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I.
STORAGE TECHNOLOGIES


Energy storage technologies convert electricity to other energy forms, with a characteristic turnaround efficiency driven by the complexity of conversion and reconversion between electricity and the stored energy form:

· 90-95 per cent efficient to convert electricity to kinetic energy and back again by speeding up or slowing down a spinning flywheel.

· ~70-80% efficiency for batteries (electrochemical energy storage devices) if charged and discharged at moderate rates.

· ~75% efficiency for compressed air storage, as rapid compression heats up a gas, increasing its pressure and thus making further compression difficult.

· ~30-50% efficiency for hydrogen storage of electricity from the combination of electrolyser efficiency and re-conversion
There are four key characteristics of energy storage devices:
· Energy Density:  The amount of energy that can be supplied from a storage technology per unit weight (measured in Watt-hours per kg, Wh/kg). 
· Energy Rating:  (expressed in kWh or MWh) is important in determining how long a device can supply energy. 

· Power Capability: (Expressed in kW or MW) determines how much energy can be released in a set time.  A 100 kWh device rated at 20 kW can supply 20 kW of output for 5 hours (20x5 = 100 kWh).

· Discharge Time:  The period of time over which an energy storage technology releases its stored energy. 
Costs of Storage Technologies
[image: image6.png]
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[image: image2.emf]
. Energy Storage Council - www.energystoragecouncil.org

Costs of energy storage devices are usually quoted in terms of cost/kWh or costs/kW.  These are usually related to the application the device was designed to satisfy.  Some devices will have a high cost per kWh but relatively lower cost/kW while others will be the reverse.  The economics of a storage technology will depend both upon cost and its operating characteristics, and thus the eligible markets in which it could expect to participate.  The economics will also depend upon the customer and purpose, for example, market arbitrage or ancillary services for an independent generator, or transmission/distribution investment deferral for a transmission and distribution service utility. 
A.
Battery, Flywheel and Capacitor Technologies

1.  
Batteries

There are a wide range of battery technologies, some which have been employed for almost a century, such as lead-acid batteries, and some of which are still in develop and have yet to be commercialized.



a.
Lithium Ion

Lithium ion battery technology has progressed from developmental and special-purpose status to a global mass-market product in less than 20 years.  Lithium ion batteries offer high-power densities, typically 110–160 Wh/kg and generally acceptable cycle life.  Nano-composite electrode systems may offer even higher energy densities.  Charge/discharge efficiencies of 90% (i.e. round trip efficiency from initial charge to complete discharge) are reported for Lithium batteries.  During charging, lithium ions move out (de-intercalate) from the lithium metal oxide cathode and intercalate into the graphite-based anode, with the reverse happening during the discharge reaction.  The conducting electrolyte takes no part in the reaction except for conducting the lithium ions during the charge and discharge cycles.  Lithium ion systems must be maintained within well-defined operating limits to avoid permanent cell damage or failure.  The technology also lacks the ability to equalize the amount of charge in its component cells.  

The application of the technology to larger-scale systems is relatively limited to date, although various developments are in hand in relation to the automotive, power utility, submersible and marine sectors. The main hurdle associated with mass energy storage systems using Li batteries is the high cost (above $600/kWh) due to special packaging and internal overcharge protection circuits.  Several companies are working to reduce the manufacturing cost of Li-ion batteries to capture large energy markets, especially the automotive market.  


In August 2007 AES Corp. and Altair Nanotechnologies announced a joint development and equipment purchase agreement.  The companies first project was a modular unit which contained two 1 MW, 250 kWh battery storage units, consisting of a lithium ion battery stack, an AC-to-DC power conversion system, HVAC unit, and a control system, mounted in a portable tractor trailer size container.  The battery stacks were composed of a series arrangement of lithium ion cell packages mounted in racks within a trailer.  Power conversion was performed by commercially-available inverters with control coordinated by a programmable logic controller (PLC).  The two battery storage system prototypes were installed and demonstrated at a substation owned and operated by Indianapolis Power & Light (IPL).  The IPL test site was selected to be capable of dispatching 1-MW to a power grid in response to a regulation command.  Each of the storage devices was able to operate continuously between 1-MW charge to 1-MW discharge with power dispatch response occurring within one second.  Additional testing included simulated frequency regulation, which involved switching the units from charge to discharge at up to 1 MW every four seconds for several hours.  Battery stack efficiency measured using cyclic charge/discharge tests (at 50% state of charge) varied from 97% at 250 kW dispatch to 91% at 1 MW dispatch.  Efficiency drops off with the power dispatch level due to internal losses that are proportional to the current squared.  Factoring in the DC-to-AC power conversion system, the average conversion efficiency measured varied between 93% at 250 kW dispatch to 86% at 1 MW dispatch.  This does not include HVAC or trailer auxiliary load.

 
AES has installed a 2 MW Advanced Li-ion based system at its AES Huntington Beach Power Plant in California, which went on line in November, 2008.  The ramp rate is 999 MW/sec

with round trip efficiency of 90%.  The unit can completely charge or discharge in 15 minutes.
  The AES system has been accepted for regulation services in the PJM market. 


b.
Sodium Sulfur (NaS) battery 

NaS battery technology involves high operating temperatures, from 290° to 360°C.  The cell construction uses liquid sulfur as the positive electrode and liquid sodium as the negative electrode, separated by a solid electrolyte of beta-alumina.  The electrolyte allows only the positive sodium ions to pass through it and combine with the sulfur to form sodium polysulfides.  Its operating temperature must be maintained, by routine operation or by external heating.  

NaS batteries have a relatively high energy density, within the range 150 – 240 Wh/kg.  NaS is designed for long discharge cycles (8 hours), but has the capacity to discharge very rapidly and at multiples of rated power.  These batteries have an estimated lifetime of 15 years with a cycle life of 2500 and charge/discharge efficiencies up to 90%.

The battery module consists of cells connected in series/parallel or series arrays within a thermally insulated enclosure.  Modules are then configured in series and/or parallel to support multi-megawatt loads.  Highly corrosive material require protective measures such as a safety tube incorporated in the cell design, hermetically sealed cells, double-layer stainless steel, vacuum insulated enclosure with sand filler packing between cells.  A tradeoff exists between power output and battery life.  Operating at higher power levels results in a significant rise in operating temperature, which accelerates cell corrosion and increase cell resistance which shortens battery life.  Expected life is 15 years or 2500 full charge/discharge cycles, but can be as short as 500 cycles in long duration (15 minute) mode.


 Research and development into NaS batteries has been pioneered in Japan since 1983 by the Tokyo Electric Power Corporation (TEPCO) and NGK Insulators.  NGK brought the NAS battery to market in 2002, and initiated commercial scale NAS manufacturing in April, 2003.  To date, the installed capacity base is over 300 MW, across some 200 sites, principally in Japan.  An 8 MW, 58 MWh system installed at a Hitachi automotive plant in Japan is currently the world’s largest battery in terms of storage capacity.
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AEP’s first commercial energy storage system was a NGK NAS Battery at Charleston, WV.  It has a capacity of 1.2 MW, 7.2 MWh (6 hour duration) and has been operational since June 26, 2006, nine months after contracts were signed.  The primary application is peak shaving.  The battery helps shave transformer peak loads, and reduces transformer temperatures by several degrees.  Peak shaving improved the feeder’s load factor from 0.75 to 0.80, on average, and provided a PJM market energy value of $5,500 per month.
  While costs will vary with local site conditions, it is the understanding at AEP that the next NAS based energy storage project will cost approximately $2,500/kW, installed.  AEP has installed three 2 MW batteries at sites in Ohio, West Virginia and Indiana, all with dynamic islanding.  AEP is also installing a 4 MW battery at Presido, Texas, at the end of a transmission line, to defer a transmission upgrade.



c.  
Flow Cell Batteries

Electrochemical flow cell systems, also known as redox flow cells, convert electrical energy into chemical potential energy by means of a reversible electrochemical reaction between two liquid electrolyte solutions.  The name redox flow battery is based on the redox reaction between the two electrolytes in the system.  In a flow cell the two electrolytes are separated by a semi-permeable membrane.  This membrane permits ion flow, but prevents mixing of the liquids.  As the ions flow across the membrane, an electrical current is induced in the conductors.  Flow cells store energy in the electrolyte solutions, and the power and energy ratings of redox flow cells are independent variables.  Their power rating is determined by the active area of the cell stack assembly and their storage capacity by the electrolyte quantity.  Over the past 20 years, development and demonstration activities have centered around four principal electro-chemistries for flow batteries:  vanadium/vanadium (Vanadium Redox Batteries, VRB), zinc bromine (ZBB), polysulfide bromide and zinc cerium.  Installations to date have principally used the vanadium redox and zinc bromine.  Several dozen are in place, mainly in Japan and North America.  A major advantage of the technology is the ability of the technology to perform discharge cycles indefinitely so there are no significant waste products associated with operation.  These systems have quoted efficiencies varying from 70% (cerium zinc) to 85% (VRB).  One problem with flow batteries is that multiple pumping circuits indicate that regular maintenance activity will be required.  

A ZBB demonstration project for PG&E used a transportable 2 MW/2 MWH ZBB battery energy storage system at a substation to demonstrate and assess value of T&D upgrade deferral.  Premium Power, a new manufacturer, claims a 30 year life for its Zinc-Flow technology and the ability to withstand an unlimited number of cycles, whether full- or partial-discharge events.  Its TransFlow 2000 provides up to 500 kW of power and 2.8 MWh of energy storage capacity in a single enclosure that fits onto a 53' trailer.  The battery has yet to be deployed, though CPS Energy has chosen it for a pilot project and the company is rumored to have a relationship with Duke Energy.  Until actual operating data becomes available, the company’s claims should be treated with healthy skepticism, since they far exceed operating experience with other flow batteries.

The leading producer of vanadium redox flow batteriesy was VRB Power System, which became insolvent and was acquired by the Chinese firm Prudent Energy, who then formed a Canadian subsidiary to manage the assets.  The vanadium redox system has an advantage over the hybrid system as the discharge time at full power can be varied. VRBs can be fully discharged without reducing life expectancy.  A VRB in Sapporo, Japan has undergone around 14,000 discharge cycles.  The VRB system is currently being deployed at a number of sites around the world, including a 250 kW, 2 MWh battery by PacifiCorp in Utah and a 4 MW unit in Japan.  


d.
Lead-Acid


Lead-Acid batteries are electrochemical cells, based upon chemical reactions involving lead and sulfuric acid.  Lead-Acid is one of the oldest and most developed battery technologies, used in electrical power systems for more than a century.  They provide a cost-competitive and proven solution to a range of storage requirements.  Lead acid batteries are low cost compared to other battery technologies.  But they have some disadvantages including relatively limited cycle life, low-energy density and a large footprint.  The typical energy densities are lower than other batteries at 25 – 45 Wh/kg.  Charge/discharge efficiencies for lead-acid batteries are 60 – 95% with self-discharge rates of 2 to 5% per month.  The chemical reaction within a lead-acid recombination cell favors several hours of low-rate discharge, rather than a few seconds of high-rate duty.  Depending upon the design that is used and the quality of the battery, the user can expect battery life to range from 3 years to as long as 9 years at > 80% capacity.  Maximizing battery life requires keeping the battery room temperature at 20°C, as for every 10° above 20°C the design life of a battery will be halved.   


e.
Nickel 

There are a number of Nickel based batteries currently available or under development, including Nickel-Cadmium (NiCd), Nickel-Metal Hydride (Ni-MH), Nickel-Zinc (NiZn) and Sodium-Nickel Chloride (NaNiCl2).  NiCd and Ni-MH are the most developed of the Ni batteries.  These various Ni battery types cover the energy density range 20 – 120 Wh/kg.  The NiCd and NiMH batteries can reach up to around 1500 deep cycles.  Ni-Zn and Na-NiCl2 have a shorter lifetime.  


NiCd battery systems rank alongside lead-acid batteries in terms of their maturity.  NiCd batteries have been produced since the early 20th century and formed the majority of the rechargeable battery market in consumer electronics by the 1990s.  NiCd is a robust and proven alternative to lead-acid batteries, with higher energy density, a longer cycle life and low-maintenance requirements.  Despite being used widely in electric vehicles, there are few examples of their application to electricity markets.  Golden Valley Electric Association (GVEA) in Fairbanks, Alaska has installed what is claimed to be the world’s most powerful battery.  The large-scale NiCd Battery Energy Storage System (BESS) can provide 27 MW of electricity for a minimum of 15 minutes to stabilize the local power grid in the event of loss of generation, and has delivered 46 MW for 5 minutes.  In 2006 the BESS responded to 82 events.  The BESS was designed and built by Saft, an international battery manufacturer, and comprises 13,760 Saft SBH 920 NiCd cells arranged in four parallel strings.  The NiCd batteries themselves are expected to complete 100 complete and 500 partial discharges in the system’s 20 year design life.
  Concerns about cadmium toxicity and associated recycling issues are a barrier to gaining consent for future large-scale storage systems based upon NiCd technology.  

The NaNiCl2 battery, otherwise known as the ZEBRA battery, is a high-temperature battery system, developed and proven in various traction and propulsion applications.  Its cell construction comprises sodium and nickel chloride electrodes, separated by a beta-alumina electrolyte, which is able to conduct sodium ions but not electrons.  It offers a number of advantages relative to sodium–sulfur systems, including better safety characteristics, higher cell voltage and the ability to withstand limited overcharge and discharge.  NiCd and Ni-MH offer the lowest efficiency, discharging around 70% of the energy used during charging.  In comparison, NiZn batteries offer efficiencies of ~80% and NaNiCl2 batteries have an efficiency of around 90%.  Both NiCd and Ni-MH batteries are expensive to manufacture relative to other battery technologies.   

2.
Flywheels

The flywheel acts as a mechanical battery and comprises a shaft mounted mass rotating in (or carrying) a motor-generator winding – converting electrical energy into kinetic energy as it accelerates (charges when speeding up) and then, when a discharge of energy is required, reverses the flow of energy and slows down as it gives up its stored energy in the form of electrical power.   
 
In general, flywheels can be classified as low speed or high speed. The former operate at revolutions per minute (rpm) measured in thousands, while the latter operate at rpm measured in the tens of thousands.  Increasing rpm significantly increases the energy density of a flywheel, but a higher mass flywheel can store more energy per rpm.  Operating at higher rpm necessitates fundamental differences in design approach.  While low-speed flywheels are usually made from steel, high-speed flywheels are typically made from GFRE (graphite fiber reinforced epoxy) and fiberglass composite materials that will withstand the higher stresses.  High-speed flywheels universally employ magnetic bearings (allowing the flywheel to levitate) and vacuum enclosures to reduce or eliminate friction losses from bearings and air drag.  While some low-speed flywheels use only conventional mechanical bearings, most flywheels use a combination of the two bearing types.  Vacuums are also employed in some low-speed flywheels.  The benefits of increased performance offered by GFRE composites must be balanced against the far lower raw material cost of high quality steels.

DC flywheel energy storage systems are generally more reliable than batteries, so applicability is mostly an issue of cost-effectiveness.  Batteries will usually have a lower first cost than flywheels, but suffer from a significantly shorter equipment life and higher annual operation and maintenance expenses.  Thus, flywheels will look especially attractive in operating environments that are detrimental to battery life, such as frequent cycling.

Beacon Power Corp has developed a 100 kW module based on higher rotational speeds rather than mass to increase the energy stored.  A patented, co-mingled rim technology (PCRT) has been developed to prevent cracks developing due to centrifugal forces, leading to safety improvements.  Beacon Power quotes a lifetime of 20 years for its flywheels.  The technology has the ability to discharge over periods up to 30 minutes.  Beacon Power Corp envisages arrays of the 100 kW modules in systems of around 20 MW capacity, providing up and down regulation equal to 40 MW of swing.

3.
UltraCapacitors

The most direct way of storing electrical energy is with a capacitor.  A capacitor consists of two metal plates separated by a nonconducting layer called a dielectric.  When one plate is charged with electricity from a direct-current source, the other plate will have induced in it a charge of the opposite sign.  To build standard capacitors that can hold a significant amount of energy requires a very large dielectric, making the use of large capacitors uneconomical.  The ultracapacitors (also known as supercapacitors or double-layer capacitors) solves this problem through the use of a high surface area material such as activated carbon as the conductor with an aqueous or non-aqueous electrolyte.  Ultracapacitors contain a significantly enlarged electrode surface area compared to conventional capacitors, as well as a liquid electrolyte and a polymer membrane.  The energy storage capabilities of ultracapacitors are substantially greater than that of conventional capacitors, by approximately two orders of magnitude. 

Ultracapacitors are capable of charging substantially faster than conventional batteries,
being recharged almost indefinitely compared to batteries that only have a relatively small number of recharges before needing replacement; and can operate down to temperatures of -25°C.  Energy densities of 20-30 Wh/kg has been reported for ultracapacitors, while recent research at MIT suggests that energy densities of greater than 60 Wh/kg and a lifetime longer than 300,000 cycles is achievable.  Typical efficiencies for ultracapacitors are high (85 – 98%), making them an attractive storage technology for many applications.  Ultracapacitors have been marketed since the 1980s, with the first application in military projects, starting the engines of heavy equipment such as battle tanks and submarines or replacing batteries in missiles.  In 2005, the ultracapacitor market was between US $272 million and $400 million, and is growing, especially in the automotive sector.
  . 
B.
Compressed Air Energy Storage (CAES)

The first commercial scale CAES plant in the world was the 290MW plant in Huntorf, Germany, operated by Nordwest Deutsche Kraftwerke (NDK) since 1978.  The Huntorf plant, with two salt caverns, has a capacity of 290 MW and runs on a daily cycle in which it charges the air storage for 8 hours and provides generation for up to 4 hours.  It is primarily used to provide ancillary services.  The Alabama Electric Co-operative in McIntosh, Alabama, USA built the second commercial scale CAES plant, with a capacity of about 110 MW of power generation.  The plant is constructed in connection with a 100 MW coal plant and acts as a regulating capacity between the coal plant’s capacity and the electricity demand.  The Alabama plant was built based on a competitively awarded fixed price, turnkey contract, costing about $460 per kW (1991 dollars).  The plant was built in about 2.5 years.  The one major design difference between the German and Alabama CAES plants is the Alabama plant had an exhaust gas heat exchanger in it to heat the air after it came from storage, which reduced the plant’s fuel use by 25 percent.

First generation CAES used a simple design with the compressor and generator on the same shaft.  The single-shaft turbomachinery train with multiple components has some operational and maintenance complications.  To initiate compression operation, the turbine typically brings the machinery train to speed.  After synchronization, the turbine is decoupled and shut off and the compressors are left operating.  This means that the turbines are called upon to initiate both compression and generation.  New designs would use multiple compressors on a separate shaft, providing more operational flexibility.  The new designs eliminate operation switchover time by decoupling the compression and turbo-expander trains, permitting direct switching between compression and expansion operation.  This change means compressor size can be optimized independently of the turbo-expander design and permits standard production compressors to be used in the system configuration.  It also means that a CAES would be an ideal ancillary service machine, since it would provide a controllable load in compressor mode and a fast start generator, both able to operate independently.


The ramp rates for a CAES system are better than for an equivalent gas turbine plant.

The McIntosh plant can ramp at approximately 18 MW per minute, which is about 60% greater than for typical gas turbines.  Proposed plants have been designed to reach full power in 14 minutes (or 7 minutes for an emergency start)—which translates to 9.6 to 19 MW per minute per 135 MW module.
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CAES storage is dependent on the availability of suitable salt dome formations or rock caverns.  Texas domal salt in the East Texas and Gulf Coast basins is relatively pure and homogeneous, but the lateral extent of domes is limited, however, and restricting the area useful for cavern development.  Bedded salt of the Permian Basin is much less pure than Texas dome salt.  The distribution of low-solubility impurities is one of the limitations of engineering solution-mined caverns.  However, these salt beds are typically continuous over large areas, many close to areas slated for extensive wind development.   


Above ground air storage vessels or air storage pipeline systems can also be used to store compressed air.  Such systems are attractive because they allow CAES plants to be sited almost anywhere, since no underground geologic formation is needed.  This method uses banks of high strength steel piping in vertical configurations to achieve the desired result. The storage units would be placed in an excavation, resulting in a four to six story building.  This provides flexible storage quantities at a constant pressure and temperature without the conventional geological constraints.  However, a mini-CAES facility has only a few hours of energy storage.  Such systems are estimated to be more expensive than underground salt-based air storage caverns, at about $2,500/kW.

C.
Other Technologies

1.
Hydrogen

The essential elements of a hydrogen-based energy storage system comprise an electrolyser unit (to split water into its elemental components), the hydrogen storage system (e.g. compressed hydrogen; metal hydrides; nano-material storage) and a generator system (to convert the stored chemical energy in the hydrogen back to electricity).  The electrolyser and fuel cell components can be dedicated or ”reversible”, capable of electrochemically producing hydrogen or operating in fuel cell mode and converting the hydrogen back to electricity.  Proton Exchange Membrane fuel cell technology   has been most extensively explored for reversible electrolyser operation, but solid oxide fuel cell and alkaline fuel cell technologies can also be applied.  Energy loss is inherent in the system, and energy loss estimates range from 60% to 75%. Hydrogen-based storage is at a major cost disadvantage at the present time.

2.
 Magnetic Energy Storage

A Superconducting Magnetic Energy Storage (SMES) system is a device for storing and very rapidly discharging large quantities of electrical energy.  The SMES systems store energy in the magnetic field created by the flow of direct current in a coil of superconducting material that has been cryogenically cooled beyond its super-conducting temperature (- 269°C).  The limited electrical resistance allows extremely high efficiencies of up to 97% to be achieved as well as almost eliminating storage losses.  Extremely rapid discharge times (ca. 1 second) have been quoted for this technology.  The immediate release of power renders the system useful to customers requiring extremely high quality power output.  These systems have been in use for several years to solve voltage stability and power quality problems for large industrial customers.  There are several 1 MW units worldwide with applications in microchip fabrication facilities.  At present the maximum system size available is 10 MW although research is investigating the large scale potential of the technology which is estimated as being 2000 MW.  Larger scale SMES systems could require significant protection to deal with magnetic radiation issues in the immediate vicinity of the plant.  

3.
Thermal Energy Storage

Thermal storage technologies are primarily a load shift/load management technique, and should have limited impact on reliability or ancillary services.  Thermal storage, if widely adopted, could shift the aggregate load shape in the market, impacting energy prices and the long-term equilibrium investments in new generation technology.  Systems based on the sensible heat capacity of materials include hot and cold water tanks, underground thermal energy storage (UTES) or specific materials and structures.  The storage of either hot or chilled water is a well-established technique and is practiced over a full spectrum of capacities.  It ranges in scale from the simple domestic hot water cylinder, the bulk hot water storage associated with combined heat and power and district heating schemes and through to the bulk storage of chilled water, to reduce the peak loads on air-conditioning systems.  UTES systems exist in a number of countries and use either groundwater or the ground itself as a storage medium.  Perhaps the best-known sensible heat storage system is the well-established ‘feolite’ material used in electric storage heaters.  These were introduced to the UK in the 1970s and now account for some 8% of the UK residential heating market.  These heaters heat up during the night time, at low- electricity tariffs, and discharge during the day, when the heat is required.  The cost-effectiveness of such electric heating systems can also be enhanced by using advanced control technologies.  Systems based on the latent heat capacity of materials include the well-established technique of ice storage and the use of various phase change materials.  Ice storage systems are widely utilized in the USA and elsewhere to relieve peak air-conditioning loads in daytime hours.  Lower tariff night time electricity is used to generate ice, which in turn provides cooling capacity during the day.  Ice storage can be based on static systems, which build and store ice on heat exchanger surfaces, or dynamic systems, where the ice is ‘harvested’ from the heat exchanger and stored in a separate reservoir.  Phase change materials based upon various paraffins, esters, fatty acids and salt hydrides have been developed to absorb or reject heat over narrow temperature bands, while providing a thermal storage capacity significantly greater than sensible heat storage.
D.
Automotive Batteries

The wildcard in energy storage will be the intensive effort to improve batteries for electric cars and electric hybrids.  The substantial funding made available to encourage the development of improved batteries for electric cars will also provide improved technologies for batteries for the electric grid.  In many cases, if cost efficiencies, size and weight reductions and performance enhancements can be achieved, these batteries could be easily adapted to utility purposes by simply combining them into modules and strings to reach MW capacities.

The high-energy efforts are focused on overcoming the technical barriers associated with commercialization of PHEV batteries, namely:
 
· Cost – Cost drivers being addressed are the high cost of raw materials and materials processing, the cost of cell and module packaging, and manufacturing costs. 

· Performance – Higher energy densities to meet volume/weight requirements, and to reduce the number of cells in the battery (thus reducing system cost). 

· Abuse Tolerance – Increase tolerance to abusive conditions such as overcharge and over-discharge, which would allow more flexibility for utility applications. 

· Life – The ability to attain a 15-year life, or 300,000 HEV cycles, or 5,000 EV cycles.    


An example of this phenomenon is CSIRO
 Energy Technology’s lead-acid UltraBattery.  The ultra-battery is a hybrid energy-storage device, which combines an asymmetric supercapacitor, and a lead-acid battery in one unit cell.  The capacitor enhances the power and lifespan of the lead-acid battery as it acts as a buffer in discharging and charging.  The capacitor has the same positive electrode as the battery—lead dioxide, and a negative electrode of porous carbon, instead of lead.  The lead negative electrode and the capacitor negative electrode can be connected in parallel and housed in the same cell with the positive electrode.  Since the Ultrabattery requires no special electronic control circuitry it has advantages in terms of cost.


Consequently, this hybrid technology is able to provide and absorb charge rapidly during vehicle acceleration and braking.  The discharge and charge power of the ultra-battery is ~50% higher and its cycle-life is at least three times longer than that of the conventional lead-acid battery.  Furthermore, the ultra-battery is able to be produced in an existing lead-acid factory and can be reconfigured for a variety of applications, such as conventional automobile, power tool, forklift, high-power uninterruptible power supply and remote-area power supply.  

The CSIRO UltraBattery is set for accelerated development with the US Government awarding $32.5 million to US manufacturer East Penn to produce the battery.
  CSIRO licensed the UltraBattery technology to Furukawa Battery Company to commercialize the technology in Japan and Thailand, and further granted permission for Furukawa to sub-license the technology to East Penn for commercialization and distribution throughout North America, Mexico and Canada.
II.
MARKETS FOR STORAGE SERVICES

A.
Potential Markets

1.  
Regulation

Three technologies are well suited to supplying regulation services, Li-ion batteries, flywheels, and ultracapacitors.  These technologies are characterized by the ability to engage in constant cycling over a long period, almost instantaneous response and rapid ramping.  Their primary limitation is the cost of energy storage relative to power, as they are more economic when asked to cycle within 10-15 minutes rather than maintain energy supply or recharge over an entire hour.  However, the hour requirement for regulation resources is not a NERC requirement or is it necessary for all regulation resources from a reliability standpoint, rather it’s a matter of convention, based on the limitations of generators traditionally used for regulation.  The NERC Definition of Regulating Reserve is simply “the amount of reserve responsive to Automatic Generation Control, which is sufficient to provide normal regulating margin.”  

Fossil generators take several minutes to respond to the ACE signal.  During this time the signal may already have changed so that the generator response may be working against the action required by the grid.  A study by CAISO shows that ESS frequency regulation is twice as effective as regulation by fossil fuel generation.  This means that an ESS facility rated at 10 MW can do the work of 20 MW of regulation by fossil generation.

Storage provides the opportunity for a subset of regulation resources that can provide more accurate frequency response and control, muting short-term fluctuations.  Combined with conventional regulation resources, this would allow electric grids to maintain finer control over frequency, with a smoother transition from short-term (seconds) response, to intermediate response (5-10 minutes) to longer-term fluctuations of greater magnitude (responsive reserve).  This also allows rapid response to discrete events such as load disconnects or contingencies involving generation or transmission failures.


2.
Responsive Reserves

Sodium Sulfur, Flow Cell, Lead Acid and Nickel batteries can provide sufficient energy storage to provide regulation services.  The primary barrier will be economic, the cost of sufficient energy storage to meet the demands of responsive reserve service weighted against the operating costs due to frequent cycling.   


3.
Non-spinning Reserves

While batteries could fill this role, it would be more economic for a technology such as CAES.  A CAES plant is a special case, since depending on the ability of the compressor to shed load, it could be a flexible demand response resource and a fast start combustion turbine (compressed air can allow faster ramp rates than stand alone combustion), and with the right programming and controls, a combination of the two that could respond quickly and with great flexibility.  Low non-spin prices may make this an uneconomic market for most storage technologies relative to opportunities presented in higher value markets.


4.
Energy

The primary technologies for energy arbitrage are CAES and thermal storage, though NAS and flow batteries have been successfully used for peak shaving.  However, the NAS applications seem to be primarily driven by transmission and distribution deferral, and energy arbitrage is a secondary economic benefit, not a primary economic driver.  Thermal storage needs to operate over numerous hours to approach economic viability, and is not responsive enough to respond to price spikes.  CAES and flow batteries could incorporate energy arbitrage into a dispatch strategy designed to maximize revenues.  Storage technologies face the same issues as pumped hydroelectric and small hydroelectric reservoirs, which is to maximize potential revenues from a series of interlinked markets where demand is stochastic in nature, and energy supply is finite over a defined temporal period.  Or to put that into English, you want to charge your battery (fill your compressed air cavern) when electricity prices are lowest, and sell into each market when the price is highest, but you can’t predict prices, even a day ahead, with any degree of certainty, and you have only a limited amount of power you can sell.  So you have to make educated guesses with regard to the best hours to recharge and what price you should bid into each market.


5.
Blackstart

Batteries which do not have a high degree of self-discharge (i.e. they can hold a charge near their maximum for a long period) would seem to be highly suited to black start duties, but this precludes participation in other markets.

B.
ISO Experience with Storage and Ancillary Services

In response to Order No. 890,
 all ISOs/RTOs have changed, or are considering how to change, their ancillary service market rules to remove existing barriers that affect the ability of energy storage resources to provide ancillary services, such as due to limited energy.  While ERCOT is not directly affected by Order 890, the Texas Reliability Entity is under FERC jurisdiction and may be required to adopt similar rules that have been adopted by other reliability regulatory entities concerning operating reserve criteria that impact the eligibility of storage resources.

1.
New York Independent System Operator (NYISO)

NYISO has integrated storage into its regulation market.  FERC accepted the NYISO filing on May 22, 2009,
 in which the ISO proposed to integrate non-traditional suppliers of Regulation Service into its Day-Ahead and Real-Time markets.  The NYISO identifies these resources as "Limited Energy Storage Resources" ("LESRs).  These technologies act as a load (when withdrawing Energy or "charging") and as a generator (when injecting Energy or "discharging").  The proposed tariff amendments allow the NYISO to accommodate the unique characteristics of Energy storage devices, consistent with all applicable reliability criteria, in a manner that treats them comparably to other Regulation Service providers.  The integration of LESRs in the Regulation Service market should improve the NYISO's control performance and assist it in meeting or exceeding NERC control performance criteria.  LESRs can reduce the cost of Regulation Service by displacing relatively high cost regulation deployments by traditional generator-based regulation providers.


Integration of non-traditional suppliers required changes to the NYISO's market rules and software processes which were developed assuming that resources could sustain service for at least one hour.  The NYISO needed to make changes in three major areas - scheduling, operations and settlements.  Real-Time schedules of LESR devices need to be modified to account for the current Energy level in the device to ensure that Regulation Service is reliably scheduled at the most economic clearing prices.  Real-time deployment of Regulation Service was modified to take advantage of the high speed response characteristics of the device.  the NYISO's Real-Time Dispatch ("RTD") software establishes an upper or lower bound on the signals sent to LESRs by the AGC system.  At times when an LESR's Regulation Service capacity is being reduced, RTD will set a base point for the LESR which in effect will increase or decrease its generation in order to restore its energy levels.  NYISO can reduce an LESR's real-time Regulation Service capacity offer to account for its Energy storage capacity.

Modifying the Regulation Service deployment process to use LESRs first in most instances will reduce the NYISO's reliance, for Regulation Service, on slower responding units.  LESRs will not provide an Energy bid and will not participate in Energy settlements; all Energy withdrawals or injections by LESRs are incidental to their provision of Regulation Service. Energy.  Balancing provisions were modified to account for the losses inherent in the devices.  LESRs are compensated, or charged, for net Energy injections or withdrawals on an hourly basis.


Northeast Power Coordinating Council ("NPCC"), reliability rule, Section 3.7 of NPCC's A-6 operating reserve criteria, required one hour sustainability from Regulation Service providers.  At the NYISO's recommendation these rules were modified to clarify that the sustainability requirement would be applicable only to ten and thirty minute operating reserves. The modification was approved by the NPCC on December 29, 2008.


2.
Midwest Independent System Operator (MISO)

FERC instructed the MISO in its order on MISO’s ancillary service filing, issued in February 2008, to evaluate adjustments to operating requirements and ASM procedures that would remove barriers to comparable treatment of demand response resources and new technologies in the regulating reserve markets.
  In response the MISO proposed the Midwest the creation of a new Resource type, to be designated a Stored Energy Resource (SER).  The

Stored Energy Resource will be able to offer and supply Regulating Reserve, Spinning Reserve and Supplemental Reserve.  A set of Offer parameters was developed that aligns with this new energy storage technology, and allows the Midwest ISO SCUC and SCED algorithms to properly model the dynamics of Storage Energy Resources in a manner that permits them to participate in the simultaneously co-optimized Day-Ahead Energy and Operating Reserve Market and Real-Time Energy and Operating Reserve Market.  While these Resources are not able to offer or supply Energy, the Midwest ISO will be able to dispatch energy into and out of these Resources in the Real-Time Energy and Operating Reserve Market to ensure the energy charge level is maintained, as needed.  In order to do so, the Midwest ISO has developed operating parameters that are unique to this new Resource type:  Hourly Energy Storage Loss Rate, Hourly Full Charge Energy Withdrawal Rate, Hourly Maximum Energy Charge Rate, Hourly Maximum Energy Discharge Rate and Hourly Maximum Energy Storage Level.


There are two operational provisions in the Midwest ISO markets that are specific to SERs.  First, SERs are exempted from the requirements imposed on other Resources to be able to deploy Operating Reserves for a continuous period of 60 minutes.  Stored Energy Resources, however, must be available to supply Regulating Reserve for sixty minutes, subject to energy storage limitations that may be caused by unbalanced Regulating Reserve Deployment within an Hour.  Second, the Midwest ISO proposed that the maximum amount of Operating Reserve (including Regulating Reserve, Spinning Reserve, and Supplemental Reserve) that may be supplied by Stored Energy Resources would be limited to the Regulating Reserve requirement for that Hour.  This proposed limitation will ensure that Operating Reserves greater than or equal to the Contingency Reserve requirement will be carried on Resources with the capability to deploy for 60 minutes.


FERC accepted the MISO proposal, and rejected complaints that SERs pose reliability and uplift problems.  A subsequent proposal by MISO to limit self-scheduling of stored energy resources to the regulating reserve requirement, to not allow stored energy resources to be Capacity Resources, and to prohibit SERs from satisfying zonal operating reserve requirements was found to be sufficient for reliability management.
  FERC did not allow SERs that cannot provide reserves continuously over a sixty-minute period to set the market clearing price for reserves in the day-ahead market (an hour price).  However, since the market clearing price is set every five minutes in the real-time market, SERs can set the market clearing price in those five-minute dispatch intervals in which it can provide reserves.


IP&L filed in February for an expansion of resource types beyond the SER.  While the treatment of SERs in the MISO compliance filing eliminated barriers for some kinds of technologies, it may create barriers to other technologies in the future.  In order to participate as a seller in the ancillary services markets (ASM), a resource must be registered as a Generation Resource; SER; or Demand Resource.  IPL was concerned that, as currently drafted, the ASM may not be broad enough to encompass batteries and other kinds of resources.  Some battery types may meet most, but not all of the criteria to register as a Generation Resource and thus only qualify as SERs, and thus not qualify to provide some ancillary services or energy.
  On February 25, 2009, MISO filed with FERC a proposal to defer implementation of the SER provisions until January 1, 2010 to permit more time to develop implementing systems and to allow the stakeholder process to determine any additional Tariff modifications required to encourage the development of SERs and/or other new technologies.


MISO and its stakeholders then engaged in a series of meetings at both the Reliability Subcommittee and Market Subcommittee, which primarily focused on necessary refinements associated with short-term storage.  A stakeholder consensus on the proposed re-design of the initial SER proposal was filed by MISO on May 12, 2009.  There are two major elements to the proposed SER redesign.  SERs are characterized as short-term storage devices and are eligible only to provide Regulating Reserves.  A SER's basepoint will be scheduled at the mid-point of its operating range, ensuring that an SER's entire available operating capacity can be dispatched for Regulating Reserves.  The Energy dispatch on an SER will not be included in the co-optimization algorithm, but will be determined in a way that maximizes the Resource’s capability to provide Regulating Reserve.


3.
PJM

The Current AGC signal does not utilize flywheel energy storage capabilities well nor recognize its limitations.  However, PJM is considering a Frequency based regulation signal.  Integrating storage is still its infancy.  There is an Intermittent Resources Working Group which had heard presentations from Beacon Power and a thermal storage company, but no formal task force or working group assigned to this issue, as far as I can ascertain.

Altair Nanotechnologies 1 MW, 250 kilowatt-hour battery storage system met requirements to participate in the PJM Regional Transmission Organization (RTO) control area, in November, 2008. This milestone marks the first commercial acceptance of an advanced Lithium-Titanate battery to provide grid regulation services.  AES Energy Storage LLC completed the standard acceptance testing for regulation service within the PJM service territory. The unit is now available for commercial operation as a qualified market participant for regulation service by AES Energy Storage. 


4.
ISO-New England

In accordance with the FERC Order of May 7, 2008,
 ISO New England (ISO-NE) and New England Power Pool (NEPOOL) Participants Committees submitted revisions to Market Rule 1 to remove certain barriers in the market rules that prevent non-generating Resources from participating in the Regulation market.  The proposed Market Rule 1 revisions allow non-generating resources to provide Regulation, subject to the qualification and operating requirements contained in the existing market rules.  In recognition that certain alternative technologies that cannot provide Regulation even with the market rule changes, the

Regulation Filing also introduced a pilot program that would alternative technologies to provide and be paid for Regulation (the “Pilot Program”).  The intent of the pilot program will be to allow the ISO and participating Market Participants to evaluate alternative technologies and, depending on the results of the program, to implement further revisions to market rules.  The ISO anticipates that it could take up to two years to complete, install and fully test the software changes necessary to implement the Market Rule Changes.  The Pilot Program commenced in November 2008 and will continue for approximately 18 months.
   

The ISO has currently enrolled a flywheel technology in the pilot and has had discussions with other parties interested in enrolling resources in the Pilot Program, including entities with technologies such as battery storage, plug-in hybrid electric vehicles, demand response resources, and a hybrid renewable energy/storage technology.  The first participant in the Pilot Program (Beacon Power) is about to begin operating a second functionally-equivalent facility at a separate but nearby location.  As soon as metering arrangements have been completed at the new facility, the participant will begin to provide and receive payment for regulation services under the terms of the Pilot Program.  The facility is expected to become operational under the Pilot Program in late June or beginning of July 2009.  A potential second participant plans to implement a vehicle-to-grid” or “v2g” technology that will utilize plug-in electric vehicles to provide regulation services, and is currently actively completing the steps necessary to interconnect, become a NEPOOL Participant, order and install required communication facilities, and begin hardware, software and communications testing.  These resources would also proceed through an initial testing phase to establish resource performance capabilities, as well as the subsequent operating phase.  The ISO has provided a range of technical information and analysis to help the interested parties evaluate the decision to participate.  Any additional Regulation market rule changes that are developed based on the results of the Pilot Program would be focused on resources that incorporate new, alternative technologies that are not currently recognized by the existing market construct.


5.
California Independent System Operator (CAISO)

CAISO has basically stalled steps to implement a pilot or consider changes in its ancillary service markets because of its current focus on the implementation of its new market design.   CAISO admits that its existing Ancillary Services market rules were designed for the operating characteristics of generators and that limited energy storage devices that can not provide 1 hour of sustained energy delivery at the selected capacity level may be subject to negative financial consequences under CAISO's current Regulation market.  On January 20, 2009, CAISO conducted an Energy Storage Stakeholder meeting where it presented a proposed pilot program and stated that it planned to file tariff language with FERC in June 2009 to enable the direct participation of Energy Storage resources in CAISO Ancillary Services Markets.  However, in its March 11th Compliance filing CAISO stated it no longer intends to adhere to this schedule given its continued focus on MRTU implementation. CAISO will be initiating a technical working group to explore mechanisms that will promote the provision of Regulation and Spinning Reserve by other non-generating resources.

C.
Congestion Management and Local Reliability

A number of batteries have been used for “islands” and sites that are transmission constrained to provide reliability and defer investment.  The ability of many batteries to be incorporated into a trailer design, which enables the unit to be moved to new sites once the upgrade is completed, allows this value to be realized at a number of sites over the life of the battery.
III.
ERCOT BARRIERS

A.
Ownership and Control

A key issue in the ERCOT market will be ownership and control, due to prohibitions on the provision of energy and ancillary services by Transmission and Distribution Service Providers.  This issue was brought to light by the application of Electric Transmission Texas, LLC (ETT) for approval of the installation of a NAS batter at Presidio, Texas, filed in August of 2008, in Project 35994.  In that proceeding, some parties challenged whether the facility was a transmission (and thus eligible for inclusion in TCOS) or distribution asset, in fact, TIEC claimed that “A battery stores and produces electricity.  As such, a battery is a generation asset as defined in P.U.C. SUBST. R. 25.5(54).”
  

The Commission ruled that the battery was a transmission asset:

The Commission finds that ETT’s proposed use of the NaS battery is appropriate for a transmission utility because the battery system provides benefits associated with transmission service operations, including voltage control, reactive power, and enhanced reliability.  The Commission rejects the proposition that the back-up function of the battery is a service of the type governed by a tariff for wholesale transmission at distribution voltage.  Therefore, the Commission concludes that ETT’s proposed NaS battery installation complies with Texas law and is eligible for inclusion in TCOS.

However the Commission was careful to limit the ruling to this particular asset:

This case is not precedential with respect to any subsequent application, proceeding, or process for determining whether a similar battery or other energy storage facility is a transmission asset eligible for inclusion in TCOS. 


For purposes of congestion management and reliability, certainty about the conditions governing the status of a battery as an asset, would simplify regulatory proceedings and allow investments in storage by TDSPs with a greater degree of certainty.  

A second issue is the extent to which ownership would limit the ability of a battery or other storage devices to participate in energy and ancillary service markets.  Obviously, if owned by a private party, there would be no restrictions, however, can reliability and congestion services be sold to a TDSP and included in a regulated rate base or expensed?  Could a TDSP finance such an asset then sell control of the asset to a private party for participation in ERCOT markets?  What type of legal agreements would be acceptable and what restrictions might be placed upon them?  When a TDSP employs a storage device to enhance reliability, is it purchasing and selling power?  How should the charging, discharging and losses be handled in that case?  Are losses UFE?  Who has ownership of the difference in the value of charging costs and discharge prices?  If a storage asset is classified as a regulated asset, what financial rules should apply when it is used for energy and ancillary service out of necessity, opportunity, or inadvertently?

If a storage device is owned by a wind farm operator, who faces congestion and thus restrictions on both the Production Tax Credit and Renewable Energy Credits (RECs), a storage technology is one option to maintain production.  However, how will the energy input to the storage facility count toward these credits?   If that storage device is already receiving a storage investment tax credit, is this double dipping?  And, if the storage device is a regulated transmission asset that is relieving congestion, who "owns" the energy in it and realizes the gain/loss on the energy from time variable pricing?  

One proposal is a model similar to the gas storage model for transmission connected storage that allowed cost recovery on a regulated basis by the utility; a reasonable charge for the use of the storage; and ownership of the energy by merchant organizations – or integration of arbitrage net gains with regulated financials.

AEP is promoting the concept of “community storage,” small scale storage deployed on the distribution secondary (hypothetically adjacent to each pad mount transformer) to be used to improve the distribution system reliability at the consumer level.  AEP's vision is that batteries which have reached an end of useful life in electric vehicles (when the battery degrades to 70-80% of original charge capacity) are still useful for stationary utility storage and can be economically redeployed into community storage.  In the longer term, “community storage” could also mitigate the issues on a distribution system created by widespread distributed renewable generation.  However, this will raise problems of assigning losses and arbitrage value among retail customers served by different REPs.  Will these community storage assets be distribution assets or “owned” by the community?
B.
Ancillary Service Requirements

ERCOT needs to consider how to integrate storage into its ancillary service markets.  There is the problem of accounting for energy, especially with regulation when the charge/discharge can occur in the same or closely adjacent periods, do you “sell” at Nodal and buy at Zonal?  What are the tradeoffs between creating a regulation product with a 15 minute requirement v a 1 hour requirement?  Fast acting storage devices will require some investments in terms of rules and possibly software changes, but provide a more valuable service in terms of frequency control than conventional generation based regulation, and by reducing the requirements on generators providing regulation, reduces their operating costs.  How much fast regulation would be optimal?  Should it be paid a premium?  

Should storage devices be held to the same conditions as generators for Responsive Reserves?  Can they serve as LaaRs?  Some sort of hybrid?


How will a CAES or similar storage technology function in different markets under the current and proposed ERCOT rules.  A CAES facility can be a simultaneous LaaR and synchronous generator.  It can provide practically every service in ERCOT.  How will it be modeled in the new market?  Like other storage, does it buy Nodal or Zonal and sell Nodal?
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