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Grid-Scale Battery Storage
Frequently Asked Questions
What is grid-scale battery storage?
Battery storage is a technology that enables power system operators and
utilities to store energy for later use. A battery energy storage system
(BESS) is an electrochemical device that charges (or collects energy) from
the grid or a power plant and then discharges that energy at a later time
to provide electricity or other grid services when needed. Several battery
chemistries are available or under investigation for grid-scale applications,
including lithium-ion, lead-acid, redox flow, and molten salt (including
sodium-based chemistries).1 Battery chemistries differ in key technical
characteristics (see What are key characteristics of battery storage
systems?), and each battery has unique advantages and disadvantages.
The current market for grid-scale battery storage in the United States and
globally is dominated by lithium-ion chemistries (Figure 1). Due to technological innovations and improved manufacturing capacity, lithium-ion
chemistries have experienced a steep price decline of over 70% from
2010-2016, and prices are projected to decline further (Curry 2017).
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Increasing needs for system flexibility, combined with rapid decreases
in the costs of battery technology, have enabled BESS to play an
increasing role in the power system in recent years. As prices for BESS
continue to decline and the need for system flexibility increases with
wind and solar deployment, more policymakers, regulators, and utilities are seeking to develop policies to jump-start BESS deployment.

Is grid-scale battery storage needed for
renewable energy integration?
Battery storage is one of several technology options that can enhance
power system flexibility and enable high levels of renewable energy
integration. Studies and real-world experience have demonstrated that
interconnected power systems can safely and reliably integrate high
levels of renewable energy from variable renewable energy (VRE)
sources without new energy storage resources.2 There is no rule-ofthumb for how much battery storage is needed to integrate high levels
of renewable energy. Instead, the appropriate amount of grid-scale
battery storage depends on system-specific characteristics, including:
• The current and planned mix of generation technologies
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Figure 1: U.S. utility-scale battery storage capacity by
chemistry (2008-2017). Data source: U.S. Energy Information
Administration, Form EIA-860, Annual Electric Generator Report

• The hourly, daily, and seasonal profile of current and
planned VRE.
In many systems, battery storage may not be the most economic
resource to help integrate renewable energy, and other sources of
system flexibility can be explored. Additional sources of system
flexibility include, among others, building additional pumped-hydro
storage or transmission, increasing conventional generation flexibility,
and changing operating procedures (Cochran et al. 2014).

1. For information on battery chemistries and their relative advantages, see Akhil et al. (2013) and Kim et al. (2018).
2. For example, Lew et al. (2013) found that the United States portion of the Western Interconnection could achieve a 33% penetration of wind and solar without additional storage resources.
Palchak et al. (2017) found that India could incorporate 160 GW of wind and solar (reaching an annual renewable penetration of 22% of system load) without additional storage resources.
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What are the key characteristics of battery
storage systems?
• Rated power capacity is the total possible instantaneous discharge
capability (in kilowatts [kW] or megawatts [MW]) of the BESS, or
the maximum rate of discharge that the BESS can achieve, starting
from a fully charged state.
• Energy capacity is the maximum amount of stored energy (in
kilowatt-hours [kWh] or megawatt-hours [MWh])
• Storage duration is the amount of time storage can discharge at its
power capacity before depleting its energy capacity. For example, a
battery with 1 MW of power capacity and 4 MWh of usable energy
capacity will have a storage duration of four hours.
• Cycle life/lifetime is the amount of time or cycles a battery storage
system can provide regular charging and discharging before failure or
significant degradation.
• Self-discharge occurs when the stored charge (or energy) of the
battery is reduced through internal chemical reactions, or without
being discharged to perform work for the grid or a customer.
Self-discharge, expressed as a percentage of charge lost over a certain
period, reduces the amount of energy available for discharge and is an
important parameter to consider in batteries intended for longer-duration applications.
• State of charge, expressed as a percentage, represents the battery’s
present level of charge and ranges from completely discharged to
fully charged. The state of charge influences a battery’s ability to
provide energy or ancillary services to the grid at any given time.
• Round-trip efficiency, measured as a percentage, is a ratio of the
energy charged to the battery to the energy discharged from the
battery. It can represent the total DC-DC or AC-AC efficiency of
the battery system, including losses from self-discharge and other
electrical losses. Although battery manufacturers often refer to the
DC-DC efficiency, AC-AC efficiency is typically more important to
utilities, as they only see the battery’s charging and discharging from
the point of interconnection to the power system, which uses AC
(Denholm 2019).

What services can batteries provide?
Arbitrage: Arbitrage involves charging the battery when energy prices
are low and discharging during more expensive peak hours. For the
BESS operator, this practice can provide a source of income by taking
advantage of electricity prices that may vary throughout the day. One
extension of the energy arbitrage service is reducing renewable energy
curtailment. System operators and project developers have an interest
in using as much low-cost, emissions-free renewable energy generation
as possible; however, in systems with a growing share of VRE, limited
flexibility of conventional generators and temporal mismatches between
renewable energy supply and electricity demand (e.g., excess wind

3. See Mills and Wiser (2012) for a general treatment on the concept of capacity credit.

generation in the middle of the night) may require renewable generators
to curtail their output. By charging the battery with low-cost energy
during periods of excess renewable generation and discharging during
periods of high demand, BESS can both reduce renewable energy
curtailment and maximize the value of the energy developers can sell
to the market. Another extension of arbitrage in power systems without
electricity markets is load-leveling. With load-levelling, system operators charge batteries during periods of excess generation and discharge
batteries during periods of excess demand to more efficiently coordinate
the dispatch of generating resources.
Firm Capacity or Peaking Capacity: System operators must ensure
they have an adequate supply of generation capacity to reliably meet
demand during the highest-demand periods in a given year, or the peak
demand. This peak demand is typically met with higher-cost generators,
such as gas plants; however, depending on the shape of the load curve,
BESS can also be used to ensure adequate peaking generation capacity.
While VRE resources can also be used to meet this requirement, these
resources do not typically fully count toward firm capacity, as their
generation relies on the availability of fluctuating resources and may not
always coincide with peak demand. But system operators can improve
VRE’s ability to contribute to firm capacity requirements through pairing
with BESS. Pairing VRE resources with BESS can enable these resources
to shift their generation to be coincident with peak demand, improving
their capacity value (see text box below) and system reliability.3

Firm Capacity, Capacity Credit, and Capacity
Value are important concepts for understanding
the potential contribution of utility-scale energy
storage for meeting peak demand.
Firm Capacity (kW, MW): The amount of installed
capacity that can be relied upon to meet demand
during peak periods or other high-risk periods. The
share of firm capacity to the total installed capacity of a
generator is known as its capacity credit (%).3
Capacity Value ($): The monetary value of the
contribution of a generator (conventional, renewable,
or storage) to balancing supply and demand when
generation is scarce.

Operating Reserves and Ancillary Services: To maintain reliable
power system operations, generation must exactly match electricity
demand at all times. There are various categories of operating reserves
and ancillary services that function on different timescales, from subseconds to several hours, all of which are needed to ensure grid reliability.
BESS can rapidly charge or discharge in a fraction of a second, faster
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than conventional thermal plants, making them a suitable resource for
short-term reliability services, such as Primary Frequency Response
(PFR) and Regulation. Appropriately sized BESS can also provide
longer-duration services, such as load-following and ramping services,
to ensure supply meets demand.
Transmission and Distribution Upgrade Deferrals: The electricity
grid’s transmission and distribution infrastructure must be sized to meet
peak demand, which may only occur over a few hours of the year. When
anticipated growth in peak electricity demand exceeds the existing
grid’s capacity, costly investments are needed to upgrade equipment and
develop new infrastructure. Deploying BESS can help defer or circumvent the need for new grid investments by meeting peak demand with
energy stored from lower-demand periods, thereby reducing congestion
and improving overall transmission and distribution asset utilization.
Also, unlike traditional transmission or distribution investments, mobile
BESS installations can be relocated to new areas when no longer needed
in the original location, increasing their overall value to the grid.
Black Start: When starting up, large generators need an external source
of electricity to perform key functions before they can begin generating
electricity for the grid. During normal system conditions, this external

electricity can be provided by the grid. After a system failure, however,
the grid can no longer provide this power, and generators must be started
through an on-site source of electricity, such as a diesel generator, a
process known as black start. An on-site BESS can also provide this
service, avoiding fuel costs and emissions from conventional black-start
generators. As system-wide outages are rare, an on-site BESS can
provide additional services when not performing black starts.
Table 1 below summarizes the potential applications for BESS in
the electricity system, as well as whether the application is currently
valued in U.S. electricity markets (Denholm 2018). Figure 2 shows the
cumulative installed capacity (MW) for utility-scale storage systems in
the United States in 2017 by the service the systems provide.

Where should batteries be located?
Utility-scale BESS can be deployed in several locations, including: 1)
in the transmission network; 2) in the distribution network near load
centers; or 3) co-located with VRE generators. The siting of the BESS
has important implications for the services the system can best provide,
and the most appropriate location for the BESS will depend on its
intended-use case.

Most storage systems in the United States provide
operating reserves and ancillary services. Despite this
current focus, the total U.S. market for these services is
limited, and utility-scale storage may begin providing more
firm and peak capacity in the near future.

In many cases, a BESS will be technically capable of providing a broad
range of services in any of the locations described in the next section.
Therefore, when siting storage, it is important to analyze the costs and
benefits of multiple locations to determine the optimal siting to meet
system needs. Considering all combinations of services the BESS can
provide at each potential site will provide a better understanding of the
expected revenue streams (see What is value-stacking?) and impact on
the grid.

Operating
Reserves and
Ancillary Services

In the Transmission Network

BESS interconnected to the transmission system can provide a broad
range of ancillary and transmission-related services. These systems can
be deployed to replace or defer investments of peaking capacity, provide
operating reserves to help respond to changes in generation and demand,
or they can be used to defer transmission system upgrades in regions
experiencing congestion from load or generation growth. Figure 3 below
shows the configuration of a utility-scale storage system interconnected
at the transmission substation level.
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Figure 2: U.S. Utility-scale battery storage capacity by
Nameplate Capacity
service. Data source: U.S. Energy Information Administration,
Form EIA-860, Annual Electric Generator Report

Storage systems located in the distribution network can provide all of
the services as transmission-sited storage, in addition to several services
related to congestion and power quality issues. In many areas, it may be
difficult to site a conventional generator near load in order to provide
peaking capacity, due to concerns about emissions or land use. Due to
their lack of local emissions and their scalable nature, BESS systems can
be co-located near load with fewer siting challenges than conventional
generation. Placing storage near load can reduce transmission and
distribution losses and relieve congestion, helping defer transmission
and distribution upgrades. Distribution-level BESS systems can also
provide local power quality services and support improved resilience
during extreme weather events.
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Table 1: Applications of Utility-Scale Energy Storage
Application

Description

Duration of Service
Provision

Typically Valued in U.S. Electricity
Markets?

Arbitrage

Purchasing low-cost off-peak energy
and selling it during periods of high
prices.

Hours

Yes

Firm Capacity

Provide reliable capacity to meet peak
system demand.

4+ hours

Yes, via scarcity pricing and capacity
markets, or through resource adequacy
payments.

• Primary Frequency
Response

Very fast response to unpredictable
variations in demand and generation.

Seconds

Yes, but only in a limited number of
markets.

• Regulation

Fast response to random,
unpredictable variations in demand and
generation.

15 minutes to 1 hour

Yes

• Contingency
Spinning

Fast response to a contingency such
as a generator failure.

30 minutes to 2
hours

Yes

• Replacement/
Supplemental

Units brought online to replace spinning
units.

Hours

Yes, but values are very low.

• Ramping/Load
Following

Follow longer-term (hourly) changes in
electricity demand.

30 minutes to hours

Yes, but only in a limited number of
markets.

Transmission
and Distribution
Replacement and
Deferral

Reduce loading on T&D system during
peak times.

Hours

Only partially, via congestion prices.

Black-Start

Units brought online to start system
after a system-wide failure (blackout).

Hours

No, typically compensated through
cost-of-service mechanisms.

Operating Reserves

Co-Located with VRE Generators

Renewable resources that are located far from load centers may require
transmission investments to deliver power to where it is needed. Given
the variable nature of VRE resources, the transmission capacity used to
deliver the power may be underutilized for large portions of the year.
A BESS can reduce the transmission capacity needed to integrate these
resources and increase the utilization of the remaining capacity by using
storage to charge excess generation during periods of high resource
availability and discharge during periods of low resource availability.
The same BESS can be used to reduce the curtailment of VRE generation, either due to transmission congestion or a lack of adequate
demand, as well as provide a broad range of ancillary services.

What is value-stacking? What are some
examples of value-stacking opportunities
and challenges?
BESS can maximize their value to the grid and project developers by
providing multiple system services. As some services are rarely called
for (i.e., black start) or used infrequently in a given hour (i.e., spinning
reserves), designing a BESS to provide multiple services enables a
higher overall battery utilization. This multi-use approach to BESS
is known as value-stacking. For example, a BESS project can help
defer the need for new transmission by meeting a portion of the peak
demand with stored energy during a select few hours in the year. When
not meeting peak demand, the BESS can earn revenue by providing
operating reserve services for the transmission system operator.
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Figure 3: Key components of BESS interconnected at the transmission substation level. LV AC represents a low-voltage
AC connection, while MV AC represents a medium-voltage AC connection. 4 Source: Denholm (2019)

Some system services may be mutually exclusive depending on the
BESS design (e.g., a short duration storage device used to supply
regulating reserves would have limited value for deferring transmission
or distribution upgrades). Even if a BESS is technically capable of providing multiple services, the additional cycling of the battery (charging
and discharging) may degrade the battery and shorten its lifetime
and economic viability. Finally, a BESS can only provide a limited
duration of any set of services before it runs out of charge, which means
batteries must prioritize the services they provide.4
Regulators have a variety of options to enable BESS to maximize its
economic potential through value-stacking. For example, the California
Public Utilities Commission (CPUC) developed categories of services
BESS can provide based on their importance for reliability and location
on the grid, as well as 12 rules for utilities when procuring services
from BESS (CPUC 2018). The CPUC rules:
• Dictate that BESS projects can only provide services at the voltage
level to which they are interconnected or higher, but not lower5;
• Prioritize reliability services over non-reliability services and ensure
storage cannot contract for additional services that would interfere
with any obligation to provide reliability services;
• Require that a BESS project comply with all performance and availability requirements for services it provides and that noncompliance
penalties be communicated in advance;
• Require that a BESS project inform the utility of any services it
currently provides or intends to provide; and
• Take measures to prevent double compensation to BESS projects for
services provided.

These CPUC rules are just one example of how regulators can help ensure
BESS projects can select the most cost-effective combinations of services
to provide without negatively impacting the reliability of the grid.

How are BESS operators compensated?
BESS operators can be compensated in several different ways,
including in the wholesale energy market, through bilateral contracts,
or directly by the utility through a cost-of-service mechanism. In
a wholesale energy market, the BESS operator submits a bid for a
specific service, such as operating reserves, to the market operator, who
then arranges the valid bids in a least-cost fashion and selects as many
bids as necessary to meet the system’s demands. If the BESS operator’s
bid is selected and the BESS provides the service, the operator will
receive compensation equal to the market price. This process ensures
transparent prices and technology-agnostic consideration; however,
many services are currently not available in the market, such as black
start or transmission and distribution upgrade deferrals. Alternatively,
BESS operators can enter into bilateral contracts for services directly
with energy consumers, or entities which procure energy for end-consumers. This process does not ensure transparency and contracts can
differ widely in both prices and terms. Finally, some BESS are owned
directly by the utilities to whom they provide services, such as upgrade
deferrals. In these cost-of-service cases, the utility pays the BESS
operator at the predetermined price and recovers the payments through
retail electricity rates. In some jurisdictions, however, BESS may be
prevented from extracting revenues through both wholesale markets
and cost-of-service agreements (Bhatnagar et al. 2013).

4. ANSI C84.1: Electric Power Systems and Equipment–Voltage Ratings (60 Hz) defines a low-voltage system as having a nominal voltage less than 1 kV and medium voltage as having a
nominal voltage between 1 kV and 100 kV.
5. BESS interconnected at the distribution level can provide distribution or transmission level services, but BESS interconnected at the transmission level can only provide transmission-level
services.
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How does the value of batteries change with
renewable energy deployment and increased
VRE penetration?

What are the key barriers
to BESS deployment?
Barriers to energy storage deployment can be broadly grouped into three
different categories: regulatory barriers, market barriers, and data and
analysis capabilities.

The amount of renewable energy on the grid can influence the value and
types of the services provided by a BESS. Increased levels of renewable
energy may increase the need for frequency control services to manage
increased variability and uncertainty in the power system. Increased
levels of VRE penetration can also change the shape of the net load,
or the load minus the VRE generation, influencing BESS projects that
provide load following, arbitrage, peaking capacity, or similar services.

1. Regulatory Barriers

Models of the California system have shown a strong relationship
between solar PV deployment and BESS’ ability to replace conventional
peaking capacity, also known as the BESS capacity credit (Denholm
and Margolis 2018). As the shape of the load curve affects the ability of
storage to provide peaking capacity, resources such as PV that cause load
peaks to be shorter will enable shorter duration batteries, which are less
expensive, to displace conventional peaking capacity.
Initially, low levels of PV penetration may flatten the load curve, reducing
BESS’ ability to cost-effectively offset the need for conventional peaking
plants.6 At higher levels of solar PV penetration, however, the net load
curve becomes peakier, increasing the ability and value of BESS to
reduce peak demand. Figure 4 illustrates how increasing levels of PV
generation change the shape of the net load, causing it to become peakier.
The shaded areas above and under the net load curves indicate BESS
charging and discharging, while the text boxes show the amount of net
load peak reduction (MW) and the total amount of energy met by BESS
during the net load peak (MWh).
4,841 MWh,
2019 MW

60,000

Net Demand (MW)

50,000

40,000
10,385 MWh,
4296 MW

30,000
20,000

0

20% PV

0% PV

0

6

12

18

Hour of Day
Figure 4: Change in California net load shape due to PV.
Adapted from Denholm and Margolis (2018)

6. This is demonstrated by Denholm and Margolis (2018) for the California system.

• Restrictions or lack of clarity around if and how storage
can be used across generation, transmission, and
distribution roles. The variety of different services storage can
provide often cuts across multiple markets and compensation
sources. For instance, frequency regulation may be compensated
in a wholesale market, but transmission or distribution investment
deferrals may be compensated as a cost of service by the utility or
system operator. In some jurisdictions, providing services across
different compensation sources is restricted by regulation. Limiting
the services batteries can provide based on where the service is
provided or how it is compensated can influence how often they
are utilized and whether they remain an economic investment
(Bhatnagar 2013).

2. Market Barriers

PV Penetration

10,000

• Lack of rules and regulations to clarify the role of BESS.
Although storage may be technically able to provide essential
grid services, if no regulations or guidelines explicitly state that
storage can provide these services, utilities and market operators
may be unwilling to procure services from BESS. Furthermore,
without a guarantee that services provided by a BESS project will
be compensated, storage developers and financing institutions may
be unwilling to make the necessary capital investments. Federal
Energy Regulatory Commission (FERC) Order 841 addressed this
issue in U.S. wholesale markets and directed market operators to
develop rules governing storage’s participation in energy, capacity,
and ancillary service markets. Among other requirements, the
rules must ensure open and equal access to the market for storage
systems, taking into consideration their unique operating and
technical characteristics (FERC 2018).

24

• Lack of markets for system services. A lack of markets for
services that batteries are uniquely suited to provide can make
it difficult for developers to include them as potential sources
of income when making a business case, deterring investment.
For example, in most U.S. Independent System Operator (ISO)
markets, generators are currently expected to provide inertial and
governor response during frequency excursions without market
compensation. Although BESS can provide the same services,
currently there is no way for BESS to seek market compensation
for doing so. Furthermore, the price formation for a service may
have evolved for conventional generators, meaning the presence
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of batteries in the market could distort prices, affecting storage
systems and conventional generators alike (Bhatnagar 2013).
• Lack of discernment in quality and quantity of services
procured. For some services, such as frequency regulation, the
speed and accuracy of the response is correlated to its overall
value to the system. Battery systems can provide certain services
much faster and more accurately than conventional resources,
which may not be reflected in compensation for the service.
Markets can provide fair compensation to BESS by aligning
compensation schemes with the quality of service provided, as is
mandated by FERC Order 755, which requires compensation for
frequency regulation that reflects “the inherently greater amount
of frequency regulation service being provided by faster-ramping
resources” (FERC 2011). Similarly, BESS can be uniquely suited
to provide up- or down-regulation, given their larger operating
range over which to provide regulating reserves (due to their
lack of a minimum stable level and ability to provide up- and
down-regulation in excess of their nameplate capacity, based
on whether they are charging or discharging) (Denholm 2019).
These unique features of BESS are not necessarily reflected in the
procurement requirements and compensation of such services,
diminishing BESS’ economic viability.

3. Data and Analysis Capabilities

Battery storage systems are an emerging technology that exhibit
more risk for investors than conventional generator investments.
These risks include the technical aspects of battery storage systems,
which may be less understood by stakeholders and are changing

faster than for other technologies, as well as potential policy
changes that may impact incentives for battery deployment.
Given the relatively recent and limited deployment of BESS,
many stakeholders may also be unaware of the full capabilities
of storage, including the ability of a BESS to provide multiple
services at both the distribution and transmission level. At the
same time, traditional analysis tools used by utilities may be
inadequate to fully capture the value of BESS. For example,
production cost models typically operate at an hourly resolution,
which does not capture the value of BESS’ fast-ramping capabilities. The gaps in data and analysis capabilities and lack of
adequate tools can deter investments and prevent battery storage
from being considered for services that can be provided by better
understood conventional generators (Bhatnagar et al. 2013).

What are some real-world examples of
batteries providing services and valuestacking?
There are several deployments of BESS for large-scale grid applications.
One example is the Hornsdale Power Reserve, a 100 MW/129 MWh
lithium-ion battery installation, the largest lithium-ion BESS in the
world, which has been in operation in South Australia since December
2017. The Hornsdale Power Reserve provides two distinct services:
1) energy arbitrage; and 2) contingency spinning reserve. The BESS
can bid 30 MW and 119 MWh of its capacity directly into the market

for energy arbitrage, while the rest is withheld for maintaining grid
frequency during unexpected outages until other, slower generators
can be brought online (AEMO 2018). In 2017, after a large coal plant
tripped offline unexpectedly, the Hornsdale Power reserve was able to
inject several megawatts of power into the grid within milliseconds,
arresting the fall in grid frequency until a gas generator could respond.
By arresting the fall in frequency, the BESS was able to prevent a likely
cascading blackout.
Another example of value-stacking with grid-scale BESS is the Green
Mountain Power project in Vermont. This 4 MW lithium-ion project
began operation in September 2015 and is paired with a 2 MW solar
installation. The installation provides two primary functions: 1) backup
power and micro-grid capabilities; and 2) demand charge reductions.
The solar-plus-storage system enables the utility to create a micro-grid,
which provides power to a critical facility even when the rest of the
grid is down. The utility operating the BESS also uses it to reduce two
demand charges: an annual charge for the regional capacity market and
a monthly charge for the use of transmission lines. Sandia National
Laboratories estimated that reducing the annual demand charge for a
single year saved the utility over $200,000 (Schoenung 2017).
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