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Executive Summary

Grid-level energy storage is likely to dominate the conversation in the power industry in
the coming years, just like renewable energy dominated the conversation in the past 2
decades. The drivers for grid-level energy storage are rapidly decreasing cost of energy
storage, and the multitude of benefits provided by energy storage to the grid in general
and to grids with high penetration of renewable energy in particular.

The rapid decrease in cost is primarily driven by rapid innovation and scale in the
electric vehicle market. Currently, a large amount of investment is being channeled into
energy storage for such applications. This has led to rapid innovation in terms of use of
cheaper raw materials, longer-life, safer operations, and better control. It has also led to
large-scale production facilities (gigawatt factories) for energy storage, which promises
to achieve reduction in costs similar to those seen in solar photovoltaic industry.

The focus of this report is on energy storage for the power grid in support of larger
penetration of renewable energy. The emphasis is on energy storage and associated
power electronics that are deployed in the grid in order to support utility scale
renewable energy projects (wind and solar) by providing services like frequency
support, voltage support, ramping support, peak-shaving, load-shifting, transmission
deferral, and others. The following applications of energy storage are important, but
are beyond the scope of this report: residential, commercial or industrial behind-the-
meter energy storage. Although most of the content in the report is applicable to the
benefits of energy storage deployment in grids with minimal or no renewable energy
penetration, that is not the focus of the report; instead, the focus is on grids that have or
will soon have high renewable energy penetration.

The intended audiences of the report are investors, developers, utility planners, power
sector policy makers, and others who want to understand the important role energy
storage is likely to play in the smart grid of the future. For the developing member
countries of the Asian Development Bank, this report provides an introduction to

the necessary technical background on energy storage, the role it is likely to play as
penetration of renewable energy increases in the grid, and the policy prescriptions to
realize the wide range of benefits of energy storage.

The first chapter of the report introduces broad categorizations of energy storage and
specific technologies that belong to each category. The energy storage technologies
are mapped out in terms of amount of power and energy content, and the different
applications in the power sector. The maturity of the different technologies is also
discussed.
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Energy Storage in Grids with High Penetration of Variable Generation

The next chapter lays out the case for energy storage in grids that are planning large
penetration of renewable energy. The characteristics of renewable energy that require
storage as the penetration of renewable energy rises are described. Other than the
obvious concerns related to mismatch of renewable energy production compared to
load, there are issues related to lower grid inertia and lower spinning reserves during
times of high renewable energy production. Energy storage is a solution for addressing
these concerns.

The third chapter describes the various roles and applications of energy storage in a
grid. The applications are grouped into four clusters—bulk energy services, ancillary
services, dispatch-ability, and transmission and distribution deferral. The characteristics
of energy storage that support each of the applications are described in the context of
high penetration of renewable energy in the grid.

The fourth chapter presents the control systems that accompany energy storage. There
are three tiers of control systems: battery management system (BMS), power conversion
system (PCS), and supervisory control system (SCS). BMS manages the health,
longevity, and safety of the battery by monitoring parameters like state of charge, state
of health, temperature, and others. PCS manages delivery of active and reactive power
to the grid. The SCS monitors grid parameters like bus voltages, grid frequency, and
others to send commands to PCS and BMS.

The next chapter outlines the technical studies that should be performed for an energy
storage project. The first is power systems analysis of the grid with renewable energy
and energy storage using methods like power flow, short-circuit, and stability analyses.
The second is sizing of storage based on grid-specific conditions.

The sixth chapter addresses financial modeling and economics of energy storage
projects. The financial model for energy storage is more complicated than that of
arenewable energy project—the cost of charging, the stacking of revenue based on
services provided, and the cost of replacement of energy storage units. The estimation
of the first two components requires an hour-by-hour simulation model for a year of
the energy storage unit, renewable energy production, and schedule of conventional
generators.

The final chapter covers policy support required for energy storage projects. Best
practices for policy include setting tariff for each of the services provided by energy
storage, incorporating energy storage in an energy master plan, incentivizing
codevelopment of energy storage and distributed renewable energy, and support for
pilot projects.
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Introduction to Grid Energy

Storage

The advantages of energy storage in the grid are well understood. Pumped-storage
hydroelectricity is one of the oldest forms of grid-level energy storage and was first used
in the 1890s. These storage systems have provided a wide range of services to the grid
including load balancing, load following, reserve generation, and frequency and voltage
support. With increased penetration of variable generation like solar and wind, there
will be higher demand for such services, therefore energy storage will become critical to
the grid.

At the 21st Conference of Parties in Paris in December 2015, there was wide spread
recognition that for the individual countries to meet the Intended Nationally
Determined Contributions, the following transformation needs to occur in the power
generation sector:!

(1) widespread deployment of mature and commercially available low-carbon
technologies like wind and solar; and
as the penetration of wind and solar increases, energy storage technologies
will be required to safeguard the reliability of the grid.?

@iD)

Since energy storage is the key enabler to high level of renewable energy penetration,
significant research and development investments are planned to achieve the cost
reductions and efficiency increases seen in solar photovoltaics and wind.

Capacity Versus Energy

Energy is defined as the ability to do work, and power is defined as the rate at which
energy is supplied. Energy is measured in kilowatt-hours (kWh) or megawatt-hours,
while power is measured in kilowatts (kW) or megawatts (MW). This concept can be
best explained with examples. Consider a flywheel energy storage device with a power
rating of 500 kW that can deliver energy for 30 seconds, when fully charged. Such a
device is useful for delivering a large amount of power for a short duration, for example
during a transient disturbance caused by a loss of a large generator on the grid; this
burst of power from a storage device prevents the frequency from dropping in the grid,
giving governors of other online generators time to react in order to make up for the

! International Energy Agency. 2015. Energy and Climate Change. https://www.iea.org/publications/
freepublications/publication/WEO02015SpecialReportonEnergyandClimateChange.pdf

2 The exact level of penetration of variable renewable energy that would require energy storage is grid-specific.

“I believe energy
storage is the single
most important
area for investment
in research and
demonstration into
the marketplace
today,”

— Sir David King, United
Kingdom Foreign Office
permanent representative,
21st Conference of Parties,
Paris, December 2015.
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loss. The flywheel therefore has a low amount of energy (500kW*30 sec=4.17 kWh) and
a large amount of power (large power relative to the amount of energy).

Next, consider a battery with a power rating of 500 kW that can deliver energy for

2 hours, when fully charged. This has an energy rating of 1,000 kWh, which is a large
amount of energy relative to the amount of power. For applications that involve peak
shaving or load shifting, storage units with higher energy rating are required—for
example, storing energy during periods when renewable energy resource is high but
load is low and discharging energy during periods when load is high and there is no
renewable energy resource.

Applications such as long-duration load shift require a large volume of energy storage
capacity, making energy cost (dollars per kWh or megawatt-hour) a particularly
important consideration for selecting an appropriate storage technology. Similarly,
applications such as grid frequency and grid voltage stability require power to be
absorbed or injected, making power cost (in dollars per kW or MW) a particularly
important consideration in choosing the appropriate storage technology.

Different Types of Storage

There are different types of storage units commercially available in the market. These
units are mainly classified based on the form of energy that the unit stores. Figure 1.1
gives the classification of storage technologies and its grouping.

Figure 1.1: Classification of Storage-Based on Technologies

Electrical Energy Storage Systems

Pumped Hydro (PHS)

Double-Layer Capacitor

Lead Acid (PbA)
Nickel Cadmium (NiCad)

Lithium lon (Li-ion)

Compressed Air (CAES)

Flywheel (FES) Superconducting

Magnetic Coil (SMES)

Hydrogen
Molten Salt

Sodium Sulfur (NAS)
ZEBRA (NaNiCl)

Vanadium Redox (VRB)

Zinc Bromine (ZnBr)

Source: R. Carnegie et al. 2013. Utility Scale Energy Storage Systems: Benefits, Applications, and
Technologies. West Lafayette.
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Thermal Energy System

In this storage technology type, the storage unit has the capability to store energy in

the form of thermal energy, for example, ice or heat. There are a number of thermal
storage technologies that could be employed to provide benefits to the electric power
grid but this report briefly describes only one technology that is widely used. A simple,
two-tank, direct molten salt energy storage system utilizes a receiver to reflect sunlight
onto a heating chamber. Fluid from a cool tank is pumped to a heating chamber where it
is brought to a very high temperature. It is then transferred to a tank containing heated
fluid for storage. When heat energy needs to be recovered, it is used to create steam that
powers a generator. There are other configurations, but the overall principle remains
the same.

Mechanical System

The term “mechanical” determines the type of energy that is used to store energy in
these storage technologies. This category of energy storage technologies includes

(i) pumped hydroelectric storage — potential gravitational energy,
(i) compressed air energy storage — pressure potential energy, and
(iii) flywheel energy storage - rotational kinetic energy.

Pumped hydroelectric and compressed air energy storages are primarily energy storage
technologies, whereas flywheels are primarily used for power applications.

Electrical and Magnetic Field Storage System

Under this category there are two main types of storage units. The first is a double
layer capacitor, which is a capacitor consisting of two electrical conductors separated
by a nonconducting material. It is used to store energy in the form of an electric field.
The other is a superconducting magnetic energy storage system, which uses the flow
of direct current superconducting coil to generate a magnetic field. This magnetic field
is used to store energy. Both discharge in very short durations and are thus suitable for
power applications.

Electrochemical Storage System

This category contains storage technologies that convert electrical energy into chemical
energy when charging. Electrochemical batteries use chemical reactions within

a battery cell to facilitate the flow of electrons through a connected load, thereby
generating an electric current. Storage units under this category are lead acid battery,
nickel cadmium battery, lithium ion battery, sodium sulfur battery, sodium nickel
battery, vanadium redox flow battery, and zinc bromine flow battery.

Comparison of Energy Storage Technologies

Figure 1.2 illustrates the relative positioning of various energy storage technologies.
The x-axis is the power capacity, the y-axis is the discharge time, which is a measure of
energy capacity (= power x discharge time), and the second x-axis is categorization of
energy storage technologies for different applications.
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Figure 1.2: Positioning of Energy Storage Technologies with Respect
to Discharge Time, Application, and Power Rating

UPS Power Transmission and Distribution Bulk Power
Quality Grid Support Load Shifting Management

Pumped Hydro

Compressed air energy
Flow Batteries: Zn-Cl, Zn-Air, Zn-Br storage

VRB PSB New Chemistries
NaS

Hours

NaNICI, Battery

Li-lon Battery

Minutes

Lean-Acid Battery

Discharge Time at Rated Power

NiCd [
v
-
§ High-Power Flywheels
n
High-Power Supercapacitors SMES
1kW 10 kW 100 kW 1MW 10 MW 100 MW 1GW

System Power Ratings, Modules Size

NaNiCl=Sodium Nickel Chloride, NaS=Sodium Sulfide, NiCd=Nickel Cadmium, PSB=Polysulfide
Bromide, SMES=superconducting magnetic energy storage, UPS=Uninterrupted Power Supply,
VRB=Vanadium Redox Battery, Zn-Air=Zinc Air, ZnCl=Zinc Chloride.

Source: A. A. Akhil. 2015.

Pumped hydroelectric and compressed air energy storage are used for bulk power
management with largest power and energy capacities. Chemical batteries with 30
minutes to multiple hours of storage are commonly used for load shifting with project
size in the range of 100kW to approximately 30MW. Flywheels, super capacitors, and
superconducting magnetic energy storage can provide large amounts of power for
very short amounts of time (seconds) and hence are valuable for providing frequency
response in order to stabilize the grid.

Figure 1.3 contains a chart of energy storage technologies, categorized by maturity. The
possible applications of the energy storage technologies are shown in Table 1.1.
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Table 1.1: Storage Technologies and Their Duration, Maturity, and Applications

Mechanical Energy Storage System

Pumped hydroelectric 6-10 Mature Load leveling
Peak shaving
Renewable integration

Compressed air energy 20 Commercial Load leveling

storage (underground) Renewable integration

Flywheels 0.25 Commercial Frequency regulation

Electrical and Magnetic Storage System

Superconductive Demo Power quality

magnetic energy Frequency regulation

storage Voltage Support

Electrochemical ~1min Demo Power quality

capacitors Frequency regulation
Voltage Support

Electrochemical Storage System

Advanced lead acid 4 Demo Power quality

batteries Frequency regulation
Voltage support
Renewable source
integration

Lithium ion batteries 0.25-1 Commercial Power quality
Frequency regulation

Sodium sulfur 7.2 Commercial Time shifting
Frequency regulation
Renewable source
integration

Vanadium flow redox 5 Demo Peak shaving
Time shifting

Frequency regulation
Renewable source
integration

Source: F. Valenciaga, P. Puleston, and P. Battaiotto. 2003. Power control of a solar/wind generation system
without wind measurement: a passivity/sliding mode approach. |[EEE Transactions on Energy Conversion.

18 (4).
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Figure 1.3: Comparison of Technology Maturity

A
v

Adv Li/Metal Zn/Air

v

A Research Development Demonstration Deployment Mature Technology
T Nas R
“E’ _ Flow Batteries N >
s < » ZnCl FeCr ZnBr < _ >
] Superconducting Magnetic NaNiCl, _Pumped Hydro
= Energy Storage (SMES) <
- < > Advanced Lead Acid Lead Acid
g Nano-capacitors Na-lon ) g
(a] B > Flywheel
= : ywheels R
S Li-lon
©
>
()
-l
©
Q
=)

Adiabatic CAES
g * Supercapacitors g
g _ Compressed Air Energy Storage (CAES)
é “2nd Generation 1st Generation ©

Left end of arrow indicates current status;
Right end of arrow indicates estimated 2020 development level.

\/

Time
Adv=Advanced, FeCr=Iron Chromium, NaNiCl2=Sodium Nickel Chloride, NaS=Sodium Sulfide, Zn=Zinc, ZnBr=Zinc Bromide,

ZnCl=Zinc Chloride.
Source: R. Carnegie et al. June 2013. Utility Scale Energy Storage Systems: Benefits, Applications, and Technologies. West Lafayette.

Cost of Energy Storage Technologies

The cost of energy storage is usually expressed in two units: US dollar per MW and US
dollar per megawatt-hour. Rapid technological development in energy storage has led
to persistent decline in costs, therefore reports of cost are by nature 6 to 12 months old.
In November 2015, Lazard reported levelized cost of storage (LCOS) for various energy
storage technologies, which is presented in Figure 1.4. Refer to the Lazard report for
assumptions and methodology.? LCOS are defined for different use-cases and include
total capital cost, operations and maintenance cost and charging cost. Since each use-
case has a different use profile in terms of number of cycles, depth of discharge and
others, the LCOS estimates are different. Notice that the range of LCOS values is wide.

According to the Lazard report
(1) for large-scale energy storage to improve transmission grid performance

(labeled “transmission system” in Figure 4.1) and assist in integration of large-
scale renewable, pumped hydroelectric is the most inexpensive form of storage;

3 Lazard. 2015. Lazard’s Levelized Cost of Storage Analysis Version 1.0. https://www.lazard.com/media/2391/
lazards-levelized-cost-of-storage-analysis-10.pdf
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Figure 1.4: Lazard Estimates for Levelized Cost of Energy Storage
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Source: R. Carnegie et al. June 2013. Utility Scale Energy Storage Systems: Benefits, Applications, and Technologies. West Lafayette.

(ii) for peaker replacement, zinc batteries (wide variations including zinc-air)
are the lowest LCOS; however the technology is unproven in widespread
commercial deployment, while flow batteries have a slightly higher LCOS;

(iii) for frequency regulation, lithium-ion is the lowest LCOS while flywheel is

slightly higher;

(iv) for distribution services, zinc and flow batteries are low LCOS technologies;

and

(v) for photovoltaic integration, zinc battery is the low LCOS technology

(footnote 3).




Role of Energy Storage
in Integrating Renewable

Energy

In this section, the characteristics of renewable energy sources like wind and solar (also
called variable generation) are described. Table 2.1 summarizes the unique properties of
variable generation, the impact it has on the grid, and the role energy storage can play in
reducing the impact on the grid.

Highest Priority Dispatching of Renewable Energy

Marginal cost of production is a well-established concept in the power industry and it
is used to determine which generators should be used to meet the projected demand of
electricity in the grid, hour-by-hour. Generators with the lowest marginalized cost of
production are scheduled first, and the last scheduled generator has a cost that is lower
than all the generators that are not scheduled for the hour of interest. The logic gets
complicated as cost of startup and shutdown are taken into account.

It is also well-established that marginalized cost of production for a generator is the cost
of fuel consumed per kWh of electricity produced. As a simplification, all other costs are
considered fixed costs that do not vary with production. Wind and solar power plants
have zero marginalized cost of production because the cost of fuel is zero. Therefore,
wind and solar power plants are dispatched with the highest priority, unless the grid is
likely to experience instability or other problems. For this reason, most power purchase
agreements are “take-or-pay,” which means that the buyer of renewable energy pays for
the energy produced and curtailed. Curtailment of renewable energy is quite common
in instances when high amounts of renewable energy are produced during times of low
demand and conventional generators cannot be shut down because of high cost of shut
down and startup or grid stability. In take-or-pay contracts, the utility pays for curtailed
renewable energy—electrical energy that it did not receive.

Energy storage can alleviate this problem by storing the curtailed energy and delivering
it during times of peak demand. A business case for energy storage in this situation
involves detailed analysis of largest duration of curtailment, differential in price of
energy from time periods of peak and off-peak demand, and others.
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Table 2.1: Impact of Integration of Renewable Energy in Grid and Solutions
that Storage Provides

Characteristics of
Renewable Energy

Zero marginal cost,
hence renewable
energy gets the
highest priority for
dispatching

Impact on the Grid

(a) During periods of low
demand, renewable energy
displaces conventional
generation. It may lead to
lower capacity operation
or shutdown of spinning
reserves, and in some cases
base load generators. This
decreases the efficiency of
conventional generators.

(b) During periods of low
demand, there is drop in
inertia and drop in droop
based governor response due
to shutdown of conventional
generators.

Role of Storage in Alleviating
the Impact

Energy Storage can remove
inefficiencies by storing energy
during times of excess renewable
energy generation Energy storage
with smart inverters can provide
primary frequency response
through the fast response of
energy storage technologies.

Variable and

(a) On second-by-second or

(a) Fast-acting energy storage can

Uncertain Power subsecond basis, grid inertia provide subsecond to second
compensates for the change level response, thereby acting
in net-load. With high like inertia.
renewable energy penetration
the grid inertia is reduced.

(b) On a minute-by-minute (b) Energy Storage can act
basis, spinning reserves provide spinning reserves
compensate for the change and provide load following
in net-load. High penetration service.
of renewable energy during
low load can lead to shutting
down of spinning reserves.

(¢) On hour-by-hour basis,
variability and uncertaintyis | (¢) Energy Storage can be
managed by the dispatching dispatched as capacity.
operation.

Fast ramping The ramp rates of renewable Fast acting renewable energy can

energy may be too high for it to
be supported by load following
generators

provide the required ramp rate

Source: Author.

e
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Variability and Uncertainty of Power

The energy output of wind or solar power plant is variable and uncertain because the
wind speed or solar radiation is variable. The variability and uncertainty of generation
is in all time scales—second-to-second, minute-to-minute, hour-to-hour, day-to-

day, month-to-month, and year-to-year. Demand for electricity is also variable in all
time scales. Grids manage the combined variability and uncertainty by managing net
demand (= demand - renewable energy production), which is fulfilled by conventional
generators (combination of base-load and load-following generators).

On a second-by-second or subsecond basis, the variation and uncertainty in net
demand is managed by grid inertia, which is provided by traditional conventional
synchronous generators. With higher penetration of wind and solar (both do not
provide inertia to the grid), the grid inertia falls, which may cause stability issues. Fast
acting and bidirectional energy storage can stabilize the grid by storing and delivering
energy within a few microseconds; the types of energy storage devices that have these
capabilities include electrochemical batteries like lithium-ion, flywheel, and capacitors.

On a minute-by-minute basis, the variation and uncertainty in net demand is managed
by load-following generators, which sense frequency rise or drop to determine the
power output using governor controls. When the rate of change in renewable energy
production is large, then the rate of change of net demand could become larger than
the ramp response that can be provided by the load following generators in the grid.
Electrochemical batteries can support the grid with minute-by-minute response.

On an hour-by-hour or longer timeframe, electrochemical batteries, pumped storage,
and compressed air energy storage can store and provide energy for longer periods.

Fast Ramping

One of the uncertainties of renewable energy is the ramp rate, which is defined as an
increase or decrease in power over a defined period. Even if accurate forecast of hourly
renewable energy generation is available, knowledge about the ramp rate, which is the
highest rate of change of energy production during the hour, is important because it
governs the amount of spinning reserves required for managing the renewable energy
ramp. The ramp rate of a solar plant can be large because of moving in or moving out of
cloud cover. Ramp rates of wind plants are smaller in comparison. However, with high
penetration of renewables, there may not be enough spinning reserves to respond to
high ramp rates. Fast-acting batteries can respond to positive ramp rate of renewable
energy generation by absorbing energy and to negative ramp rate by supplying en