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Introduction

Batteries are a huge part of energy storage, particularly
when it comes to integrating and adding value to variable
renewable sources like wind and solar. Energy storage is so
much more than the latest advancement in lithium battery
Image source: Andy Armstrong  LE€Chnology, though - from pumped hydro to magnetic fields,
( , via Flickr. - energy can be stored in a multitude of ways and put to a
wide variety of uses.

In broad terms, four families of energy storage populate today's market: chemical,
thermal, mechanical, and electrical.

includes such well-known technologies as dry-cell batteries (for ex-
ample, Duracell and Tesla) and traditional fuels (gasoline is a highly convenient form of
stored energy). It also includes less-traditional battery and fuel technologies, such as
flow cell batteries, fuel cells, and hydrogen fuel. These forms of energy storage are
valued for both their versatility and portability. Batteries can range in scale from small-
er than a bacterium to as large as a house, and can be used individually or connected
to form great battery banks that store a significant amount of energy. Fuels, especially
liguid fuels, are easily transported and stored so that their energy is available where
and when it is needed. Flow batteries and fuel cells essentially combine the two, re-
sulting in batteries with nearly unlimited useful lives that can also be recharged quick-
ly. Common issues with chemical energy storage include the costs of scaling up, as
well as efficiency and capacity limitations inherent in the technology in use today.
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Image source: U.S. Energy Information Administration, (2015).


http://www.eia.gov/electricity/data/eia860/
https://creativecommons.org/licenses/by-sa/2.0/
https://www.flickr.com/photos/andyarmstrong/190078748/

Types of Energy Storage

is already commonly available. There's a program in Minnesota
employing over a gigawatt-hour of energy storage every night.” It works by distrib-
uting large-capacity, well-insulated water heaters to residents and then giving them
a discount for allowing the utility to heat the water only when energy is plentiful.
The electricity from the grid is then stored as heat, which the customer makes use
of throughout the day. This kind of storage works with water, sand, gravel, ceram-
ics, and even molten salt, a popular grid-scale option. Additionally, the heat can be
stored through a phase change, such as freezing water to ice at night when elec-
tricity is inexpensive, to be used for space cooling the following day.

, which often makes use of gravitational potential ener-
gy, is deceptively simple. It generally involves moving a solid or a liquid (or com-
pressing a gas) when energy supply is high, and allowing it to return (or decom-
press) when demand is high. Pumped hydro is the largest form of energy storage in
the United States, accounting for 95% of grid-scale projects as of 2013." Water is
pumped behind a dam using electricity when prices are low, and then allowed to
flow through the turbines to generate electricity for the grid when demand pushes
prices up. Compressed air works similarly, through the use of large underground
caverns. One energy services corporation even uses rail cars loaded with gravel to
accomplish grid-scale storage - electricity drives the heavy train cars uphill, and
gravity pulls them back down. Work is currently underway to improve the efficien-
cy of many of these technologies.
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Image source: US. Dep't of Energy, (2013).


http://energy.gov/sites/prod/files/2014/09/f18/Grid%20Energy%20Storage%20December%202013.pdf

Types of Energy Storage

One highly specialized use of me-
chanical energy storage comes in
the form of flywheels Flywheels
are large, heavy cylinders that spin
in near frictionless environments.
Large banks of such flywheels pro-
vide grid stabilization services in
much the same way as other forms
of mechanical energy, but for very
different purposes: energy is stored
as kinetic energy as the cylinders
are sped up to over 50,000 rpm;
when rapid fluctuations in the bal-
ance of generation and load on the
grid work to destabilize the system,
the energy from the flywheels can
be harvested very quickly to offset 1. Case 5. Inverter
these fluctuations, maintaining sys-
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Finally, electricity can be stored ,
through the use of electromagnetic fields ca-
pacitors and supercapacitors Outside of their
specialized uses in advanced electronics,
these forms of storage are best suited to grid
stabilization and power quality purposes.

N —O,

Image source: Tosaka (CC BY 5.0) =
via Wikimedia Commons.
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Uses for Energy Storage

As you can see, storage has the potential to bring a number of benefits to the grid
beyond simply storing electric energy for later use. Integration of the electricity
grid with complementary systems (thermal energy, electric vehicles, etc) allows
storage to serve many useful functions at several levels, including the transmission,
distribution and customer scales:

e Managing Supply and Demand - energy customers [on demand-based rates]
can reduce their bills by shifting energy use to low demand periods or by re-
ducing their maximum energy use in a given month. Energy storage can cost
effectively supply capacity and backup power that has historically been pro-
vided by expensive quick response fossil fuel power plants.

e Delivering Ancillary Services - at every moment supply and demand of elec-
tricity must be in balance. Energy stor-
age can respond more quickly than
most existing technologies, helping
maintain the voltage and frequency of
the electricity system to avoid damage _—
to connected electronics and motors,
and avoid power outages.

e Reinforcing Infrastructure - power lines, ~
transformers and other grid infrastruc- _—
ture wear more quickly when operating
at peak capacity. Energy storage can
shift energy demand to ease stress on
expensive equipment. It also allows en-
ergy users to manage their own energy
use.

e Supporting Renewable Energy -[...] En-
ergy storage responds quickly and ef-
fectively to variations in renewable en-
ergy output, enabling [cost-effective in-
tegration of] penetrations of wind and
E%Lo?i' on the electric grid [in excess of

Image source: Benoit Serrier ( , ), , via Wikimedia Commons.
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Uses for Energy Storage

Storage will be an integral part of the As our grid modernizes, it will be
more flexible, able to integrate large amounts of distributed energy generated by mul-
tiple parties, more efficient, and controlled by real-time, two-way digital communica-
tion and control. New utility business models will be needed to reward these services
and outcomes, rather than traditional metrics such as growing electricity sales and in-
vestment in large centralized power plants. Rate and pricing reforms, like time of use
rates, are needed to enable grid innovation. Ancillary services that storage can provide
in @ modernized grid include:

e Load Following/Ramping: Load following is the matching of generation to
load as it fluctuates during the day. Historically the market for this service
required the device be capable of altering its power output as frequently
as every five minutes, however recent standards now also allow for mar-
kets with some resources responding in seconds. The output changes in
response to the changing balance between electric supply and load within
a specific region or area. Load following is a particularly valuable service
that storage can provide as the system accommodates greater amounts of
variable generation. Storage has the ability to respond within seconds,
which makes its service particularly valuable. It may also reduce the wear-
and-tear associated with using traditional generators for this service.

e FElectric Supply Reserve Capacity: Operation of an electric grid requires
reserve capacity that can be called upon when some portion of the normal
electric supply resources becomes unavailable unexpectedly. There are
three types of reserve: spinning reserve (synchronized), non-spinning re-
serve (non-synchronized), and supplemental reserve. When serving as
electric supply reserve capacity, storage cannot typically serve other ap-
plications simultaneously.

e Voltage Regulation/Support: The purpose of voltage support is to main-
tain voltage levels on the electric system by providing or absorbing reac-
tive power or through the use of voltage tap changers that mechanically
adjust voltage. The provision and absorption of reactive power is an appli-
cation for which distributed storage may be especially attractive, because
reactive power cannot be transmitted efficaciously over long distances.
Notably, many major power outages are at least partially attributable to
problems related to transmitting reactive power to load centers. So, dis-
tributed storage - located within load centers where need for reactive
power is greatest - can be especially helpful in managing voltage.



Uses for Energy Storage

VWhen our energy systems begin to merge electricity and thermal energy manage-
ment, they can become far more efficient and versatile.” In Germany, for example,
‘Power to X' refers to the idea of converting excess electricity produced by wind and
sun to another useful, storeable energy product (for example, fuel for your vehicle).

Image source: Jacob Edwards ( ), . via Flickr

VWhile energy storage can add value to generation, the transmis-
sion grid does not necessarily need additional storage to accommodate near-term
growth of renewables in Minnesota. Solar and wind tend to have a complementary
relationship, and the distribution of renewable sources geographically reduces the im-
pact of localized weather disturbances on overall generation. A recent engineering
study published by the Minnesota Department of Commerce concludes that Minneso-
ta's current power system, with transmission upgrades, could handle up to forty per-
cent wind and solar without impacting reliability - even if no additional storage is add-
ed. ¥ Rather, the growth of energy storage could help to push beyond these limits
decarbonize transportation, maintain the stability and affordability of the electric grid
and enable the growth of innovative community-based solutions like microgrids


https://creativecommons.org/licenses/by-nc-nd/2.0/
https://www.flickr.com/photos/112004698@N06/14584327472/

Policy, Regulatory and Market Drivers

Storage has many intriguing possibilities for improving energy systems, but not all of
them are the most cost effective strategies.

Advanced vanadium redox flow battery $2,000-$12,500
Advanced lead acid eee— $2,200-$3,900
Lithium ion—high energy I——— 32 500-53,500
Vanadium redox battery e $2 200-$3,100
Sodium sulfur I $2,600-$3,100
Zinc bromide I $1,200-53,000
Sodium nickel chloride ——— $2 000-$3,000
. Valve-regulated lead acid I $1,600-%2,500
§’ Pumped hydro e §1,300-52,200
£ Compressed-airenergy storage—smal —— $1,800-%2,100
g Mickel battery (NiCd, NiZn, NikH) I $1,100-$1,900
£ Flywheel — §1,200-51,600
? Zinc-air battery s $1,200-$1,400
fim Thermal storage—cold mm  $500-$1,300
Compressed airenergy storage—cavern — $700-%1,300
Lithium-ion—high power . 5800-$1,200
Hybrid lead acid and double-layer capacitor s $1,000-51,200
Double-layer capacitor . $600-%1,000
Thermal storage—hot |(m $110-$300

$0 $2,000 $4,000 $5000 $8000 $10,000 $12,000 $14,000 $16,000 $18,000

Cost ($KW)
Motes: KW = kiiowas, NiCd = nickel cadmium, MiMH = nickel meial © E Source; daia from Sandia Nasonal Laboratories
hydride, NiZn = nickel zinc.
Image source: David Podorson, (2014).

that could be considered in storage deployment are whether its
use

e Is Cost-effective

e Reduces Greenhouse Gases

e Adds value to renewable generation (e g, as alternative to curtailment)
e Strengthens the grid (ancillary services, etc))

e Allows energy independence (microgrids, off-the-grid systems)

e Increases resiliency (back-up power for critical infrastructure or vulnera-
ble populations)

e Enables other valuable innovations (e g, electrification of transportation)

Policy or regulatory incentives should be tailored to meet public policy goals
such as these, but should allow for a variety of technology platforms. Policy-
makers and regulators need to determine the real value of storage, and create
market mechanisms to monetize that value, in order to prepare for a rapidly
emerging future with very high levels of renewable energy, carbon constraints,
and smart technology.


http://www.esource.com/ES-WP-18/GIWHs

Policy, Regulatory and Market Drivers

Energy storage is a unigque hybrid in that it can both save energy and supply energy, and
it can be used at the customer, distribution, or utility scale-so conventional laws and
rules may not fit well.” Depending on whether a storage resource provides services that
act like a generation, transmission, or distribution asset, the governing jurisdiction and
cost-recovery rules will vary."” Storage can be deployed at the customer, distribution,
and utility generation and transmission level. These different arenas may be governed by
state regulators (Public Utilities Commissions or PUCs) or the Federal Regulatory En-
ergy Commission (FERC). Regional transmission organizations (RTOs/ISOs) also set
market-based rules that determine dispatch order of different resources. Getting the
rules right is complicated and will continue to evolve.

A number of and are
attempting to address the regulatory and economic issues in energy storage.~ California
has led the nation in energy storage policy and regulatory incentives.'® Under AB 2514,
the California Public Utilities Commission set utility procurement target of 1.325 giga-
watts of cost-effective energy storage systems by 2020."" At the distribution level, ad-
vanced energy storage projects are eligible for an incentive payment per kwh under the
Self-Generation Incentive Program, which supports customer-side generation.” Other
states are promoting storage with grants and incentives, demonstration and pilot pro-
jects, and procurement targets.

During Minnesota’'s 2015 Session, legislation was considered that would create a
statewide incentive program for energy storage.”” The bill called for a rebate for utility-
controlled, customer-sited energy storage equipment if manufactured in Minnesota. This
approach was based in part on a White Paper mandated by 2013 legislation to be com-
missioned by the Minnesota Department of Commerce to evaluate costs and benefits of
different storage use cases.” The 2015 bill enjoyed bipartisan support, but died in con-
ference committee.



The Future

Here's where Tesla comes in: CEO Elon Musk has put a big bet on batteries, and is
building a "‘gigafactory” in Nevada. The company plans to make a ‘mass market” afford-
able version of the Tesla automobile, powered by mass production of lithium ion bat-
teries. Tesla projects the economies of scale will dramatically drive down the cost of
storage batteries, knocking as much as 30% off the sales price.”” Tesla is just one ex-
ample of the many energy storage innovations underway across the nation and globe.

T=S5LA
GIGAFACTORY

50 GWh in annual battery production by 2020
Enough for 500,000 Tesla cars
Powered by renewable energy

Net zero energy factory

Image source: Christopher DeMorro, Can The Gigafactory Run On Just Renewable Energy?
(2014); used with permission

National and global trends are strong: deployment is going up and costs down. Many
predict huge future growth in the storage market.
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http://www.teslamotors.com/blog/gigafactory
http://www.energystoragemonitor.com/
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Glossary

Ancillary Services — Services necessary to support the transmission of energy from resources
to loads, while maintaining reliable operation of the grid; such services include scheduling, dis-
patch, reactive power-voltage control, frequency response, and operating reserves.

Cogeneration (sometimes co-gen)/Combined Heat and Power (CHP) - A system which gen-
erates electricity and useful thermal energy in a single, integrated system, most often fueled by
natural gas or biomass; highly efficient.

Dispatchable Generation/Load - A DER that can be quickly dispatched to meet needs identi-
fied by grid operators, either by increasing available supply or reducing current load.

Distributed Energy Resource (DEFR) - Electricity source connected to the grid which:
e Generates electricity (from any source);
e Stores energy and can supply that energy to the grid; OR
e Involves load changes by end users in response to price signals or other policy incentives.

Flywheel — A heavy, cylindrical body that rotates rapidly around a central axis, storing energy
as motion; advantages include very fast ramping and outstanding ability to weather frequent
charge-discharge cycles; best for high-power, low-energy applications such as frequency re-
sponse

Frequency Response - The ability to stabilize grid operating frequency immediately following
the sudden loss of generation or load.

Ramping - The rate at which energy generation increases or decreases over time.

Operating Reserves - Spinning reserve plus additional generation that can respond within up to
30 minutes of request; generally sufficient to offset the capacity of the largest single generator
on the grid.

Spinning Reserve — Generation capacity connected to the grid that can respond within 10
minutes of request; compensates for temporary, unexpected outages in the system.

Thermal Storage - Energy stored as heat; methods include:
e Heating or cooling a storage medium (water, molten salt, ceramics, sand molten salt);
e Phase changes (ice to water, water to steam, etc.); and
e Chemical reactions (adsorption to silica gel, etc.).

Variable Generation - Electricity source that depends on fluctuating factors and thus is not
continuously available and cannot be dispatched at will; includes renewables such as wind and
solar.



Additional Resources

EPRI Rep. No. 3002004878, THE INTEGRATED GRID: A BENEFIT-COST FRAMEWORK,
(Feb. 2015),

DOE Global Energy Storage Database,

Strategen Consulting et al.,, WHITE PAPER ANALVYSIS OF UTILITY-MANAGED, ON-SITE
ENERGY STORAGE IN MINNESOTA (Prepared for Minn. Dep't of Commerce, Dec.
2013),

National Renewable Energy Laboratory,

Global Energy Storage Alliance,

Image source: Michael Coghlan ( ),
, via Flickr.

California Energy Storage Alliance,
Energy Storage Association,

Alex Davies, WIRED, Elon Musk's Grand Plan to Power the World with Batteries (May 1,
2015),

Tim Mullaney, CNBC, Tesla’'s New Bet: A Home Batter to Slash Energy Costs (May 7, 2015),

Ucilia Wang, FOrRBES, Why Big Companies \Want to Invest in Energy Storage Startups
(Jan. 7, 2015),

IEA, Opportunities and Investment for Energy Storage Technologies (Mar. 19, 2014),


http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000003002005177
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000003002005177
http://www.energystorageexchange.org/
http://mn.gov/commerce/energy/businesses/energy-leg-initiatives/studies-and-reports/energy-storage-study.jsp
http://mn.gov/commerce/energy/businesses/energy-leg-initiatives/studies-and-reports/energy-storage-study.jsp
http://www.nrel.gov/about/
http://www.globalesa.org/
http://www.storagealliance.org/
http://www.energystorage.org
http://www.wired.com/2015/05/tesla-batteries/
http://www.cnbc.com/id/102654345
http://www.forbes.com/sites/uciliawang/2015/01/07/why-big-energy-companies-want-to-invest-in-energy-storage-startups
http://www.forbes.com/sites/uciliawang/2015/01/07/why-big-energy-companies-want-to-invest-in-energy-storage-startups
http://www.iea.org/newsroomandevents/news/2014/march/opportunities-and-investment-for-energy-storage-technologies-.html
http://www.iea.org/newsroomandevents/news/2014/march/opportunities-and-investment-for-energy-storage-technologies-.html
http://www.iea.org/newsroomandevents/news/2014/march/opportunities-and-investment-for-energy-storage-technologies-.html
https://creativecommons.org/licenses/by-sa/2.0/
https://www.flickr.com/photos/mikecogh/5280585822/in/photolist-93Coc9-vAH8Qo-fA3nMi-a2z5fG-9ZBajS-9Y4VwZ-dAEzxe-a9WNk9-udAXXu-bmnnnx-q9o2m6-nfLQxV-gxNnn6-9YS9jr-fSkc6o-a9iho6-9tCt3c-87PKtA-e5kiY7-dmwzpG-a8pcHb-nv9VAx-dz1WJW-a9YUmj-fSp2o7-jz5Uyn-jz86NS-9Zeo

About the Energy Transition Lab

A strategic initiative of the University's with funding from
the Office of the Vice President for Research, the Energy Transition Lab brings together
leaders in government, business and nonprofit organizations to develop new energy poli-
cy pathways, institutions and regulations. The Lab, led by Faculty Director Hari Osofsky
and Executive Director Ellen Anderson, leverages University expertise in building collabo-
rations with these leaders to create a focal point for innovative solutions.
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