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1.1 

1.0 Recommended Practice Purpose and Scope  1 

Section 1.0 of this document is informative (not normative) and describes the overall intent, 2 
scope, and approach of the Recommended Practice. 3 

1.1 Introduction 4 

This document describes a Recommended Practice for characterizing the ability of various 5 
types of devices to provide a broad range of existing and emerging grid services and to 6 
characterize any potential impacts of doing so on other services that are their primary function.  7 
For the purpose of introducing this Recommended Practice, terms are defined as follows: 8 

1. Devices – nontraditional power grid assets or equipment, commonly referred to as 9 

distributed energy resources (DERs), such as distributed storage and generation, end-use 10 

loads that offer some flexibility in their normal consumption patterns, and new and emerging 11 

grid-connected devices such as electric vehicles and hydrogen electrolyzers. The term 12 

device is used to refer to the hardware, i.e., equipment that consumes, stores, or produces 13 

power, and any controls and communications embedded in it, plus any separate controller 14 

that may be used to provide additional necessary functionality and digital communications to 15 

the grid. For example, unitary air conditioning equipment often requires an external 16 

controller (thermostat) for operation, and the thermostat is considered part of the device. 17 

The types of devices encompassed in the Recommended Practice are listed in Section 18 

1.2.1. 19 

2. Grid services – actions devices can perform that provide value to the grid and help it 20 

achieve a variety of required or desirable operational objectives. Typically, grid services are 21 

defined as a set of performance requirements and a price or incentive mechanism that 22 

rewards devices based on their performance. Grid services may be defined solely to engage 23 

devices or, alternatively, to allow them to compete with traditional grid assets such as central 24 

power plants. The actions devices take to provide grid services are in the form of electric 25 

power they inject into the grid or adjustments in their level of consumption. The grid services 26 

encompassed in the Recommended Practice are listed in Section 1.2.2 along with the 27 

associated operational objectives. 28 

3. Net Load – in general, devices provide services by changing their net load—defined as the 29 

power being consumed less that being injected into the grid by the device—that must be 30 

served by the grid’s traditional assets: power plants, transmission lines, and distribution 31 

substations and feeders.  32 

4. Recommended Practice – a procedure by which devices and their associated controls can 33 

be rated for their ability to provide individual grid services, and by which the individual 34 

ratings are combined into an overall rating or “Grid IQ.” The ratings are designed to be 35 

suitable for use by device manufacturers (individually or as members of an organization), 36 

utilities and grid operators, DER aggregators, and other entities such as regions or states. 37 

The ratings are also designed to be suitable for informing consumers and others who may 38 

purchase devices based, in part, on their ability to perform grid services that are valued by 39 

utilities and grid operators. The Recommended Practice is embodied in the definitions and 40 

procedures described in Sections 2.0, 3.0, and 4.0. 41 
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1.2 Scope 42 

The scope of the Recommended Practice in terms of the types of devices and grid services it 43 
encompasses is described here. 44 

 Device Classes Covered 45 

The types of devices, i.e., device classes, covered in the Recommended Practice are the 46 
following:  47 

 residential air conditioner or heat pump with smart thermostat 48 

 residential electric water heaters (resistance and heat pump types) 49 

 residential refrigerators 50 

 commercial rooftop heating, ventilation, and air conditioning (HVAC) unit with smart 51 
thermostat 52 

 chillers with building management system control 53 

 commercial refrigeration systems with energy management system 54 

 commercial building lighting with networked control system 55 

 electrolyzers with hydrogen storage 56 

 batteries with inverter  57 

 electric vehicles with charger 58 

 thermal energy storage (TES) 59 

 photovoltaic (PV) solar arrays with inverter 60 

 fuel cells with inverter. 61 

The general functionality, performance requirements, and characterization and modeling 62 
procedures for each device are provided in Section 3.0.  63 

 Grid Services Considered 64 

The grid services considered in this Recommended Practice and the associated operational 65 
objectives from which their value is derived are the following: 66 

 Peak capacity management – Reduce net load as needed so that it never exceeds the 67 
capacity of the grid infrastructure to deliver power. Typically this occurs over a span of 68 
several hours on 10 to 15 of the hottest summer days of the year (or, for some regions, 69 
coldest winter days). 70 

– Objective – Reduce the need for capital expenditure for expansion and/or upgrades to 71 
generation, transmission, and distribution capacity. 72 

 Energy market price response – Reduce net load when prices are high, with any 73 
associated increases in net load taking place when prices are low. This tends to occur in 74 
predictable, seasonal, daily patterns over periods of a few hours when power plants with 75 
expensive fuel and/or low efficiency are required to supply power. Random disruptions to 76 



 

1.3 

daily patterns may be due to weather conditions, plant outages, shortages in output from 77 
renewable generation, or unusual wholesale market conditions.  78 

– Objective – Reduce wholesale energy production and/or purchase costs. 79 

 Meet obligation to supply capacity in a wholesale energy market – Reduce net load 80 
when called upon by an independent (transmission) system operator to meet a contractual 81 
obligation to do so, for which they have received a capacity payment (often through a 82 
market intermediary known as an aggregator). When provided by DERs, this grid service is 83 
typically utilized as reserve capacity for extreme events lasting a few hours, and may be 84 
called upon at any time as a performance test. 85 

– Objective – Ensure sufficient regional generation capacity exists and obtain it from the 86 
lowest-cost resources using a wholesale capacity market. 87 

 Frequency regulation – Increase or decrease net load to restore balance between supply 88 
and demand in response to a ~4-second-interval signal from the grid operator. This service 89 
is traditionally supplied by power plants, which take many seconds up to a few minutes to 90 
respond.  91 

– Objective – (fast regulation) Maintain grid frequency within acceptable range in the face 92 
of continual, momentary imbalances between supply and demand; imbalances vary from 93 
oversupply to undersupply within ~1 minute or less. 94 

 – (slow regulation) Maintain contractual balance of imports and exports for a 95 
regional balancing authority’s balancing area; imbalance varies from oversupply to 96 
undersupply within 10–15 minutes (slow regulation may or may not be combined with 97 
fast regulation into a single service). 98 

 Spinning reserve – Remain on standby, ready and able to rapidly reduce net load and 99 
sustain the reduction until it is replaced by generators that are available but off line (typically 100 
15–30 minutes). 101 

– Objective – Rapidly restore balance between supply and demand when a large grid 102 
asset (power plant or transmission line) suddenly and unexpectedly trips off line. 103 
Spinning reserve is required to prevent blackouts. 104 

 Ramping – Remain on standby, ready and able to rapidly increase or decrease net load 105 
when the available generation cannot change its output rapidly enough to follow changes in 106 
total net demand (regional load less total renewable output). This is a new type of service, 107 
whose need is being driven by rapid penetration of renewables. It is typically used in either 108 
of two situations. In regions with high levels of solar generation, the service is engaged over 109 
a couple of hours in the morning and late afternoon when insolation levels are in rapid 110 
transition. In regions with large amounts of wind power, it is called upon if the timing of a 111 
forecasted change in the wind speed is off by an hour or two.  112 

– Objective – Meet the requirement to rapidly change the output of total generation to 113 
maintain balance between supply and demand in response to rapid changes in power 114 
production by renewables. 115 

 Artificial inertia – Remain on standby, ready and able to detect when grid frequency drops 116 
rapidly, and act to complement the grid’s angular momentum and generator governor 117 
controls by instantly and autonomously decreasing net load (within ~1 second; less is 118 
preferred). Inertia is traditionally supplied by a combination of the angular momentum of 119 
turbines in steam- or hydro-based power plants and autonomous governor controls on large 120 
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generators; there is emerging need to supplement these sources with a new type of service 121 
as renewable generation displaces steam-based plants. 122 

– Objective – Slow and stop the otherwise precipitous change in frequency that begins 123 
instantly when a large grid asset (power plant or transmission line) or a similar amount of 124 
load suddenly and unexpectedly trips off line and creates a large imbalance between 125 
supply and demand.  126 

 Distribution voltage management – Remain on standby, ready and able to detect when 127 
the distribution voltage drops rapidly, and act instantly and autonomously by rapidly 128 
adjusting net load in the form of its reactive and/or real power components (within 129 
~1 second; less is preferred). This is a new type of service, the need for which is driven by 130 
rapid penetration of distribution-connected solar generation. Rapid changes in the combined 131 
power output from such systems can occur due to crossings of cloud fronts, which can result 132 
in unacceptable voltage fluctuations. 133 

– Objective – (fast response) Maintain distribution system voltage within the normal range 134 
in response to rapid changes in net demand for power. 135 

 – (slow response) Assist in maintenance of distribution system voltage within 136 
the normal range by coordinating reactive power output with distribution-voltage 137 
management systems (transformer tap changers, voltage regulators and capacitor 138 
banks), either on command or autonomously, based on self-sensed voltage fluctuations. 139 

The performance requirements, device usage patterns, and performance metrics for each grid 140 
service are provided in Section 4.0.  141 

 Eligibility Requirements for Providing Grid Services 142 

The term eligibility in the context of this Recommended Practice is used in two ways: 143 

1. For a device to be eligible to provide grid services in general, and hence for it to be relevant 144 
to undergo the characterization and rating procedures of the Recommended Practice, it 145 
must be capable of changing its load or power injection, in response to signals sent by the 146 
power grid and/or autonomously in response to self-sensed frequency or voltage. Some grid 147 
services explicitly or implicitly require devices to be capable of two-way communications. 148 

2. Eligibility to provide a given grid service in practice is formally determined by the grid 149 
operator that has defined the service, its performance requirements, and the rules under 150 
which devices are allowed to participate in it. Thus, eligibility to supply a grid service in 151 
practice and receive payments or incentives for doing so is ultimately decided by regional 152 
jurisdictions acting within the supervision of the Federal Energy Regulatory Commission 153 
(FERC) and the North American Electric Reliability Corporation (NERC).  154 

1.3 Purpose 155 

The intent of the Recommended Practice is described in this section. 156 

 Inform Utilities and Grid Operators about Device Capabilities 157 

The purpose of the power grid is to generate and deliver reliable, affordable, and clean 158 
electricity to consumers where and when they want it. One of the primary challenges facing the 159 
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U.S. power grid is that generation is rapidly shifting from centralized to more distributed forms, 160 
and from being entirely fuel-based and highly dispatchable to including renewable-based forms 161 
that are significantly intermittent and stochastic in nature. Operating such a grid to meet 162 
society’s demands for reliability and affordability will require new forms and vastly increased 163 
amounts of operational flexibility. This flexibility is largely embodied in grid services that today 164 
are provided by power plants but are increasingly reflected in wholesale market products or 165 
utility programs in which devices participate. To meet the requirements for flexibility at 166 
reasonable cost, much of it is expected to be derived from services provided by large fleets of 167 
devices in the future. 168 

In order for there to be an informed and expanding marketplace for devices, grid planners and 169 
operators need to be able to accurately and conveniently assess and value their capabilities to 170 
provide grid services and to have confidence they will perform as expected in the field. As the 171 
number of devices deployed grows and their capabilities are improved and expanded over time, 172 
it is critical to understand the potential resource they represent. By providing proven, standard 173 
performance characteristics along with models for their ability to provide grid services, utilities 174 
and grid operators can design markets or other operating strategies and make decisions on 175 
device purchases, subsidies, and rebate programs. Further, incorporating these characteristics 176 
and models into the tools used to plan and operate the grid will help utilities and grid operators 177 
accurately assess the contribution devices offer at both the planning and operational time 178 
scales. As a result, general electricity ratepayers can receive cleaner, more reliable electricity at 179 
lower cost than will otherwise be possible without the participation of devices.  180 

 Inform Consumers about Device Capabilities 181 

Consumers and third-party device owners may receive direct incentives, payments, or credits 182 
on their energy bills in compensation for their device’s contribution to grid operations. Such 183 
incentives are expected to be increasingly available over time, particularly as the ability of 184 
devices to provide a growing number of valuable grid services becomes broadly recognized. 185 
This Recommended Practice is intended to provide independently validated metrics of device 186 
performance with which purchasers can make informed decisions. 187 

 Accelerate Market Adoption 188 

This Recommended Practice is intended to help manufacturers by accelerating the market 189 
adoption of devices, systems, and associated controls capable of providing grid services. It is 190 
designed to help them sell more equipment by enabling an informed marketplace. Device 191 
purchasers (i.e., utilities, third parties, and consumers) must be confident that their investments 192 
can be recouped through the prices or incentives offered by the grid for services rendered. This 193 
will allow the marketplace to reward manufacturers via increased sales of devices with 194 
advanced capabilities, based on the quality and value of their performance. 195 

 Encourage Innovation by Device Manufacturers 196 

This Recommended Practice is intended to encourage device, system, and control 197 
manufacturers to add the capabilities needed for devices to supply existing and new grid 198 
services by helping them understand the wide variety and nature of the opportunities they 199 
present for their products. It can recognize and reward such innovation by clearly articulating the 200 
responses required and by providing standard metrics for performing grid services and the value 201 
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obtainable. This enables manufacturers to target the best opportunities for their devices, and 202 
avoid those where the marginal cost of added capability is not worthwhile to their customers. 203 
Manufacturers who innovate can then advertise the new and improved features of their devices’ 204 
models in the context of their potential value to market stakeholders.  205 

 Identify Services that are Inappropriate for a Device 206 

An important purpose of this Recommended Practice is steer manufacturers and utilities or grid 207 
operators away from certain opportunities for devices to provide a grid service when undesirable 208 
side effects of doing so outweigh the benefits to device owners and users. These effects may 209 
include such things as increased energy consumption compared to baseline usage patterns, 210 
unacceptable effects on user comfort or other amenities a device provides, reduced equipment 211 
lifetime due to increased wear and tear, or even equipment damage and warranty violations.  212 

 Encourage Manufacturers to Build Self-Protection into Device Controls  213 

By clearly articulating the nature of the response required to provide grid services, the 214 
Recommended Practice helps manufacturers understand how to add protective controls to their 215 
devices so that the devices cannot, under any circumstances, engage in actions that will 216 
damage them or reduce their lifetime unacceptably. An example of such protective controls are 217 
restrictions on rapid cycling of equipment that must warm up or cool down before changing its 218 
operating mode from “on” to “off” or vice versa (e.g., equipment that uses refrigerant cycles).  219 

1.4 Functional Objectives  220 

The functional objectives for the Recommended Practice shape the general framework and 221 
technical approach it uses to characterize devices and rate their ability to provide grid services. 222 
These objectives are described in the following subsections. 223 

 Test Protocol Simplicity  224 

The federal government, including the U.S Department of Energy (DOE), does not have a 225 
statutory mandate to test devices and rate their ability to perform grid services. Therefore, it is 226 
critical that the test procedures in the Recommended Practice be short and simple enough that 227 
they do not place an undue burden on manufacturers and/or organizations who may adopt or 228 
choose to use it voluntarily. The goals are to  229 

 Leverage existing industry-standard and/or statutorily required test protocols and results as 230 
much as possible; for example, from tests for appliance efficiency or inverters. 231 

 Where extensions to existing testing protocols are required, build on the apparatus and 232 
procedures used in the existing protocols to the extent practicable. 233 

 Keep the test time of any extensions to physical testing protocols as short as possible, 234 
preferably to less than 24 hours. 235 

 Rating Device Performance as a Fleet Member 236 

Many grid services require changes in power injection or net load to follow a dispatch signal 237 
from the utility operator and respond in proportion to its magnitude. Taken at face value, this 238 
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requirement would exclude participation of devices like air conditioners or water heaters that 239 
cannot provide continuously variable changes in energy generation or consumption and that 240 
may not be capable of rapid switching between “on” and “off” states. Further, market-based grid 241 
services often require participants to offer a quantity or capacity roughly the size of a small 242 
combined-cycle turbine power plant (~50 MW).  243 

To allow devices limited by these requirements to participate in providing grid services, these 244 
devices may be aggregated through a coordinated control mechanism that enables them to act 245 
in combination to provide the required quantity and a proportional response. Just as the most 246 
complex analog signals can be effectively composed by superimposing small, discrete digital 247 
signals, smooth proportional signal-following responses can be composed from the discrete 248 
on/off responses from many small devices. Hence, the Recommended Practice must rate a 249 
device’s ability to provide a grid service as a member of a large fleet, so that it appropriately 250 
recognizes the potential of small and discrete devices. 251 

When multiple instances of a device are needed to provide a grid service with the required 252 
fidelity, metrics for their performance will be derated accordingly. 253 

 Uniformity across Device Classes and Grid Services 254 

It is important that the Recommended Practice’s performance metrics be defined in a way so 255 
that they are uniform and consistent across device classes and grid services. From the 256 
perspective of utilities and grid operators, this allows the performance of various types of 257 
devices to be compared and contrasted in a meaningful way. Doing so also allows the value of 258 
providing various grid services to be compared similarly. Further, it is desirable for the 259 
performance metrics to be normalized to the size (capacity) of the device so that the 260 
performance of devices of different sizes can be meaningfully compared. 261 

 Ratings for Future Services or for a Region 262 

Grid services are continuously being defined or redefined as the operational objectives of the 263 
power grid grow more complex. Details of these definitions also vary by region and by 264 
jurisdiction. In addition, the relative need for various services also varies depending upon 265 
regional weather, load characteristics, and mix of generation (especially its renewable content). 266 
Thus, performance metrics for grid services depend, in part, on standard assumptions about 267 
these varying factors. Therefore, the Recommended Practice must be designed so that these 268 
key assumptions can be readily changed to produce metrics for a specific region or a newly 269 
defined or modified grid service. Further, the device characteristics assessed during device 270 
testing must be sufficiently general that metrics for the performance of new grid services 271 
developed at some future date can be computed without requiring that devices be retested. 272 

1.5 Approach Summary 273 

In order to serve the intent and meet the functional objectives described in Sections 1.3 and 1.4, 274 
respectively, the Recommended Practice comprises components with key properties as 275 
described in the following subsections.  276 

An illustration of the components and processes is shown in Figure 1.1. The primary 277 
components of the Recommended Practice are indicated by the blue rectangles. External 278 
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processes or information are indicated by the orange ovals. The primary information flows 279 
through the Recommended Practice are shown as yellow block arrows. 280 

 281 

Figure 1.1.  Primary Components of the Recommended Practice 282 

1.6 Characterization Test 283 

The characterization test is a procedure for measuring all the physical and control parameters of 284 
a device and its controller(s) that are needed to define its performance of any foreseeable grid 285 
service. It focuses exclusively on the measurement of key parameters and does not involve 286 
time-series testing against actual, individual grid services, since doing so would take too long 287 
and would limit the ability to develop ratings for grid services other than those specifically tested. 288 
The Recommended Practice may adopt parameters from existing test procedures that define a 289 
device’s power input and output capacities and rate of change, energy input and output 290 
conversion efficiencies, and energy storage capacity in various operational modes and 291 
conditions. To the extent these adopted parameters are insufficient for the purposes of this 292 
Recommended Practice, the characterization test will define a test apparatus and sequence of 293 
tests to measure the parameters.  294 

In addition to these power- and energy-related parameters, grid services are generally also 295 
defined by the potential duration of device response and transition times or limits on changes 296 
from one operational state or mode to another. So, unlike most existing device testing 297 
procedures, measuring parameters that describe these limits is a key focus of the 298 
characterization tests. The transition times or limits may be a function of a device’s inherent 299 
physical properties or of its control system(s). The characterization tests are designed to 300 
separately distinguish their source and their effects. The characterization tests are not designed 301 
to measure communication network time lags between the utility operator and the device 302 
controller, since these vary with the network design and traffic levels. They are also not 303 
designed to test the communication protocols used by the manufacturers for their compatibility 304 
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or interoperability with communication standards. Such testing is the subject of other DOE 305 
activities. 306 

 Device Model 307 

The physical and control parameters measured for a device by the characterization test 308 
procedure(s) are used to construct an engineering-based model of the device being 309 
characterized. The device model must also include the timing parameters measured by the 310 
characterization test. The device model is completely independent and unaware of the specifics 311 
of any grid service. It is simply used to obtain a current set of parameters that describe a device 312 
fleet’s status and capabilities at any given time, either under baseline conditions or while 313 
providing a grid service, given its current boundary conditions and time history. 314 

Device models are necessarily specific to each device class (or subclass), because of 315 
differences in the devices’ physical design and function. The device model must reflect the 316 
power- and energy-related parameters of the device as a function of the operational conditions 317 
imposed on it by its normal usage pattern and when supplying grid services. In some cases, this 318 
includes a standard definition for the balance of the physical system involved, which may not 319 
have been subject to the characterization test. An example is the thermal properties of a 320 
building served by an air conditioner or a TES system. An entity adopting this Recommended 321 
Practice can change the standard assumptions about the balance of system for a device class 322 
to better represent the population of devices in a region, for example. 323 

In addition, the device model may include standard assumptions about any normal, baseline 324 
usage pattern(s) for the device, and limitations or requirements placed on it by its owners or 325 
users when it serves purposes other than providing grid services. Electric vehicles, for example, 326 
have a baseline charging pattern and owner operational requirements (such as their readiness 327 
for travel at a given time) that restrict their availability to provide grid services and must be taken 328 
into account by the device model. A second example is an air conditioner whose operation is 329 
constrained by limits on the extent and duration of indoor air temperature deviations from 330 
normal thermostat set points imposed by the occupants. 331 

 Representative Service Drive Cycle 332 

For the purposes of this Recommended Practice, a grid service is represented as a drive cycle 333 
consisting of a required time-series definition of the power injected (or consumed), its price or 334 
per-unit value, and any associated boundary conditions needed by any device model such as 335 
weather conditions. Because the availability of devices varies diurnally and seasonally, the drive 336 
cycle must represent the entire year, but for practical reasons does not necessarily contain data 337 
for each time interval in a year, particularly if a grid service operates on a very short time scale 338 
(e.g., frequency regulation, voltage regulation, or artificial inertia). In such cases, representative 339 
days or seasonally representative events may be used to lessen unwarranted computational 340 
burden when calculating performance metrics. 341 

The data comprising the drive cycle is chosen to represent conditions typical for the United 342 
States in 2016. It may be actual data obtained from a market, or from a model of grid 343 
operations. It is necessarily specific to a region and to the characteristics of its power grid and/or 344 
markets. New or modified grid services, as well as associated conditions such as weather 345 
representative of a specific region, may be defined by an entity adopting this Recommended 346 
Practice as needed. 347 
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 Battery-Equivalent Model 348 

For the Recommended Practice’s performance metrics for a grid service to be comparable 349 
across various classes of devices, each device class must be dispatched by a grid service in a 350 
common fashion, rather than with a device-specific coordination algorithm. This is also valuable 351 
for practical reasons, since a large number of such algorithms would have to be developed if 352 
they were specific to each combination of device class and grid service, and it would be nearly 353 
impossible to assure that they offered equivalent opportunity to each class. 354 

Therefore, each device model in the Recommended Practice translates its power, energy, and 355 
timing parameters into the form of a battery-equivalent model so that, from the perspective of a 356 
grid service, only a single, relatively simple coordination scheme is used to “dispatch” a device 357 
of any type. The term “battery-equivalent” is used to imply that the normal properties of a battery 358 
may be supplemented by additional parameters required to describe devices generally for the 359 
purposes of the Recommended Practice. Regardless, as the grid service marches through time 360 
in order to compute the performance metrics, it simply attempts to “dispatch” an equivalent 361 
battery fleet to provide the entire service while staying within the physical and user-based 362 
limitations of the fleet as updated by the device model at each time step. Thus, it is agnostic 363 
about what method among many possibilities would be used by avoiding specification of details 364 
regarding how devices would actually be coordinated in practice, and yet it remains true to the 365 
limitations on the response of individual devices. 366 

 Scaling a Device Fleet to the Drive Cycle’s Magnitude 367 

A device fleet’s ability to perform a grid service is directly tied to its size relative to the 368 
magnitude of the service. Such a fleet, incapable of providing the service as individuals because 369 
they cannot respond to a proportional dispatch signal with enough fidelity, quantity, or duration, 370 
may be able to provide the service very nearly perfectly if it is overly large for the task. Since it is 371 
the intent of this Recommend Practice to draw out distinctions such as this between the 372 
availability and technical capability of devices to perform a given grid service, it is important to 373 
meaningfully scale the fleet of devices to the magnitude of the service. This scaling is performed 374 
by matching the nameplate (nominal) power input and/or output capacity of the device fleet to 375 
the maximum power input or output in the grid service drive cycle. In Figure 1.1, the scaling 376 
process is conducted inside the “Device Model” block. 377 

 Performance and Impact Metrics 378 

This Recommended Practice defines a range of performance metrics that describe how well a 379 
device can provide each grid service and the coincident impacts on the device’s energy 380 
consumption, on the owner or user, and on the device itself. This subsection provides an 381 
overview of these performance metrics. 382 

It should be noted that in this Recommended Practice, the ratings for a device’s ability to 383 
perform a grid service and other impacts are based on the drive cycles defined for each grid 384 
service. They only provide meaningfully representative information for comparing one device’s 385 
performance relative to another, rather than representing a blended average for the United 386 
States or localized values for each region.  387 
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 Grid Service Performance Metrics 388 

Grid service performance metrics are the primary metrics of device performance that result from 389 
application of the Recommended Practice. Three fundamental metrics or ratings will be 390 
computed for each grid service: 391 

 Service Efficacy – the fraction of the grid service drive cycle’s total energy that the device 392 
fleet was able to supply 393 

 Value Efficacy – the fraction of the grid service drive cycle’s total value that the device fleet 394 
was able to supply 395 

 Value Provided – the total annual value ($/yr) the device fleet was able to supply for the 396 
grid service. 397 

The first two metrics provide useful measures normalized by the scale of the device, and hence 398 
relate the quality of a device’s ability to respond, while the third provides an absolute metric for 399 
the value obtainable. That can be related to the device’s absolute cost or marginal cost. 400 
In addition, the Recommended Practice provides overall metrics for service efficacy, value 401 
efficacy, and value produced based on the sum total energy and value across all the grid 402 
services. These metrics are formally defined in Section 2.6.1. 403 

 Energy Impact Metrics 404 

It is important that the provision of grid services does not adversely affect consumers’ energy 405 
bills or national or regional goals for energy efficiency. So the Recommended Practice provides 406 
three metrics for the impact of providing each grid service on the energy consumption of a 407 
device: 408 

 the ratio (in percent) of the device’s annual energy consumption while providing a grid 409 
service to the device’s annual energy consumption when not providing the grid service 410 

 the change (kWh) in energy consumption associated with providing a grid service 411 

 the cost of the change in energy consumption associated with providing a grid service. 412 

In addition, the Recommended Practice provides an overall energy cost metric that is the simple 413 
sum of the cost metric across all of the grid services. These metrics are formally defined in 414 
Section 2.6.2.  415 

1.7 End-User Impact Metrics 416 

The Recommended Practice provides end-user impact metrics pertinent and specific to each 417 
device class. Defined as part of the device model for each class, these include impacts on 418 
normal consumer amenities that are expected from the device class (aside from any value 419 
obtained in exchange for the performance of grid services). These are defined in Section 3.0 for 420 
each device class when relevant. An example is the number of degrees and duration of higher-421 
than-normal indoor air temperatures that may occur when an air conditioner is responding to 422 
provide a grid service. 423 
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1.8 Equipment Impact Metrics 424 

It is beyond the scope of this Recommended Practice to provide estimates of the effect of 425 
providing a grid service on the lifetime of a device. Such an analysis is device-specific and best 426 
left to the manufacturer with a vested interest in both consumer satisfaction and value. The 427 
Recommended Practice does provide metrics or indices of potential impacts on devices from 428 
which manufacturers can make their own independent estimates. These are defined in 429 
Section 3.0 for each device class when relevant. Examples include 430 

 any change in the number of cycles per year as a result of providing a grid service 431 

 any change in the depth of cycles per year as a result of providing a grid service. 432 
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2.0 General Definitions 433 

This section provides normative definitions of terms generally applicable to all types of devices 434 
and grid services within the scope of the Recommended Practice. (See Sections 2.1.1 and 2.5.1 435 
for definitions of these terms.) 436 

The definitions in this section shall apply unless modified or otherwise specified for specific 437 
subsections of Sections 3.0 or 4.0 of the Recommended Practice.  438 

All definitions shall apply whether used in singular or plural form (nouns) or in various tenses 439 
(verbs). 440 

Formally defined terms when used in the text of the Recommended Practice will always appear 441 
in italics.  442 

2.1 Definitions Related to Devices 443 

 Device 444 

Device – For the purposes of this Recommended Practice, the term device refers to a system 445 
comprising one or more of the following components: 446 

1. hardware (i.e., equipment that consumes, stores, converts, or produces power) 447 

2. any controls and communications embedded in the hardware 448 

3. a separate controller that may be used to provide additional functionality and digital 449 
communications for the hardware and any embedded controls and communications. 450 

 Device Class 451 

Device Class – For the purposes of this Recommended Practice, the term device class refers to 452 
the family of similar devices that share 453 

1. a common engineering model and boundary conditions 454 

2. common changes in their operation when responding to provide grid services, in terms of its 455 
consumption or output of real or reactive power (in qualitative rather than quantitative terms) 456 

3. standard assumptions about any normal, baseline usage pattern(s) for the device, if the 457 
device’s primary purpose is not the provision of grid services 458 

4. standard assumptions about limitations or requirements placed on the device’s use by its 459 
owners or users when used to provide grid services. 460 
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 Device Under Test 461 

Device Under Test – For the purposes of this Recommended Practice, the term device under 462 
test refers to a device subjected to or submitted by a manufacturer for characterization testing 463 
and ratings (metrics) of its ability to provide grid services and any associated impacts thereof. 464 
The device under test should be defined and provided by the manufacturer in one of the 465 
following forms (or combination as appropriate): 466 

1. Equipment – the hardware comprising the device under test defined in this Recommended 467 
Practice, including any controls and communications embedded in it 468 

2. Separate Controller – a controller supplied separately from the equipment as part of the 469 
device under test that may provide digital communications to the grid as well as interpret the 470 
device’s state and availability, that is supplied separately from the device and that is an 471 
element of a device class defined in this Recommended Practice 472 

3. System – a system comprising both the equipment and a suitable separate controller, both of 473 
which are elements of a device class defined in this Recommended Practice. 474 

If the device under test consists solely of a piece of equipment, only the parts of the 475 
Recommended Practice applicable to hardware of the relevant device class apply (with a 476 
prototypical controller simulated as part of the balance-of-plant assumptions).  477 

If the device under test consists solely of a controller, only the parts of the Recommended 478 
Practice applicable to the controller apply (with a prototypical equipment element simulated as 479 
part of the balance-of-plant assumptions).  480 

 Modes 481 

Modes – For the purposes of this Recommended Practice, the term modes refers to various 482 
states of operation a device goes through as it achieves its primary objective(s) in normal 483 
operation. These modes are specific to each device class as defined in Section 2.2.1. Modes 484 
may be mutually exclusive (“on” vs. “off,” “charging” vs. “holding” vs. “discharging”), or additive, 485 
i.e., modifying another mode (e.g., for an air conditioner “on” and “heating,” “cooling,” or 486 
“inactive”). The description of modes for the device under test should include any restrictions 487 
imposed by the manufacturer on the types, and circumstances (e.g., timing or triggering), of 488 
allowed transitions from one mode to another.  489 

 Relevant Modes 490 

Relevant Modes – For the purposes of this Recommended Practice, the term relevant modes 491 
refers to modes that the manufacturer deems meet at least one of the following criteria: 492 

1. They affect more than 5% of typical annual energy consumption or output for the device 493 
under test under typical or average usage conditions. 494 

2. The device under test operates in the mode more than 5% of the year under typical or 495 
average usage conditions. 496 

3. They affect power consumption or output by more than 5% compared to other modes for the 497 
device under test under typical or average usage conditions. 498 
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4. The mode is an essential state in the operation of the device that has impacts on the 499 
provision of grid services (even if said state does not directly significantly contribute to any 500 
given grid service). 501 

5. The mode is solely for the purpose of providing grid services. 502 

The manufacturer subjecting or submitting a device under test should declare all relevant modes, 503 
as they will be needed for the characterization tests and device models of this Recommended 504 
Practice (see definitions for these terms in Sections 2.2.1 and 2.3, respectively). To encourage 505 
innovation on the part of manufacturers, any details of a device under test’s relevant modes need 506 
not be revealed, only their existence. 507 

 Grid Service Responses 508 

Grid Response Responses – For the purposes of the Recommended Practice, the term grid 509 
service responses refers to the way(s) in which a device adjusts its energy consumption or 510 
generation to provide grid services.  511 

The manufacturer subjecting or submitting a device under test should declare it capable of at 512 
least one of the following grid service responses when operating in at least one relevant 513 
operating mode: 514 

1. Adjust Real Power – For the purposes of the Recommended Practice, the term adjust real 515 
power refers to increasing or decreasing a device’s consumption or output of real power 516 
(e.g., in units of kW). 517 

2. Adjust Reactive Power – For the purposes of the Recommended Practice, the term adjust 518 
reactive power refers to increasing or decreasing a device’s consumption or output of 519 
reactive power (e.g., in units of kvar). 520 

Adjusting the real power output or consumption in some devices may cause a corresponding 521 
change in reactive power output or consumption that is dependent rather than being 522 
independently adjustable. In such cases, the device’s declared grid service response shall be the 523 
one that is intended.  524 

It is possible for a device to be capable of adjusting real power and reactive power 525 
independently, in which case both capabilities should be declared. Note that it is also possible for 526 
both capabilities in such a device to each have dependent effects attributed to them).  527 

The characterization tests of the Recommended Practice are designed to reveal these 528 
relationships.  529 

The manufacturer subjecting or submitting a device under test should declare all relevant grid 530 
service responses of which the device is capable.  531 

 Means of Response 532 

Grid service responses can be implemented in any way deemed appropriate by the manufacturer 533 
of the device under test. For the purposes of the Recommended Practice, the means of 534 
response for a device is the means by which a device implements grid service responses, which 535 
are classified as one or more of the following: 536 
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1. Mode Change – changing a device’s operating mode 537 

2. Control Setting Change – changing a device’s control setting such as a set point, an 538 
operating range, a deadband, a proportional control setting, etc. 539 

3. Modulation – modulating a device’s energy consumption or generation across a continuous 540 
range. 541 

 Discrete and Continuously Variable Responses 542 

For the purposes of the Recommended Practice, grid service responses are further classified as 543 
being of the following types: 544 

1. Discrete – The device adjusts its real and/or reactive power consumption or generation in 545 
discrete levels, often by changing its operation from one mode to another. This is common to 546 
many types of loads, for example, that may switch from “on” to “off” or from “active” to 547 
“inactive.” Multistage devices may have more than one discrete level of real or reactive power 548 
consumption or output. 549 

2. Continuously Variable – The device adjusts or modulates its power consumption or 550 
generation across a continuous range. 551 

The manufacturer subjecting or submitting a device under test should identify each grid service 552 
response of which the device is capable as either discrete or continuously variable.  553 

 Signal-Based and Autonomous Responses 554 

For the purposes of the Recommended Practice, grid service responses are further classified as 555 
one or more of the following types: 556 

1. Signal-based – The means of response is activated by a communicated signal external to 557 
the device under test. 558 

2. Autonomous – The means of response is activated by the device under test based on self-559 
sensed grid conditions (e.g., frequency or voltage at the point of common coupling).  560 

The manufacturer subjecting or submitting a device under test should identify each grid service 561 
response of which the device is capable as either signal-based or autonomous.  562 

 Specification of Communications  563 

Communications – For the purposes of the Recommended Practice, the term communications-564 
based response refers to the ability of a device to alter its operating state in response to a 565 
communication signal received from an external grid operator or third-party delegate thereof 566 
(such as an aggregator of multiple devices).  567 

While testing the communications protocols used by the device under test for their 568 
interoperability with existing standards is outside the scope of this Recommended Practice, for 569 
purposes of conducting the characterization tests the manufacturer subjecting or submitting a 570 
device under test should declare the following: 571 

1. Communications Medium – the medium (e.g., WiFi, Ethernet, etc., used for 572 
communications to the device under test 573 



   

2.5 

2. Communication Protocol – the communication protocol to be used for communications 574 
from the test apparatus (see Section 2.2.5) to the device under test (e.g., from among 575 
standards available in the test apparatus; potential examples include TC/IP, BACnet, SEP2, 576 
OpenADR, Modbus, etc.)  577 

3. Syntax for Commands – the syntax for the commands used to  578 

a. evoke each grid service response from the device under test that is signal-based  579 

b. modify the parameters controlling and enabling/disabling each autonomous response 580 
from the device under test (see Annexure 5.0). 581 

If either the communications medium or communications protocol used by the device under test 582 
is not supported by the test apparatus for a device class, the manufacturer should supply a 583 
communications system capable of scheduling and issuing the relevant commands so that the 584 
characterization test specified by this Recommended Practice can be conducted. 585 

2.2 Definitions Related to Characterization Test 586 

 Characterization Test  587 

Characterization Test – For the purposes of this Recommended Practice, the term 588 
characterization test refers to the series of tests defined to characterize a device’s ability to 589 
perform grid services, in general. Characterization tests are generally specific to each device 590 
class as defined in Section 3.0, with the exception of autonomous grid service responses (i.e., 591 
responses to self-sensed frequency or voltage) for which characterization tests common to all 592 
devices are defined in Annexure 5.0.  593 

The characterization test for a device class in this Recommended Practice may build upon 594 
existing or proposed standardized tests, such as for DOE appliance and equipment efficiency 595 
standards or interconnection standards for inverter-based distributed generation and storage 596 
(IEEE 1547),2 as defined in Section 3.0. 597 

 Characterized Parameters 598 

Characterized Parameters – For the purposes of this Recommended Practice, the term 599 
characterized parameters refers to key parameters, measured by the characterization test for the 600 
device class, that define and bound the responsiveness of the device under test and that are 601 
required to model a device’s ability to provide any grid service. For example, the characterized 602 
parameters generally include, for each of its relevant modes (m), 603 

1. Change in power – the amount of change in the device under test’s real and reactive power 604 
consumption or output when each grid service response is invoked (∆Pm and ∆Qm, where an 605 
increase in output or a decrease in load is defined as positive, in kW and kvar for real and 606 
reactive power, respectively) 607 

                                                
2 IEEE 1547-2003, Standard for Interconnecting Distributed Resources with Electric Power Systems. 

Institute of Electrical and Electronics Engineers, Piscataway, NJ. Available at 
https://standards.ieee.org/findstds/standard/1547-2003.html.  

https://standards.ieee.org/findstds/standard/1547-2003.html
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2. Equipment time lag – the time lag between when the equipment (i.e., hardware) of the 608 
device under test, including any controls and communications embedded in it, receives the 609 
invoked command for a grid service response and when it begins to change its real and 610 
reactive power consumption or output (∆t_equipm, in seconds) 611 

3. Separate controller time lag – the time lag between when any separate controller for the 612 
device under test receives the invoked command for a grid service response and when the 613 
equipment’s embedded controls receive the command (∆t_controllerm, in seconds, defined as 614 
zero if no separate controller is present) 615 

4. Time to full response – the time lag between when the device under test begins to change 616 
its real and reactive power consumption or output and when it reaches its maximum 617 
response (∆t_full_responsem, in seconds) 618 

5. Ramp rate – the rate of change of the device under test’s real and reactive power 619 
consumption or output (dPm/dt and/or dQm/dt, defined as ∆Pm and/or ∆Qm divided by 620 
∆t_full_responsem, in units of kW/sec or kvar/sec, respectively) 621 

6. Response duration – the duration of the device under test’s grid response, defined as the 622 
time between when it reaches its maximum response and when it terminates the response, 623 
or the maximum duration of response defined by other assumed or adopted parameters 624 
defined for the device class’s characterization test, as defined in Section 3.0 625 

7. Energy storage capacity – the amount of energy that can be stored by the device under test 626 

8. Charging efficiency – the efficiency of the device under test’s conversion of energy from 627 
standard alternating current (AC) power to the device’s storage (which for some device 628 
classes may be part of an assumed balance of system) 629 

9. Discharging efficiency – the efficiency of the device under test’s conversion of energy from 630 
the device’s storage to standard AC power (which for some device classes may be part an 631 
assumed balance of system).  632 

Additional characterized parameters may be measured by the device class’s characterization 633 
test as defined in Section 3.0. 634 

 Adopted Parameters 635 

Adopted parameter – For the purposes of this Recommended Practice, the term adopted 636 
parameter refers to a parameter measured or calculated based on results from existing or 637 
proposed standardized tests incorporated by reference in this Recommended Practice, such as 638 
for DOE appliance and equipment efficiency standards or interconnection standards for inverter-639 
based distributed generation and storage (IEEE 1547), as defined for a given device class in 640 
Section 3.0. 641 

 Assumed Parameters 642 

Assumed parameters – For the purposes of this Recommended Practice, the term assumed 643 
parameter refers to a parameter whose value is a standard assumption of the Recommended 644 
Practice, as defined for a given device class in Section 3.0.  645 

These are often associated with the need to assume information about the balance of system 646 
(see Section 2.2.6) associated with a device class in order to determine the characterized 647 
parameters.  648 
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 Test Apparatus 649 

Test apparatus – For the purposes of this Recommended Practice, the term test apparatus 650 
refers to the specification of the equipment needed to conduct the characterization test, including 651 
its configuration, power supply, controller, communications, sensors, and any means of imposing 652 
standard conditions (see Section 2.2.7) such as a thermal chamber or other specialized 653 
equipment, as defined for a given device class in Section 3.0. 654 

 Balance of System  655 

Balance of System – For the purposes of this Recommended Practice, the term balance of 656 
system refers to the specification of either (a) characteristics of equipment that is part of the test 657 
apparatus or (b) assumed parameters and a calculation procedure, used to represent the context 658 
for the performance of the device under test during the characteristics test.  659 

The balance of system can be in the form of 660 

1. hardware that is part of the test apparatus and used in the characterization test 661 

2. assumed parameters describing the performance of the balance of system that is used in the 662 
form of an emulation as part of the characterization test. 663 

Examples of balance of system are 664 

 assumed parameters describing the thermal performance of a building being space 665 
conditioned in order to compute the response duration for air conditioning devices  666 

 thermal properties of the enclosure around a battery and the equipment used to maintain 667 
proper temperatures for battery operation 668 

 characteristics of a hydrogen storage tank (size, pressurization equipment, and controls), that 669 
is either part of the test apparatus or is emulated when testing a fuel cell or an electrolyzer 670 
device. 671 

 Standard Conditions 672 

Standard Conditions – For the purposes of this Recommended Practice, the term standard 673 
conditions refers to the boundary conditions that are specified as part of the characterization test 674 
and are imposed on the device under test by the test apparatus.  675 

Examples include standard assumptions about 676 

 outdoor temperature and other weather conditions needed by many device classes 677 

 indoor air temperatures needed by air conditioning and water heater device classes 678 

 the pattern of hot water draw needed by the water heater device class 679 

 the energy required to recharge an electric vehicle after driving, needed by the electric 680 
vehicle charger device class. 681 



   

2.8 

2.3 Device Model-Related Definitions  682 

This section defines various terms used to describe how a model of a device is translated into a 683 
generic model of a fleet of identical devices, patterned after a battery. The generic model is 684 
defined by a set of nameplate parameters and variables that are passed between it and the 685 
model of the fleet of devices. 686 

Additional terms, parameters, and variables are defined to model devices for each specific 687 
device class in Section 3.0 of the Recommended Practice. 688 

 Device Fleet 689 

Device Fleet – For the purposes of the Recommended Practice, the term device fleet refers to 690 
the aggregate performance of a population of devices identical to the device under test, scaled to 691 
the magnitude of the grid service (see scaling factor defined in Section 2.5.5).  692 

The notion of a device fleet stems from devices that cannot individually meet the eligibility 693 
requirements of a grid service. That can occur when a device under test is only capable of 694 
discrete responses or is otherwise limited in its availability in ways that may not allow it to supply 695 
a grid service with the required fidelity. It also occurs when the device under test offers power for 696 
a grid service in quantities less than the required magnitude. Many grid services are defined in 697 
such a way that response from aggregations of small devices are explicitly allowed. 698 

 Device Model 699 

Device Model – For the purposes of this Recommended Practice, the term device model refers 700 
to the engineering model of a device fleet based on the characterized, adopted, and assumed 701 
parameters for the device under test, and behavioral/usage assumptions that are specific to each 702 
device class and defined in Section 3.0. 703 

 Nameplate Parameters 704 

Nameplate Parameters – Recognizing that the standard conditions are implicit in the 705 
characterized parameters of the device under test, for the purposes of this Recommended 706 
Practice, the term nameplate parameters refers to the characterized and adopted parameters 707 
from the characterization test. 708 

 Variables 709 

Variables – Recognizing that the nameplate parameters determined for the device under test 710 
are tied to the balance of plant and standard conditions of the characterization test, and so are 711 
not constant in practice under varying conditions, for the purposes of this Recommended 712 
Practice the term variables refers to the time-series values representing the average device in a 713 
device fleet. 714 

A number of variables correspond to nameplate parameters. However, the variables represent 715 
the condition of the average device in a device fleet as it changes over time. This is a subtle but 716 
important distinction.  717 
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In the case of devices with discrete responses, the device model may need to account for the 718 
fraction of the device fleet that is in each of the relevant modes in order to determine the 719 
maximum and minimum real and/or reactive power for services variables. For example, devices 720 
that involve refrigeration cycles (air conditioners, chillers, heat pumps, heat pump water heaters, 721 
refrigerators, and commercial refrigeration systems) may not be able to change from “on” to “off” 722 
mode for a short time after beginning an “on” mode, and vice versa, shortly after changing from 723 
“off” to an “on” mode. These “locked-out” modes reduce the power available from the device fleet 724 
for supplying grid services. 725 

In the case of devices with continuously variable responses, similar issues arise if, for example, it 726 
is preferable for a type of battery to have deeper rather than shallow cycles, so the device model 727 
utilizes as few batteries as possible to provide a grid service at any given time. If this is the case, 728 
the energy stored represents the average for the device fleet rather than that of any individual 729 
device. 730 

 Balance-of-System Assumptions 731 

As with the characterization test, assumptions about parameters describing the balance of 732 
system may be used to represent the context for the performance of the device under test 733 
needed by the device model.  734 

The balance-of-system assumptions used in the device model for a device class may differ from 735 
those used in the characterization test as defined in Section 3.0. 736 

 Usage Assumptions 737 

Usage Assumptions – For the purposes of this Recommended Practice, the term usage 738 
assumption refers to the assumed temporal pattern of use driving any energy consumption for a 739 
device class that forms the base case for comparison with the impact of providing grid services, 740 
as defined in Section 3.0.  741 

The pattern reflected in a usage assumption reflects standard time-series assumptions about 742 
diurnal, weekly, and seasonal variations in use of the device class in terms of, for example, 743 

 the power required to serve an end-use load (in kW) 744 

 the indoor air temperature of a building that drives space conditioning loads (in °F) 745 

 the consumption of hot water that drives a water heater (in gallons) 746 

 the timing, and energy consumed (in kWh), of an electric vehicle’s driving pattern. 747 

All usage assumption patterns must be mappable to an annual time series for a grid service to 748 
dispatch a fleet of devices like the device under test and compute its performance and impact 749 
metrics. 750 

The usage assumptions used in the device model for a device class may differ from those used 751 
in the characterization test as defined in Section 3.0. 752 
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 Behavioral Parameters 753 

Behavioral Parameters – For the purposes of this Recommended Practice, the term behavioral 754 
parameters refers to assumed parameters for a device class, as defined in Section 3.0, generally 755 
describing human behavior that affects the device’s ability to provide grid services. Examples 756 
include 757 

 responsiveness to changes in electricity price 758 

 maximum allowable temperature excursion from the set point in a building, a water heater, a 759 
refrigerator 760 

 maximum duration for or times of day at which conditions may be held at the maximum 761 
temperature excursion before normal conditions must be restored 762 

 water heater set point 763 

 time(s) of day at which an electric vehicle must be fully charged. 764 

The behavioral parameters used in the device model for a device class may differ from 765 
corresponding assumed parameters of the characterization test for the device class. 766 

2.4 Battery-Equivalent Model-Related Definitions 767 

 Battery-Equivalent Model 768 

Battery-Equivalent Model – For the purposes of this Recommended Practice, the term battery-769 
equivalent model refers to an expression of a device model in terms commonly used to describe 770 
a battery/inverter device, extended as necessary to generically describe device classes in the 771 
Recommended Practice.  772 

 Energy Balance for a Generic Device Fleet 773 

The energy balance and sign conventions for a generic DER device fleet are illustrated in 774 
Figure 2.1. 775 

  776 

Figure 2.1.  Energy Balance and Power Flows in a Generic Device Fleet 777 
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Power from 
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For the purposes of this Recommended Practice, the following variable parameters are defined 778 
for the battery-equivalent model: 779 

1. Power Output – the term power from source refers to the AC power delivered from the 780 
device fleet’s generators, after any conversion losses from the form of energy generated by 781 
the devices, and is denoted by POutput(t) 782 

2. Power Discharged– the term power discharged refers to the AC power delivered from the 783 
device fleet’s storage, after any conversion losses from the form of energy stored by the 784 
devices, and is denoted by PSource(t) 785 

3. Power from Source – the term power from source refers to the AC power delivered from the 786 
device fleet’s storage or generator, after any conversion losses from the form of energy 787 
stored or generated by the device, and is denoted by PSource(t): 788 

 𝑃𝑆𝑜𝑢𝑟𝑐𝑒(𝑡)  =  𝑃𝑂𝑢𝑡𝑝𝑢𝑡(𝑡)  +  𝑃𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑡)  (2.1) 789 

4. Power to End Use – the term power to end use refers to the AC power consumed by the 790 
device fleet itself to any service load the device fleet is obligated to meet in order to maintain 791 
the device’s current state of charge as defined in Section 3.0, and is denoted by PEnduse(t) 792 

5. Parasitic Power – the term parasitic power refers to any AC power consumed by the device 793 
fleet that is required to maintain the device fleet’s current state of charge as defined in 794 
Section 3.0—for example, to provide power to keep the device fleet within proper operating 795 
temperature range—and is denoted by PParasitic(t) 796 

6. Power to Load – the term power to load is denoted by PLoad(t), and refers to the power 797 
required to keep the device fleet at its current state of charge, which is the sum of the power 798 
to end use and parasitic power for the device fleet: 799 

 𝑃𝐿𝑜𝑎𝑑(𝑡)  =  𝑃𝐸𝑛𝑑𝑢𝑠𝑒(𝑡)  +  𝑃𝑃𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐(𝑡)  (2.2) 800 

7. Power Injected into Grid – the term power injected into grid by the device fleet, denoted by 801 
PGrid(t), refers to the difference between the device fleet’s power from source and its power to 802 
load: 803 

 𝑃𝐺𝑟𝑖𝑑(𝑡) =  𝑃𝑆𝑜𝑢𝑟𝑐𝑒(𝑡)  − 𝑃𝐿𝑜𝑎𝑑(𝑡)  (2.3) 804 

Or, by substitution of Equation (2.1) for PSource(t) and Equation (2.2) for PLoad(t) in Equation 805 
(2.3), 806 

 𝑃𝐺𝑟𝑖𝑑(𝑡) =  𝑃𝑂𝑢𝑡𝑝𝑢𝑡(𝑡)  +   𝑃𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑡)  −  𝑃𝐸𝑛𝑑𝑢𝑠𝑒(𝑡)  −  𝑃𝑃𝑎𝑟𝑎𝑠𝑡𝑖𝑐(𝑡)  (2.4) 807 

 Power Supplied by Device Fleet for Grid Service 808 

Power for Service – For the purposes of this Recommended Practice in the battery-equivalent 809 
model, the term power for service from a device fleet is denoted by PService(t) and refers to the 810 
difference between the electric power injected into the grid by the fleet when providing the grid 811 
service (PGrid(t)) and the power injected into the grid when no service is being provided, i.e., the 812 
base case, denoted by PGridBase(t): 813 

 𝑃𝑆𝑒𝑟𝑣𝑖𝑐𝑒(𝑡)  =  𝑃𝐺𝑟𝑖𝑑(𝑡)  − 𝑃𝐺𝑟𝑖𝑑𝐵𝑎𝑠𝑒(𝑡) (2.5) 814 
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at all times(t) when a grid service is being provided. When a grid service is not being provided, 815 
PService(t) is defined as zero and Equation (2.5) does not hold, because the device class may be 816 
recharging in which case PGrid(t) ≠ PGridBase(t). 817 

Substituting Equation (2.3) in both terms but retaining the subscript (Base) indicating base-case 818 
conditions, 819 

 𝑃𝑆𝑒𝑟𝑣𝑖𝑐𝑒(𝑡) =  [𝑃𝑆𝑜𝑢𝑟𝑐𝑒(𝑡)  −  𝑃𝐿𝑜𝑎𝑑(𝑡)]  −  [𝑃𝑆𝑜𝑢𝑟𝑐𝑒𝐵𝑎𝑠𝑒(𝑡)  − 𝑃𝐿𝑜𝑎𝑑𝐵𝑎𝑠𝑒(𝑡)]  (2.6) 820 

at all times(t) when a grid service is being provided; otherwise PService(t) is zero.  821 

Substituting Equation (2.1) for PSource(t) and Equation (2.2) for PLoad(t) in Equation (2.6),  822 

 𝑃𝑆𝑒𝑟𝑣𝑖𝑐𝑒(𝑡)  =  [𝑃𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑡) − 𝑃𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝐵𝑎𝑠𝑒(𝑡)]   +   [𝑃𝑂𝑢𝑡𝑝𝑢𝑡(𝑡) − 𝑃𝑂𝑢𝑡𝑝𝑢𝑡𝐵𝑎𝑠𝑒(𝑡)]  −823 

[𝑃𝐸𝑛𝑑𝑢𝑠𝑒(𝑡) − 𝑃𝐸𝑛𝑑𝑢𝑠𝑒𝐵𝑎𝑠𝑒(𝑡)]   − [𝑃𝑃𝑎𝑟𝑎𝑠𝑡𝑖𝑐(𝑡) − 𝑃𝑃𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐𝐵𝑎𝑠𝑒(𝑡)] (2.7) 824 

at all times(t) when a grid service is being provided; otherwise PService(t) is zero.  825 

Using the operator ∆ to represent the difference between the actual power and the base-case 826 
power, Equation (2.7)Error! Reference source not found. is reduced to 827 

 𝑃𝑆𝑒𝑟𝑣𝑖𝑐𝑒(𝑡)  =  ∆𝑃𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑡)  + ∆𝑃𝑂𝑢𝑡𝑝𝑢𝑡(𝑡)  − ∆𝑃𝐸𝑛𝑑𝑢𝑠𝑒(𝑡)  − ∆𝑃𝑃𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐(t)  (2.8) 828 

at all times(t) when a grid service is being provided; otherwise PService(t) is zero.  829 

Noting that the last two terms (including the minus signs) represent the power conserved by the 830 
device fleet in the course of providing the grid service, denoted by ∆PConserved(t), and reflect any 831 
change in the end use or parasitic loads due to changed operational conditions as the device 832 
fleet responds, we can write 833 

 𝑃𝑆𝑒𝑟𝑣𝑖𝑐𝑒(𝑡)  =  ∆𝑃𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑡)  + ∆𝑃𝑂𝑢𝑡𝑝𝑢𝑡(𝑡)  + ∆𝑃𝐶𝑜𝑛𝑠𝑒𝑟𝑣𝑒𝑑(𝑡)  (2.9) 834 

at all times(t) when a grid service is being provided; otherwise PService(t) is zero.  835 

The power conserved represents, for example, reduced need to heat a battery under cold 836 
conditions if it is actively being charged, or reduced air conditioning load when the indoor air 837 
temperature is higher than in the base case. Note that the power conserved can be either 838 
positive or negative depending on the situation. 839 

Thus, the power for service is sum of the increase in the power discharged from storage plus the 840 
increase in power output from distributed generation plus the power conserved in the course of 841 
providing the service, compared to the base case. Note that the power for service can be positive 842 
or negative since some grid services require that it be negative. 843 

 Services Involving Reactive Power 844 

For services including reactive power, the variable Q(t) may be substituted for the variable P(t) in 845 
any of Equations (2.1) through (2.9). 846 
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 Battery-Equivalent Model Nameplate Parameters and Variables 847 

Battery-Equivalent Model Nameplate Parameters and Variables – For the purposes of this 848 
Recommended Practice, the nameplate parameters and variables of the battery-equivalent 849 
model of a device fleet are defined in Table 2.1, including variables defined in Sections 2.4.2 and 850 
2.4.3 for convenience. Nameplate parameters are distinguished by the inclusion of an asterisk at 851 
the end of the name used in the equations.  852 

 Summary of Battery-Equivalent Model Characteristics 853 

For convenience, a summary of the key characteristics of the battery-equivalent model for 854 
various device classes in provided in Table 2.2 to further the understanding of how device 855 
classes can be represented. How the device model for each device class represents itself as a 856 
battery-equivalent model is formally defined in Section 3.0. 857 
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Table 2.1.  Definitions of the Battery-Equivalent Model Nameplate Parameters and Variables 858 

Parameter Definition Units 
Name-
plate Variable 

Nameplate Parameters with 
Associated Variables     

Energy storage capacity 
Potential energy capacity of storage (prior to conversion to AC) 
when the state of charge (SoC) changes from 100% to 0% 

kWh C* C(t) 

Maximum real power for services Maximum real power deliverable for grid services kW P
max

* P
max

(t) 

Minimum real power for services Minimum real power deliverable for grid services (may be <0) kW P
min

* P
min

(t) 

Maximum reactive power for 
services  

Maximum reactive power deliverable for grid services kvar Q
max

* Q
max

(t) 

Minimum reactive power for 
services  

Minimum reactive power deliverable for grid services kvar Q
min

* Q
min

(t) 

Ramp rate real power up Maximum rate of increase of real power output to the grid  kW/s dPup/dt* dPup/dt(t) 

Ramp rate real power down Maximum rate of decrease of real power output to the grid kW/s dPdown/dt* dPdown/dt(t) 

Ramp rate reactive power up Maximum rate of increase of reactive power output to the grid  kvar/s dQup/dt* dQup/dt(t) 

Ramp rate reactive power down Maximum rate of decrease of reactive power output to the grid kvar/s dQdown/dt* dQdown/dt(t) 

Charging efficiency Fraction of energy supplied by the grid that is stored % ein* ein(t) 

Discharging efficiency Fraction of energy drawn from storage that is delivered to the grid % eout* eout(t) 

Variables Only     

Energy stored Available energy stored in the storage media kWh − E(t) 

Power discharged from storage, 
real 

Real power withdrawn from storage and converted to AC kW − PDischarge(t) 

Power discharged from storage, 
reactive 

Reactive power withdrawn from storage and converted to AC kvar − QDischarge(t) 

Power output from generator, real Real power withdrawn from storage and converted to AC kW − POutput(t) 

Power output from generator, 
reactive 

Reactive power withdrawn from storage and converted to AC kvar − QOutput(t) 
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Parameter Definition Units 
Name-
plate Variable 

Power injected into grid, real 
Real power being output to the grid while providing a grid service 
(for loads PGrid(t) will always be negative) 

kW − PGrid(t) 

Power injected into grid, reactive 
Reactive power being output to the grid while providing a grid 
service 

kvar − QGrid(t) 

Power injected into grid, real, 
(base case)  

Real power being output to the grid while not providing a grid service 
(for loads PGrid(t) will always be negative) 

kW − PGridBase(t) 

Power injected into grid, reactive, 
(bae case) 

Reactive power being output to the grid while not providing a grid 
service 

kvar − QGridBase(t) 

Power delivered for service, real Real power being delivered for a service kW − PService(t) 

Power delivered for service, 
reactive 

Reactive power delivered for a service kvar − QService(t) 

Load 
Power that must be supplied by the grid to maintain current SoC 
under actual conditions, i.e., the sum of any end-use load served 
and any parasitic load for the device class while providing a service 

kW − PLoadBase(t) 

Base load  

Power that would have been supplied by the grid to maintain initial 
SoC under “no response” conditions, i.e., the sum of any end-use 
load served and any parasitic load for the device class in the base 
case (not providing a service) 

kW − PLoad(t) 

Behavioral Parameters 
    

Time limit, hold 
Maximum duration of “hold state” for SoC at other than initial 
condition 

hours  ∆thold 

Time, restoration  Time of day at which the initial SoC condition must be restored  
hour of 
day 

 trestore 

Strike price  
Price/incentive threshold at which a device initiates response to 
price  

$/kWh  − SP(t) 

Price elasticity 
Response rate to prices/incentives (i.e., ~ percent change in output / 
$/kWh) 

− − TBD 

  859 
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Table 2.2.  Characteristics of the Battery-Equivalent Model for Various Device Classes 860 

Battery-
Equivalent 
Character-

istic 

Battery / Inverter 

Electric 
Vehicle 
(Charge/ 

Discharge) 

PV Solar / Inverter Fuel Cell / Inverter Electrolyzer 

Source / Sink 
DC electricity in chemical 
battery 

(see Battery) PV array 
Hydrogen storage tank 
(gas or liquid) 

(see Fuel Cell) 

Energy 
Storage 
Capacity (C) 

Rated DC energy storage 
capacity of battery 

(see Battery) NA (infinite) Energy of H2 in tank (see Fuel Cell) 

State of 
Charge (SoC) 

𝐸𝑛𝑒𝑟𝑔𝑦_𝑠𝑡𝑜𝑟𝑒𝑑

𝐸𝑛𝑒𝑟𝑔𝑦_𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
 (see Battery) NA 

X / Xmax where X is 
pressure (gas) or volume 
(liquid) and subscript 
“max” indicates tank limit 

(see Fuel Cell) 

Converter DC-AC inverter (see Battery) AC inverter AC inverter DC power supply 

Charging 
Efficiency 

Inverter charging efficiency (see Battery) NA NA 
DC power supply & 
electrolyzer efficiency 

Discharging 
Efficiency 

Inverter discharging efficiency (see Battery) (see Battery) (see Battery) 1.0 

Power to  
End Use 

NA TBD NA NA 
Power to supply H2 

demand not met by 
discharge from storage 

Parasitic 
Power  

Battery temperature 
conditioning load; controls 

(see Battery) Power for controls (see PV solar) 
Power for controls and 
cooling liquid storage 

Power 
Discharge  

Inverter AC power discharge 
(real & reactive) 

(see Battery) NA NA 
AC power displaced by 
change in H2 stored 

Power Output NA (see Battery) 
Inverter AC power 
discharge 

(see PV solar) NA 

Power 
Conserved 

Change in parasitic power 
compared to the base case 

(see Battery) NA (see Battery) (see Battery) 

Power to 
Service 

AC power discharge from 
storage, less any power 
conserved 

(see Battery) 

Difference in AC 
power output from 
device fleet com-
pared to base case  

(see PV solar) 
Power of H2 discharge 
rate from storage 

  861 
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Table 2.2.  Characteristics of the Battery-Equivalent Model for Various Device Classes (cont.)  862 

Battery-
Equivalent 

Characteristic 

Air Conditioner /  
Heat Pump (Cooling) /  

Chiller 
Electric Water Heater 

Refrigerator / Commercial 
Refrigeration 

Source / Sink Thermal mass of building (MCp) Thermal mass of water in tank (MCp) Thermal mass of refrigerator (MCp) 

Energy Storage 
Capacity (C) 

𝑀𝐶𝑝 (𝑇𝑚𝑎𝑥 − 𝑇𝑠𝑒𝑡), where 

Tmax = max. temp. allowed by occupant 
Tset = base-case thermostat setpoint 

𝑀𝐶𝑝 (𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛), where 

Tmax = max. temp. allowed  
Tmin = min. temp. allowed 

(see Air Conditioner) 

State of Charge 
(SoC) 

(𝑇𝑚𝑎𝑥−𝑇𝑚)

(𝑇𝑚𝑎𝑥−𝑇𝑠𝑒𝑡)
 , where 

 Tm = current thermal mass temp.  

(𝑇𝑡𝑎𝑛𝑘−𝑇𝑚𝑖𝑛)

(𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛)
 , where 

Ttank = current tank temp. 

(𝑇𝑚𝑎𝑥−𝑇𝑟𝑒𝑓𝑟)

(𝑇𝑚𝑎𝑥−𝑇𝑠𝑒𝑡)
 , where 

Trefr = current compartment air temp. 

Converter Space conditioning system Resistive element or heat pump Refrigeration system 

Charging 
Efficiency 

Space conditioning system coefficient 
of performance (COPsys) 

1.0 (resistive) or system coefficient of 
performance COPsys (heat pump) 

Refrigeration system coefficient of 
performance (COPsys) 

Discharging 
Efficiency 

1.0 1.0 1.0 

Power to End 
Use 

AC power for steady-state load 
(Loadss) at current indoor air temp. 
(Tin) and COPsys: 

𝐿𝑜𝑎𝑑𝑆𝑆

𝐶𝑂𝑃𝑠𝑦𝑠

 

AC power to make up for hot water draw 
(Loadss) at current Ttank and COPsys: 

𝐿𝑜𝑎𝑑𝑆𝑆

𝐶𝑂𝑃𝑠𝑦𝑠

 

AC power to meet steady-state heat 
loss and content addition (Loadss) at 
current Trefr and COPsys: 

𝐿𝑜𝑎𝑑𝑆𝑆

𝐶𝑂𝑃𝑠𝑦𝑠

 

Parasitic Power  Power for controls Power for tank loss; controls 
Power for controls; defrost; anti-sweat; 
lights; etc. 

Power 
Discharge  

AC power displaced by change in 
energy stored: 
𝑑𝑆𝑜𝐶

𝑑𝑡
 

𝐶

𝐶𝑂𝑃𝑠𝑦𝑠

=  
𝑑𝑇𝑚

𝑑𝑡
 

𝑀𝐶𝑝

𝐶𝑂𝑃𝑠𝑦𝑠

 

AC power displaced by change in energy 
stored: 

𝑑𝑆𝑜𝐶

𝑑𝑡
 

𝐶

𝐶𝑂𝑃𝑠𝑦𝑠

=  
𝑑𝑇𝑖𝑛

𝑑𝑡
 

𝑀𝐶𝑝

𝐶𝑂𝑃𝑠𝑦𝑠

 
(see Air Conditioner) 

Power Output NA NA NA 

Power 
Conserved 

Change in Loadss due to change in Tin 
compared to base case 

Change in Loadss due to change in Ttank 
compared to base case 

Change in Loadss due to change in Trefr 
compared to base case 

Power to 
Service 

Power discharge plus power 
conserved 

(see Air Conditioner) (see Air Conditioner) 
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Table 2.2.  Characteristics of the Battery-Equivalent Model for Various Device Classes (cont.) 864 

Battery-Equivalent 
Characteristic 

Thermal Energy Storage Commercial Lighting Electric Vehicle (Charging Only) 

Source / Sink Thermal reservoir NA Charging deferral 

Energy Storage 
Capacity (C) 

Capacity of thermal reservoir NA 
Energy to charge after standard use 
(Echarge) 

State of Charge 
(SoC) 

Percentage of reservoir in frozen state NA 

𝐸𝑐ℎ𝑎𝑟𝑔𝑒 − 𝐸𝑑𝑒𝑓𝑒𝑟𝑟𝑒𝑑

𝐸𝑐ℎ𝑎𝑟𝑔𝑒
, where  

Edeferred is the charging energy deferred 

Converter Refrigeration system NA DC charger 

Charging Efficiency Refrigeration system efficiency (COPsys) NA DC charger efficiency 

Discharging 
Efficiency 

1.0 NA 1.0 

Power to End Use NA (No base load defined) AC power to lighting system TBD 

Parasitic Power  Power for controls Power for controls 
Power for controls, battery temperature 
conditioning, and any cabin temperature 
controls 

Power Discharge  (see Air Conditioner) NA  

Power Output NA NA TBD 

Power Conserved NA (No base load defined) Lighting power reduction TBD 

Power to Service 
Difference between power of assumed 
air conditioner in balance of system and 
corresponding TES power 

Power conserved 
TBD 
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2.5 Definitions Related to Grid Services 865 

This section defines various terms used to describe the characteristics of a grid service for the 866 
purposes of this Recommended Practice. These terms are used for each grid service unless 867 
otherwise specified in Section 4.0 for a specific grid service.  868 

 Grid Service 869 

Grid Service – For the purposes of the Recommended Practice, the term grid service refers to 870 
the means by which a grid operator or utility motivates grid resources—central generator 871 
stations and devices (DERs and flexible loads)—to coordinate their operation with the utility’s or 872 
grid operator’s needs to keep the power grid stable, reliable, and economically efficient.  873 

This typically involves establishing markets, incentives, or price mechanisms that compensate 874 
resources that the utility or grid operator typically does not own for modifying their behavior to 875 
effect that coordination. That is, a grid service is usually something for which the grid is willing to 876 
pay. In some cases, alternative noneconomic mechanisms may be involved, such as required 877 
behavior embedded in interconnection requirements for DERs, for example. Thus, it is the 878 
formal definition of the desired behavior along with the measurement and any compensation 879 
mechanisms that define a grid service.  880 

When defining a grid service, it is useful to define the corresponding operational objective(s) 881 
(see definition in Section 2.5.2) that it is designed to serve, and from which the value to the grid 882 
is obtained.  883 

 Operational Objective  884 

Operational Objective – For the purposes of the Recommended Practice, the term operational 885 
objective refers to the fundamental underlying physical needs, stated as objectives, the grid has 886 
for safe, reliable, robust, and economically efficient operation. These are often in the form of 887 
balancing supply and demand at various time scales and for various purposes. 888 

A grid service is generally designed to help the utility or grid operator meet one or more 889 
operational objectives. Value is fundamentally created from meeting operational objectives, 890 
whether directly in saving capital or operational costs, or indirectly, by avoiding outages, for 891 
example. It is difficult to quantitatively value grid services that maintain stability or reliability, but 892 
the value, albeit indirect, is clear to all stakeholders. Many grid services recognize their 893 
associated operational objective(s) as essential and achieve them by acquiring the services 894 
from the least-cost providers via markets, for example. 895 

When defining grid services in this Recommended Practice, we provide a short description of 896 
the operational objective(s) associated with them. 897 

 Eligibility Requirements  898 

Eligibility Requirements – For the purposes of the Recommended Practice, the term eligibility 899 
requirements refers to the formal and implied requirements that devices must offer to be eligible 900 
to provide a grid service: 901 
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1. Formal eligibility requirements are those that the utility or grid operator specifies when 902 
defining a grid service. For example, some grid services specify classes of devices that are 903 
generally excluded from being eligible. In other cases, specific performance requirements 904 
are stated in engineering terms such as maximum time lag, minimum duration, or quality 905 
metrics. 906 

2. Implied eligibility requirements are those that are not specified when a utility or grid operator 907 
defines a grid service. In order to inform device manufacturers about the general nature of 908 
the response(s) required of devices to provide a grid service, the Recommended Practice 909 
describes these in conjunction with defining the grid service. When implied eligibility 910 
requirements are listed for a grid service, some judgement is required, so implied eligibility 911 
requirements are informative rather than normative. 912 

Any formal or implied eligibility requirements for devices to perform a given grid service are 913 
defined in Section 4.0. 914 

 Drive Cycle  915 

Drive Cycle – For the purposes of the Recommended Practice, the term drive cycle refers to 916 
the representative time series of 917 

1. the magnitude of the grid service in engineering units, in terms of either real or reactive 918 
power required to meet the service, as defined in Section 4.0 for each grid service 919 

a. Some grid services do not have a power requirement, but simply seek response to a grid 920 
condition such as price, frequency, or voltage.  921 

2. the value of the grid service based on the value of the operational objective(s) achieved, as 922 
defined in Section 4.0 for each grid service 923 

3. weather boundary conditions needed by one or more device models in the Recommended 924 
Practice, including outdoor temperature, global horizontal solar radiation, and relative 925 
humidity (Tout(t), Gsolar(t), and RHout(t) in units of °F, kW/m2, and %, respectively), as defined 926 
in Section 4.0 for each grid service 927 

4. other time-series boundary conditions required to define a specific grid service as specified 928 
in Section 4.0 for each grid service. Examples include electricity price, frequency, and 929 
voltage (Price(t), f(t), and V(t) in units of $/kWh, Hz, and volts, respectively). 930 

 Dispatched and Simple-Response Grid Services 931 

For the purposes of the Recommended Practice, grid services are classified as two types: 932 

1. Dispatched Grid Service – the term dispatched refers to grid services whose drive 933 

cycle is based on a time series of specified power levels (real or reactive) that must be 934 
supplied by the device fleet if it were to entirely and exactly meet the requirements of the 935 
grid service. Most grid services in this Recommended Practice are dispatched. 936 

2. Simple-Response Grid Service – the term simple-response refers to grid services 937 
whose drive cycle is based on a time series of conditions that devices may respond to 938 
individually, but does not define a time series of specified power levels that the device 939 
fleet needs to entirely and exactly meet to supply the grid service. Examples include 940 
self-sensed frequency and voltage time series for the artificial inertia and distribution-941 
voltage management grid services, respectively. The other example is prices 942 
communicated to devices for the wholesale price response grid service. 943 
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 Drive-Cycle Power 944 

Drive-Cycle Power – For the purposes of the Recommended Practice, the term drive-cycle 945 
power refers to the time series of power required to supply the entire needs of a dispatched grid 946 
service’s drive cycle (DriveCyclePower(t), in units of MW or Mvar for services involving real and 947 
reactive power, respectively, as defined in Section 4.0).  948 

For grid services that are defined in terms of energy rather than power, the drive-cycle power 949 
represents the average power over a time-series interval.  950 

For simple-response grid services, the drive-cycle power will have a value of “NA.” 951 

 Service Value 952 

Service Value – For the purposes of the Recommended Practice, the term service value refers 953 
to the time series of value of a grid service’s drive cycle (Value(t) in U.S. dollars). For example, 954 
this may represent a market price, a retail or wholesale rate, or an annual value such as capital 955 
deferral allocated in the form of a time series. 956 

 Scaling Factor  957 

Scaling Factor – For the purposes of the Recommended Practice, the term scaling factor refers 958 
to the number of devices that is nominally required to supply the grid service, based on the 959 
nameplate power capacity for supplying services of the device under test, assuming the devices 960 
in a device fleet are all available at all times to supply the grid service.  961 

The purpose of the scaling factor is to provide a rational basis for evaluating the performance of 962 
the device fleet. A single device with discrete grid service response may be completely 963 
inadequate and receive a “zero” metric, and a vastly oversized device fleet could provide the 964 
grid service via individual devices simply taking turns responding; neither scenario provides a 965 
useful basis for discriminating the performance of devices. 966 

The computation of the scaling factor is complicated by the fact that a device may be capable of 967 
positive and/or negative power injected into the grid, and the drive cycle for a grid service may 968 
require positive and/or negative power injected into the grid. The computation of the scaling 969 
factor is defined in the following subsections. 970 

 Maximum Positive Drive-Cycle Power 971 

Maximum Positive Drive-Cycle Power – For the purposes of the Recommended Practice, the 972 
term maximum positive drive-cycle power refers to the magnitude of the maximum positive 973 
value of the drive-cycle power time series, in units of MW or Mvar for services requiring real and 974 
reactive power, respectively:   975 

 𝑀𝑎𝑥𝑃𝑜𝑠𝐷𝑟𝑖𝑣𝑒𝐶𝑦𝑐𝑙𝑒𝑃𝑜𝑤𝑒𝑟 =  Max{𝐷𝑟𝑖𝑣𝑒𝐶𝑦𝑐𝑙𝑒𝑃𝑜𝑤𝑒𝑟(𝑡) 𝐵𝑜𝑜𝑙𝑒𝑎𝑛(𝐷𝑟𝑖𝑣𝑒𝐶𝑦𝑐𝑙𝑒𝑃𝑜𝑤𝑒𝑟(𝑡) > 0)}   976 

  (2.10) 977 
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where the function Boolean() returns a time series with values of 1.0 when the logical statement 978 
is true and 0.0 when it is false. Note the maximum positive drive-cycle power will be zero if the 979 
drive-cycle power is always negative. 980 

 Maximum Negative Drive-Cycle Power 981 

Maximum Negative Drive-Cycle Power – For the purposes of the Recommended Practice, the 982 
term maximum negative drive-cycle power refers to the magnitude of the maximum negative 983 
value of the drive-cycle power time series, in units of MW or Mvar for services requiring real and 984 
reactive power, respectively:  985 

 𝑀𝑎𝑥𝑁𝑒𝑔𝐷𝑟𝑖𝑣𝑒𝐶𝑦𝑐𝑙𝑒𝑃𝑜𝑤𝑒𝑟 =  Max{−𝐷𝑟𝑖𝑣𝑒𝐶𝑦𝑐𝑙𝑒𝑃𝑜𝑤𝑒𝑟(𝑡) 𝐵𝑜𝑜𝑙𝑒𝑎𝑛(𝐷𝑟𝑖𝑣𝑒𝐶𝑦𝑐𝑙𝑒𝑃𝑜𝑤𝑒𝑟(𝑡) < 0)}  986 

  (2.11) 987 

Note the maximum negative drive-cycle power will be zero if the drive-cycle power is always 988 
positive. 989 

 Computation of the Scaling Factor 990 

For each of three possible cases of positive and/or negative maximum (Pmax*) and minimum 991 
(Pmin*) capacities for a device supplying grid services, the scaling factor (SF) is computed as 992 

Case 1 – If Pmax* > 0 and Pmin* ≥ 0, then  993 

 𝑆𝐹 =  
𝑀𝑎𝑥𝑃𝑜𝑠𝐷𝑟𝑖𝑣𝑒𝐶𝑦𝑐𝑙𝑒𝑃𝑜𝑤𝑒𝑟

𝑃𝑚𝑎𝑥
∗  (2.12) 994 

Case 2 – If Pmax* ≤ 0 and Pmin* < 0, then  995 

 𝑆𝐹 =  
𝑀𝑎𝑥𝑁𝑒𝑔𝐷𝑟𝑖𝑣𝑒𝐶𝑦𝑐𝑙𝑒𝑃𝑜𝑤𝑒𝑟

−𝑃𝑚𝑖𝑛
∗  (2.13) 996 

Case 3 – If Pmax* > 0 and Pmin* < 0, then 997 

 𝑆𝐹 =  Max {
𝑀𝑎𝑥𝑃𝑜𝑠𝐷𝑟𝑖𝑣𝑒𝐶𝑦𝑐𝑙𝑒𝑃𝑜𝑤𝑒𝑟

𝑃𝑚𝑎𝑥
∗ ,

𝑀𝑎𝑥𝑁𝑒𝑔𝐷𝑟𝑖𝑣𝑒𝐶𝑦𝑐𝑙𝑒𝑃𝑜𝑤𝑒𝑟

−𝑃𝑚𝑖𝑛
∗  } (2.14) 998 

where, in all three cases, for grid services requiring reactive power, Qmax* and Qmin* are 999 
substituted for Pmax* and Pmin*, respectively. 1000 

 Dispatch Process for Device Fleet 1001 

For dispatched grid services, the grid service definitions in Section 4.0 will specify the procedure 1002 
that each grid service will use to dispatch the device fleet to attempt to supply the grid service’s 1003 
drive-cycle power. The device fleet will make its availability known to the dispatch process at 1004 
each time step using the parameters defined in Section 2.4.5. In general, 1005 

1. The device model will indicate its available power through the maximum and minimum real 1006 

and/or reactive power for services variables, and the energy storage capacity and energy 1007 

stored variables.  1008 
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2. The grid service will then indicate to the device model the actual power discharged from 1009 

storage (real or reactive) over the course of the drive cycle’s time step, limited only by  1010 

i. the requirement that the resulting energy stored at the end of the time step may not 1011 
exceed the energy storage capacity nor be less than zero. (Note that the power 1012 
discharged from storage may be less than zero when the device fleet is being charged). 1013 

ii. other limitations placed on the response such as on the timing and duration of response 1014 
indicated by the device model’s behavioral parameters. 1015 

3. The device model then advances to the next time step and updates its state variables in 1016 

preparation for continuing at Step 1, including distributions of modes and energy stored for 1017 

the population of devices in the device fleet.  1018 

 Power Supplied for Grid Service 1019 

Power Supplied – for the purposes of the Recommended Practice, the term power supplied for 1020 
a grid service refers to the time series of power actually supplied by a device fleet for a 1021 
dispatched grid service by the device fleet, PowerSupplied(t), which is 1022 

 𝑃𝑜𝑤𝑒𝑟𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑(𝑡)  =  𝑆𝐹 𝑃𝑆𝑒𝑟𝑣𝑖𝑐𝑒(𝑡)  (2.15) 1023 

where PService(t) is the average power supplied by the individual devices in the device fleet. 1024 

2.6 Metrics of Device Performance 1025 

 Service Performance Metrics 1026 

This section defines the standard service performance metrics for devices performing a 1027 
dispatched grid service for the purposes of this Recommended Practice. The standard metrics 1028 
are used for each dispatched grid service unless otherwise specified in Section 4.0 for a specific 1029 
grid service.  1030 

Analogous metrics are defined in Section 4.0 for each simple-response grid service. 1031 

 Service Efficacy 1032 

Service Efficacy – For the purposes of the Recommended Practice, the term service efficacy 1033 
refers to the fraction of the total energy of the drive cycle for a grid service that the device fleet 1034 
is able to supply: 1035 

 𝑆𝑒𝑟𝑣𝑖𝑐𝑒𝐸𝑓𝑓𝑖𝑐𝑎𝑐𝑦 =  
∑ |𝑃𝑜𝑤𝑒𝑟𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑(𝑡)| ∆t𝑡

∑ |𝐷𝑟𝑖𝑣𝑒𝐶𝑦𝑐𝑙𝑒𝑃𝑜𝑤𝑒𝑟(𝑡)| ∆t𝑡
  (2.16) 1036 

where the absolute value operation is required for services whose power requirement varies 1037 
between positive and negative. The service efficacy provides a measure of the ability of a 1038 
device to provide a grid service, normalized by the nameplate power capacity of the device by 1039 
virtue of the scaling factor, so that the performance of devices of various sizes can be 1040 
meaningfully compared. 1041 
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 Value Efficacy 1042 

Value Efficacy – For the purposes of the Recommended Practice, the term value efficacy 1043 
refers to the fraction of the total annual value of the drive cycle for a grid service that the device 1044 
fleet is able to supply: 1045 

 𝑉𝑎𝑙𝑢𝑒𝐸𝑓𝑓𝑖𝑐𝑎𝑐𝑦 =  
∑ |𝑃𝑜𝑤𝑒𝑟𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑(𝑡)| 𝑉𝑎𝑙𝑢𝑒(𝑡) ∆t𝑡

∑ |𝐷𝑟𝑖𝑣𝑒𝐶𝑦𝑐𝑙𝑒𝑃𝑜𝑤𝑒𝑟(𝑡)| 𝑉𝑎𝑙𝑢𝑒(𝑡) ∆t𝑡
  (2.17) 1046 

The value efficacy provides a measure of a device fleet’s ability to provide value (to the power 1047 
grid) by providing a grid service, normalized by the annual value of the grid service, so that the 1048 
potential of devices of various sizes can be meaningfully compared.  1049 

 Value Provided 1050 

Value Provided – For the purposes of the Recommended Practice, the term value provided 1051 
refers to the annual value ($/yr) the average device in a device fleet is able to provide for the 1052 
grid service: 1053 

 𝑉𝑎𝑙𝑢𝑒𝑃𝑟𝑜𝑣𝑖𝑑𝑒𝑑 =  
𝑊𝐹

𝑆𝐹
 ∑ 𝑃𝑜𝑤𝑒𝑟𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑(𝑡)| 𝑉𝑎𝑙𝑢𝑒(𝑡) ∆t𝑡   (2.18) 1054 

where WF is a weighting factor that accounts for grid service drive cycles that are less than a 1055 
full year in duration: 1056 

 𝑊𝐹 =  
1 [𝑦𝑟]

∑ ∆𝑡𝑡
 (2.19) 1057 

and where the denominator of Equation (2.19) is converted to units of years. 1058 

The value provided is a measure of the potential annual value produced (for the power grid) by 1059 
a device fleet providing a grid service, and can be meaningfully compared to the device’s cost or 1060 
marginal cost. Note that the value provided is simply the numerator of Equation (2.17).  1061 

 Total Service Efficacy 1062 

Total Service Efficacy – For the purposes of the Recommended Practice, the term service 1063 
efficacy refers to the fraction of the total energy of the drive cycles for all the (n) grid services in 1064 
the Recommended Practice that the device fleet was able to supply: 1065 

 𝑇𝑜𝑡𝑎𝑙𝑆𝑒𝑟𝑣𝑖𝑐𝑒𝐸𝑓𝑓𝑖𝑐𝑎𝑐𝑦 =  
∑ ∑ |𝑃𝑜𝑤𝑒𝑟𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑𝑛(𝑡)| ∆t𝑡𝑛

∑ ∑ |𝑆𝑒𝑟𝑣𝑖𝑐𝑒𝑃𝑜𝑤𝑒𝑟𝑛(𝑡)| ∆t𝑡𝑛
  (2.20) 1066 

The total service efficacy is computed as the sum of the energy supplied by a device fleet 1067 
across all (n) grid services divided by the sum energy required for all (n) grid services. It is a 1068 
measure of how well the device under test can provide all the grid services, which allows the 1069 
overall performance of devices of various sizes to be meaningfully compared. 1070 
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 Total Value Efficacy 1071 

Total Value Efficacy – For the purposes of the Recommended Practice, the term value efficacy 1072 
refers to the fraction of the total value of the drive cycle for grid service (n) that the device fleet 1073 
is able to supply: 1074 

 𝑇𝑜𝑡𝑎𝑙_𝑉𝑎𝑙𝑢𝑒𝐸𝑓𝑓𝑖𝑐𝑎𝑐𝑦 =  
∑ ∑ 𝑃𝑜𝑤𝑒𝑟𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑𝑛(𝑡)| 𝑉𝑎𝑙𝑢𝑒𝑛(𝑡) ∆t𝑡𝑛

∑ ∑ 𝑆𝑒𝑟𝑣𝑖𝑐𝑒𝑃𝑜𝑤𝑒𝑟𝑛(𝑡)| 𝑉𝑎𝑙𝑢𝑒𝑛(𝑡) ∆t𝑡𝑛
  (2.21) 1075 

The total value efficacy is the sum of the value provided by a device fleet across all (n) grid 1076 
services divided by the sum of the value for all (n) grid services. It is a measure of how well the 1077 
device under test captures the potential value of supplying all the grid services, which allows the 1078 
overall performance of devices of various sizes to be meaningfully compared. 1079 

 Total Value Provided 1080 

Value Provided – For the purposes of the Recommended Practice, the term total value 1081 
provided ($/yr) refers to the sum of the value provided by one device in a device fleet across all 1082 
(n) grid services, and can be meaningfully compared to the device’s cost or marginal cost. 1083 

 𝑇𝑜𝑡𝑎𝑙𝑉𝑎𝑙𝑢𝑒𝑃𝑟𝑜𝑣𝑖𝑑𝑒𝑑𝑛  =  ∑ 𝑉𝑎𝑙𝑢𝑒𝑃𝑟𝑜𝑣𝑖𝑑𝑒𝑑𝑛𝑛   (2.22) 1084 

 Energy Impact Metrics 1085 

The Recommended Practice provides metrics for the impact of providing each grid service on 1086 
the energy consumption and energy cost for a device, and an overall energy cost metric that is 1087 
the simple sum of the cost metrics across all of the grid services. These are defined in this 1088 
section. 1089 

 Net Energy 1090 

Net Energy – For the purposes of the Recommended Practice, the term net energy refers to the 1091 
difference in the annual energy injected into the power grid by the average device in a device 1092 
fleet when providing a grid service and when not providing a grid service (the base case).  1093 

 𝑁𝑒𝑡𝐸𝑛𝑒𝑟𝑔𝑦 =   𝑊𝐹 ∑  ( 𝑃𝐺𝑟𝑖𝑑(𝑡) −  𝑃𝐺𝑟𝑖𝑑𝐵𝑎𝑠𝑒(𝑡) ) ∆𝑡𝑡   (2.23) 1094 

 Net Energy Cost 1095 

Net Energy Cost – For the purposes of the Recommended Practice, the term net energy cost 1096 
refers to the difference in the cost of the annual energy injected into the power grid by the 1097 
average device in a device fleet when providing a grid service and when not providing a grid 1098 
service (the base case).  1099 

 𝑁𝑒𝑡𝐸𝑛𝑒𝑟𝑔𝑦𝐶𝑜𝑠𝑡 =   𝑊𝐹 [ ∑  𝑃𝐺𝑟𝑖𝑑(𝑡) 𝑃𝑟𝑖𝑐𝑒(𝑡) ∆𝑡𝑡  − ∑  𝑃𝐺𝑟𝑖𝑑𝐵𝑎𝑠𝑒(𝑡) 𝑡 𝑃𝑟𝑖𝑐𝑒(𝑡) ∆𝑡 ]   (2.24) 1100 

where Price(t) is a standard time series of the electricity prices ($/kWh) assumed by the 1101 
Recommended Practice for the purpose of computing this metric. 1102 
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  Fractional Increase in Net Energy 1103 

Fractional Increase in Net Energy – For the purposes of the Recommended Practice, the term 1104 
fractional increase in net energy is defined as the ratio of the net energy consumed when 1105 
providing a grid service to the energy consumed by the device fleet when not supplying a grid 1106 
service (the base case): 1107 

 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑁𝑒𝑡𝐸𝑛𝑒𝑟𝑔𝑦 =   
𝑁𝑒𝑡𝐸𝑛𝑒𝑟𝑔𝑦

𝑊𝐹 ∑ 𝑃𝐺𝑟𝑖𝑑𝐵𝑎𝑠𝑒(𝑡) ∆𝑡 𝑡
 (2.25) 1108 

and is applicable only to devices having nonzero base-case power from source or power to end 1109 
use. This is because it is relatively meaningless for device classes that would not actively 1110 
consume or produce power other than for the purpose of providing grid services, as defined in 1111 
Section 4.0. Depending on how the base case is defined for a device class, this may include 1112 
batteries, thermal energy storage, and fuel cells. 1113 

To interpret the meaning of the fractional increase in net energy metric, it is useful to expand 1114 
Equation (2.25) by defining the annual energy (EX) for any power flow (PX) as 1115 

 𝐸𝑋  =   𝑊𝐹 ∑  𝑃𝑋(𝑡) ∆𝑡𝑡    (2.26) 1116 

where the suffix X indicates any of the power flows indicated in Figure 2.1 as defined in 1117 
Sections 2.4.3 and 2.4.4. 1118 

Denoting the difference in the annual energy between the case when a device is supplying a 1119 
grid service to the base case when it is not as (∆EX), 1120 

 ∆𝐸𝑋  =   𝑊𝐹 ∑  (𝑃𝑋(𝑡) − 𝑃𝑋𝐵𝑎𝑠𝑒(𝑡)) ∆𝑡𝑡    (2.27) 1121 

then the fractional increase in net energy can be expressed as: 1122 

 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑁𝑒𝑡𝐸𝑛𝑒𝑟𝑔𝑦 =   
∆𝐸𝑂𝑢𝑡𝑝𝑢𝑡 +  ∆𝐸𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  +  ∆𝐸𝐸𝑛𝑑𝑢𝑠𝑒  +  ∆𝐸𝑃𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐

𝐸𝑂𝑢𝑡𝑝𝑢𝑡𝐵𝑎𝑠𝑒 +  𝐸𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝐵𝑎𝑠𝑒  +  𝐸𝐸𝑛𝑑𝑢𝑠𝑒𝐵𝑎𝑠𝑒  +  𝐸𝑃𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐𝐵𝑎𝑠𝑒
 (2.28) 1123 

Loads – for devices that are loads, EOutput(t) is zero by definition, as is the base-case EDischarge(t), 1124 
so the fractional increase in net energy reflects the fractional increase in the energy consumed 1125 
by the device compared to the base case: 1126 

 For load:  𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑁𝑒𝑡𝐸𝑛𝑒𝑟𝑔𝑦 =   
∆𝐸𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  +  ∆𝐸𝐸𝑛𝑑𝑢𝑠𝑒  +  ∆𝐸𝑃𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐

 𝐸𝐸𝑛𝑑𝑢𝑠𝑒𝐵𝑎𝑠𝑒  +  𝐸𝑃𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐𝐵𝑎𝑠𝑒
 (2.29) 1127 

which may be due to any effect on the device operation including change in its 1128 

 energy conversion efficiency when storing (charging) and discharging energy 1129 

 end-use consumption itself (due to changes in indoor air temperatures for air conditioners, 1130 
for example) 1131 

 parasitic power consumption (due to changes in indoor air temperatures, for water heaters, 1132 
for example). 1133 



 

2.27 

Generators – for devices that are generators, EDischarge(t), EEnduse(t) and EParasitic(t) are zero by 1134 
definition, so the fractional increase in net energy reflects the fractional increase in the power 1135 
output compared to the base case: 1136 

 For generators:  𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑁𝑒𝑡𝐸𝑛𝑒𝑟𝑔𝑦 =   
∆𝐸𝑂𝑢𝑡𝑝𝑢𝑡

𝐸𝑂𝑢𝑡𝑝𝑢𝑡𝐵𝑎𝑠𝑒 
 (2.30) 1137 

which may be due a change in the system efficiency and/or power output from the generator 1138 
when providing a grid service compared to its base-case operation. Note that the fractional 1139 
increase in net energy is only meaningful when the device is assumed to generate during base-1140 
case operations defined in Section 4.0 (such as for PV solar devices).  1141 

Storage – for devices that store energy, EOutput(t) and EEnduse(t) are zero by definition, as is the 1142 
base-case EDischarge(t), so the fractional increase in net energy reflects the fractional increase in 1143 
the energy consumed by the device compared to the base case: 1144 

 For storage:  𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑁𝑒𝑡𝐸𝑛𝑒𝑟𝑔𝑦 =   
∆𝐸𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  +  ∆𝐸𝑃𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐

 𝐸𝑃𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐𝐵𝑎𝑠𝑒
 (2.31) 1145 

which illustrates why it is not useful as an energy impact metric for storage devices.  1146 

 Round Trip Efficiency for Storage 1147 

Round Trip Efficiency – For the purposes of the Recommended Practice, the term round trip 1148 
efficiency is defined for device classes that only store energy (batteries/inverters) and refers to 1149 
the ratio of the annual energy input into storage to the annual energy output from storage: 1150 

 𝑅𝑜𝑢𝑛𝑑𝑇𝑟𝑖𝑝𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =   
∑ 𝑃𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑡) 𝐵𝑜𝑜𝑙𝑒𝑎𝑛(𝑃𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑡)<0) ∆𝑡 𝑡

∑ 𝑃𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑡) 𝐵𝑜𝑜𝑙𝑒𝑎𝑛(𝑃𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑡)>0) ∆𝑡 𝑡
 (2.32) 1151 

 End-User Impact Metrics 1152 

End-User Impact Metrics – For the purposes of the Recommended Practice, the term end-1153 
user impact metrics refers to metrics of impacts on normal consumer amenities, other than 1154 
value or energy costs, that are expected from a device class as defined in Section 3.0 for each 1155 
device class. 1156 

An example is the number of degrees and duration of higher-than-normal indoor air 1157 
temperatures that may occur when an air conditioner is responding to provide a grid service. 1158 

 Equipment Impact Metrics 1159 

Equipment Impact Metrics – For the purposes of the Recommended Practice, the term 1160 
equipment impact metrics refers to metrics of potential impacts on the equipment or controls of 1161 
a device, as defined in Section 3.0 for each device class, from which manufacturers can make 1162 
their own independent estimates on the lifetime or maintenance costs.  1163 

Examples include any change in the number of on/off or charge/discharge cycles a device 1164 
undergoes per year as a result of providing a grid service, and any change in the distributions of 1165 
on/off cycles’ durations or the rate and depth of charge/discharge cycles. 1166 





 

3.1 

[Chapters 3 and 4 are still under 1167 

construction. The section headings are 1168 

provided for context.] 1169 
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 1187 





   

4.1 

4.0 Grid Service Definitions and Performance Metrics 1188 

4.1 Peak Capacity Management 1189 

4.2 Energy Market Price Response 1190 

4.3 Regulation 1191 

4.4 Spinning Reserve 1192 

4.5 Ramping 1193 

4.6 Artificial Inertia 1194 

4.7 Distribution Voltage Management  1195 





 

5.1 

5.0 Annexure 1196 

5.1 Autonomous Grid Service Responses 1197 





 

6.1 

6.0 References 1198 





 

 



 

 

 


	Acronyms and Abbreviations
	Contents
	Figures
	Tables
	1.0 Recommended Practice Purpose and Scope
	1.1 Introduction
	1.2 Scope
	1.2.1 Device Classes Covered
	1.2.2 Grid Services Considered
	1.2.3 Eligibility Requirements for Providing Grid Services

	1.3 Purpose
	1.3.1 Inform Utilities and Grid Operators about Device Capabilities
	1.3.2 Inform Consumers about Device Capabilities
	1.3.3 Accelerate Market Adoption
	1.3.4 Encourage Innovation by Device Manufacturers
	1.3.5 Identify Services that are Inappropriate for a Device
	1.3.6 Encourage Manufacturers to Build Self-Protection into Device Controls

	1.4 Functional Objectives
	1.4.1 Test Protocol Simplicity
	1.4.2 Rating Device Performance as a Fleet Member
	1.4.3 Uniformity across Device Classes and Grid Services
	1.4.4 Ratings for Future Services or for a Region

	1.5 Approach Summary
	1.6 Characterization Test
	1.6.1 Device Model
	1.6.2 Representative Service Drive Cycle
	1.6.3 Battery-Equivalent Model
	1.6.4 Scaling a Device Fleet to the Drive Cycle’s Magnitude
	1.6.5 Performance and Impact Metrics
	1.6.5.1 Grid Service Performance Metrics

	1.6.6 Energy Impact Metrics

	1.7 End-User Impact Metrics
	1.8 Equipment Impact Metrics

	2.0 General Definitions
	2.1 Definitions Related to Devices
	2.1.1 Device
	2.1.2 Device Class
	2.1.3 Device Under Test
	2.1.4 Modes
	2.1.5 Relevant Modes
	2.1.6 Grid Service Responses
	2.1.7 Means of Response
	2.1.8 Discrete and Continuously Variable Responses
	2.1.9 Signal-Based and Autonomous Responses
	2.1.10 Specification of Communications

	2.2 Definitions Related to Characterization Test
	2.2.1 Characterization Test
	2.2.2 Characterized Parameters
	2.2.3 Adopted Parameters
	2.2.4 Assumed Parameters
	2.2.5 Test Apparatus
	2.2.6 Balance of System
	2.2.7 Standard Conditions

	2.3 Device Model-Related Definitions
	2.3.1 Device Fleet
	2.3.2 Device Model
	2.3.3 Nameplate Parameters
	2.3.4 Variables
	2.3.5 Balance-of-System Assumptions
	2.3.6 Usage Assumptions
	2.3.7 Behavioral Parameters

	2.4 Battery-Equivalent Model-Related Definitions
	2.4.1 Battery-Equivalent Model
	2.4.2 Energy Balance for a Generic Device Fleet
	2.4.3 Power Supplied by Device Fleet for Grid Service
	2.4.4 Services Involving Reactive Power
	2.4.5 Battery-Equivalent Model Nameplate Parameters and Variables
	2.4.6 Summary of Battery-Equivalent Model Characteristics

	2.5 Definitions Related to Grid Services
	2.5.1 Grid Service
	2.5.2 Operational Objective
	2.5.3 Eligibility Requirements
	2.5.4 Drive Cycle
	2.5.4.1 Dispatched and Simple-Response Grid Services
	2.5.4.2 Drive-Cycle Power
	2.5.4.3 Service Value

	2.5.5 Scaling Factor
	2.5.5.1 Maximum Positive Drive-Cycle Power
	2.5.5.2 Maximum Negative Drive-Cycle Power
	2.5.5.3 Computation of the Scaling Factor

	2.5.6 Dispatch Process for Device Fleet
	2.5.6.1 Power Supplied for Grid Service


	2.6 Metrics of Device Performance
	2.6.1 Service Performance Metrics
	2.6.1.1 Service Efficacy
	2.6.1.2 Value Efficacy
	2.6.1.3 Value Provided
	2.6.1.4 Total Service Efficacy
	2.6.1.5 Total Value Efficacy
	2.6.1.6 Total Value Provided

	2.6.2 Energy Impact Metrics
	2.6.2.1 Net Energy
	2.6.2.2 Net Energy Cost
	2.6.2.3  Fractional Increase in Net Energy
	2.6.2.4 Round Trip Efficiency for Storage

	2.6.3 End-User Impact Metrics
	2.6.4 Equipment Impact Metrics


	3.0 Device Characterization Protocols and Models
	3.1 Residential Air Conditioner or Heat Pump Systems with Thermostat
	3.2 Residential Water Heaters
	3.3 Residential Refrigerators
	3.4 Commercial Rooftop Heating, Ventilation, and Air Conditioning Systems with Thermostat
	3.5 Chillers
	3.6 Commercial Refrigeration Systems
	3.7 Networked Commercial Building Lighting Control Systems
	3.8 Electrolyzers/Hydrogen Storage Systems
	3.9 Battery/Inverter Systems
	3.10 Electric Vehicle/Charger Systems
	3.11 Thermal Energy Storage Systems
	3.12 Photovoltaic Solar/Inverter Systems
	3.13 Fuel Cell/Inverter Systems

	4.0 Grid Service Definitions and Performance Metrics
	4.1 Peak Capacity Management
	4.2 Energy Market Price Response
	4.3 Regulation
	4.4 Spinning Reserve
	4.5 Ramping
	4.6 Artificial Inertia
	4.7 Distribution Voltage Management

	5.0 Annexure
	5.1 Autonomous Grid Service Responses

	6.0 References

