is less chance of an expensive 
overload of T&D equipment if the modular resources fail or are undersized. 

Uncertainty About Block Load Additions 
MES and other DERs may be attractive alternatives when there is uncertainty about the 
magnitude and timing of block load additions that would cause an overload. Block load additions 
are usually related to commercial or residential development or to expansion of existing 
industrial facilities. 

If there is a low probability that a block load will materialize before the next peak demand 
season, then modular resources may be an attractive option. If there is a chance that the block 
load will never materialize, then modular resources may be even more attractive. Modular 
resources used to address uncertainties in block load additions may be especially attractive if 
T&D construction delays are also likely. 

Uncertainty About T&D Construction Delays 
For a planned T&D upgrade, construction delays – that lead to T&D equipment overloading – 
are possible. Delays may occur for several reasons, including budget or other resource 
constraints, or institutional reasons such as permitting. 

In addition to capital budget shortfalls, other resource shortages that could lead to construction 
delays include: a) land, b) construction equipment, c) T&D equipment, d) engineering, e) 
construction, and f) other staff costs.  

Institutional hurdles that could cause uncertainty, and possibly construction delays, may include: 
a) construction, electrical, and fire permits, b) environmental impact reports, and c) land 
use/zoning.  

If there is a significant chance that construction will be delayed – for any single reason or 
multiple reasons – then modular resources could be an attractive alternative to a conventional 
T&D upgrade. 

Distribution Budget Optimization 
One way that modular resources can reduce utility costs overall is that they provide utilities with 
a rich spectrum of possible responses to a wide range of location-specific T&D capacity needs 
on the margin. Given a high degree of modularity and the various modular electricity technology 
types, the number of possible combinations is large and growing. 

In a given year, there may not be enough capital and/or labor resources available to undertake all 
upgrade projects identified by distribution engineers. In those situations, modular resources 
could be used to increase available options. That could, in turn, be used to optimize the 
“portfolio” of responses, including: a) capital investments in new equipment, and b) expenses 
such as equipment rental or leasing and fuel. 

Consider an example: distribution engineers identify seven locations requiring upgrades; 
however, there is only enough capital to pay for five of the seven, and there are only enough 
labor resources (person-hours) available for six projects. 

The key driver at location five is a housing development that will add 5% to the peak demand, 
3% above the T&D equipment’s rating. However, it is likely that less than half of the new load 
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will be connected before the end of the peak-demand season. So, storage rated at 1% of the 
expected peak demand is used to defer the upgrade at location five, which frees up enough 
capital and labor to proceed with the upgrade at the sixth location.  

At location seven, utility account representatives contract with a commercial customer under 
terms of a curtailable load program, so the needed upgrade at that location may be deferred. 

Benefits Aggregation for Attractive Value Propositions 
In many circumstances for which MES is technically viable, it may not be cost-effective unless 
more than one benefit can be aggregated to yield a relatively high total benefit. So, 
locations/circumstances for which MES provides two or more benefits may be superior 
prospects, given total benefits. Other benefits are described in a report published by Sandia 
National Laboratories entitled Energy Storage Benefits and Market Analysis Handbook.[6] 
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4. Storage Characteristics for T&D Deferral 

Introduction 
The modular electricity storage (MES) characteristics needed for T&D deferral are listed below. 
A discussion of each characteristic follows. 

There are at least four required characteristics: 

• Reliability 

• Power Quality 

• Ramp Rate 

• Charge Rate 

Other notable characteristics include: 

• Roundtrip Efficiency  

• Maintenance Needs and Cost 

• Emergency or Short Duration Power Capability 

• Lifetime Charge/Discharge Cycles 

• Self-discharge Rate 

• Energy and Power Density 

• Plant Footprint and Volume 

• Modularity 

• Transportability 

• Easily Deployable (“Plug and Play”) 

Required Characteristics 

Reliability 
Reliability is the most important MES performance criterion for T&D deferral. Before power 
engineers will use MES for T&D deferral, they must be assured that the MES equipment will 
perform as expected, when needed. 

Given MES with the necessary quality and appropriate design, one approach to high reliability is 
modularity. By using several smaller units operated as an aggregated system, reliability is 
enhanced because it is very unlikely that all, or even most, capacity will not be functioning 
correctly at any given time. 

Further, MES for T&D deferral is used infrequently. That reduces the chance that the MES will 
not perform adequately because: a) there are fewer opportunities for equipment failure, b) a 
lower frequency of MES use reduces “wear and tear” on the equipment, and c) for some types of 
storage, limiting the depth of discharge also reduces wear and tear. Conversely, using the same 
MES for T&D deferral and for one or more other benefits may reduce MES reliability. 
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Power Quality 
The quality and characteristics of the power delivered from MES is quite important. At worst, 
the MES should “do no harm” to the quality of power delivered by the utility. Under some 
conditions, MES may even be expected to improve power quality (PQ). 

The MES subsystem that has the greatest effect on PQ is the power conditioning unit (PCU). The 
most important element of the PCU is an inverter that converts DC power from storage to AC 
power for loads. 

Wave Form 

Utility power is produced and delivered in alternating current (AC) form. In AC power systems, 
the magnitude of the power being delivered oscillates between a maximum value with a positive 
polarity and the corresponding maximum value with negative polarity. In the United States, that 
cycle occurs at a rate of 60 times per second (a.k.a. 60 Hertz or 60 Hz).  

The power oscillations occur continuously, and they occur with a smooth and predictable pattern, 
depicted graphically by the “sine wave,” as shown in Figure 9.  

 

Figure 9. 60 Hz Sine Wave. 

Lower cost inverters whose output has the form of a square wave (shown graphically in Figure 
10) or modified square wave, are generally not suitable for situations requiring utility-grade 
power. 

 

Figure 10. 60 Hz Square Wave. 
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MES should provide output whose voltage remains stable under the range of expected operating 
conditions. 

High Power Factor 

MES systems used for utility-related applications should deliver real power at a power factor that 
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power factor correction within the T&D system. In fact, utilities are likely to establish minimum 
standards for power factor for any equipment that interacts electrically with the T&D system. 

Frequency Stability 

Typically, the frequency of utility power varies only modestly (much less than 1%). So, MES 
used for T&D deferral should have very stable output frequency under the full range of normal 
operating conditions. 

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 frequency. 

A large portion of harmonic currents are injected into the grid by modern electronic equipment 
with “switch mode” power supplies that convert AC power at line voltage to low voltage DC 
power used by electronic circuits, using solid state power switching devices. The most common 
of those “non-linear” loads are consumer electronics, computers, and uninterruptible power 
supplies (UPSs). Other important sources of harmonics are variable speed (motor) drives and 
electronic lighting ballasts. 

MES should operate with total harmonic distortion (THD) of 5% or less.[12] 

Ramp Rate 
Ramp rate is the rate at which power output can change. For storage, the rate at which charging 
can vary may also be important. Generally, storage ramp rates are high (i.e. output can change 
quite rapidly.)  

Under almost all conditions, the output from most T&D equipment (i.e., wires and transformers) 
changes nearly instantaneously. By contrast, power output from most types of generation 
changes slowly. This is especially true for central power plants with rotating machinery (i.e., 
turbines and generators) that have a large mass.  

Depending on the mode of operation, the ramp rate of MES used for T&D deferral may or may 
not be important. In some cases, MES may be operated at full output whenever maximum 
demand is expected. In those cases, the ramp rate is irrelevant. In other cases, the MES’s power 
output “follows” demand as the demand changes. In those circumstances, MES output must 
change rapidly, to accommodate demand changes, or T&D equipment may become overloaded, 
leading to outages or to T&D equipment damage. Ideally, MES will respond within a few cycles. 

Charge Rate 
This criterion is important because, often, MES must be recharged so it can serve load during the 
next discharge period. 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: a) the capacity of the 
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power conditioning equipment, and b) the condition, chemistry, and/or physics of the energy 
storage medium. 

Other Notable Characteristics 
The storage characteristics described briefly below may or may not be important depending on 
the value proposition (combination of benefits) for which storage is used.  

Roundtrip Efficiency 
Round trip efficiency – or just efficiency – is the amount of energy that is discharged for each 
unit of energy used for charging. Typically storage efficiency is between 60% and 90%, 
depending primarily on the type of storage medium used. Notably, for T&D deferral, efficiency 
is relatively unimportant because there are relatively few hours during the year when the storage 
would be used. More generally; this criterion is important if storage must be discharged for more 
than a few hundred hours per year. 

Operation and Maintenance Needs and Cost 
Operation cost is primarily related to staffing needed to operate the system. For smaller systems, 
operation cost is quite low, unless staff is needed during storage operation. Larger systems may 
indeed require staff to monitor and manage operation. In most cases, the operation cost per kWh 
of energy delivered (from storage) is low. 

Maintenance cost is the cost incurred to repair and maintain a storage system. There are two 
categories of maintenance cost: fixed and variable. 

Fixed maintenance includes all annually recurring costs incurred irrespective of the amount of 
storage operation. Consider, for example, the cost for quarterly or annual storage system 
inspection and diagnostics. Another example is routine maintenance of the storage system’s 
enclosure (if any) or routine maintenance of supporting systems such as cooling needed for some 
storage types when used in regions with high temperatures. 

Variable maintenance cost is proportional to the amount of storage operation. Variable 
maintenance cost is dominated by contributions to a “sinking fund” that is used to replace 
various parts of the storage that degrade with use, especially electrolyte and cells. Depending on 
the circumstances, cost for staff needed to perform variable maintenance may also be significant.  

Emergency or Short Duration Power Capability 
In some circumstances, it may be helpful if MES can provide “extra” power during situations 
involving an urgent, short duration, and infrequent need for power beyond the normal output of 
the MES. One example is the sodium/sulfur (Na/S) battery type. A Na/S battery, like many 
battery technologies, is capable of producing two times its rated (normal) output for relatively 
short durations.[7] Depending on circumstances, such a capability could be valuable. 

Lifetime Charge-Discharge Cycles 
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 used, 
operating conditions, and operating profiles.  
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For some types of electrochemical batteries, the extent to which the system is emptied (depth of 
discharge) may also affect 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. Typically, a shallow discharge is less damaging to the storage medium than a deep 
discharge. The frequency of discharge can also have a significant impact on battery life. 

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 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 MES, the cost for that replacement must be added to the variable operating cost of the 
storage system. 

Standby Losses 
To one extent or another, most types of storage media have what may be generically called 
standby losses (energy losses that occur when the storage is charged but not being used). 
Specifically, electrochemical storage may tend to “self-discharge” after the storage is charged 
and while the storage is not in use (i.e., while the storage is not being discharged). Depending on 
the amount of time that passes between storage discharging, temperature, and other factors, this 
characteristic could have a non-trivial effect on the overall cost-effectiveness of storage for 
specific applications. 

Energy and Power Density 
Energy density is the amount of energy that can be stored in a MES device with a given volume. 
Similarly, power density is the amount of power that can be delivered from an MES with a given 
volume. These criteria are important in situations where space is valuable or limited. 

Plant Footprint and Volume 
Depending on the availability of floor space or property area, the MES footprint and space 
(volume) requirements may be important. To some extent, these criteria are driven by energy 
density and power density. 

Modularity 
One attractive feature of distributed energy resources in general, and modular electricity storage 
specifically, is the flexibility that modular “building blocks” provide. Modularity allows for more 
optimal levels and types of capacity, especially on the margin. With modular resources, utilities 
can increase and decrease capacity, on the margin, when and where needed, in response to 
changing conditions. Modularity – especially when combined with rapid deployment – provides 
utilities with attractive means to manage risk associated with utility T&D investments because 
capacity can be added (or removed) in relatively small increments, and utilities can therefore 
make more “nimble” responses to uncertainty. 

Transportability 
As discussed in detail in Section 2, for many T&D deferral projects, benefits are temporary, 
lasting for one or two years after which T&D upgrade investment may be the most attractive 
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option. So, MES transportability greatly enhances the prospects that lifecycle benefits will 
exceed lifecycle cost. 

Easily Deployable (“Plug and Play”) 
If MES is to be used at various locations, in addition to being transportable, the equipment 
should also be readily deployable once it arrives at a given location. To some extent, that 
requires engineering or regulatory protocols, procedures, practices, and rules which provide 
permission to utilities to connect MES to the T&D system and that specify appropriate way(s) 
for doing so. 
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5. Storage Sizing for T&D Deferral 
The following discussion is a summary of power-related and energy-related considerations for 
sizing energy storage used for T&D deferral. For more details, 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.[13] 

Storage Power Output Requirements 
As illustrated in the working example: to defer a T&D upgrade for one year, the energy storage 
power output must equal the overload that engineers forecast (based on estimated load growth 
and the previous year’s peak demand), plus a prudent allowance for uncertainty (primarily, 
uncertainty about load growth that may exceed expectations). 

For most circuits, the highest loads occur on just a few days per year, for just a few hours per 
year. In some cases, the highest annual load occurs on one specific day whose peak is somewhat 
higher than any other day. 

Storage Discharge Duration Requirements 
Discharge duration is the amount of time that a storage plant must discharge at full power. Some 
utilities have predefined “design load profiles.”  

If using an actual time-varying demand profile (data), then the profile(s) for the day(s) with the 
highest and “widest” peak are used to develop a design demand profile(s). Demand profiles for 
several years may be evaluated to identify the profile with widest peak demand.  

The concept is shown graphically in Figure 11, Figure 12, and Figure 13, below. These figures 
show the load profile on the peak demand day in year 0, along with plots that reflect expected 
load in years 1 and 2.  

Figure 11 includes three plots. The first is the load profile for the peak day in year 0. The next 
plot shows the same profile with one year of load growth added. The final plot shows the same 
profile with another year of load growth added. Figure 12 provides a more detailed view of those 
plots. They emphasize the portion of load that is on the margin of the T&D equipment’s load 
carrying capacity. 
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Figure 11. Load Shape on Peak Demand Day, Years 0 to 2. 
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Figure 12. Peak of Load Shape on Peak Demand Day, Years 1 to 2. 
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Figure 13, below, shows the energy and power required for years one and two. In year 1 load 
exceeds the T&D limit from about 12:30pm to about 3:30pm. The most conservative discharge 
duration is about 3 hours. 

A more precise calculation of the discharge duration can be made by estimating the total energy 
needed as a function of the area: a) under the demand curve, and b) above the T&D limit, as 
shown in Figure 13. 
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Figure 13. Storage Energy and Power Requirements. 

Diesel Generation for Storage Backup 
There is always a possibility that any modular resource may fail to operate as needed. Another 
challenge for all modular resources is that they may be undersized with respect to power. Storage 
poses yet another challenge because it is also energy-limited – once all stored energy is 
discharged, the storage is not useful as a power source until it is recharged.  

One way to reduce the related risk is to retain the option to deploy diesel generation if load 
cannot be served adequately by the primary modular resource(s) used. Depending on proximity 
to dealers, diesel generation can be readily rented and quickly deployed – sometimes within a 
few hours and often within a day. 

Though annual run hours for gensets (diesel engine/generator systems) used this way would be 
quite limited, in some regions diesel generation is problematic due to any combination of: a) air 
emission-related constraints and/or permitting requirements, b) restrictions on fuel storage, 
c) fire regulations, and d) limits on noise, etc. Use of biodiesel fuel may help to overcome some 
or most of those hurdles and to overcome NIMBY (not in my backyard) reactions. 
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6. Generalizing the Range of the T&D Deferral Benefit 
Following is a generalized framework for estimating the financial benefit for deferral of an 
upgrade for one year using modular capacity additions, including MES. This example is an 
extension of the working example introduced in Section 1, involving an upgrade factor of 0.33 
and a fixed charge rate of 0.11.  

In Figure 14, there are six plots. They represent six MES power ratings – referred to as storage 
power in the figure. Importantly; storage power is a portion of the existing T&D equipment’s 
capacity before the upgrade. As an example; if the original T&D capacity (before upgrade) is 12 
MW, then 1% storage power indicates an MES whose power rating is 1% *12 MW = 0.120 MW 
or 120 kW. 

Note that this framework is not used to estimate storage system size (power or energy). Rather, it 
is used to estimate the deferral benefit for an MES with a given power rating and, presumably, 
with adequate discharge duration. 

 
 

Figure 14. T&D Single-Year Deferral Benefit, 0.33 Upgrade Factor. 

Consider the working example: using the preferred load growth estimate, distribution planners 
assume that load will exceed the 12 MW rating of the existing capacity by 250 kW. Power 
engineers specify an MES rated at 360kW (0.36 MW) to defer the upgrade at the site (storage 
power = 0.36 MW/12MW = .03 or 3%). 
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Consider again Figure 14 which reflects a T&D upgrade factor of 0.33 and the representative 
fixed charge rate of 0.11. If deferring a T&D upgrade which costs $75 per kW of installed 
capacity, the single-year deferral benefit is just under $350 per kW of MES, for one year. That is 
$350/kW for one year of T&D deferral, for MES rated at 360 kW. The generalized formula for 
calculating the annual T&D deferral benefit is:  

(T&D installed cost * [1 + Upgrade Factor] * Fixed Charge Rate) / Storage Power 

From this analysis, note that the most likely targets for deferral using modular resources are 
upgrades whose marginal cost is relatively high. That is because T&D upgrades with lower cost 
(on a per kW basis) are more likely to be cost-effective when compared to modular options. In 
Figure 14, the deferral benefits for projects with higher cost are plotted on the right side of the 
chart. Figure 15 emphasizes those values.  
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Figure 15. T&D Single-Year Deferral Benefit, 0.33 Upgrade Factor, Detail. 

Figure 16 and Figure 17 show deferral benefit values for an upgrade factor of 0.25 and for an 
upgrade factor of 0.50, respectively. Note that the higher the upgrade factor, the higher the 
deferral benefit. 
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Figure 16. T&D Single-Year Deferral Benefit, 0.25 Upgrade Factor. 

 

Figure 17. T&D Single-Year Deferral Benefit, 0.50 Upgrade Factor. 
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7. Complementary Uses and Benefits 
This section describes uses of MES that could complement T&D deferral. That is important 
because, in many circumstances, it may be necessary to aggregate benefits associated with two or 
more applications – including T&D deferral – to comprise a value proposition whose combined 
benefits exceed the cost to own and to operate storage. In other words, there may be 
circumstances for which storage is not quite cost effective for T&D deferral alone, whereas 
combining benefits for one or more complementary uses may provide the extra value needed to 
justify use of MES when it would not be cost-effective for T&D deferral alone.  

The degree to which uses provide complementary benefits (operationally and financially) 
depends on: 1) the coincidence between the power and energy needs for the complementary uses, 
2) the degree to which additional MES use (beyond that needed for T&D-capacity applications) 
affects MES reliability, and 3) the incremental cost, if any, for MES enhancements needed for 
the MES to serve the complementary use(s).[6] 

Introduction to Complementary Uses 
A complementary use of MES with T&D deferral is one that: 

1. does not conflict with use of the same MES for a T&D-capacity-related application (or 
conflicts can be managed or mitigated), 

and 

2. adds value to the benefits derived from a primary use of MES for T&D deferral. 

Consider this obvious, though important, premise: ideally, an MES or other DER used in lieu of 
T&D capacity must be available whenever load approaches the load carrying capacity (limit) of 
the T&D equipment. Possible consequences – if the MES fails to provide the expected level of 
service when needed – include reduced power quality, service outages, and T&D equipment 
damage. So, by definition, complementary uses must not reduce the MES’s readiness to assist 
the T&D system when needed.  

Depending on these criteria, and several possible institutional constraints, T&D deferral could be 
compatible with the following uses:  

1. Wholesale Electric Energy Time-shift (“Buy Low – Sell High”) 

2. Electric Supply Capacity 

3. Electric Supply Reserve Capacity 

4. Reduce Transmission Congestion 

5. Transmission Support and Stability 

6. Voltage Support (Reactive Power) 

7. Seasonal Deployment for Locational Benefits 

8. On-Site Power Quality 

9. Electricity Service Reliability 
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10. Retail Time-of-Use Energy Cost Reduction 

11. Renewables Generation Firming 

12. Renewable Energy Time-Shift 

13. Demand Management and Curtailable Loads 

Complementary Uses: General Considerations 

Peak Demand Frequency 
Typically, peak demand only occurs during a few days per year and for a few hours per day. 
Presumably, storage could be used for several other services during the many days and hours per 
year that it is not needed to serve the annual peak demand. 

Power Rating 
Some possible complementary uses of MES might require the MES to provide power (kW or 
MW) at the same time when the T&D system needs the MES’s output. Some MESs can provide 
additional power – relative to their nominal rating – for short periods of time. Some of those 
systems are merely oversized for the primary application, but other MES types can be discharged 
at high rates, for short periods of time, usually with an efficiency and/or “wear and tear” penalty.  

Stored Energy Limitation 
Some possibly complementary uses of MES may compete for stored energy (kWh or MWh) such 
that there is not enough stored energy when T&D peak demand occurs. Depending on the type of 
MES, energy storage capacity can be added to an existing system.  

MES Reliability 
It should be noted that the discussion of complementary uses below does not address reliability-
related effects, though it is certainly possible – if not likely – that complementary uses could 
reduce MES’s reliability. Consider that, in general terms, increased use will probably increase 
wear and damage. For example; some types of storage (e.g. many battery types) are especially 
prone to performance degradation and premature failure if they are discharged too frequently and 
in some cases if they are discharged too much (“deep discharge”) or not enough before being 
recharged.  

“Perfect” MES Capacity 
For this study, MES reliability is not addressed – MES is treated as if it is perfectly reliable. Of 
course no system is perfectly reliable. However, presumably, utility-owned and utility-rented 
MESs are well maintained and provide acceptable reliability. Depending on module sizes and the 
number of units involved, MES unit diversity may limit reliability concerns (i.e., if there are 
several smaller units, then the likelihood that multiple units will be out of service at any given 
time is low). 

Regarding MES capacity that is not owned/rented and directly controlled by the utility: an 
important requirement for any non-utility MES used for capacity-related applications is 
“dispatchability” – storage output control via signals from external sources (e.g., from a location 
where multiple T&D nodes’ operating conditions are monitored). 
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If MES is not owned by the utility and will serve load directly, then the necessary control could 
be accomplished indirectly by what is sometimes called "physical assurance". This involves a 
reduction of the amount of power that the utility delivers to the respective end-user site. The 
reduction is equal to the amount of MES capacity that the end-user has agreed to provide. In 
essence, the non-utility entity assumes the risk that the MES will serve as much load as expected, 
and will deliver the amount of energy expected. 

Incremental Benefit/Cost Considerations 
As described above, for some possible complementary uses, the MES power rating and/or energy 
storage capacity may have to be increased to concurrently accommodate both T&D deferral and 
complementary uses. If so, a simple benefit cost assessment will indicate whether the cost for 
more power and/or for more energy storage is commensurate with the added benefit. 

Myriad Institutional Challenges 
Because the concept of distributed energy resources (DERs) is evolving, there are many 
uncertainties about which DERs may be used and about how, where, by whom, and for how 
long. Each jurisdiction has its own perspective on the matter. Nonetheless, it is important to 
consider possible compatible uses without the encumbrance of the myriad challenges that might 
befall a specific project. Given this premise, the characterizations that follow do not address most 
institutional challenges. Instead these characterizations emphasize: a) operational 
compatibility/conflicts, and b) the degree to which combining benefits may affect the overall 
merits of a specific deferral. 

Reactive Power Capability 
Depending on the power conditioning equipment used, MES systems may be able to provide or 
to compensate for reactive power. (Please see Appendix C for more about reactive power.) That 
capability may make distributed MES more attractive. It can be used – within the distribution 
system – to offset undesirable effects caused by reactive loads.  Reactive power from MESs 
could also be used in lieu of the ancillary service called voltage support. Both of those 
complementary uses are described in more detail below.  

Complementary Uses 
What follows are brief characterizations of the various uses of MES that are complementary to 
T&D deferral. 

Electric Energy Time-shift 
Charging MES with low-priced energy at night or on weekends and then discharging the energy 
when energy prices are high is a very compatible use (some refer to this application as "energy 
price arbitrage").  

In this case, energy prices used are those for wholesale energy. That is, the energy price reflects 
the price of the electricity as a commodity, rather than reflecting the price paid by a retail energy 
user. 

Consider these three important premises that affect the merits and viability of combining the 
electric energy time-shift benefit with the deferral benefit: 
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1. T&D capacity-related needs take precedent over the electric energy time-shift 
application. That is, the MES may only be used for “buy low – sell high transactions” if 
the MES will not be needed to serve in lieu of T&D capacity. 

2. If it is worthwhile to buy low – sell high, there will be several hundred, perhaps 
thousands, of transactions per year. However, for many T&D capacity-related 
applications, the MES need only discharge for a relatively few hours annually (e.g., 0 to 
200 hours per year). 

3. The energy discharged when the MES is serving T&D capacity-related needs is likely to 
have substantial unit value, probably similar in magnitude to the value if the energy is 
discharged solely to optimize buy low – sell high profits.  

So, the total benefits may be attractive when combining: 1) T&D-capacity-related benefits, 2) the 
value of the electric energy that is discharged when providing T&D capacity, and 3) electric 
energy time-shift benefits. 

Electric Supply Capacity 
MES used for localized T&D capacity-related needs may also provide a considerable benefit, 
related to the electric supply capacity, by reducing load that must be served by the electric supply 
and transmission system. The benefit can be substantial, depending on the degree to which T&D 
loading coincides with system loads. 

Electric Supply Reserve Capacity 
Reserve capacity is used when a power supply deficit materializes unexpectedly. Such 
emergencies can occur for several reasons. Common ones include major transmission circuits 
going out-of-service or becoming unstable, or a major plant having an unplanned shut down.  

Two common reserve capacity categories are: 1) spinning reserve, and 2) supplemental reserve.  

1. Spinning Reserve is electric supply capacity that can pick up load quickly. As the term 
implies, spinning reserve is normally comprised of rotating machinery (e.g., a turbine-
generator set) that is actually spinning.  

2. Supplemental Reserve is used during electric supply emergencies after all spinning 
reserve is in use. Supplemental reserve can include available generation that is currently 
operating at part load, rapid-start generation capacity, electricity storage capacity, or load 
management programs. 

Many MES types can respond quickly enough that they could provide spinning-reserve-like 
service, by picking up load directly (to reduce load on the grid) or by providing power to the 
grid. 

So, reserve capacity is a possible compatible application during times when: a) MES is not being 
used or will not be used soon in lieu of T&D capacity, and b) the MES has a sufficient amount of 
stored energy to provide capacity for the duration expected.  

Interestingly, when the MES is being charged, it can be switched into discharge and provide 
roughly two times its rated output as reserve capacity. Consider a “very efficient” one MW 
system that is charged at about the same rate as it discharges. If the ISO needs to use reserves 
while the MES is charging, then: a) MES charging is halted, thus reducing load by about one 
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MW, and b) the MES can pick-up load (by discharging), thus reducing demand on the supply 
system by another one MW. So, in effect, one MW of storage can provide two MW of reserve 
capacity while it is charging. 

Reduce Transmission Congestion 
As demand for electricity increases, transmission capacity additions are often not commensurate 
with growth. The result is that an increasing number of nodes in the transmission system are 
overloaded during an increasing number of hours per year, so all real-time demand cannot be 
served. To a lesser extent, congestion can cause transmission instability.  

Storage can help. Most importantly, it can reduce the need for real-time transfer through 
congested transmission nodes.  Instead, energy is transmitted and stored during non-peak 
demand periods, for use later when transmission is likely to be congested. Storage can also 
provide what might be called "transmission support" to reduce electrical effects from congestion, 
as described below. 

Though transmission congestion receives most of the attention, congestion may also occur 
within an electricity distribution system, especially if there is a significant level of penetration by 
distributed generation on the distribution system. 

Importantly, the primary financial benefit for reducing congestion is driven by the avoided cost 
for the conventional solution and/or the avoided cost to “do nothing.” Assuming that the "do 
nothing" option is not acceptable, then, in essence, the financial benefit for reducing congestion 
is the avoided cost for a transmission upgrade – the T&D deferral benefit. 

Transmission Support and Stability 
Electric energy storage may be used to improve T&D performance by compensating for 
electrical anomalies and disturbances such as unstable voltage, voltage sag, and sub-synchronous 
resonance, to improve the system’s performance and throughput.[7] 

In the past, large power plants have been used to maintain stability. However, they tend to have a 
relatively slow response rate, so it is challenging for systems to respond precisely and quickly to 
rapid changes. Technological advances – such as those affecting communications and control, 
modern power electronics, and even superconducting materials – now make such transmission 
support technically viable.  

Another facet of this use of storage involves attenuation of effects on the transmission system 
caused by high penetration of intermittent renewable energy generation, especially wind power. 
Benefits from transmission support are very situation-specific and site-specific, and there is no 
existing market for transmission support.[8] 

As with reducing transmission congestion, the primary financial benefit for transmission support 
and stability is based on the avoided cost for the conventional solution and/or the avoided cost to 
“do nothing.” If doing nothing is not acceptable, then the financial benefit is the avoided cost for 
a transmission upgrade – the T&D deferral benefit. 

Power Factor Correction 
Often, utilities use capacitors to compensate for effects from inductance, especially current that 
lags the grid’s voltage. Such compensation is usually referred to as power factor correction. MES 
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systems with reactive power capability could also be used for power factor correction with little 
or no conflict with use for T&D deferral. 

Voltage Support  
Voltage support – an ancillary service – is used to maintain the voltage of the electric supply and 
transmission system within a given region. Normally, reactive power needed for voltage support 
is provided by large central generation resources. Though voltage support is a relatively small 
portion of the total cost to generate and transmit all electricity, it does account for billions of 
dollars in total cost. Plus, newer central baseload generation technologies are not well-suited to 
use for reactive power generation. Conversely, new technologies – such as MES, modular 
generation, power electronics, and communications and control systems – make new alternatives 
possible.[9][10] 

MES systems – especially those with reactive power capability – could be an attractive 
alternative to central generation voltage support, for several reasons. Perhaps most importantly, 
recent major power outages in the U.S. have been at least partially attributable to problems 
related to transmitting reactive power to load centers. Importantly, reactive power cannot be 
transmitted over long distances – like real power. So, voltage support is most effective when it is 
provided near to the loads that are most inclined to cause the voltage to drop or to stay low. Also, 
the conventional way to compensate for local voltage problems – capacitor banks – can actually 
exacerbate a system-wide voltage drop. 

Depending on the location, if MES that is used for T&D deferral can provide reactive power, 
then the same MES could also provide reactive power, locally with little or no conflict. If the 
MES is charged and if it is not being used (to serve load for T&D deferral) then the MES could 
be used to serve a specific load so that the load is removed from the grid. That is especially 
helpful if the load served by the MES is one of the load types that affect voltage the most, such 
as small motors. Similarly, the MES could be used to inject real power into the grid. Doing either 
reduces the amount of power needed from the grid, which can reduce the need for voltage 
support. 

On-Site Power Quality 
Depending on its design and features, in many cases MES used for T&D deferral could also be 
used to keep important or high-value loads energized during times when power from the grid has 
reduced quality. Most power quality (PQ) related problems are caused by phenomena such as 
spikes, voltage sags or swells, sustained low voltage levels, frequency excursions and harmonics. 
Many PQ problems occur somewhat to very infrequently and/or have a short duration (ranging 
from milliseconds to minutes). 

Existing solutions include, but are not limited to: a) PQ filtering equipment, b) more robust 
loads, and c) uninterruptible power supplies (UPSs) that filter, absorb, or otherwise compensate 
for power quality anomalies. UPSs range in size from those serving entire facilities to units 
serving specific loads (such as a personal computer).  

Most PQ problems could be addressed using little or no energy from storage, and in most cases 
improving PQ would not conflict with use of the same MES for T&D deferral. 
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Electricity Service Reliability 
Similar to power quality applications, electric service reliability involves the use of MES during 
service interruptions to: 1) keep important or high-value loads energized while the electric grid is 
not operational, or 2) allow for an orderly shutdown of equipment and processes, to minimize 
equipment and product damage and other losses. Service interruptions (also called outages) can 
last from a few seconds to many hours.  

MES whose discharge duration is a few minutes to a few hours can be used to reduce negative 
effects associated with service outages. In some cases, MES with enough energy to serve load 
for a few minutes could be used like common UPSs: the MES serves the load for several 
minutes, allowing for an orderly shutdown of equipment and processes and possibly a smooth 
transition between utility power and other onsite backup power systems, such as emergency 
backup generators. In other cases, MES that has enough energy stored for one or more hours of 
service could be used for more sustained backup power service, perhaps in coordination with 
backup generation. 

Similar to use of an MES for onsite power quality, use of the MES for reliability may be 
complementary to T&D-capacity-related uses. Also, like MES used for onsite PQ, an MES used 
for reliability and for T&D capacity applications must have capacity to store enough energy to 
both: a) satisfy T&D-capacity-related electricity needs, and b) carry load for the amount of time 
needed during service outages.  

Consider an example: 1) an MES must discharge for four hours to reduce load on the T&D 
equipment and 2) critical and high value loads require about 20 minutes for an orderly shutdown. 
If allowing 20 + 10 = 30 minutes for the orderly shutdown, then an MES serves the T&D 
deferral and reliability applications must have enough energy to operate for a total of four hours 
and thirty minutes. The foregoing reflects the presumption that the MES will not be called upon 
to serve the T&D system and to serve on-site loads simultaneously. 

Retail Time-of-Use Energy Cost Reduction 
A potentially attractive use of MES is to reduce the retail electric energy bill for utility customers 
that pay time-specific prices for energy under provisions of a utility energy “time-of-use” rate 
structure. To reduce its electricity bill, a utility customer charges electricity storage when low 
(off-peak) energy prices apply, for use or even for sale to or via the grid when much higher on-
peak energy prices prevail.  

The discussion of the wholesale electric energy time-shift application as a complementary use 
(with T&D deferral) is germane: T&D capacity needs will take precedent, though T&D capacity 
needs are often coincident with times when energy is also quite valuable. So, depending on 
circumstances, using MES to reduce time-of-use energy cost may be somewhat, or even very, 
complementary to T&D capacity-related uses. 

Consider an example: a utility seeks to reduce load so a T&D upgrade can be deferred. The 
utility has regulatory permission to pay customers downstream from the hot spot to reduce 
demand, up to twenty times in the next year, for as much as three hours per event. If that 
customer also qualifies for time-of-use energy pricing, then storage could be used to reduce the 
customer’s total electricity cost by charging with off-peak energy for discharge when price is 
high. Presumably, weather forecasts would help storage owners and/or utilities gauge the 
likelihood that storage will be needed to support the T&D system. 
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Renewables Generation Firming 
The topic of electricity storage to complement (firm) output from intermittent renewables is a 
topic of considerable, and growing, interest. The topic has increasing importance as interest in 
and use of renewables grows – to reduce air emissions, to improve energy security, and to reduce 
energy price risk and volatility. 

There are no significant operational conflicts between use of the same storage system for T&D 
deferral and to store and optimize the value of energy from renewables. The most important 
consideration is location: for storage to enable T&D deferral, the storage must be electrically 
downstream from the T&D “hot spot.” 

If the renewable energy source and the storage are both downstream from the hot spot, then there 
should be no operational conflicts (assuming that the storage can be charged using electricity 
from the grid if energy from the renewable resource is not sufficient).  

If the renewable energy source is located upstream from the hot spot, and the storage is 
downstream from the hot spot, then any operational conflicts should be manageable. That 
requires some combination of: a) selling renewable energy produced during peak periods directly 
to the electricity marketplace, real time, and b) “filling in” with off-peak grid energy, to charge 
storage, if renewable energy produced during non-peak periods is not sufficient to fully charge 
the storage.  

So, storage used for T&D deferral may be compatible with storage of renewable energy (or 
potential conflicts can be managed) if: a) renewable energy may be stored when demand for 
utility power is below the load carrying capacity at the T&D hot spot, and/or b) storage is only 
needed for a few tens of hours to a few hundred hours per year for T&D deferral. 

Renewable Energy Time-Shift 
Storage can be used to store energy produced by renewable generation sources when the value of 
the energy is low, so that the energy can be used later, when it is more valuable. Note that this 
use of storage is distinct from renewable generation firming which emphasizes capacity/power 
benefits whereas energy time-shift emphasizes energy/fuel related benefits.  

To some extent, storage used for renewable energy time-shift often encompasses elements of 
electric energy time-shift, especially if energy transactions – including those involving 
renewables – occur within the context of the normal electricity marketplace. 

In many cases, time-shifting of renewable energy using storage could be somewhat or even quite 
complementary to use for renewable generation firming and to reduce renewables-related 
transmission congestion. 

Demand Management 
Growing interest in load management and “demand response” as a resource is driven by its 
promise to support the electric supply system by: a) reducing demand for electricity that exceeds 
real-time supply, b) reducing congestion on the regional transmission system, and c) providing 
an alternative to reserve capacity (generation capacity that is held in reserve for use if major 
power sources or transmission become unavailable). 



 57

Energy storage could be an important element of electric supply-oriented demand management 
programs, either by picking up load or by providing electricity to the grid, when very high 
system demand, transmission congestion, or low reserve margins prevail. 

With regard to T&D deferral: to the extent that the electric supply-related needs coincide with 
local peak demand (on the T&D equipment of interest, for deferral), the same storage could 
serve both the supply system needs and the localized T&D (capacity) needs.  

Energy storage used for both supply and T&D deferral could: a) be owned and operated by 
utilities, and/or or b) enable end-users to participate in cost-effective load management by 
providing means to serve load if utility/grid service is unavailable or is “curtailed.”  

Seasonal Deployment for Locational Benefits 
If an MES is transportable, it may be used in two (or more) locations within a utility if problems 
exist during different seasons. For example, a utility has two hot spots:  

1. a circuit that is plagued by short periods of high peak demand, occurring for just a few 
days per year, during hot summer afternoons, driven by residential air conditioning loads, 

and 

2. a circuit with dual peaks – morning and evening – driven by heating loads on cold winter 
days that cause heavy loading and voltage sags for a few hundred hours per year. 

The key point is that the same equipment can provide more total benefits in a given year if it is 
used twice. In this case, the same equipment provides benefits in summer at one location, and 
then it provides additional benefits at the second location during winter. 

Increased Flexibility 
Flexibility is the degree to which and the rate at which adjustment to changing circumstances is 
possible. Flexibility may be an important source of enhanced value in a changing business 
environment, by enabling selection of a more optimal solution or response to a business related 
need or opportunity. However, estimating the value associated with flexibility may be 
challenging.  

One helpful way to consider the value of flexibility is that it makes more optimal approaches 
possible. For example, MES or other types of modular resources used to provide T&D capacity 
on the margin – when and where needed – could provide more optimal T&D service than is 
possible with the conventional alternative (a normal T&D capacity upgrade). 

Of course, depending on the circumstances, an optimal approach can involve criteria such as: 
a) higher revenue, b) more profit, c) lower cost, etc. When evaluating T&D deferral, the total 
cost for electric service may be the criterion of merit. 

Two concepts can help: uncertainty and real options. Flexibility provides means to respond 
adeptly to uncertainty and thus to manage risk. Flexibility may provide ways to take advantage 
of business opportunities that are defined using real options. 



 58

Flexible Response to Uncertainty 
Flexibility can be quite valuable when outcomes are subject to uncertainty. Uncertainty can be 
characterized as decision-makers’ inability to estimate or predict a future outcome due to 
incomplete or imperfect knowledge about the spectrum and likelihood of possible outcomes.  

The most important financial implication of uncertainty is the potential for increased financial 
risk. That financial risk usually manifests itself in the form of lower net financial returns than are 
required or expected. (Returns may be lower because revenues are lower than expected and/or 
because cost is higher than expected.) 

Flexibility may allow managers to reduce or to limit downside risk (e.g., to limit reduced 
financial returns and higher financial losses). Flexibility may also provide bases for managers to 
accept risk – in an informed and prudent manner – to pursue additional upside potential (e.g., for 
increased financial net returns and/or reduced financial losses) for a given business endeavor.  

Like all other businesses, electric utilities face uncertainty and related risk when making 
decisions that have financial implications, including decisions regarding investments in new or 
upgraded T&D capacity. For more details about managing T&D investment risk, see the next 
subsection of this report entitled Optimizing Risk-Adjusted Cost. 

Evaluating Real Options 
The concept of real options is a powerful way to consider some of the value of flexibility. Real 
options are potentially attractive business opportunities that could be pursued because a physical 
asset is currently owned or could be owned. They are referred to as real options because the 
possibility to use an asset actually exists. (Real options are different than the more familiar 
financial options: financial options exist in the form of a contract which conveys the right – but 
not an obligation – to purchase or to sell an asset, usually a financial asset like a stock or a 
commodity.) 

Real options could also be characterized as “hidden” options because they remain unidentified 
by many asset owners who do not recognize or acknowledge them. Some real options are hidden 
(unrecognized) because they could exist if specific features or capabilities are added to an 
existing physical asset and/or if the asset owner can exploit operational or business synergies.  

Generic real option examples could include: start a new project, develop or expand a business, 
narrow the scope of a business, postpone or abandon a project, or extend the time horizon for a 
project.  

Consider an example scenario: the owner of an electricity storage system. The owner may have 
several real options, possibly including: do nothing, buy electric energy at a low price then sell 
the energy at a high price at the wholesale or retail level, provide ancillary services to the grid, or 
lease or rent the system to another user. 

Importantly, real options are not alternatives in the sense that they are not different means to 
achieving a given goal or objective. Rather, real options are business activities that could be 
pursued because a physical asset is or could be owned.  

Note that within the context of this report, modular resources are treated as an alternative to 
addressing the need to provide sufficient T&D capacity. Specifically, modular resources 
comprise one of three primary alternatives, the other two are: a) do nothing or b) do an upgrade. 
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Consider an example: utility-owned T&D capacity. Without considering regulation-related 
restrictions, real options related to utility-owned T&D equipment could include: a) do nothing 
(do not use the capacity), b) deliver electric energy, normally, c) use part of the T&D capacity to 
provide premium electric service, d) sell the equipment and real estate on which the equipment is 
located, and e) rent/lease some/all of the T&D capacity to third parties.  

The possible purchase of additional T&D equipment to increase the T&D capacity could also 
enable the utility to: a) do nothing (do not increase T&D capacity), b) upgrade the T&D capacity 
for normal operations, or c) upgrade the capacity to take advantage of an opportunity to provide 
expanded and/or “premium” electric service. 

Regarding modular resources that are or that could be owned by a utility: a real options 
perspective involves considering the potential to use modular resources to pursue various 
possible business endeavors. Such real options could include: a) do nothing (do not use the 
modular resource), b) rent or lease the equipment to another business, or one or more of the 
following: c) defer a T&D project and/or to defer the purchase of a larger central station 
generation, d) purchase low priced energy and sell that energy when price is high, e) provide 
ancillary services and f) increase local power quality or reliability.  

Finally, by combining actual and possible utility ownership of T&D equipment and modular 
resources, the spectrum of real options includes a combination of the real options associated with 
the T&D capacity and those associated with modular resources separately. And, by virtue of 
being able to add various amounts of modular resources, there are various real options associated 
with various levels of modular resource deployment. 

Compare that real option perspective to consideration of three primary response alternatives that 
could be used when load will exceed the load carrying capacity of the existing T&D equipment: 
a) do nothing, b) use modular capacity to serve load that exceeds the capacity of the existing 
T&D equipment, or c) do the standard T&D upgrade. 

Optimizing Risk-Adjusted Cost 
T&D planners face uncertainty when determining how much capacity is needed and when it is 
needed. Common sources of uncertainty include: a) the rate of normal load growth, b) the timing 
and disposition of block load additions, c) possible construction delays for scheduled upgrade 
projects (e.g., due to insufficient construction staff or capital, delayed permits), and/or d) the 
useful life remaining in T&D equipment. There may be others. 

Traditionally, T&D planners have not had sophisticated enough planning tools or methodologies 
to include robust consideration of uncertainty during the T&D expansion planning process.  

Uncertainty manifests itself as risk, an element of the actual cost of any business decision. T&D 
investments are no different. To the extent that T&D investment risk does manifest itself as an 
actual cost, that risk is spread among the utility’s ratepayers. So, while the amount of risk 
incurred may be significant in any specific case or for any specific project, the amount is 
obscured because individual ratepayers pay a minimal amount to cover the total risk incurred 
throughout the service area. 

Given this premise, using risk-adjusted cost as one key criterion for T&D investment decisions 
leads to lower overall cost-of-service when implemented across the utility’s portfolio of T&D 
investments. Furthermore, to the extent that utility T&D capacity planners can evaluate 
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uncertainty and risk robustly, they can manage or even accept or share risk when prudent and 
cost-effective. With emerging modeling and statistical techniques – such as predictive 
maintenance – accepting or sharing risk is possible, and in the future, it may even be 
commonplace.  

One important reason that risk-adjusted cost was not used in the past is that when peak demand 
on T&D equipment approached the T&D equipment’s load carrying limit, the two primary 
options available to the T&D planner included: a) upgrade the system, usually by adding a large 
increment of capacity, using conventional T&D equipment, or b) do nothing and hope that limits 
were not exceeded.  

Now, when an upgrade is or will soon be imminent, T&D planners may include modular options 
such as MES in the evaluation for a much richer range of possibilities. Just one option is to use 
MES capacity to defer the need for an upgrade by serving marginal peak demand in the next 
year.  

Other considerations also make this concept attractive as an important element of the value 
propositions for MES: 

1. Though the risk-adjusted cost approach is a departure from traditional T&D expansion 
planning practices that are based on rules and reliability benchmarks:  

o The risk-adjusted cost approach has characteristics in common with existing T&D 
planning approaches, most notably is the need to address planning uncertainties 
and to accommodate MES effectively.  

o The risk-adjusted cost approach is also consistent with emerging T&D planning 
techniques that are more sophisticated, incorporating predicative maintenance, 
statistical modeling and other approaches to optimize T&D capacity use and life. 

2. It seems important to consider more explicit and transparent treatment of risk as an 
important element of more sophisticated treatment of T&D (services) pricing. 

A significant installed base of MES could also be an element of routine or even advanced electric 
supply and/or fuel-related risk management strategies. 
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8. Conclusions and Research Opportunities 
In the future, modular energy resources, including modular electricity storage (MES), will be 
important elements of electric utilities’ response to increasing: a) emphasis on environmental 
effects, b) competition, c) uncertainty, d) siting challenges, and e) challenges associated with 
integrating diverse “resources” (demand response, distributed renewables, other generation, etc.). 

T&D upgrade deferral is an attractive opportunity to use MES to reduce utilities’ electricity 
delivery-related cost. The opportunity is related to the inherent flexibility associated with 
modular resources – in this case, energy storage. With modular resources, utility T&D capacity 
planners have the means to manage and to optimize operations and to improve the overall 
efficacy of the electricity grid. 

The key challenge for MES vendors and advocates is to identify and to quantify value 
propositions commensurate with MES’s relatively high up-front cost. This requires skillful 
aggregation of technically viable and compatible benefits (benefits aggregation). In many cases, 
the most significant, or one of the most significant, benefits possible from MES is T&D upgrade 
deferral. 

R&D Needs and Opportunities 
The concepts described in this report – while based on sound principles – are new and largely 
untested. Also, T&D capacity planners and engineers, in general, have limited: a) authority, 
b) permission, c) tools, or d) familiarity/experience required to apply these concepts or other new 
means to serve T&D capacity needs on the margin. So, the next steps in related research must 
present limited risk (e.g., equipment demos and experiments in the field), and the must address 
key knowledge and experience gaps. 

Given these premises, there are several attractive, low-cost, low-risk opportunities for related 
research. It is important to note that, to one extent or another, these opportunities are being 
addressed in other technology realms, including: electric vehicles, plug-in hybrid vehicles, 
distributed photovoltaics and wind generation, demand response, “smart buildings,” distributed 
generation, and “smart grids.” 

The author suggests a portfolio of four interrelated R&D thrusts to address important challenges 
affecting prospects for integrating the use of MES in standard T&D planning. The suggested 
portfolio also provides stakeholders with opportunities to learn more about how storage and 
other modular resources increase T&D planning options and flexibility, and how they may 
reduce utility cost-of-service, including risk. The four thrusts, described below, are:  

• Standard Practice: Establish Criteria and Identify Next Steps 

• Understanding Uncertainty and Risk 

• Case Studies 

• Enhanced Value Propositions: Best Prospect, PV Firming, and Grid Stability 

Standard Practice: Establish Criteria and Identify Next Steps 
An important research thrust is to establish a “roadmap” for developing formalized standards for 
the use of modular storage for T&D deferral. Two key near-term objectives include: 1) establish 
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a catalog of stakeholders and of important stakeholder-specific decision criteria, and 2) identify 
key next steps. 

This R&D thrust could include the scope of the Understanding Uncertainty and Risk thrust 
described below. It could also be a companion to, or part of, the Case Studies thrust also 
described below. 

Understanding Uncertainty and Risk 
A key challenge affecting the attractiveness of using MES for T&D deferral is that the 
uncertainties and risk associated with this approach are not yet well-characterized.  

Utility T&D planners are quite familiar with the performance and reliability of the wires and 
transformers which dominate T&D systems. They have established, though evolving, means to 
accommodate consideration of service reliability when making T&D expansion decisions. Utility 
T&D planners will probably not use new or even evolutionary technology until it: a) is 
mandated, b) undergoes rigorous testing, and/or c) comes with solid warranties.  

To address these challenges, an important objective is to characterize the ways and the extent to 
which use of MES and other modular resources can or will affect: a) electric service reliability 
and safety, b) grid operations, and c) performance of other T&D equipment. 

So, an important R&D opportunity involves: a) characterizing evaluation criteria (needed to 
evaluate risk associated with use of MES for deferral), b) identifying and surveying existing and 
emerging sources for related information and data, and c) developing an initial, basic framework 
for evaluating and quantifying risk.[18] 

Readers should note that there is significant potential to use MES to reduce the risk associated 
with investments in conventional T&D upgrades. Characterizing this element of the T&D 
deferral value proposition has important synergies with a characterization of ways that use of 
MES could increase risk.[14]  

For example, MES used for T&D deferral increases the risk that T&D equipment will be 
overloaded if the storage is undersized. The same MES could reduce the risk that the utility will 
make an investment in an expensive upgrade to serve a housing development that is cancelled.  

This R&D thrust could be part of the scope of the Standard Practice thrust, described above, or it 
could be a companion to, or part of, the Case Studies thrust, described below. 

Case Studies 
A low-cost, low-risk, high value research thrust is for planners to evaluate MES “on paper” for 
specific T&D expansion projects. Projects evaluated could be: a) actual T&D upgrades that are 
planned or that will be required within a few years, b) T&D upgrades that have already occurred, 
or c) “generic,” synthetic, or model T&D upgrade situations.  

The final product would be a compendium of cases and lessons learned. 

Enhanced Value Propositions: Best Prospect, PV Firming, and 
Grid Stability 
Though the T&D deferral benefit is significant in specific locations, it is likely that value 
propositions for MES used for T&D deferral will have to include other benefits to offset all costs 
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for MES. Section 5 of this report lists benefits that could be compatible with T&D deferral. Two 
important, related R&D themes are:  

1. Develop a first-generation decision framework/logic needed to “dispatch” MES so that 
total benefits are optimized when including T&D deferral and one or two other 
potentially significant benefits in a model value proposition. The one or two other 
benefits evaluated are presumed to be technically compatible. 

2. Evaluate prospects for and characterize next steps needed to demonstrate two significant, 
mid-term benefits: a) capacity firming for distributed photovoltaics[15], and b) “critical 
system support” to stabilize the grid when area, region or system wide voltage collapse is 
possible.[16][17] 



 64

 



 65

Terms Used in this Document 
Application – A specific way or ways that energy storage is used, to satisfy a specific need; 
how/for what energy storage is used.  

Arbitrage – See Bulk Electricity Price Arbitrage. 

Avoided Cost – see T&D Avoided Cost.  

Benefit – See Financial Benefit and Deferral Benefit. 

Beneficiaries – Entities to whom financial benefits accrue due to use of a storage system. 

Block Load Addition – An entirely new load that is to be connected to the grid. Examples 
include one-time load additions involving: a) new commercial and housing developments or b) 
new equipment with a large power draw relative to the load carrying capacity of the T&D 
equipment that serves the load.  

Bulk Electricity Price Arbitrage (Arbitrage) – Purchase of inexpensive electricity during off-
peak periods when demand for electricity is low, to charge the storage plant so that the low 
priced energy can be used or sold at a later time when demand/price for electricity is high. 

Carrying Charges – The annual financial requirements needed to service debt or equity capital 
used to purchase and to install the storage plant, including tax effects. For utilities, this is the 
revenue requirement. See also Fixed Charge Rate. 

Combined Benefits – Sum of all benefits that accrue due to use of an energy storage system, 
irrespective of the purpose for installing the system. 

Complementary Benefit – a benefit that is complementary to a primary benefit because there 
are limited or no operational or technical conflicts. 

DER – see Distributed Energy Resource. 

Deferral Benefit – see T&D Deferral Benefit. 

Demand – The maximum power draw during a specific period of time, normally in units of 
kilowatts (kW) or megawatts (MW) for utilities (not adjusted for power factor). 

Direct Cost – All direct costs to own or to rent an option, possibly including some or all of the 
following: rental charges, equipment purchase and delivery cost, project design, installation, 
depreciation, interest, dividends, taxes, service, consumables, fees and permits, and insurance.  

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 “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 standard assumption value is 10%. 

Dispatchability – Storage output control via signals from external sources (e.g., from a location 
where multiple T&D nodes’ operating conditions are monitored). 
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Distributed Energy Resource – An electric resource (demand response, distributed generation, 
or energy storage) that is located at or near loads, usually within or at the end of the electricity 
distribution system. 

Distribution – See Electricity Distribution. 

Diversity – See Unit Diversity. 

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 * 1 million = $100 Million of economic benefit. See Financial Benefit. 

Efficiency – The amount of energy that is discharged for each unit of energy used for charging. 

Electricity Distribution – Electricity distribution is part of the electricity grid that delivers 
electricity to end-users. It is connected to the transmission system which, in turn, is connected to 
the electric supply system (generators). 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 several hundred volts to 
50kV (50,000 Volts). Typical power transfer capacities range from a few tens of MWs for 
substation transformers to tens of kilowatts for small circuits. 

Electricity Subtransmission – As the name implies, subtransmission transfers smaller amounts 
of electricity, at lower operating voltages than transmission. For the purposes of this study, 
“transmission and distribution” is assumed to include subtransmission and not high capacity/high 
voltage transmission systems. 

Electricity Transmission – Electricity transmission is the “backbone” of the electricity grid. 
Transmission wires, transformers, and control systems transfer electricity from supply sources 
(generation or electricity storage) to utility distribution systems. Relative to electricity 
distribution systems, 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 Volts) to 500 kV. Transmission systems typically transfer the equivalent 
of 200 to 500 megawatts of power. Most transmission systems use alternating current though 
some larger, longer transmission corridors employ high voltage direct current. 

Energy Density – The amount of energy that can be stored in a storage system with a given 
volume or mass. 

Equipment Rating – The amount of power that can be delivered under specified conditions. The 
most basic rating is the “nameplate” rating: nominal power delivery rate under “design 
conditions.” Other ratings may be used as well. For example, T&D equipment often has what is 
commonly called an “emergency” rating. That is the sustainable power delivery rate under 
“emergency conditions” such as when load exceeds nameplate rating by several percentage 
points. Operation at emergency rating is assumed to occur infrequently, if ever. 

Financial Benefit (Benefit) – Monies received and/or cost avoided by a specific beneficiary, due 
to use of energy storage. 

Financial Life – This is 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).  
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Fixed Charge Rate – The Fixed Charge Rate is 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 for Fixed Charge Rate is 0.13 for utilities. 

Inflation – The annual average rate at which the price of goods and services increases during a 
specific time period. 

Inherent Load Growth – Routine or normal load growth mostly associated with increased 
business and leisure activities. Inherent load growth is also affected by effectiveness (or lack 
thereof) of energy efficiency and demand management programs. 

Installed Cost – The cost to design, purchase and install the T&D equipment ($/kW nameplate 
of T&D equipment installed). 

Lifecycle – See Financial Life. 

Lifecycle Benefit – Present value of financial benefits that are expected to accrue over 10 years 
for a storage plant.  

Marginal Cost – The cost to produce or to procure the next increment (e.g. of energy or 
capacity). The incremental cost is said to be the cost “on the margin.” 

MES – see Modular Electricity Storage. 

Modular Electricity Storage – Electricity Storage that is or that can be deployed as 
numerous/many smaller modules rather than as one or a few large units. 

Peak Demand – The maximum power draw on a power delivery system, usually year-specific. 

Physical Assurance – Use of equipment that allows the utility to reduce power delivered to a 
specific end-user, under specific terms. It is used to ensure that end-users do not draw power 
beyond a certain rate during times when load is high. It is used for end-users that propose to 
provide peak capacity using distributed resources. An example of a formalized definition is “the 
application of devices and equipment that interrupt a DG customer's normal load when [a 
distributed resource] does not operate. (Derived from SDG&E Opening Brief-Phase 1, p. 31.) 

Power Density – The power output per unit of volume or mass of a storage system. 

Present Value – Present value is the total value of a series of payments and/or benefits 
expressed in terms of the value of money in a given year, normally the first year of an evaluation. 
Present value is calculated based on a) the value of payments and/or benefits in each of the 
periods evaluated and b) a specified discount rate. For example, for a discount rate of 10%, 
payments of $15 in year 1, $17 in year 2 and $23 in year three has a present value of $44.97, as 
shown below. 

Year 1 2 3 Total
Value 15 17 23 55

Multiplier 0.909091 0.826446 0.751315 2.486852
Discounted Value 13.64 14.05 17.28 44.97

*Discount Rate = 10.0%  

Ramp Rate – The rate at which power output can change, whether up or down. 
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Real Options – Real options are potentially attractive business opportunities that could be 
pursued because a physical asset is currently owned or could be owned. They are referred to as 
real options because the possibility to use an asset actually exists. 

Reserve Capacity – Generation capacity that is held in reserve for use if major power sources or 
transmission facilities become unavailable. 

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 – See Efficiency. 

Spinning Reserve – Electric supply capacity – primarily generation but possibly storage – that is 
held in reserve and that can “pick up” load quickly. It is usually comprised of rotating 
machinery, such as a turbine-generator set, that is actually spinning. 

Standby Losses – Energy losses that occur when the storage is charged but not being used (e.g., 
for pumped hydroelectric it is water evaporation in the upper reservoir, for CAES it is loss of air 
pressure due to air escaping from the reservoir). 

Supplemental Reserve – Electric supply capacity used during electric supply emergencies after 
all spinning reserve is in use. It may include available generation that is currently operating at 
part load, rapid-start generation capacity, electricity storage capacity, or load management 
programs. 

Storage Discharge Duration – See Discharge Duration. 

Storage Power Rating - Storage power rating is the amount of storage capacity (kW) needed 
relative to the existing T&D capacity. 

Subtransmission – See Electricity Subtransmission. 

Transmission and Distribution (T&D) Deferral – Delaying an investment in and construction 
of new or upgraded T&D equipment. 

T&D Avoided Cost – The cost not incurred by utility ratepayers if the T&D upgrade is not 
made. The avoided cost is equal to the revenue requirement.  

T&D Deferral Benefit – The cost that will not be incurred (cost that is avoided) if a given T&D 
project upgrade is deferred. For utilities, that amount is the annual revenue requirement: the 
amount of money that must be collected from utility ratepayers at large to cover the single-year 
cost. 

Unit Diversity – Using several or many units rather than one or a few units to address a given 
need. This is done to increase reliability by reducing the likelihood that a catastrophic outage will 
occur (because it is less likely that several or many smaller units will fail when compared to one 
or a few larger units). 

Value Proposition – A value proposition is comprised of all benefits and all costs, including 
risk, that are associated with an investment or purchase. 
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Appendix A. MES Transportability Example Details 
What follows is the worksheet used to generate the values charted in Figure 3 in Section 2. That 
figure shows financials for transportable DER capacity. Values plotted are shown in the last row 
of the worksheet. 
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Option: Modular Storage
Max.Load

Growth
"Over-

  sizing"* Capacity
Modular Storage Sizing 240 50% 360

*for engineering contingency

Discount Rate 10.0%
Cost Escalation 2.0%

D Cost Annualization Factor** 0.11
                       **Used to calculate "annuity" value that is treated as annual cost-of-ownership (or revenue requirement); fixed costs,including financing cost, taxes, and interest.

Year # 1 2 3 4 5 6 7 8 9 10
Load Growth Rate 2.0% 2.0% 2.0% 2.0% 2.0%

Existing D Capacity (MW) 12 12 12 12 12
D Capacity Added (MW) 4 4 4 4 4

Upgrade Project Cost ($000 $Real) 1,200 1,200 1,200 1,200 1,200
Upgrade Project Cost ($000 $Current) 1,200 1,248 1,299 1,351 1,406

($/kWinstalled, $Current) 75 78 81 84 88
($/kWadded, $Current) 300 312 325 338 351

"Other" Benefit** ($000 $Real) 27.0 27.0 27.0 27.0 27.0
"Other" Benefit ($000 $Current) 27.5 28.7 29.8 31.0 32.3

**e.g., PQ and Reliability

Single Year Cost-of-ownership for Upgrade ($)

Load Growth, in respective year (kW) 240 n/a 240 n/a 240 n/a 240 n/a 240 n/a
Total

$Current 715,526 132,000 0 137,333 0 142,881 0 148,653 0 154,659 0
$PW 499,148 132,000 0 113,498 0 97,590 0 83,911 0 72,150 0

Single Year "Other" Benefit ($)

Total
$Current 149,285 0 27,540 0 28,653 0 29,810 0 31,015 0 32,267

$PW 94,673 0 25,036 0 21,527 0 18,510 0 15,915 0 13,685

Single Year Benefit ($)
Total

$Current 864,811 132,000 27,540 137,333 28,653 142,881 29,810 148,653 31,015 154,659 32,267
$PW 593,822 132,000 25,036 113,498 21,527 97,590 18,510 83,911 15,915 72,150 13,685

Modular Storage Value ($/kW PW)
Modular Storage Capacity (kW) 360

Total
$/kW-yr, $Current 2,402 367 77 381 80 397 83 413 86 430 90
$/kW-yr, $PW 1,650 367 70 315 60 271 51 233 44 200 38

Current Dollar values reflect the actual  amount paid in the respective year, expressed 
in terms of the value of money in the respective year.

Real Dollar values reflect the price to be paid in the respective year without  including 
projected cost escalation .

Present Worth (PW) values reflect a "discounting" of current dollar values, by the 
discount rate, to express the value of money recieved at a future time in terms of what 
that money is worth today, if that money were used for the "next best"  investment.
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Appendix B. Storage for T&D Deferral – Two Case Studies 

Pacificorp Vanadium Redox Batteries 
Situation 
Utah Power, a subsidiary of Scottish Power-affiliate PacifiCorp, owns and operates a 25 kV 
distribution circuit serving about 11 MVA of load in several small communities, along the 
circuit’s 209 miles (129 miles of the total is a 3-phase circuit).[B1] 

The Rattlesnake #22 feeder is located in an environmentally sensitive, undeveloped area in the 
Moab region of Southeast Utah, near Arches National Park. The feeder's right-of-way follows 
the Colorado River Valley. 

Unacceptable reliability and power quality problems led to repeated complaints by utility 
customers to the Public Service Commission. Serving additional customers was likely to reduce 
line voltage to unacceptable levels during peak demand periods. 

Existing mitigation measures include seven reclosers, five step-type voltage regulators, two 300 
kVAR fixed-tap capacitor banks. Several additional mitigation options were considered, 
including: electricity storage, substation upgrades, circuit upgrades, and increased compensation 
for reactive power. 

Solution 
The option selected was VRB Power Systems' (VRB) patented “vanadium redox battery” 
electricity storage system with an “intelligent four-quadrant power converter.” The system – 
described by the vendor as a “regenerative fuel cell” – has continuous power output of 250 kW 
and can store 2,000 kWh for an eight-hour discharge duration.  

The power conditioning unit can provide 250 kVAR of reactive power support and has a true 
power rating of 353 kVA. The system is housed in a simple 350 square meter metal building in 
Castle Valley, Utah. The building has room to double the system’s output. 

The VRB system was selected based on its overall benefit/cost relationship and, to a lesser 
extent, because: a) it had a relatively short lead time, b) institutional challenges, especially 
environment-related, were surmountable, c) the modular system is readily upgraded, to add as 
much as twice the original capacity, and d) facility construction is straightforward. 

One notable consideration: generation was ruled out, in large part, because of concerns about 
possible negative effects on power quality and voltage from generation “without selective or 
dynamic control of the power injected.” 

Regarding the cost/benefit: the deferral benefit alone is significant. In addition, the facility was 
designed for unattended operation which translates into lower cost. Also, environment-related 
challenges and costs, including permitting, were manageable. Notably, the inherent 
characteristics of the VRB technology allowed for a straightforward permitting process, even in 
this environmentally sensitive area, especially when compared to challenges that would face a 
circuit upgrade. Also, just the option to double output from the current facility – at low 
incremental cost – is valuable, as it provides an important hedge against load growth uncertainty. 
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Service 
The system was installed in November 2003 and was formally commissioned in March 2004. It 
relieves congestion on the feeder by: a) reducing the load on the circuit during peak demand 
periods, using energy stored when demand is low, and b) providing “rapid response” voltage 
support. 

In late 2004, the vendor “enhanced system efficiency and reliability through the upgrade of the 
power conversion system and cell stacks.”  

The system is normally controlled by an on-site algorithm, though it can be controlled remotely. 
Among other important controlled parameters: the system’s power output is changed in a way 
that allows slower voltage regulators to keep pace with related voltage changes. Additional 
improvements are expected with respect to voltage support as operators gain experience with the 
system’s automated VAR support capability. 

Status 
The vendor has reported that the system “has provided full power daily cycling operations since 
March, 2004 and has effectively served its intended purpose through a full summer peak season.” 
Among other important results, improved power factor reduced line losses to the extent that the 
circuit’s load carrying capacity increased by as much as 40 kW. That, according to the vendor, 
offsets the losses that are inherent to the energy storage. 

The vendor reports that Utah Power is evaluating the merits of and timing of a possible 
expansion of the system, to provide “additional capacity and reliability enhancements to the 
community.” 

AEP Sodium/Sulfur Battery 
Situation 
Appalachian Power Company, an operating unit of American Electric Power (AEP), determined 
that a substation located near Charleston, West Virginia required an expensive upgrade to serve 
growing peak demand.[B2] Based on an informal survey of eight selected AEP T&D projects, 
installed costs ranged from $26/kW to $169/kW, for an average of about $74/kW ($2003).[B3] 

Solution 
In September 2005, AEP committed to use a 1.2MW / 7.2 MWh hour electricity storage system 
employing sodium/sulfur (Na/S) battery technology to defer the substation upgrade by six to 
seven years, beginning in summer 2006.  

The Na/S system is similar to a smaller Na/S battery system that has been in operation at AEP 
offices near Columbus, Ohio, since 2002 to serve demand and power-quality needs.[B4] 

An important project partner is NGK Insulators Ltd. (NGK) whose NAS Battery Division 
provided the battery. Another important partner is S&C Electric Company’s Power Quality 
Products Division which provided the power electronics and system integration. Also, the U.S. 
Department of Energy (DOE) is a supporting sponsor through Sandia National Laboratories 
(SNL). 

Service 
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Energy stored in state-of-the-art Na/S batteries serves summer daytime peak demand, reducing 
maximum power draw on the substation equipment. After service at the initial location, expected 
to be several years, AEP may opt to move the system to another location. 

Project partners expect the battery to last 4,000 to 5,000 charge-discharge cycles at 90% depth-
of-discharge, or as long as fifteen years. Notably, according to NGK, they have commercialized 
the Na/S battery in Japan, in concert with the Tokyo Electric Power Company. As of September 
2005, NGK had over 125 MW / 750 MWh in service. 

According to AEP, the Na/S system “represents an exciting step into the future” that “should 
provide valuable information about potential uses elsewhere in the AEP system” and that is 
expected to help AEP “use its distribution, transmission and generation assets more efficiently.” 
Deployment of the system “is consistent with AEP’s short-term objective” which is “to deploy 
storage systems selectively, based on energy cost savings and on where the systems can defer 
upgrades to our distribution system without compromising safety or reliability.” 

Status 
The following is an excerpt from a report published by Sandia National Laboratories regarding 
the financial benefits from the demonstration.  

The economic analysis shows a rate of return of 9.8%, which exceeds the 7% 
discount rate. Under the technical and economic assumptions described, the 
system represents an economically favorable investment because it provides a 
return greater than the cost of money. The present value of power quality (PQ) 
benefits was estimated at $791,000, compared with peak shaving (PS) benefits of 
$217,000. Thus, PQ benefits represent 78% of the total benefits, PS only 22%. PQ 
benefits are site specific, however, and finding places with high PQ payback 
requires knowledge of specific sectors and participants. While PS benefits are not 
as large, it would be relatively easy to find utilities that offer tariffs more 
favorable to PS operation than the ‘typical’ tariff assumed here. Overall, the 
results suggest that the dual application of the NAS® BESS does provide 
potentially attractive economics. The feasibility of specific projects, however, 
must use actual cost data, estimates of customer-specific avoided outage costs, 
and the actual terms of the local utility tariff.[B4] 

Since that report, APS has issued press releases indicating a growing interest in batteries. Over 
the longer term AEP may install as much as 1 GW of MES to “boost reliability and help to 
integrate wind generation.”[B5] 

According to the press release, AEP expects to install 6 MW of stationary sodium Na/S battery 
technology in its 11-state service territory during 2008 and 2009. It will initially install units in 
West Virginia and Ohio…[in 2008] and will work with wind developers to identify a third 
location for battery technology deployment. As of late 2007, plans were to “add two megawatts 
of NAS battery capacity near Milton, W.Va., to enhance reliability and allow for continued load 
growth in that area” and to “add two megawatts of NAS battery capacity near Findlay, Ohio, to 
enhance reliability, provide support for weak sub-transmission systems and avoid equipment 
overload.”[B5] 
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Appendix C. Reactance and Power Factor 
Electrical characteristics of power grids and of electric loads can lead to undesirable voltage 
(level) variations due to electrical phenomena called “reactance.” Reactance occurs because 
equipment that generates, transmits and utilizes electricity may exhibit characteristics like those 
of inductors and capacitors in an electric circuit.  

In simple terms, for electric power systems that use the alternating current (AC) form of 
electricity, capacitors and capacitance cause current to “lead” the system’s voltage. Conversely, 
inductors and inductance cause current to “lag” the voltage.  

To the extent that reactance does cause the current to lead or to lag the voltage, the magnitude of 
the voltage is lower than the intended level. That, in turn, reduces the amount of load that the 
power system can serve.  

Note that, in electricity power grids, reactance from inductors and inductance is far more 
common than reactance from capacitors and capacitance, leading to current that lags the voltage 
as shown in Figure C-1 below. Common inductive loads are: a) motors, b) compressors, 
c) lighting ballasts, and d) any electricity-using equipment that includes voltage transformers. 
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Figure C-1. Current Lag Due to Inductance in an Alternating 
Current Power System 

Reactance is often characterized by citing the ratio of real power to apparent power (i.e., the 
“power factor”). If current and voltage are exactly synchronized then the system has what is 
called a “unity” power factor equal to 1.0. (To the extent that current lags voltage the power 
factor is less than one.) 

The key effect in the distribution system is that the presence of reactance reduces the amount of 
real power – usable power – that can be delivered to end users. For example, equipment rated at 
480 Volts and 500 Amps has an “apparent power” of 480 * 500 = 240 kiloVolt-Amps (kVA). 
That is also the amount of real power that can be delivered if there is no reactance. But, if there is 
reactance then real power is less than 240 kVA. For example, if the power factor is 0.85 then the 
real power delivered is 240 kVA * 0.85 = 204 kiloWatts. 

Utilities use various means to compensate for the presence of reactance in the distribution system 
– primarily due to inductive loads – to maintain voltage. Perhaps the most common way is 
installation of capacitors.  Because most reactance is caused by inductive loads, current in T&D 
systems tends to lag the voltage. Furthermore, because capacitors cause current to lead the 
voltage, they can be used to offset effects from inductors. 
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