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Summary

Electricity, as it is currently produced, is largely a commodity resource that is interchangeable with electricity from any other source. Since opportunities for the large-scale storage of electricity are few, it is essentially a just-in-time resource, produced as needed to meet the demand of electricity-consuming customers. Climate change mitigation has increased the focus on the use of renewable electricity. While energy storage is seen as an enabling technology with the potential to reduce the intermittency and variability of wind and solar resources, energy storage resources would have to be charged by low- or zero-emission or renewable sources of electricity to ensure a reduction of greenhouse gases.

Energy storage is being increasingly investigated for its potential to provide significant benefits to the interstate transmission grid, and perhaps to local distribution systems and thus to retail electric customers. The ability to store energy presents an opportunity to add flexibility in how electricity is produced and used, and provides an alternative to address peak loads on the system using renewable electricity stored at low-demand times. In addition to providing power on demand, energy storage technologies have the potential to provide ancillary services to the electricity grid to ensure the reliability and stability of the power system, and better match generation to demand for electricity.

Hydropower pumped storage (HPS), compressed air energy storage, and cryogenic energy storage are examples of technologies that store potential (or kinetic) energy. These are examples of the mostly large, monolithic systems used for energy storage today do not store electricity directly, but provide a means of producing electricity by use of a stored medium (e.g., water or air). According to the Federal Energy Regulatory Commission (FERC), approximately 24 HPS systems are currently operating with a total installed capacity of over 16.5 Gigawatts. HPS is approximately 94% of existing U.S. energy storage capacity. Since the storage of potential energy systems is well established on the grid, this report focuses on the relatively new use of modular batteries for grid level storage.

Modular battery technologies generally store electrical energy in chemical media that can be converted to electricity, and consist of standardized individual cells with relatively small power and voltage capacities that are typically aggregated to serve larger power loads. Lead-acid batteries and lithium ion (Li Ion) cells are the most used modular battery technologies for utility scale (i.e., projects of one megawatt or greater in capacity) applications on the electric grid. Li Ion cells are being used for a variety of applications, due largely to their high energy density and ability to undergo a number of full power charging cycles. However, battery technologies, in general, can provide energy for only a few hours, and vary with regard to the time required to recharge battery systems. Procurement of cobalt for Li Ion batteries has also been controversial due to child labor and safety concerns in many Congolese artisanal mines.

While Li Ion battery systems are currently the most prevalent form of modular storage, and a key technology for electric vehicles, several issues exist with system cost, materials used, and the safety of these systems. Congress may want to direct further research into modular battery system materials and charging technologies to reduce the cost, improve the safety of systems, increase system performance and cycle efficiency, and to assure the sustainable development of modular battery systems. Congress may also want to look at providing guidance for policy regimes or incentives that promote energy storage in a manner that can decrease greenhouse gas emissions.

FERC acknowledged that existing market rules for traditional resources can create barriers to entry for emerging technologies, and energy storage in particular. FERC designed its Order No. 841 to require "each regional grid operator to revise its tariff to establish a participation model for electric storage resources that consist of market rules that properly recognize the physical and operational characteristics of electric storage resources."













Introduction

As the technological needs of an increasingly mobile society increase, the choices in how and when we use energy are growing. An increase in the power requirements for smaller and smaller devices has resulted in new technologies improving the density of energy storage in these devices. With these improvements has also come a wider array of applications for power storage on the electric grid and in electric vehicles (EVs). Energy storage is being increasingly investigated for its potential to provide significant benefits to the interstate transmission grid, and perhaps to local distribution systems and thus to retail electric customers.

Interest in reducing greenhouse gas (GHG)1 emissions in the energy sector to mitigate climate change risks has increased the focus on renewable sources of electricity. While energy storage is seen as an enabling technology with the potential to reduce the intermittency and variability of wind and solar resources, energy storage resources would have to be charged by low or zero emission or renewable sources of electricity to ensure a reduction of greenhouse gases.

This report will describe technologies for storing electric power, with an emphasis on battery systems, focusing on the readiness of the technologies for various storage applications for electric power services to the electric grid. Congress has held hearings in the 116th session on a number of topics—including climate change mitigation, electric power system resilience, incorporation of more renewable energy into the grid—all of which have considered the opportunities for increasing energy storage. As of September 2019, more than 40 bills have been introduced in the 116th session addressing various aspects energy storage technologies and research.

Given the many uses for energy storage—both current and projected—this report will discuss some of the main drivers for energy storage. This report will also discuss the challenges for energy storage and potential options for Congress to further explore, if it chooses to advance the technologies to meet societal or other goals.

Why the Need for Grid Electricity Storage

Electricity, as it is currently produced, is largely a commodity resource that is interchangeable with electricity from any other source. Since opportunities for the large-scale storage of electricity are few, and electricity is transmitted almost instantaneously, it is essentially a just-in-time resource, produced as needed to meet the demand of electricity-consuming customers. The electric power system is largely designed to support electric system reliability,2 and sized to ensure that electricity generation resources will be available to meet the maximum load demand the system is expected to see.

Given that most electric power is produced in bulk, at large power plants located at some distance from where the power is consumed, keeping power generation in balance with demand is an important function of system managers. Regional balancing authorities3 seek to ensure electricity supply is in balance with the demand for power. The normal frequency of the U.S. grid is 60 Hertz (i.e., cycles per second), and operational issues can arise with even with a small fluctuation of as little as 1% above or below this parameter.4 If the supply of power is less than demand (causing the frequency of power transmission to decrease) or if the supply of power is greater than demand (causing the frequency of transmitted power to increase), then damage to equipment or system infrastructure can result.5

Some regions of the United States have their maximum demand for electricity in the summer months (driven by air-conditioning loads), and some regions have a maximum demand for electricity in winter months (to meet residential and building heating purposes). Given that this variation in use can lead to some of the larger, less flexible generation resources being underutilized (especially during the night or even seasonally), some observers argue that the electric grid is overbuilt.6 Additionally, some have suggested that energy storage may be able to help reduce the need for large power generation projects in the future, and provide support for less costly renewable energy systems.7

Figure 1 is illustrative of the daily cycle of demand for electricity (i.e., the load), and how generation resources may be used to meet that demand. The figure also illustrates how "frequency regulation," a service currently provided by some generators, is used to reconcile the momentary differences caused by the fluctuations between generation and demand. The thicker gray line in the figure shows a smoother system response after damping of the fluctuations (shown by the undulating yellow line) with frequency regulation.8









	Figure 1. Conceptual Example of a System Load Without and With Regulation




	



	Source: Sandia National Laboratories, DOE/EPRI 2013 Electricity Storage Handbook in Collaboration with NRECA, July 2013, https://www.energy.gov/sites/prod/files/2013/08/f2/ElecStorageHndbk2013.pdf.

Notes: DOE—U.S. Department of Energy; EPRI—Electric Power Research Institute; NRECA—National Rural Electric Cooperative Association.










Peaking generation is power generation normally operated only during the hours of highest daily, weekly, or seasonal loads. Intermediate load generation is normally operated on a daily cycle to serve on-peak loads during the day but not off-peak loads during nights and weekends. Baseload generation serves the minimum level of electric power demand of a utility, region, or utility customer delivered or required over a given period of time at a steady rate. Renewables generation (in this instance) represents variable electric generation primarily from intermittent wind or solar photovoltaic sources whose peak generation does not necessarily coincide with electricity system periods of peak demand.

Energy storage is one way to decrease the need for power generation on the grid at peak demand periods. But storage is not the only means of meeting these goals. Other means of potentially reducing the generation of electricity from large, central station power plants include:


	End-use efficiency (also called energy conservation) requires the reduction of consumption through improved efficiency. However, upgrading the technologies used by electric power customers to utilize equipment and appliances that are more efficient may be required to achieve end-use efficiency goals.

	End-user demand reduction (or demand response) is a process by which customers respond to a price signal from a utility or other power provider in return for incentive payments. While most demand response programs are focused on large industrial users with the flexibility to reduce or move consumption to other times of lower demand, commercial, apartment and other residential customers may be signed to aggregation agreements to gain the scale needed for participation in such programs.9

	Distributed generation utilizing renewable sources such as wind, and tidal energy can potentially accomplish similar goals. Smaller gas turbines, if there are no local air quality or other environmental concerns, can also be used to meet peak demand.10



The capacity for storing large amounts of energy on the electric grid is presently limited. In one study, curtailing excess energy was reportedly seen as a possibly cost-effective alternative to deploying expensive energy storage options (at higher levels of solar photovoltaic (PV) penetration).11 However, with improvements in energy storage technologies, and regulatory regimes encouraging economic deployment of energy storage, the applications and opportunities to use storage on the grid are growing.

Energy Storage and the Arbitrage Opportunity

The ability to store energy presents an opportunity to add flexibility in how electricity is produced and used, and provides an alternative to address peak loads on the system using renewable electricity stored at low-demand times. An arbitrage opportunity also exists under some circumstances to take advantage of power storage in regulatory regimes that attach value to such opportunities.

Under such a scenario, electricity can be purchased from the grid and stored during times of lower demand. An energy storage system can be charged at this time so that the stored energy can be used or sold at another time when the price or costs are higher. Alternatively, energy storage can provide the opportunity to store excess energy production that may otherwise be curtailed from renewable sources such as wind or solar PV. However, the number opportunities for the storage system to perform efficiently in an arbitrage role can be limited by the technology.12 Additionally, opportunities for arbitrage may be limited by the number of storage participants potentially providing the service thus possibly reducing the sell-back price.

Energy Storage and Electricity Storage

Energy storage can take many forms, and can involve the storage of electricity directly or as potential (or kinetic) energy that can be used to generate electricity when it is needed. Electricity can also be stored in the chemical systems of batteries, both in bulk scale and in modular forms as summarized below. Storage systems generally replenish their energy using electricity generated at low-demand (off-peak) times. Storage of energy is measured both in terms of the maximum rated power capacity (for storage charge/discharge) measured in megawatts (MW) or in terms of energy storage capacity over time, measured in megawatt-hours (MWh).

Hydropower pumped storage (HPS), compressed air energy storage (CAES), and cryogenic energy storage are examples of technologies that store potential (or kinetic) energy. These examples of the mostly large, monolithic systems used for energy storage today do not store electricity directly, but provide a means of producing electricity by use of a stored medium (e.g., water or air). The gradual release of the stored medium physically turns the shaft of a turbine connected to an electric generator, converting potential energy from the stored medium to electricity. Other opportunities for energy storage from the production of hydrogen gas are being explored, but are not a focus of this report.13

Batteries are chemical systems that produce electricity when the component parts and chemicals combine to create a flow of electrons, thus creating an electrical current. The potential to produce an electrical charge can be stored directly in large chemical systems (e.g. flow batteries) or in modular battery systems composed of smaller cells (such as lead-acid or lithium ion batteries). The smaller cells of modular battery systems do not store large amounts of electricity individually, but can be aggregated in battery systems to provide larger amounts of power.

The major potential energy and battery storage technologies for energy storage discussed in this report are summarized below:

Hydropower pumped storage: Water stored in an upper reservoir is released to a lower reservoir through a turbine to generate electricity. Water is pumped in reverse at times of low demand to store energy. HPS is the most widely-used technology for storing energy on the electric grid.

Compressed air energy storage: Compressed air is heated and expanded in a turbine to generate electricity. Compressing air causes it to cool, and it is stored in a tank or cavern using off-peak electricity to store energy.

Liquid air (cryogenic) energy storage: Ambient air cooled to a liquid state is re-gasified and injected into a turbine when used to generate electricity. Ambient air is cooled and compressed to a liquid state to restore the system, and is stored in insulated tanks.

Flywheels: A cylinder rotating around a core in a vacuum at high speeds stores kinetic energy. Slowing the cylinder releases energy to turn a generator to produce electricity, and speeding up the cylinder stores energy.

Flow Batteries: Liquid electrolytes14 with positive and negative charges are stored in large, separate tanks. Electric charge is drawn from the electrolytes by electrodes as they are pumped through a central tank where the liquids are separated by a membrane based on charge, and the spent liquids returned to separate tanks.

Lead-acid batteries: One of the oldest and most used methods of energy storage uses connected compartments (cells) made of a lead alloy and lead, immersed in a water-sulfuric acid electrolyte, which combine to generate an electric charge.

Lithium ion (Li Ion) batteries: Movement of lithium ions from the positive electrode (cathode) to the negative electrode (anode) through an electrolyte (commonly a lithium salt solution) creates an electric charge. Li Ion batteries have a cathode made of lithium-cobalt oxide, and an anode made of carbon. When batteries are recharged, the lithium ions move in reverse.

Nickel Cadmium (NiCad), Nickel-metal Hydride (NiMH), Sodium Sulfur (NaS), Sodium-Nickel Chloride (NaNiCl2) batteries: Different chemical systems can be used for battery storage. Commonly, the movement of charged particles from cathode to anode through an electrolyte generates an electric current.

These technologies are described in more detail in Appendix A of this report.

Summary of Grid Energy Storage Opportunities

Energy storage can help maintain the balance between supply and demand on an electricity system, and assist with system reliability by providing back-up power (for several hours at a time) during electricity outages. Since the storage of potential energy in larger, monolithic systems (e.g., HPS) is well established on the grid, this report focuses on the relatively new use of modular batteries for grid level storage. Battery storage technologies can also supply energy to the grid, and can also provide many of the ancillary services15 necessary to ensure the grid's stability. These services are described in more detail in Appendix B of this report. Currently, however, the best value of grid energy storage for energy storage project developers is likely to come from supplying energy to the grid, and additionally providing the ancillary services best-suited to the storage technology, when available (as the storage resource cannot do both simultaneously).

Once stored energy is sent to the grid, how quickly the energy storage technology can recharge may influence when and how often recharging of the system is accomplished. When recharging, the energy storage system is a load on the grid, and is not a generation resource. The timing of the charging and recharging cycle during a day can affect the value proposition of storage, since it is unlikely that recharging would be scheduled at times of peak demand. The ability of an energy storage system to provide several services to the grid may also bear on the economics of a system.

Figure 2 presents a current view of the opportunities for energy storage technologies to provide capacity and energy for the grid and various ancillary services. It provides a general summary and comparison of energy storage technologies for applications over various timescales for electric grid services.16









	Figure 2. Positioning of Energy Storage Technologies for Grid Services




	



	Source: Sandia National Laboratories, DOE/EPRI 2013 Electricity Storage Handbook in Collaboration with NRECA, July 2013, https://www.energy.gov/sites/prod/files/2013/08/f2/ElecStorageHndbk2013.pdf.

Notes: T&D—Transmission and Distribution; UPS—Uninterruptible Power Supply; CAES—Compressed Air Energy Storage; NaS—Sodium Sulfur; NaNiCl - Sodium-nickel chloride; NiCd—Nickel Cadmium; NiMH—Nickel Metal Hydride; SMES—Superconducting Magnetic Energy Storage.










Larger, more monolithic bulk power energy storage projects (such as HPS or CAES) can supply electric power in a discharge time over tens of hours.17

Battery systems and flywheel energy storage are sometimes used for uninterruptible power supply (UPS) in backup power applications. UPS applications solely for energy storage typically have enough energy to operate for up to several minutes. UPS systems may also incorporate generation (e.g., diesel generation) which can provide power over an extended period.18

Energy storage can also provide a power quality service by storing power and quickly discharging energy to smooth out variations in voltage supply or frequency, or service interruptions from a fraction of a second to several minutes, which could negatively affect a customer's manufacturing process or operations.19

Energy storage for transmission and distribution (T&D) systems can support the grid in several ways. For example, a T&D upgrade project can be deferred by using modular storage to provide electric energy to customers until a permanent upgrade can be made. Another example may allow a utility to "avoid making a potentially unneeded investment in more T&D capacity by using transportable, modular storage to serve peak demand for one or two years until there is more certainty."20 Energy storage can also potentially help to alleviate the bottlenecks of transmission congestion by providing a non-transmission alternative, and thus provide power locally at times of high demand.

By using energy stored in off-peak hours, customers of utilities can potentially shift their energy use from one time period to another. Alternatively, utilities or energy storage providers can store energy in periods of low demand to serve loads in times of higher demand.21

Supercapacitors may be used in energy storage applications undergoing frequent charge and discharge cycles at high current and a very short duration.22 Similarly, superconducting magnetic energy storage (SMES) has rapid discharge capabilities that have been implemented in some instances for industrial pulsed-power,23 and system-stability applications on electric power systems. However, the components for SMES limit its uses, as the cost of high-temperature superconducting wires would make grid-scale SMES systems prohibitively expensive."24

SMES has long been pursued as a large-scale technology because it offers instantaneous energy discharge and a theoretically infinite number of recharge cycles.

Energy Storage Considerations

Matching an energy storage technology to the opportunity is key, and considerations will include:


	The application. For example, ancillary services in electricity markets provide an opportunity for storage by providing "services necessary to support the transmission of electric power from seller to purchaser, given the obligations of control areas and transmitting utilities within those control areas, to maintain reliable operations of the interconnected transmission system."25

	The duration of the application. For example, the duration may be relatively short (e.g., 30 minutes) requiring the quick provision of a large amount of power26 in applications such as frequency regulation.27 Alternatively, the duration may be relatively long (perhaps two hours or more) requiring energy28 to be provided such as for peak load shaving.29

	The rates of charge. Storage resources used to provide power must be recharged. For potential energy resources, the resource used must be restored so it can be used again to provide electric power.



Structure of Modular Batteries

All rechargeable batteries have a similar physical structure that allows for the flow of electricity from an outside source to recharge the chemical system once depleted. As shown in Figure 4, the cathode is the positive terminal, and the anode is the negative terminal. The anode of a device is the side where current flows in, while the cathode is where current flows out.









	Figure 3. Lithium Iron Phosphate Battery Cell




	



	Source: Lithium Battery Banks—Fundamentals, at http://nordkyndesign.com/lithium-battery-banks-fundamentals/#lithium-safety.








A conductive electrolyte allows the flow of electrons between the anode and the cathode. When a battery is discharged, electrons are released from the negative end and captured by the positive end. Cells can be built by stacking parallel plates (i.e., prismatic or box-shaped cells) or from single long strips rolled onto themselves into a cylinder or flattened cylinder (i.e., cylindrical or wound cells). They have the same chemistry with the main difference residing in their construction and ability to dissipate internally generated heat. 30

Wound cells, and small cylindrical cells in particular, are cheaper to manufacture than the larger prismatic ones for a given capacity. They also have a higher volumetric energy density, but their round cross-section prevents from packing them together without gaps and this advantage does not extend to the assembled battery. The gaps between the cells can present an advantage for cooling when thermal management is necessary due to very high currents.... Mechanically, cylindrical cells are very robust and very resilient to mechanical damage from shocks and vibrations, which is good in electric vehicles.31

Battery Characteristics

The evaluation of the performance and suitability of modular batteries for an application is typically based on several key characteristics, including:

Specific Energy—the capacity a battery can hold (defined in terms of Watt-hours per kilogram (Wh/kg)). For example, specific energy can determine the battery weight required to achieve range of a vehicle given its energy consumption.

Specific Power—the ability to deliver power (defined in terms of Watts per kilogram (W/kg)). For example, specific power can determine the battery weight required to achieve a given performance target for an engine.

Energy Density—the battery energy per unit volume (defined in terms of Watt-hours per liter (Wh/L).

The three characteristics listed above are functions of the battery chemistry and its packaging, with the controlling characteristic being dependent on the particular application.

For photovoltaic systems, the key technical considerations are that the battery experience a long lifetime under nearly full discharge conditions. Common rechargeable battery applications do not experience both deep cycling and being left at low states of charge for extended periods of time. For example, in batteries for starting cars or other engines, the battery experiences a large, short current drain, but is at full charge for most of its life. Similarly, batteries in uninterruptible power supplies are kept at full charge for most of their life. For batteries in consumer electronics, the weight or size is often the most important consideration.32

Utility-Scale Battery Storage

According to the U.S. Energy Information Administration (EIA), energy storage projects can be used in a variety of electricity production applications.

Electricity storage can be deployed throughout an electric power system—functioning as generation, transmission, distribution, or end-use assets—an advantage when it comes to providing local solutions to a variety of issues. Sometimes placing the right storage technology at a key location can alleviate a supply shortage situation, relieve congestion, defer transmission additions or substation upgrades, or postpone the need for new capacity.33

Utility scale battery storage consists of projects of one MW or greater in capacity.34 Utility-scale battery storage operating in the United States has reportedly quadrupled from a total of 214 MW at the end of 2014 to 899 MW (through March 2019). EIA expects U.S. utility-scale battery storage capacity to grow to perhaps 2,500 MW by 2023 "assuming currently planned additions are completed and no current operating capacity is retired." As of March 2019, the two largest U.S. operating utility-scale battery storage projects each provide 40 MW of power capacity, and there were another 16 operating battery storage sites with a power capacity rated at 20 MW or greater.35 For comparison, there is approximately 16,500 MW of HPS capacity deployed in the United States.36

Balance of Plant Costs

Grid-connected battery storage projects commonly require a power management system to protect the battery and prevent uses that would damage or destroy the system. Of these systems for battery storage, balance of plant (BOP) costs are the most significant. BOP includes basic infrastructure (such as a building foundation and security fencing), and on-site electrical systems comprised of any equipment required to interconnect a battery storage system to the electric utility transmission or distribution grid.37

A 2018 study by the National Renewable Energy Laboratory (NREL) estimated the costs of Li Ion battery storage systems, both as standalone projects (e.g., with storage connected to the grid only), and projects connected to solar PV projects and the grid. A project capacity of 60 MW was used for the estimates. For standalone systems, a battery price of $209 per kilowatt-hour (KWh) was assumed, with total system costs varying from $380 per kWh (e.g., for a four hour duration system) to $895 per kWh (e.g., for a 0.5-hour duration system). The battery cost in these estimates accounted for 55% of total system cost in the 4-hour system, as compared to 23% in the 0.5-hour system. According to NREL, "the per-energy-unit battery cost remains constant at $209/kWh, the total battery cost—and the proportion of the cost attributed to the battery—decrease as system duration decreases." 38 The report also stated that co-locating the solar PV and storage subsystems produces cost savings by "reducing costs related to site preparation, land acquisition, permitting, interconnection, installation labor, hardware (via sharing of hardware such as switchgears, transformers, and controls), overhead, and profit."39

For comparison, a 2019 report from the Energy Information Administration estimates the overnight capital cost40 of a new natural gas-fired combined cycle powerplant (with a capacity of 1,100 MW) at approximately $794 per Kwh, and the overnight cost of a new onshore wind powerplant (with a capacity of 100 MW) at $1,624 per Kwh (before application of the investment tax credit).41 A solar PV powerplant with a capacity of 150 MW had an estimated overnight cost of $1,783 per Kwh. The report also estimated an overnight capital cost for a 30 MW capacity battery storage project at $1,950 per Kwh (but with no specific battery technology or length of storage duration identified).

Energy Storage and Grid Resilience

Most power outages occur in electric distribution systems where wind or other weather cause vegetation (e.g., trees and tree limbs or branches) to contact power lines and cause damage to the line or associated equipment. Power outages can also result from equipment failure, vehicle accidents knocking down distribution poles, and even animal incursions into equipment. Outages caused by these factors typically last in the range from minutes to a few hours. Most of the longer-lived power outages (i.e., lasting from hours to days or longer) are due to weather-related events causing extensive damage to power lines and associated equipment.42

More extreme events (i.e., those affecting a larger part of the electric power grid) can result in a widespread shutdown of generating plants/units and the de-energization of the transmission and distribution system.43 In 2007, DOE stated that since weather is the primary reason for reliability problems, and conclude that there is a need for resilient systems to ensure that when power outages occur "they are short-lived and affect the fewest number of customers as possible."44

In the wake of recent major weather events45 in the United States (e.g., Superstorm Sandy), there has been an increased focus by federal and state officials on electric reliability and the need for investments in the grid. A recent study examined the statistical relationship between annual changes reported by U.S. distribution utilities in electricity reliability over a period of 13 years, and a broad set of variables (including various measures of weather and utility characteristics), and concluded that severe weather is causing longer, more severe power outages:

We find statistically significant correlations between the average number of power interruptions experienced annually by a customer and a number of explanatory variables including wind speed, precipitation, lightning strikes, and the number of customers per line mile…. In addition, we find a statistically significant trend in the duration of power interruptions over time—especially when major events are included. This finding suggests that increased severity of major events over time has been the principal contributor to the observed trend.46

FERC recently proposed defining resilience as "the ability to withstand and reduce the magnitude and/or duration of disruptive events, which includes the capability to anticipate, absorb, adapt to, and/or rapidly recover from such an event."47

Energy storage could conceivably help reduce the impact of power outages in these instances. However, storage would have to be energized and available, which underscores the source of the electricity used to charge the batteries (or other storage media). Wind power is variable, and often the winds are strongest at night, while solar photovoltaic storage only charges in the daytime. The discharge characteristics would also determine the usefulness of battery storage, as power form these sources may only last for several hours.

The type of event causing a power outage would also be key, as a severe weather event could stress or potentially take down power lines over a wide, possibly multistate region. Power can only reach electricity customers if the electrical wires (particularly the distribution lines) are still serviceable and connected.

Electric Vehicles and Grid Storage

The plug-in hybrid and battery electric share of the U.S. light vehicle market in 2018 was 2.1%.48 Nearly all automakers offer electric vehicles for sale: 42 different models were sold in 2018, with Tesla and Toyota recording the largest number of vehicle sales.49 A recent study from NREL assumed that EVs would be an increasing part of an electrified U.S. transportation sector, estimating that "electric vehicles would account for up to 76% of vehicle miles traveled in 2050," and could result in an increased demand for electricity to charge them.50

Some utilities have been considering whether EVs will be a longer-term avenue for increasing electricity demand, providing opportunities for vehicle-to-grid (V2G) energy storage and related services. Under V2G, EV batteries could eventually be used as storage of off-peak energy for the grid, and help provide demand response when the vehicles are not in use. A report from the Smart Power Electric Alliance observed that "utilities do not want to just serve this new load—they want to take advantage of EVs as a distributed energy resource (DER) with the ability to modulate charge (i.e., managed charging), or even dispatch energy back into the grid (i.e., vehicle-to-grid)."51

However, while the V2G concept has been discussed for well over a decade in the United States, some have expressed doubts about its adoption.

The idea is attractive because of the growing amount of lithium-ion battery capacity tied up in electric vehicles, and the fact that this capacity is not being used for around 95 percent of the time. Ten new Nissan Leafs can store as much energy as a thousand homes typically consume in an hour.... However, despite numerous pilot studies over the last decade, V2G has yet to become a commercial reality.52

Among the major concerns expressed about V2G is the effect on the vehicle's batteries. V2G allows a utility to draw on energy storage from stationary vehicles, which could increase the stress on the batteries, one of the most expensive parts of the vehicle. As at least one observer has noted, it is unclear who would cover the cost of this usage or battery replacements under a V2G regime, or how vehicle owners might be otherwise compensated for taking part in V2G programs.53

A potential driver for further EV adoption (and perhaps V2G itself) could be GHG reduction in the transportation sector. Electrification of the transportation sector can conceivably reduce GHG emissions—depending on the electricity generation source, among other factors54—seen as a contributor to potential climate change. According to projections by the U.S. Energy Information Administration, new sales of battery electric vehicles may increase by a factor of seven by the year 2025, over model year 2018, under a reference case scenario.55 Other studies project the possibility for an almost complete transition of U.S. automobiles from internal combustion engines to EVs by 2050, should that be a policy goal.56 The potential for a large scale GHG reduction from such a transition would depend, in part, on the electricity generation sources used across the life cycle of the vehicles assuming that U.S. policy is focused on almost exclusive use of low or zero-carbon fuels and sources.

Batteries charged from renewable electricity sources may reduce climate change concerns, and aid renewable energy growth goals. However, fuel cell vehicles57 could present a competitive or alternative pathway to a potential transportation future dominated by battery-powered EVs.

A California Case Study

A team of researchers from Lawrence Berkeley National Laboratory (LBL) examined EV charging in California as a case study.58 The team suggested that controlling when EV charging happened could help accomplish California's goals for renewable electricity integration less expensively than its 2010 mandate for deploying grid energy storage.59

The LBL case study discussed California's growing system-wide balancing problems forecast out to 2025, as more renewables (especially solar PV) are deployed. This has been epitomized as the "California Duck Curve" issue.60 By implementing a policy regime to charge EVs in the middle of the day (when renewable solar generation is greatest, instead of the evening or overnight), EVs could use excess renewable electricity available at this time and help balance the grid, thus avoiding the cost of ramping up and down other electric generation. This regime is referred to as V1G, representing the "one-way" charging of EVs. According to the LBL researchers, the technology for a one-way charging regime largely exists (i.e., grid to vehicle charging) and could possibly be implemented for about $150 million in California.61

In addition, implementing a regime to also allow a V2G two-way flow of power from EVs could potentially allow the benefits of EV batteries to become even more pronounced.

In the V1G only case, down-ramping and up-ramping are both mitigated by more than 2 GW/h by 2025. In the case with a mix of V1G and V2G vehicles, however, substantially larger gains are seen … both down-ramping and up-ramping are substantially mitigated, by almost 7GW/h, equivalent to avoiding construction of 35 natural gas 600 MW plants for ramping mitigation.62

The LBL researchers estimated that such a proposal could save California the equivalent of $12.8 billion to $15.4 billion in stationary storage investment.63

Grid Reuse of EV Batteries

While up to 98% of lead-acid battery component materials may be recycled at the end of a battery's useful life,64 estimates are that Li Ion battery recycling is less than 5% in the United States.65 This may become a growing concern as transportation electrification is expected to increase the use of Li Ion battery packs.

Finding ways to increase the recycling and reuse of Li Ion battery components would seem to be an option, given the potential cost and difficulty of obtaining the lithium and cobalt used in battery manufacture. However, since it has been estimated that Li Ion battery packs in EVs may retain about 70% of their storage capacity at the end of the battery's service life to a vehicle, the potential for a second use in home energy storage may exist (especially for solar PV storage systems).66 Therefore, reuse in electric grid applications may present a larger opportunity.

Reuse can provide the most value in markets where there is demand for batteries for stationary energy-storage applications that require less-frequent battery cycling (for example, 100 to 300 cycles per year). Based on cycling requirements, three applications are most suitable for second-life EV batteries: providing reserve energy capacity to maintain a utility's power reliability at lower cost by displacing more expensive and less efficient assets (for instance, old combined-cycle gas turbines), deferring transmission and distribution investments, and taking advantage of power-arbitrage opportunities by storing renewable power for use during periods of scarcity, thus providing greater grid flexibility and firming to the grid. In 2025, second-life batteries may be 30 to 70 percent less expensive  than new ones in these applications, tying up significantly less capital per cycle.67

FERC Authority to Promote Grid Storage

Under the Federal Power Act68 (FPA), the Federal Energy Regulatory Commission (FERC) has authority over the sale and transmission of wholesale power,69 the reliability of the bulk power system, utility mergers and acquisitions, and certain utility corporate transactions.70 FERC is required by the FPA to ensure that wholesale electric power rates are "reasonable, nondiscriminatory, and just to the consumer."71

The Energy Policy Act of 1992 (P.L. 102-486; EPACT) opened wholesale electricity markets to competition by allowing wholesale buyers to purchase electricity from any generator, requiring transmission line owners to transport (or "wheel") power for other generators and purchasers of wholesale power at "just and reasonable" rates. The next step was to ensure that these transactions could take place as efficiently as possible, and momentum for allowing access to the transmission grid for all users was realized with the issuance of FERC Order No. 888 in 1996.72 FERC oversees the competitive electricity markets served by regional transmission organizations (RTOs) and Independent System Operators (ISOs) established in accord with Order No. 888. The order required electricity transmission owners to allow open, non-discriminatory access to their transmission systems, thus promoting wholesale competition.

In 2018, FERC issued its final version of Order No. 84173 to remove what it saw as barriers to the participation of electric storage resources in RTO/ISO markets.74 Each RTO/ISO has until December 3, 2019 to revise and implement the Order No. 841 market rules.



Subsequently, in April 2019, FERC issued Order No. 845,75 which changed "the definition of "Generating Facility" to explicitly include electric storage resources."76 Order No. 845 also changed the interconnection rules to allow "interconnection customers to request a level of interconnection service that is lower than their generating facility capacity."77 This could potentially allow some electric generators to add storage capacity to their facility (i.e., co-location), and use that storage capacity to send energy to the grid. This may provide an opportunity for renewable generators, in particular, to sell power when the renewable capacity is unavailable.

Discussion of FERC Order No. 841

In Order No. 841, FERC recognized that HPS has been operating in the competitive electricity markets that it regulates for years. However, FERC also acknowledged that existing market rules for traditional resources can create barriers to entry for emerging technologies. Order No. 841 defined an energy storage resource as "a resource capable of receiving electric energy from the grid and storing it for later injection of electric energy back to the grid."78

FERC designed Order No. 841 to require "each regional grid operator to revise its tariff to establish a participation model for electric storage resources that consist of market rules that properly recognize the physical and operational characteristics of electric storage resources."79

The participation model is to:


	ensure that electricity storage resources are eligible to provide all capacity, energy, and ancillary services that they are technically capable of providing in competitive markets;

	ensure that electricity storage resources can be dispatched, and can set the wholesale market clearing price as both a wholesale seller and wholesale buyer consistent with existing market rules;

	recognize that markets must account for the physical and operational characteristics of electricity storage resources through bidding parameters or other means; and

	establish a minimum size requirement for participation in the Regional Transmission Organization/Independent System Operator markets that does not exceed 100 kW.



Electric storage resources may be a buyer and a seller of electricity from the markets, since they must charge and discharge their resources. FERC requires that the sale of electric energy from the wholesale electricity market to an electric storage resource (that the resource then resells back to those markets) must be at the wholesale locational marginal price (i.e., the market-clearing price for electricity at the location the energy is delivered or received).80

FERC recognized that various energy storage resources had the potential to provide ancillary services (e.g., battery storage can provide frequency regulation, voltage support, and spinning reserves), and provide energy to serve peak demand loads. FERC also recognized that "electric storage resources tend to be capable of faster start-up times and higher ramp rates than traditional … generators and are therefore able to provide ramping, spinning, and regulating reserve services without already being online and running."81

Some RTO/ISO Comments on the Order

The compliance filings submitted by the RTO/ISO stakeholders had various degrees of existing energy storage participation. Several compliance responses are discussed in the following summaries.

PJM

The PJM RTO (PJM) submitted its compliance filing to FERC in two submissions. One filing submitted details of PJM's proposed energy storage resource participation model (i.e., the "Markets and Operations Proposal." 82 PJM said that its energy storage resource (ESR) participation model is designed to ensure that "ESRs are eligible to provide services in a manner consistent with other resources providing that service."83 PJM stated that its capacity, energy and ancillary services markets offer a number of products that participating resources can provide to serve load and to ensure the reliability of the electric grid. However, PJM noted that although ESRs are currently eligible to provide services in each of these markets, the ESR participation model explicitly addresses each available product to ensure that ESRs are eligible to provide all services which they are technically capable of providing. PJM said that its review of its markets and operations indicated that "certain changes are needed to fully support the ESR participation model required by Order No. 841," and include:84

Modal Operation in Energy Markets: PJM proposes to allow ESRs to participate in the Day-ahead and Real-time Energy Markets under three different modes: (1) Continuous Mode; (2) Charge Mode; and (3) Discharge Mode. This feature provides significant flexibility and allows Market Participants of ESRs to best manage a resource's changing and discharging cycles.85

Reserves: PJM proposes to allow ESRs to participate in the Synchronized Reserve market without an energy offer. If an ESR is physically disconnected from the grid and capable of providing energy within ten minutes, then the resource's reserve MWs shall be treated as Non-Synchronized Reserve. An ESR wishing to clear in the Day-Ahead Scheduling Reserve market would require an energy schedule and must inform PJM that it would like to be considered.

Cost-Based Offers: PJM proposes to continue to apply the same offer development rules applied to all generation resources. PJM proposes to modify the Operating Agreement to clarify that ESR fuel costs include charging costs for later injection to the grid.

Make-Whole Payments: PJM proposes to allow ESRs to receive make-whole payments when moved off economic dispatch.

Billing for ESR Charging: PJM proposes to adopt several different categories of ESR charging to account for the resource's behavior and later resale of the charging energy. PJM also proposes to modify the Tariff to exempt "Direct Charging Energy" from certain "load" charges related to administrative costs, uplift, and meter/scheduling reconciliation.

PJM was developing a methodology to determine wholesale vs. non-wholesale charges for stored energy, since ESRs can be connected to transmission, distribution, or behind the meter (i.e., storage designed for a specific building or residential use). PJM says that this may be complicated since ESRs that are behind the customer meter (or that otherwise directly serve retail load) may not, in some cases, resell that energy to PJM per its proposed rules.86 A second response was filed separately by PJM focusing on metering, accounting and market settlement issues (i.e., the "Energy Storage Resource (ESR) Accounting Proposal") to address such issues.87

NYISO

While noting that it did not have a single participation model as required by FERC Order No. 841, the New York ISO (NYISO) filed its existing plans for electric storage.88 NYISO stated that while electric storage can currently participate in its energy, ancillary services, and installed capacity markets under various existing participation models, it also recognized that energy storage be a component of a demand side plan in certain demand response programs. Nevertheless, NYISO proposed to establish a participation model with energy storage resources as a subset of generators under its tariffs. Electric storage facilities unable to satisfy a qualification as generators would be able to elect to participate in existing participation models that accommodate their physical and operational characteristics. For example, some storage resources may be able to participate as "energy limited resources," e.g., installed capacity suppliers that are unable to operate continuously on a daily basis but that can provide energy for at least four contiguous hours each day. Alternatively, other energy storage resources may be able to participate as "limited energy storage resources," i.e., generators that are not able to sustain continuous operation at maximum energy withdrawal or maximum energy injection for a minimum period of one hour.89

CAISO

The California ISO (CAISO) expressed support for FERC Order No. 841, stating that its rules were already in compliance with Order No. 841, and are not, generally, technology specific.90 But there were areas on which CAISO requested clarification. These included whether metering would be required for storage resources, and how storage resources should be treated under models of dispatch for energy (i.e., providing spinning reserves) or when acting as a load and consuming energy from the grid.91

Compliance Deficiency Letters to RTOs/ISOs

FERC was apparently not satisfied with the RTO/ISO compliance filings for Order no. 841. Requests for more information (as filing deficiency letters) were sent to each of the RTOs/ISOs. As one example of the information requested, FERC asked each grid operator to provide details of various aspects of energy storage market participation models, including size requirements, state of charge management, and how storage resources can participate as both buyers and sellers in wholesale market.92

Senate Hearing on Grid Scale Energy Storage

In June 2019, the Senate Energy and Natural Resources Committee held a hearing to examine opportunities for the expanded deployment of grid-scale energy storage in the United States. Among the key statements from witnesses were observations on the developing nature of battery storage systems.93

Among the observations from Dr. George Crabtree, the director of the Joint Center for Energy Storage Research and Argonne National Laboratory was a statement on the readiness of battery technologies for long-term grid support:

The present cost of lithium-ion battery packs, about $200/kWh, must fall by a factor of two or more to make storage economically appealing across all its uses in the grid. In addition, we must be able to purpose-design batteries for a diversity of applications in the grid spanning generation, transmission, and distribution. An example is long duration storage, needed to fill in for renewable generation when the wind does not blow or the sun is blocked by clouds for as many as seven days in a row. These long, cloudy, or calm periods are common in weather patterns in the Northeast and Midwest. The present generation of lithium-ion batteries can optimally discharge for about four hours, much too short to span many weather-related generation gaps. New battery materials, concepts, and technology are needed to meet the challenges of long-duration-discharge energy storage.94

Among other observations, the witness from Xcel Energy, Mr. Ben Fowke noted that Xcel Energy's long-term carbon strategy depends on the deployment of advanced clean technologies. He said that grid-scale storage helps with renewable integration, allowing higher renewable energy levels than would otherwise be possible. Storage can also provide other system benefits, including more reliable grid operations, voltage support and frequency control. At the same time, he pointed out that storage today still has limitations. Two significant challenges for storage were described in his testimony:

First, storage cannot today solve the problem of the wide seasonal variation in renewable energy generation, which is the chief factor preventing the creation of fully renewable electricity system. Second, while storage can initially help integrate renewables by moving energy from the time it is produced to when it is needed, the value of each additional increment of storage capacity declines as more is added to the system. Finally, although storage can bring multiple services to the grid—power quality and grid support, for example—the value of all of these services are not all additive (or "stackable"). As a general rule, these services are not all available at the same time.95

Mr. Fowke also pointed to potential areas for further energy storage research:

While lithium ion batteries are the dominant technology in the battery storage industry today, a federal research agenda should target those technologies that have the greatest potential to address long-term system needs and reach commercialization. Those technologies include pumped storage, flow batteries, compressed air energy storage, and other forms of mechanical, thermal and ice storage. The federal research agenda should also encourage the development of hydrogen and other power-to-gas technologies that have the potential to link renewables and other sources of clean electricity to the rest of the economy and dramatically increase the amount of energy storage capacity in the nation.96

Among other comments, the witness from the PJM RTO, Mr. Andrew Ott, discussed the readiness of ESRs for grid applications. He also discussed the potential for competition between demand response resources, ESRs, and other generation resources.97

One issue that has garnered attention is how energy storage resources can participate in PJM's capacity market and therefore displace a coal, nuclear or natural gas unit to be available on call to provide energy when needed in system emergencies. Consistent with FERC's requirements, we have indicated that battery storage resources can be deemed capacity resources and be fully paid to the extent to which they have the duration capability to be available on call when needed. We require the same of a coal, natural gas or nuclear unit, and we require the same of pumped storage hydro or a demand response resource. Our approach is consistent with FERC's directive that the markets need not create undue preferences for energy storage resources but instead must be open to their participation consistent with their "technical capability" of providing the service in question.98

Today, in PJM and in other areas of the country, battery duration is generally limited—duration could be anything from 15 minutes to one or two hours (typically never longer than four hours) at their rated capacity before they need to be recharged. However, even with these relatively short durations compared to other resource types on the grid today, we don't exclude these batteries from participating in the capacity market. Instead, short-duration batteries are prorated based on their capability (just as we do with renewable resources) to recognize this limited duration. In short, we are treating batteries comparably to any other resource that seeks to serve as a capacity resource. As capacity resources are integral to ensuring reliability and keeping the lights on, we think it is only fair, as well as consistent with the FERC Order, to pay them comparably to what we would pay a cleared nuclear, coal or natural gas resource when they provide a comparable service.99

I would note that the duration requirements for energy storage capacity resources that we submitted to FERC are, in-part, driven by the success that demand response has had in our capacity market. The advent of demand response, in which industrial operations or buildings and other facilities agree to curtail their load during system emergencies, has worked to "flatten" our expected load curve when demand response is called upon. In effect, this has transformed our capacity design requirements from serving what used to be a one-hour "needle" peak demand into a lower, wider but more sustained multi-hour peak demand.100

Key Issues for Congress

As the U.S. electric grid is modernized to incorporate new technologies capable of making the system more efficient and responsive to the needs of the future, energy storage is increasingly seen as a key component in that future. Energy storage systems have the potential to provide many essential services to the electric grid that can potentially benefit electricity customers in a number of ways.

Interest in reducing GHG emissions in the energy sector to mitigate climate change risks has increased the focus on renewable sources of electricity. While energy storage is seen as an enabling technology with the potential to reduce the intermittency and variability of wind and solar resources (in particular), energy storage resources would have to be charged by low or zero emission or renewable sources of electricity to ensure a reduction of greenhouse gases. Congress may look at providing guidance for regimes or incentives that promote energy storage in a manner that can ensure a decrease in greenhouse gas emissions.

Energy storage resources can potentially delay the need or avoid the cost of constructing traditional power plants, depending on how, where used, and what type of storage system is used. For such a scenario, storage resources must be capable of providing the more than four hours of energy often mentioned as available from current battery storage resources. Congress may consider whether further research and development is needed to develop longer duration, higher capacity energy storage resources capable of a higher number of charging/discharging cycles. DOE and the national laboratories may be able to lead cooperative efforts in basic research to address basic science issues.

As state governments, local communities, and U.S. businesses aim to increase their intake of renewable electricity, energy storage technologies are seen aiding increased renewable energy deployment and integration. While the cost of battery storage technologies is falling, a potential area for Congress to consider is efforts to reduce the cost of the many different items in balance of plant systems that may represent 20% to over 50% of a battery storage project's overall cost.

Further electrification of the economy may be required if reducing emissions seen as contributing to climate change is a driver of federal policy. Electrification of the transportation sector may be a key part of such a strategy. Options for charging electric vehicles sometimes discuss V2G as an option or V1G to promote grid efficiency. Congress may want to define goals for battery storage technologies to support such goals, pathways for the infrastructure needs, a regulatory framework, and/or the interoperability of technologies, if transportation electrification is a policy goal.

Recycling of spent Li Ion batteries and/or their components may be one way to ensure the sustainability of modular batteries systems. Over time however, the efficiency of any such technology for charging and discharging will diminish. Congress may want to investigate ways to promote a more efficient, less resource intensive future for modular battery systems, if electrification of the transportation sector to reduce GHG emissions is a policy goal.

While Li Ion battery systems are currently the most prevalent form of modular storage, and a key technology for EVs, several issues exist with the procurement of materials for battery components, and the safety of Li Ion battery systems. Congress may want to direct further research into modular battery system materials and charging technologies to reduce the cost, improve the safety of systems, increase system performance and cycle efficiency, and to assure the sustainable development of modular battery systems.

Selected Bills in 116th Congress

To-date, over 40 bills have been introduced in the 116th Congress on various topics concerning energy storage. This section summarizes several bills considered representative of the overall goals and directions of the proposed legislative efforts.

In the House

The Advancing Grid Storage Act of 2019 (H.R. 1743), introduced in March 2019, would authorize a research program, loan program, and technical assistance and grant program, among other purposes. DOE would be required to carry out a program for research of energy storage systems, and provide to eligible entities loans for the demonstration of and deployment of energy storage systems. Included in the objectives of the programs improvements to energy storage for microgrids, improved security of emergency response infrastructure, use of energy storage for optimization of transmission and distribution system operation and power quality, and the use of energy storage to meet peak energy demand and make better use of existing grid assets. A public program for technical assistance would be established, and grants would be made available to eligible entities for technical assistance to identify, evaluate, plan, and design energy storage systems. Projects to be prioritized would be those that facilitate the use of renewable energy resources, strengthen reliability and resiliency, improve the feasibility of microgrids in rural areas (including rural areas with relatively high electricity costs), and that minimize environmental impacts and greenhouse gas emissions.



The Promoting Grid Storage Act of 2019 (H.R. 2909), introduced in May 2019, would authorize an energy storage research program, a demonstration program, and a technical assistance and grant program, among other purposes. DOE would be required to establish a cross-cutting national program within the Department of Energy for the research of energy storage systems, components, and materials. DOE would also be required to establish a technical assistance and grant program to disseminate information and provide technical assistance directly to eligible entities so the eligible entities can identify, evaluate, plan, design, and develop processes to procure energy storage systems. DOE would be authorized to make grants to eligible entities so that the eligible entities may contract to obtain technical assistance to identify, evaluate, plan, design, and develop processes to procure energy storage systems. DOE would also administer a competitive grant program for pilot energy storage systems for eligible entities to improve the security of critical infrastructure and emergency response systems. The goal of these demonstrations would be to improve the reliability of the transmission and distribution system, particularly in rural areas, including high energy cost rural areas; and, to optimize transmission or distribution system operation and power quality to defer or avoid costs of replacing or upgrading electric grid infrastructure, including transformers and substations, among other purposes.

In the Senate

The Better Energy Storage Act (S. 1602), introduced in May 2019, would authorize a research, development, and demonstration (RD&D) program for grid-scale energy storage, among other purposes. The bill would amend the U.S. Energy Storage Competitiveness Act of 2007 (42 U.S.C. 17231) to promote RD&D for grid-scale energy storage. DOE would be required to develop goals priorities, and cost targets for the program, and submit a report on a 10-year strategic plan for the program to the Senate Committee on Energy and Natural Resources, and the House Committee on Science, Space and Technology. The focus of the program would be to develop cost-effective energy storage systems able to provide output for 6 hours, over not less than 8,000 cycles at full output, capable of operating 20 years, and systems capable of storing energy over several months to address seasonal variations in supply and demand. Cost targets for the systems are to updated every five years. Not more than five grid-scale projects would be required to be ready by 2023 for DOE to enter agreements for demonstration.

The Joint Long-Term Storage Act of 2019 (S. 2048), introduced in June 2019, would authorize a demonstration initiative focused on the development and commercial viability of long-duration energy storage technologies, including a joint program to be established in consultation with the Secretary of Defense, and for other purposes. The Secretary of Energy, acting through the Director of the Advanced Research Projects Agency-Energy, would be required to establish a demonstration initiative composed of demonstration projects focused on the development of long-duration energy storage technologies. Among the goals of the initiative would be to demonstrate how long-duration energy storage could benefit the resilience of the electricity grid, and improve the efficient use of the grid by peak load reduction and avoiding investment in traditional grid infrastructure.

Appendix A. Energy and Electricity Storage Technologies

Storage of Potential Energy

The large monolithic systems that are used for energy storage today do not store electricity directly, but provide a means of producing electricity by use of a stored medium (e.g., water or air). The gradual release of the stored medium physically turns the shaft of a turbine connected to an electric generator, converting potential energy from the stored medium to electricity. Several technologies storing potential energy for conversion to electricity are described in the next section.

Hydropower Pumped Storage

The largest current system and use of energy storage on the electric grid is from hydropower pumped storage (HPS) projects. Approximately 94% of U.S. energy storage capacity is from HPS, representing about 23 GigaWatts (GW - a gigawatt equals 1,000 megawatts) as of 2018.101 The generation of electricity from falling water takes the potential energy of water held behind an impoundment and coverts it to kinetic energy as it moves the blades of a turbine to generate electricity. A typical HPS design is illustrated in Figure A-1. While traditional hydropower relies solely on favorable topography to allow for the gravity-aided flow of water to generate electricity on demand, HPS systems can be developed where the suitable geographic and ecological conditions exist. HPS systems also consider the time-related value of when electric power is needed on a system.

Pumped storage projects move water between two reservoirs located at different elevations (i.e., an upper and lower reservoir) to store energy and generate electricity. Generally, when electricity demand is low (e.g., at night), excess electric generation capacity is used to pump water from the lower reservoir to the upper reservoir. When electricity demand is high, the stored water is released from the upper reservoir to the lower reservoir through a turbine to generate electricity.102









	Figure A-1. Diagram of a Pumped Storage Project




	



	Source: Federal Energy Regulatory Commission, Pumped Storage Projects at https://www.ferc.gov/industries/hydropower/gen-info/licensing/pump-storage.asp.

Notes: Open-loop systems use a free flowing source of water for either the upper or lower reservoir. For a closed-loop pumped storage hydropower, neither the upper reservoir nor the lower reservoir is located on a dammed stream.










Most HPS projects operating today are "open-loop" systems, which utilize water from free-flowing sources for the upper or lower reservoir. According to the Federal Energy Regulatory Commission (FERC), approximately 24 HPS systems are currently operating with a total installed capacity of over 16.5 GW. However, FERC states that most of these systems were authorized more than 30 years ago.103 HPS systems are estimated to have an efficiency of conversion for energy to electricity of between 70% and 75%.104

A newer technology for HPS utilizes water that is not free-flowing (e.g., possibly from groundwater), and is therefore described as a "closed-loop" system. FERC states that it has issued three licenses since 2014 for closed-loop HPS with a total capacity of 2.1 GW.105 One of these projects will have an estimated 400 MW generation capacity and be able to provide an estimated annual energy generation of 1,300 GWh, and may see construction begin in 2020.106 With closed-loop pumped HPS systems, neither the upper reservoir nor the lower reservoir is located on a dammed stream.

To qualify as a closed-loop pumped storage facility for the purpose of the expedited [hydropower] licensing process, a project should cause little or no change in existing surface and groundwater flows and uses and must not adversely affect threatened or endangered species under the Endangered Species Act. The final rule also adds qualifying criteria to ensure that a qualifying pumped storage project utilizes only reservoirs situated at locations other than natural waterways, lakes, wetlands, and other natural surface water features; and relies only on temporary withdrawals from surface waters or groundwater for the sole purposes of initial fill and periodic recharge needed for project operation.107

Compressed Air Energy Storage

Compressed Air Energy Storage (CAES) facilities use ambient air that is compressed and stored under pressure in an underground cavern. When electricity is required, the pressurized air is heated and expanded in an expansion turbine driving a generator for power production. There are two CAES power plants currently operating in the world. Both plants store air underground in excavated salt caverns. The older plant in Huntorf, Germany has a 290 MW capacity, and was commissioned in 1978. A second plant was commissioned in McIntosh, Alabama in 1991, with a capacity of 110 MW.108 The Huntorf plant is reported to be capable of delivering power at its rated capacity for up to 4 hours, while the McIntosh plant is reported as able to provide generation at its rated capacity for 26 hours.109

Air heats up when it is compressed for storage. This heat energy is largely lost to the environment in the two CAES plants currently operating, as they use a diabatic process.110 When the air is decompressed to generate electric power, it loses this thermal energy and cools down. Therefore, the stored high-pressure air must be heated with natural gas before it is returned to the surface and expanded through a turbine that runs a generator. However, new systems may be able to store the thermal energy produced in the compression phase, thus avoiding the use of natural gas and its emissions. Compression and expansion of air introduces energy losses, resulting in a relatively low efficiency of energy to electricity conversion of 42%.111

CAES plants can use lower cost energy from the grid during off-peak hours for the compression cycle, including renewable electricity from excess wind generation at night that might not otherwise be used. While the McIntosh plant recovers some waste heat to reduce fuel consumption, some new designs for CAES power plants are looking at ways to increase energy conversion efficiency by capturing the waste heat from the compression process and storing it in molten salt for the decompression cycle.112 Since geological salt formations are rare, the U.S. Department of Energy (DOE) is looking at adapting CAES technology to more common porous and permeable rock formations.113

Underground CAES storage systems are most cost-effective with storage capacities up to 400 MW and discharge times of 8 to 26 hours. Siting such plants involves finding and verifying the air storage integrity of a geologic formation appropriate for CAES in a given utility's service territory.114

Liquid Air (Cryogenic) Energy Storage

Liquid air or cryogenic115 is a type of thermal energy storage that uses liquefied air to create an energy storage resource in a manner with characteristics of both HPS and CAES. Electricity, generated at off-peak demand times, can be used to cool air until it liquefies (as mostly liquid nitrogen since air is approximately 78% nitrogen).116

The process uses currently available equipment and technologies, and proceeds as follows:117

Charging the system—an air liquefier uses electrical energy to draw air from the surrounding environment, clean it, and then cool the air to subzero temperatures until the air liquefies. Seven hundred liters of ambient air become 1 liter of liquid air.

Storing the energy—the liquid air is stored in an insulated tank at low pressure, which functions as the energy store. These tanks are currently used for bulk storage of liquid nitrogen, oxygen and liquefied natural gas, and have the potential to hold several GWh of stored energy.

Generating power—when power is required, liquid air is drawn from the tank(s) and superheated to ambient temperature, producing a high-pressure gas that drives a turbine.

According to one developer of cryogenic technology, the energy storage capacity is determined by the size of the tanks. The tanks can be located anywhere they need to be, unlike HPS which depends on the water resource and geography. Off peak renewable energy can be used to charge the system which, when fully charged, can provide electricity to support a large peak demand load for several hours.118

Storage of excess cold produced during the liquefaction of air can be captured and reused in a later liquefaction cycle. The low boiling point of liquefied air means the efficiency of the system cycle (from liquefaction and storage to power production) can be improved with the capture and storage of heat produced during the liquefaction process that can be used in the expansion process when power is generated.119

Flywheels

Flywheel energy storage systems are comprised of a rotating cylinder (i.e., the flywheel rotor), balanced in a vacuum over an electricity-producing stator120 via magnetically levitated bearings. The rotor in many flywheels was often made of steel, but some newer, higher speed flywheels use fiber composite materials able to store more energy per unit of mass. Flywheels store kinetic energy in the cylinder that spins in a nearly frictionless environment. To charge the flywheel, a small electric motor using electricity from an external source brings the cylinder up to an extremely high speed—up to 60,000 rotations per minute. As the rim in the flywheel spins faster, it stores energy kinetically in the rotating mass, with a small amount of power used to maintain the operating speed. When energy is needed, the flywheel is slowed and the kinetic energy is converted back to electrical energy.121

Flywheels are used in applications where a large amount of power is needed over a short timeframe. While they are generally charged using power from the grid, they can go from a discharged to a fully charged state within a few seconds. According to the Energy Storage Association, flywheels generally require low maintenance. Some flywheel technologies can undergo more than 100,000 full discharge cycles or more without performance impacts.122

Today's flywheel systems are shorter energy duration systems and not generally attractive for large-scale grid support services that require many kWh or MWh of energy storage.… They have a very fast response time of four milliseconds or less, can be sized between 100 kW and 1650 kW, and may be used for short durations of up to one hour. They have … lifetimes estimated at 20 years.123

Storage of Electricity in Battery Systems

This section describes several technologies for the storage of electricity in battery systems. These systems can be large, monolithic systems (such as flow batteries) or modular battery systems aggregating the capacity stored in smaller cells to provide larger amounts of power.

Flow Battery Systems

Flow batteries are large battery systems that store an electrical charge in tanks of a liquid electrolyte (e.g., a liquid solution with dissolved chemicals that stores energy). Electric charge is drawn from the electrolyte as it is pumped through electrodes to extract the electrons, and the spent liquid returns to the storage tank. Flow battery technology is scalable. The active chemicals are stored separately until power is needed, thus reducing fire safety concerns. Most flow batteries require the electrolyte to be separated by a membrane, as shown in Figure A-2. Some newer flow battery technologies use a single flow loop design with no membrane, where "energy is stored in a plated metal on the surface of titanium electrodes."124

Vanadium and zinc bromine are currently the most-used liquid electrolytes. Vanadium has become a popular electrolyte component because the metal charges and discharges reliably for thousands of cycles. However, one article cited vanadium's increasing price and its toxicity as leading researchers to look at other cheaper and less toxic chemistries (e.g., such as iron or organic compounds) for flow batteries.125 New electrolyte chemistries are being investigated that are able to maintain a high number of charge cycles, and retain a low viscosity to ease pumping between tanks.126

Any source of power can be used to charge flow batteries, including renewable electricity from wind and solar sources. Since flow batteries are scalable in size and able to undergo a large number of charging and discharging cycles, they are considered as a potential option to store off-peak electricity generation from renewable sources.127

Redox Flow Batteries

Redox batteries are a specific type of flow battery. The name "redox" refers to the chemical reduction and oxidation reactions employed in the redox flow battery to store energy in liquid electrolyte solutions which flow through a battery of electrochemical cells during charge and discharge.128 Redox batteries can be further classified as either aqueous or nonaqueous systems, with aqueous systems using water as the electrolyte solvent. While aqueous flow batteries are generally safer, they do not currently store as much energy per unit of volume as nonaqueous chemistries. Redox flow batteries are said to offer an economical, low vulnerability means of storing electrical energy at scale, with greater flexibility to design a system based on power and energy rating for a given application. Redox flow batteries are suitable for energy storage applications with power ratings ranging from kiloWatts (kW) to the tens of MW over periods from two to 10 hours, and are capable of 10,000 or more charging cycles.129









	Figure A-2. Redox Flow Battery Concept




	



	Source: Pacific Northwest National Laboratory, Zinc-polyiodide redox flow battery concept at https://www.pnnl.gov/news/release.aspx?id=4182.

Notes: Catholyte—electrolyte with positively charged ions. Anolyte—electrolyte with negatively charged ions.








The redox flow battery concept shown in Figure A-2 produces power by pumping liquid from external tanks into the battery's stack, a central area where the liquids are mixed. When the battery is fully discharged, both tanks hold the same electrolyte solution (which is a mixture of the positively charged ions and negatively charged ions. When power is needed, the two liquids are pumped into the central stack. Inside the stack, positive ions pass through a selective membrane and change into a solid on the stack's negative side thus generating electricity.

According to EPRI, vanadium redox flow batteries have an important advantage among flow batteries as the two electrolytes are identical when fully discharged, which simplifies electrolyte management during operation.130

Modular Battery Technologies

Modular batteries are used in many aspects of everyday life. They generally store electrical energy in chemical form, and consist of standardized individual cells. The individual cells have relatively small power and voltage capacities that can be aggregated to serve larger power loads. Battery energy storage can also provide ancillary services for the electric grid such as frequency regulation, voltage support and spinning reserves. This section of the report focuses on some of the major rechargeable modular battery technologies that currently serve applications from cell phones to electric or hybrid vehicles, and can provide some backup power or services to the electric grid.

Modular battery systems may be suited to arbitrage opportunities. Such opportunities may be economically available to storage systems ranging from one to 500 MW, with a discharge duration range of one hour or greater. Some storage projects may be able to cycle their charging and discharging to meet such opportunities perhaps 250 or more times in a year.131

Lithium Ion Batteries

Lithium ion (Li Ion) represents a family of battery chemistries, each with its own strengths and weaknesses regarding different applications and uses.132 Li Ion batteries store and release energy through a process called "intercalation," which involves lithium ions entering and exiting microscopic spaces in between the atoms of a battery's two electrodes. The most commonly used type of Li Ion cell has a positive electrode (i.e., the cathode) of made of lithium-cobalt oxide (LiCoO2), and a negative electrode made of carbon. Batteries are charged as ions of lithium move through the electrolyte (typically a lithium salt solution) from the positive to the negative electrode (i.e., the anode), and attach to the carbon. When discharged, lithium ions move back to the positive electrode.133

Li Ion batteries are used in many applications because lithium is highly reactive and has a high specific energy, which means it can store approximately 150 Wh of electricity in a one kilogram battery. Li Ion batteries hold their charge well over time, losing only about 5% per month,134 and generally have no memory effect.135 Li Ion battery packs have electronic circuitry built in to regulate charging and discharging of the batteries to prevent overcharging and excess heating of the batteries, which can potentially result in explosions or fires.136 However, the components of fuel, oxygen, and an ignition source exist in the battery system providing the prerequisites for combustion.137

Unlike other rechargeable batteries, Li Ion does not require a deep-discharge cycle to maintain the battery's ability to recharge to full capacity. Over time however, that ability to fully recharge weakens. Nevertheless, the Li Ion battery packs used for EV systems may still have as much as 50% to 70% of their original energy storage capacity at the end of their EV service life. This would allow EV Li Ion battery packs to have a second life in a variety of electricity storage uses from residential storage to renewable generation and other back-up power applications.138

However, Li Ion battery packs can catch fire (due to a flammable liquid electrolyte) if, for example, an electric vehicle car crash punctures the battery pack.139 The development of a solid-state battery (i.e., a battery with a solid instead of a liquid electrolyte) may make Li Ion batteries safer. It may also remove the issue with dendrite formation, the crystal-like buildup of lithium metal in the electrolyte that can puncture the cathode-anode separator, causing a short circuit that will destroy the battery and can cause a fire.140

The potential uses of Li Ion batteries at end-of-life highlights issues with the materials used in the construction of the battery cells. Cobalt is used in the construction of the cathode of the battery. While cobalt is not on a list of "conflict materials" that the federal government regulates from conflict zones,141 cobalt is mostly mined in the Democratic Republic of Congo (DRC), a recognized conflict zone from which about 70% of the world's cobalt originates.142

Until recently, as much as 20% of Congolese cobalt was estimated to be produced in unregulated artisanal mines (i.e., informal mines, often small-scale operations in local communities) that reportedly use child laborers in unhealthy conditions.143 The DRC regulates the large mines responsible for most of the cobalt supply, but unrest and economic conditions has driven people to artisanal mining. Even after a recent collapse of cobalt prices, child labor in Congolese artisanal mines reportedly continues to be a problem. However, a recovery of cobalt use from projected growth in EV adoption could exacerbate the issue.144

Due largely to concerns about child labor in artisanal mines, companies have been under pressure to document their cobalt supply chain to show where their cobalt is sourced. While some companies are now buying cobalt directly from the regulated mines in the DRC, the mixing of cobalt supplies in the refining process (which was reported as taking place mostly in China) complicates tracking efforts.145 Other companies are reducing their use of cobalt to "minimize" exposure to the issue.146

Since Li Ion battery manufacture utilizes a number of potentially toxic elements if improperly disposed of (i.e., in landfills where groundwater contamination could occur), and have rare earth and other valuable components with potential value, some countries have passed laws to ensure recycling of the batteries. China, where about half the world's EVs are sold, was reportedly implementing rules to make carmakers responsible for expired batteries. The European Union also has regulations for EV battery disposal.147

Recycling of Li Ion batteries may also help to reduce the need for new supplies from mining of cobalt. But the reuse of EV Li Ion batteries was reported to be more attractive than recycling at this time. Projected demand growth for EVs may overtake the immediate benefits of recycling on supply needs.148

Lithium Iron Phosphate

Lithium Iron Phosphate (LFP) is another Li Ion chemistry for rechargeable battery cathodes. LFP can be used in similar high power applications as lithium-cobalt oxide cells, but LFP's chemistry has a lower specific energy at about 120 Wh/kg (compared to the LiCoO2 chemistry with a specific energy of about 150 Wh/kg). However, LFP has a longer cycle life than lithium-cobalt oxide, and is reportedly a safer battery chemistry as it is less flammable.149

Nickel Cadmium and Nickel-Metal Hydride Batteries150

Nickel cadmium (NiCad) has been in use as a rechargeable battery since about 1910, and was the mostly widely used chemistry for rechargeable batteries until the commercialization of NiMH.151 NiCad and nickel-metal hydride (NiMH) were the mainstay of rechargeable battery applications before the widespread adoption of Li Ion batteries just over a decade ago.

NiMH began to replace NiCad in applications requiring a higher power density in smaller package applications or where performance was more important, and can store about 70 watt-hours per kilogram. NiMH also does not suffer from a memory effect, thus will not require a full discharge cycle to maintain the ability to fully charge. But NiCad retains a charge longer and performs better than NiMH in cold weather applications, or in off-grid renewable energy storage or telecom operations (e.g., situations where near maintenance-free operation is needed with respect to the electrolyte).152

Lead-Acid Batteries

One of the oldest and most widely used forms of energy storage is the lead-acid battery. These batteries are a mainstay of gasoline-powered vehicles, providing energy storage for the spark ignition system of internal combustion engines (ICEs). Lead-acid batteries used in passenger cars commonly have six cells, each with an electromotive force of about 2 volts (V). They can be discharged at a high rate but can require more than 14 hours to recharge. The battery cells are constructed in a grid made of a lead alloy that holds an electrolyte solution of water and sulfuric acid.153 Figure A-3 shows a wet-cell (also called a "flooded" battery due to the liquid electrolyte) lead-acid battery design with several cells with the electrodes connected to each cell.









	Figure A-3. Lead-Acid Battery




	



	Source: Courtesy of  Electrical Academia at http://electricalacademia.com/batteries/secondary-cell-definition-types/attachment/cnx_chem_17_05_lead/.

Notes: H2SO4 = Dilute sulfuric acid electrolyte.










Wet-cell lead-acid batteries are usually made with vents and removable caps to allow for gases to escape while charging, and refilling with water when too much of the electrolyte has been converted to gas. A lead-acid battery can store perhaps 25 watt-hours of electric power per kilogram. Passenger car batteries are often called "starter" batteries as they provide a surge of power during the ignition stage to start the engine, and store power generated by the electrical system to prevent damage to system components. Lead-acid batteries can also be designed as "deep cycle" batteries to provide a low, steady level of power for a longer duration than a starting battery. Some applications require "dual purpose" batteries with characteristics designed to have a high starting power for cranking engines, but are able to withstand the cycle service demands from multiple accessory loads. Lead-acid batteries can be aggregated for "back-up" power applications to supply electrical power to critical systems in the event of a power outage. Batteries used for back-up power can also function as voltage stabilizers that smooth out fluctuations in electrical generation systems.154 However, a lead-acid battery would require six kilograms to store the same amount of energy that a one kilogram lithium-ion battery could store.155

Batteries designed for industrial uses provide a low, steady power for a longer duration than a typical deep cycle battery. This makes a higher amount of total energy available for a longer period of time.

Industrial batteries have the ability to last for years and can be used in stationary applications that provide critical back-up power to systems that need constant power supply. Industrial batteries are often not called upon to deliver power, but when they are, it is required that they deliver an abundance of power that will last long enough for reserve generators to take over. Often times, industrial batteries are configured as systems to accommodate large power demands.156

Lead-acid battery components are often recycled at the end of the battery's useful service life. Even the spent sulfuric acid can be "neutralized" or converted to sodium sulfate and reused.157

Advanced Lead-Acid Batteries

A key problem with lead-acid batteries is the growth of lead sulfate crystals in the electrolyte that eventually limits lead battery performance and is a key cause of battery failure. Researchers at the Argonne National Laboratory announced that they are working with industry to better understand the underlying chemistry of lead-acid batteries to find a solution to sulfation, and resulting dissolution issues (i.e., as the electrolyte loses much of its dissolved sulfuric acid and becomes primarily water). A main goal of the research effort is to unlock "a significant portion of…unused potential [in lead-acid batteries that] would result in even better low-cost, recyclable batteries for mobile and stationary market applications."158

Since lead-acid batteries do not have as high a fire risk as Li Ion batteries, some researchers are investigating new technologies that may allow for a greater use of lead-acid batteries in electric grid and transportation applications.

Lead-acid carbon technologies use a fundamentally different approach to lead-acid batteries through the inclusion of carbon, in one form or another, both to improve the power characteristics of the battery and to mitigate the effects of partial states of charge. Certain advanced lead-acid batteries are conventional valve-regulated lead-acid batteries with technologies that address the shortcomings of previous lead-acid products through incremental changes in the technology. Other advanced lead-acid battery systems incorporate solid electrolyte-electrode configurations, while others incorporate capacitor technology as part of anode electrode design.159

Sodium Sulfur Batteries

Sodium sulfur (NaS) batteries are a liquid metal technology that operates at high temperatures to keep sulfur molten at both the positive and negative electrodes. A solid ceramic separates the electrodes and serves as the electrolyte, allowing only positively charged sodium-ions to pass through during the charging cycle. As the battery is discharged, electrons are stripped from the sodium metal producing free sodium-ions that move to the cathode compartment. One battery set currently available has a one MW capacity providing up to 6 MWh of energy from 20 modules each capable of supplying 50 kW.160

Sodium Nickel Chloride Batteries

Sodium nickel chloride batteries are another high-temperature battery. When charging a Sodium-nickel-chloride battery at normal operating temperatures, salt (NaCl) and nickel (Ni) are transformed into nickel-chloride (NiCl2) and molten sodium (Na), with the chemical reactions reversed during discharge. The electrodes are separated by a ceramic electrolyte that is conductive for sodium ions but an isolator for electrons. Therefore, the cell reaction can only occur if an external circuit allows electron flow equal to the sodium ion current. Cells are hermetically sealed and packaged into modules of about 20 kWh each. The DOE/EPRI report says that utility systems were beginning to be deployed systems in the size range of 50 kW to 1 MW.161

New Modular Battery Technologies

According to one observer of the modular battery industry, a new technology for grid scale storage "will be needed to hit the cost levels for continuous deployment," if battery storage deployment is to be sustained beyond 2020. In that timeframe, a potential consolidation of the Li Ion industry was suggested by the observer, which would lead suppliers to potentially focus on new liquid metal technologies to achieve a "necessary cost-competitive, 20-year life performance."162

Research into permeable membranes may result in replacements for brittle ceramic separators in today's NaS batteries. A team from the Massachusetts Institute of Technology (MIT) described how novel mesh membranes could lead to new grid-scale batteries with electrodes made of sodium and nickel chloride. The MIT team projected that the membranes could result in new types of liquid metal batteries, enabling "inexpensive battery technology" to make intermittent power sources such as wind and solar capable of delivering reliable baseload electricity.163

Appendix B. Ancillary Services for the Grid 

Ancillary services are used by grid operators to ensure the reliability and stability of the power system, by helping to match power generation and demand. The Federal Energy Regulatory Commission (FERC) defines ancillary services as:

Those services necessary to support the transmission of electric power from seller to purchaser, given the obligations of control areas and transmitting utilities within those control areas, to maintain reliable operations of the interconnected transmission system. Ancillary services supplied with generation include load following, reactive power-voltage regulation, system protective services, loss compensation service, system control, load dispatch services, and energy imbalance services.164

According to one source, ancillary services can be put into three main categories.165 These include:


	Flexibility-related services, which balance supply and demand, are provided by operating reserves,

	Frequency-related services, which maintain a constant rate of 60 Hertz, and are provided by regulating reserves, and,

	Voltage-related services, which control stability across the system.



Flexibility-related ancillary services include:


	Ramping or load following relate to the vital task of bringing online, or taking offline, power plants typically over the course of a few seconds or minutes to several hours to meet changing load or supply conditions. Such activity has long been a part of daily grid operations, particularly to meet expected changes in demand throughout the day. Demand for power commonly fluctuates sub-hourly, hourly, daily and seasonally. Natural gas-fired power plants, for example, have the flexibility to quickly ramp up or down their energy output as system conditions change throughout a given day.166

	Operating reserves are ancillary services that explicitly provide the ability to quickly fill in new energy supply when needed because of unexpected changes in the supply/demand balance, as well as supporting voltage and frequency. Most systems rely on two types of operating reserves: (1) contingency spinning (or synchronous) reserves that usually can respond very quickly, within ten to fifteen minutes, and (2) non-spinning (or supplemental) reserves that typically have response times on the order of ten to 30 minutes or more.167

	A reserve margin is the "percentage of installed capacity exceeding the expected peak demand during a specified period,"168 and varies according to regional regulatory requirements. For instance, a reserve margin of 15% means that an electric system has excess capacity in the amount of 15% of expected peak demand.169

	Spinning reserves are provided by generation units that are actively generating (and whose turbines are "spinning") and thus can quickly increase or decrease their output when called upon within the required time. Non-spinning or non-synchronized reserves are provided by generation resources that are not actively generating, but are ready and able to start up quickly and begin providing energy to the grid within a specified timeframe. In some regions, these non-spinning reserves are referred to as fast-start resources.170



Frequency-related services include:


	Regulating reserves are actions that can respond in seconds to grid fluctuations or emergencies to stabilize frequency and to rebalance supply with demand.171

	Technical Considerations:



Storage System Size Range: 10-100 MW

Target Discharge Duration Range: 10 minutes-1 hour

Minimum Cycles/Year: 20-50

Down regulation can be provided by energy storage resources as they charge and absorb energy from the grid. However, the storage operator must pay for that energy. That is notable—especially for storage with lower efficiency—because the cost for that energy may exceed the value of the regulation service.172


	Technical Considerations:



Storage System Size Range: 10-40 MW.

Target Discharge Duration Range: 15-60 minutes.

Minimum Cycles/Year: 250-10,000.

The rapid-response characteristic (i.e., fast ramp rate) of most storage systems makes it valuable as a regulation resource.

Voltage-related ancillary services include:

Voltage control is managed by injecting or absorbing "reactive power" at the site of generation, transmission, and distribution to maintain the appropriate level of voltage at a given location. Reactive power (measured in kilovolt-amperes reactive (KVAR)) is an integral part of generating alternating current, along with active (or real) power. Real power is what most would refer to as electricity, measured in kiloWatts (kW).173 Reactive power must be available locally to transfer active power across the network. In other words, to get and maintain the desired voltage at a given location, a precise amount of reactive power must be present.174

Normally, designated power plants are used to generate reactive power to offset reactance175 in the grid. Many smaller coal-fired power plants that were transitioned to provide reactive power as they aged, are now being retired.176 These power plants could potentially be replaced by strategically-placed energy storage within the grid at central locations or taking the distributed approach and placing multiple VAR-support storage systems near large loads.177

Technical Considerations:

Storage System Size Range: 1-10 mega volt-ampere reactive (MVAR).
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