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l. Energy Storage Economics 101

Energy storage?

A bucket that moves energy from one time period to another

(Simpkins, 2016)



l. Energy Storage Economics 101

Need to decide:
« When to fill the bucket

» When to empty, it
« How big of a b

(Simpkins, 2016)



l. Energy Storage Economics 101

Factors to consider:
 How fast can the bucket be filled or emptied?

« How much does the bucket cost?
 How long will the bucket last?
* Will using the bucket in a certain way cause it

to fail faster?

(Simpkins, 2016)



l. Energy Storage Economics 101

The value of the energy must be worth more at the time you
empty the bucket than it was at the time you filled the
bucket.

(Simpkins, 2016)



(Simpkins, 2016)



Power : Energy ratio Is primary
specification for battery

Common configurations

1 MW : 3 MWh (C/3)
4 MW : 2 MWh (2C)

(Simpkins, 2016)



Power vs. Energy Capacity

Which of these buckets iIs more useful?

(Simpkins, 2016)



Services provided by energy storage
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Il. Energy Storage Value Streams

Behind-the-Meter (client side)

Demand managementdo peak shavingbod
—Reducing peak demand charges on utility bill, client driven

Energy arbitrage
—Shifting energy from off-peak hours to peak hours

Demand response
—Utility program that pays you to lower demand

Resiliency
—Using battery to sustain load during grid outages

(EPRI and DOE, 2013)



Il. Energy Storage Value Streams

Front-of-the-Meter (grid side)

Ancillary services
—Providing grid support

Transmission / Distribution upgrade deferral
—Use storage to meet power quality during peak days, thus
not having to upgrade infrastructure

Capacity markets
—Bid batteries into reserve markets

(EPRI and DOE, 2013)



a) Battery storage 0 islands and off-grid applications

b) Household solar PV

c) Variable renewable energy smoothing and supply shift

d) Fast regulation in grids with high variable renewable energy

shares



a. Battery storage dislands and off-grid applications

Primary Utilization:

-Most islands and many off-grid areas are powered by diesel generation
(expensive and high emissions).
-USD 0.35/kWh to run diesel generators (IRENA, 2012)

Unique Opportunities:

-Many islands operate mini-grids, have weak interconnection and a lack of flexible

power sources.
-The battery technology can integrate renewable energy, reduce reliance on diesel
and gas generation, and in some cases lower costs.



lll. Applications of Battery Storage for

Renewable Integration

a. Battery storage dislands and off-grid applications
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The figure shows the increase integration of variable renewable energy when
combining utility-scale wind with diesel power and a lead-acid battery in an island

scenario.

(Balza, et al.,2014)




a. Battery storage dislands and off-grid applications

Case Study 1

In India, Industrial clusters have begun to produce their own
renewable electricity coupled with battery storage.

The cost of blackouts for industrial operations promotes
distributed generation with storage to increase electricity supply
reliability and security (USAID, 2014).



a. Battery storage dislands and off-grid applications

Case Study 2

In Alaska, a local utility added 4.5MW to
existing wind resources of 4.5MW. Given system
size and available resources, the utility faced
reliability concerns in integrating additional wind.

The utility selected a 3MW/750 kWh lead-
acid battery. In the first six months of operation,
they benefited from 8 million kwh of wind
integration, displacing $560K of equivalent diesel
generation costs.

(Younicos, 2013)



a. Battery storage dislands and off-grid applications

Challenges

-Ambient conditions (particularly temperature)
-Lack of installation infrastructure for equipment transportation

-Costly maintenance due to travel requirements



lll. Applications of Battery Storage for
Renewable Integration

b. Household solar PV

-Battery storage at a household allows greater self-
consumption of electricity produced by solar PV

-It can help relieve local grid capacity constraints.

(www.siliconsolar.com)




lll. Applications of Battery Storage for
Renewable Integration

b. Household solar PV
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b. Household solar PV

If solar PV output and battery charging profiles are not controlled,
the battery will charge in the morning and become fully charged. This export
may not correspond to grid peak demand periods.

-Oversupply of renewable energy
-Voltages can exceed limits
-Curtailment of renewable energy

Conventional storage
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is fed into the grie TET
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(Bundesverband Solarwirtschaft, 2014)



lll. Applications of Battery Storage for
Renewable Integration

b. Household solar PV

Grid optimized storage
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lll. Applications of Battery Storage for
Renewable Integration

b. Household solar PV

f 6 6 % This means self-consumption of solar
power can at least double depending on
the size of the solar PV installation and

Solar PVs can be installed in a st
given area under circumstances '

where peak solar PV production is 1 OO% > EE?W.:

not exported to the grid.

This is possible when solar feedn to the grid is Consumption
restrained, and battery supply matched to household
demand.




b. Household solar PV
Example:

A5 kW PV installation with a 4 kWh battery can
increase the household’s consumption of PV power from
30% to 60% (Fraunhofer, 2013a; Fraunhofer, 2014)

This application can increase household solar
power penetration while ensuring grid stabllity.



b. Household solar PV

Considerations:

Optimal charging and discharging algorithms will vary
according to the particular electricity system and area,
household, and time of year.



lll. Applications of Battery Storage for
Renewable Integration

c. Variable renewable energy smoothing and supply shift

Applications

- Located at the centralized RE production site to smooth

variable generation output
- Store excess renewable production

- Distinguished from regulation. Regulation services operate

at the grid level.



lll. Applications of Battery Storage for
Renewable Integration

c. Variable renewable energy smoothing and supply shift

1. Smoothing

- Solar PV and wind power may quickly ramp up or down.

- Negative consequences for system voltage levels

- Smoothing renewable energy production helps maintain
system reliability and voltage concerns.

- It does so by mitigating the very short-term RE fluctuation
before feeding it into the grid.

(Ecocult, 2012)



lll. Applications of Battery Storage for
Renewable Integration

c. Variable renewable energy smoothing and supply shift

Example of Power Smoothing
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lll. Applications of Battery Storage for
Renewable Integration

c. Variable renewable energy smoothing and supply shift

Case Study:

Given the vulnerability of island and off-grid systems to fluctuations
In variable renewable energy feed-in, islands have paid particular attention
to this issue.

French island systems and Puerto Rico required storage in
conjunction with solar PV installations. These battery installations were
expected to smooth power fluctuations as well as provide frequency
response (Shakarchi, 2014).



lll. Applications of Battery Storage for
Renewable Integration

c. Variable renewable energy smoothing and supply shift

2. Energy Supply Shift

- Battery storage can be utilized '
at the variable renewable
energy production site for longer
supply shifts.

- Store excess renewable
energy production for times
when demand increases.

(Sioshansi et al.,2012).



lll. Applications of Battery Storage for
Renewable Integration

c. Variable renewable energy smoothing and supply shift

- Energy storage decreases
reliance on fossil fuel power Energy supply

plants and ensures system HoRC e / \

stability while avoiding Power generation
curtailing wind or solar power.

- In some markets this makes
economic sense. The battery is
charged when prices are
relatively low. It discharges
electricity when prices are
higher.




lll. Applications of Battery Storage for
Renewable Integration

c. Variable renewable energy smoothing and supply shift

- The smoothing application is well suited to battery storage,
given the need for rapid, quick charging and discharging.

- Shifting renewable energy production is unique to energy
storage. No other flexibility measure can provide this facility.



lll. Applications of Battery Storage for
Renewable Integration

d. Fast regulation in grids with high variable renewable energy shares

Focused on balancing power meant to solve short-
term active power imbalances (over seconds to hours)
causing system freqguency to diverge from its target.
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lll. Applications of Battery Storage for
Renewable Integration

d. Fast regulation in grids with high variable renewable energy shares

Short-term regulation or frequency/primary response
(in seconds)

This is an important ancillary service needed in systems with
a high share of renewable. Primary reserve needs to respond
Immediately when plants are (unexpectedly) brought offline
to restore the balance.



lll. Applications of Battery Storage for
Renewable Integration

d. Fast regulation in grids with high variable renewable energy shares

Frequency Fluctuation

« Grid Frequency must be maintained between 59.4 Hz and 60.6 Hz

» Fluctuations caused by:

« Supply/demand imbalance [~

« Short circuits/line faults
« Consequences
» Generation facilities or transmission lines may trip and cause outages

« (Cascading failures



lll. Applications of Battery Storage for
Renewable Integration

d. Fast regulation in grids with high variable renewable energy shares

Voltage Fluctuations

« Customer voltage should be maintained within +/-5% of system voltage
* Fluctuations caused by:

« Supply/demand imbalance

’? o
« External factors such as lightning, fallen trees, etc. IUUU\[E;H,;\‘\‘\[‘%ﬂq.t\

VI U
IUU

 Conseqguences:
« Dimming or flickering lights
« Damaged equipment
» Fire/explosion

* Black/brownouts



lll. Applications of Battery Storage for
Renewable Integration

d. Fast regulation in grids with high variable renewable energy shares

Voltage vs. Frequency

* Generally, the system is less vulnerable to voltage fluctuations

than frequency fluctuations

Slight changes in frequency will cause system protection equipment to trip

System allows relatively larger voltage swings

« Voltage is adjusted at every transformer

Customers notice voltage fluctuations in the form of lights flickering.



lll. Applications of Battery Storage for
Renewable Integration

d. Fast regulation in grids with high variable renewable energy shares

In North America, primary control is deployed over 10-60
seconds (frequency response).

Secondary control over a maximum of ten minutes (regulation)
and tertiary control over a period of ten minutes to several
hours (imbalance/reserves).



lll. Applications of Battery Storage for
Renewable Integration

d. Fast regulation in grids with high variable renewable energy shares

Frequency response refers to the shortest time frame of
control. It is important because it begins the process of bringing
frequency back towards the system target (NETL, 2011).

Battery storage can provide balancing power over all of these
time frames.



lll. Applications of Battery Storage for
Renewable Integration

d. Fast regulation in grids with high variable renewable energy shares

« Spinning reserves are power plants kept operational (spinning) and
connected to the grid.

« Spinning reserves can provide large amounts of energy once needed.
Nevertheless, they burn costly and polluting fossil fuels.

* |tis expected that battery storage could be used for this service, though
this is not yet commonplace (Jaffe and Adamson, 2014).



lll. Applications of Battery Storage for
Renewable Integration

d. Fast regulation in grids with high variable renewable energy shares

« Battery can charge and discharge energy in seconds or less.

* An electricity system benefits in several ways from the fast,
accurate ramping provided by battery storage. The battery
can quickly and accurately compensate for short-term output
deviations from variable renewable energy generators in
order to maintain system frequency.
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lll. Applications of Battery Storage for
Renewable Integration

d. Fast regulation in grids with high variable renewable energy shares

ERCOT System Example

The need for the short-term regulation is probably related to errors in
forecasting peaks and troughs in the wind resource.

Though the rapid response reserve depicted here is probably not battery
storage, batteries are well suited to this application.
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lll. Applications of Battery Storage for
Renewable Integration

d. Fast regulation in grids with high variable renewable energy shares

« Battery storage may avert the need to keep combustion turbines online.

* Freqguency regulation provided by conventional plants may also
accelerate equipment degradation due to ramping requirements of

frequency regulation.

* This increases maintenance costs for these plants and, therefore, the
overall cost of the ancillary service.



lll. Applications of Battery Storage for
Renewable Integration

d. Fast regulation in grids with high variable renewable energy shares

Increasing amounts of renewable energy make battery storage a
compelling option.

Batteries used for this application must be able to withstand multiple

charge and discharge cycles as well as providing a significant amount of
power when necessary over a short time period.

Fueling a
Sustainable
Future
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