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FORWARD-LOOKING TRANSACTIVE PRICING SCHEMES FOR USE IN
A MARKET-BASED RESOURCE ALLOCATION SYSTEM

CROSS REFERENCE TO RELATED APPLICATION
This application claims the benefit of U.S. Patent Application No.
13/096,682, filed April 28, 2011, which is incorporated herein in its entirety.

FIELD
This application relates generally to the field of power grid management and

control.

BACKGROUND

Demand response and dynamic pricing programs are expected to play
increasing roles in the modern smart grid environment. These programs typically
utilize a price signal as a means to control demand. Active markets allow customers
to respond to fluctuations in wholesale electrical costs, but may not allow the utility
to directly and completely control demand. Transactive markets, utilizing
distributed transactive controllers and a centralized auction, can provide an
interactive system that helps ensure that consumer demand is met, supply limits are
not exceeded, and that price volatility is reduced. With the current proliferation of
computing and communication resources, the ability now exists to create transactive

demand response programs at the residential level.

SUMMARY
Disclosed below are representative embodiments of methods, apparatus, and
systems for distributing a resource (such as electricity). For example, improved
systems and methods for computing supply and demand bids in a transactive and

active market are described herein. In particular embodiments, price information
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from an electricity futures market (e.g., the day-ahead market) is used in determining

the bid.

One of the disclosed embodiments is a method for generating a bid value for
purchasing electricity in a market-based resource allocation system. In this
embodiment, a desired performance value indicative of a user’s desired performance
level for an electrical device is received. Price information from an electricity
futures market is received. A bid value for purchasing electricity from a local
resource allocation market sufficient to operate the electrical device at the desired
performance level is computed. In this embodiment, the computing is performed
based at least in part on the desired performance value and based at least in part on
the price information from the electricity futures market. The bid value is
transmitted to a computer that operates the local resource allocation market. In
some implementations, the electricity futures market is a day-ahead electricity
market. In certain implementations, one or more user tolerance values indicative of
the user’s willingness to tolerate variations from the desired performance level are
received, and the bid value is additionally based at least in part on the one or more
user tolerance values. In some implementations, the electrical device is one of an
air-conditioning unit, heating unit, hot water heater, or refrigerator; and the one or
more user tolerance values indicate a lower temperature limit, an upper temperature
limit, or both a lower temperature limit and an upper temperature limit. In certain
implementations, the price information from the electricity futures market comprises
cleared prices from the electricity futures market, and the computing of the bid value
is performed using an average of the cleared prices from the electricity futures
market and a standard deviation of the cleared prices from the electricity futures
market. Such implementations can further comprise computing the average and the
standard deviation with the computing hardware or receiving the average and the
standard deviation from a remote source. In some implementations, the bid value is
additionally based at least in part on price information from the local resource

allocation market. For example, the computing of the bid value can be performed
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using one or more weighted sums computed from the price information from the
electricity futures market and from the price information for the local resource
allocation market. Further, one or more of the weighted sums can be controlled by a
variable weighting factor that varies in response to one or more of the time of day or
current demand in the local resource allocation market. Further, the price
information from the electricity futures market can comprises price information for a
fixed window of time from a day-ahead market, and the price information from the
local resource allocation market can comprise price information for a rolling
window of time. In certain implementations, the electricity futures market operates
using a longer time interval than the local resource allocation market. In some
implementations, an indication of a current state of the electrical device and a
requested quantity for electricity are transmitted along with the bid value. In certain
implementations, an indication of a dispatched value for a current or next upcoming
time frame for the local resource allocation market is received from the computer
that operates the local resource allocation market, the bid value is compared to the
dispatched value, and a signal to activate the electrical device is generated based on
the comparison. In some implementations, an expected dispatch value is computed
from the dispatched value, one or more earlier dispatched values, and the price
information from the electricity futures market; and the desired performance value is
adjusted based at least in part on the expected dispatch value. In certain
implementations, the electrical device is one of an air-conditioning unit, heating
unit, hot water heater, refrigerator, dish washer, washing machine, dryer, oven,
microwave oven, pump, home lighting system, electric vehicle charger, or home
electrical system.

Another embodiment disclosed herein is a method for generating a bid value
for purchasing electricity in a market-based resource allocation system. In this
embodiment, an indication of a current status of a system controlled by an electrical
device is received. A dispatched index values is received from a day-ahead market
for electricity. A bid value for purchasing electricity is computed, the bid value

being based at least in part on the indication of the current status of the system and
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based at least in part on the dispatched index values from the day-ahead market for
electricity. The bid value is then transmitted to a computer that operates a local
resource allocation market for the electricity. In certain implementations, a user
comfort setting selected by a user is received. The user comfort setting can be
selected from at least a first user comfort setting and a second user comfort setting,
the first user comfort setting indicating the user’s willingness to pay more to achieve
a desired status of the system controlled by the electrical device relative to the
second user comfort setting, and the bid value can be additionally based at least in
part on the user comfort setting. In some implementations, the electrical device is a
pump and the current status is a measurement of a water level affected by the pump.
In other implementations, the electrical device is an electric charger for charging a
battery, and the current status of the system is the state of charge of the battery.
Another embodiment disclosed herein is a method for generating a bid value
for purchasing electricity in a market-based resource allocation system. In this
embodiment, a user comfort setting selected by a user is received, the user comfort
setting being selected from at least a first user comfort setting and a second user
comfort setting, the first user comfort setting indicating the user’s willingness to pay
more to achieve a desired performance level for an electrical device relative to the
second user comfort setting. A cleared price for electricity is received from a local
resource allocation market from which the electrical device receives electricity.
Price information is received from an electricity futures market. A probability value
of operating the electrical device is computed based at least in part on the user
comfort setting, the cleared price for electricity from the local resource allocation
market, and the price information from the electricity futures market. A random
number is generated. A determination is made as to whether to operate the electrical
device by comparing the random number to the probability value. A signal for
causing the electrical device to operate is generated based on the comparison. In
some implementations, the electricity futures market is a day-ahead electricity
market. In certain implementations, the price information from the electricity

futures market comprises cleared prices from the electricity futures market, and the
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computing of the probability value is performed using an average of the cleared
prices from the electricity futures market and a standard deviation of the cleared
prices from the electricity futures market. The average and the standard deviation
can be computed with local computing hardware or received from a remote source.
In some implementations, the computing of the probability value is performed based
at least in part on the price information from the electricity futures market and at
least in part on price information from the local resource allocation market. For
example, the computing of the probability value can be performed based at least in
part on one or more weighted sums computed from the price information from the
electricity futures market and from the price information for the local resource
allocation market. Further, one or more of the weighted sums can be controlled by a
variable weighting factor. In certain implementations, the price information from
the electricity futures market comprises price information from a fixed window of
time from a day-ahead electricity market, and the price information from the local
resource allocation market comprises price information for a rolling window of time.
In some implementations, the electrical device is one of an air-conditioning unit,
heating unit, hot water heater, refrigerator, dish washer, washing machine, dryer,
oven, microwave oven, pump, home lighting system, electric vehicle charger, or
home electrical system.

Another disclosed embodiment is a method for generating an offer value for
offering to supply electricity in a market-based resource allocation system. In this
embodiment, an offer value indicative of a value at which electricity can be supplied
by a generator for a current or next upcoming time frame is computed, the offer
value being based at least in part on dispatched index value information from an
electricity futures market. The offer value along with a value indicative of a
quantity of electricity that can be supplied by the generator during the current or the
next upcoming time frame are submitted to the resource allocation system controlled
by the resource allocation market. A dispatched index value for the current or
upcoming time frame is received from the resource allocation market. In some

implementations, the dispatched index value is compared to the offer value, and the
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generator is activated in response to the comparison. In certain implementations, the
electricity futures market is a day-ahead electricity market. In some
implementations, the dispatched index value information comprises cleared prices
associated with the electricity futures market, and the computing of the offer value is
performed using an average of the cleared prices from the electricity futures market
and a standard deviation of the cleared prices from the electricity futures market.
The average and the standard deviation can be computed locally or received from a
remote source. In certain implementations, the computing of the offer value is
performed based at least in part on historical dispatched index values for electricity
from the electricity futures market and at least in part on historical dispatched index
values from the local resource allocation market. For instance, the computing of the
offer value can be performed based at least in part on one or more weighted sums
computed from the historical dispatched index values from the electricity futures
market and the historical dispatched index values from the local resource allocation
market. Further, in certain implementations, one or more of the weighted sums are
controlled by a variable weighting factor.

Another disclosed embodiment is a method of operating a resource allocation
system. In this embodiment, a plurality of requests for electricity are received from
a plurality of end-use electrical devices, each of the requests indicating a requested
quantity of electricity, a device-requested index value indicative of a maximum price
a respective end-use electrical device will pay for the requested quantity of
electricity, and an indication of whether the respective end-use electrical device is
currently active. A responsive load currently experienced in the resource allocation
system is computed by summing the requested quantities of electricity from one or
more of the electrical devices that also are currently active. An unresponsive load in
the resource allocation system is then computed by computing a difference between
the responsive load and a total load currently experienced by the resource allocation
system. In certain implementations, a dispatched index value at which electricity is
to be supplied is determined based at least in part on the device-requested index

values and the unresponsive load. In particular implementations, the dispatched
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index value is determined using an auction process, and the unresponsive load is
submitted to the auction process as a request for electricity having a requested
quantity of electricity and a requested index value, the requested quantity of
electricity corresponding to the unresponsive load. The requested index value for
the unresponsive load can be higher than all other requests for electricity (e.g., at a
market price cap). In some implementations, a plurality of offers for supplying
electricity is received from a plurality of resource suppliers, each of the offers
indicating an offered quantity of electricity and a supplier-requested index value
indicative of a minimum price for which a respective supplier will produce the
offered quantity of electricity. In such implementations, the dispatched index value
can be determined based at least in part on the device-requested index values, the
supplier-requested index values, and the unresponsive load. In certain
implementations, the acts of receiving the plurality of requests for electricity,
computing the responsive load, and computing the unresponsive load are repeated at
periodic intervals. In some implementations, the dispatched index value is
transmitted to at least one of the end-use electrical devices.

Embodiments of the disclosed methods can be performed using computing
hardware, such as a computer processor or an integrated circuit. For example,
embodiments of the disclosed methods can be performed by software stored on one
or more non-transitory computer-readable media (e.g., one or more optical media
discs, volatile memory components (such as DRAM or SRAM), or nonvolatile
memory or storage components (such as hard drives)). Such software can be
executed on a single computer or on a networked computer (e.g., via the Internet, a
wide-area network, a local-area network, a client-server network, or other such
network). Embodiments of the disclosed methods can also be performed by
specialized computing hardware (e.g., one or more application specific integrated
circuits (“ASICs”) or programmable logic devices (such as field programmable gate
arrays (“FPGAs”)) configured to perform any of the disclosed methods).
Additionally, any intermediate or final result created or modified using any of the

disclosed methods can be stored on a non-transitory storage medium (e.g., one or
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more optical media discs, volatile memory or storage components (such as DRAM
or SRAM), or nonvolatile memory or storage components (such as hard drives)) and
are considered to be within the scope of this disclosure. Furthermore, any of the
software embodiments (comprising, for example, computer-executable instructions
which when executed by a computer cause the computer to perform any of the
disclosed methods), intermediate results, or final results created or modified by the
disclosed methods can be transmitted, received, or accessed through a suitable
communication means.

The foregoing and other objects, features, and advantages of the invention
will become more apparent from the following detailed description, which proceeds

with reference to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic block diagram of a computing environment that can
be used to implement embodiments of the disclosed technology.

Figure 2 is a schematic block diagram of a network topology that can be used
to implement embodiments of the disclosed technology.

Figure 3 is a block diagram of an exemplary resource allocation system that
can be nested to any arbitrary depth with consumers making demand requests and
producers making supply offers.

Figure 4 is a block diagram showing a resource consumer who makes
demand requests to a local resource allocation system and who consumes the
resource based on the dispatched allocation index. The local resource allocation
system in Figure 4 aggegrates the consumer’s demand request with other requests.

Figure 5 is a block diagram showing a resource producer who makes supply
offers to a local resource allocation system and who supplies the resource based on
the dispatched allocation index. The local resource allocation system in Figure 5
aggegrates the producer’s supply offer with other offers.

Figure 6 is a flowchart showing a generalized method for clearing offers and

requests as can be used in any of the disclosed resource allocation systems.
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Figure 7 is a flowchart showing a general embodiment for computing bids in
any of the disclosed recourse allocation system using two-way communications.

Figure § is a flowchart showing another general embodiment for computing
bids in any of the disclosed recourse allocation system using two-way
communications.

Figure 9 is a flowchart showing a general embodiment for computing bids in
any of the disclosed recourse allocation system using one-way communications.

Figure 10 is a flowchart showing a general embodiment for generating offer
values for use in any of the disclosed recourse allocation systems.

Figure 11 is a graph illustrating an example of capacity market buyer and
supply curves.

Figure 12 is a diagram illustrating a bid and response strategy for
thermostatically controlled loads according to one exemplary embodiment of the
disclosed technology.

Figures 13-24 are diagrams illustrating exemplary market clearing scenarios.

DETAILED DESCRIPTION

1. General Considerations

Disclosed below are representative embodiments of methods, apparatus, and
systems for distributing a resource (such as electricity) using a market-based
resource allocation system. The disclosed methods, apparatus, and systems should
not be construed as limiting in any way. Instead, the present disclosure is directed
toward all novel and nonobvious features and aspects of the various disclosed
embodiments, alone and in various combinations and subcombinations with one
another. Furthermore, any features or aspects of the disclosed embodiments can be
used in various combinations and subcombinations with one another. The disclosed
methods, apparatus, and systems are not limited to any specific aspect or feature or
combination thereof, nor do the disclosed embodiments require that any one or more

specific advantages be present or problems be solved.
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Although the operations of some of the disclosed methods are described in a
particular, sequential order for convenient presentation, it should be understood that
this manner of description encompasses rearrangement, unless a particular ordering
is required by specific language set forth below. For example, operations described
sequentially may in some cases be rearranged or performed concurrently. Moreover,
for the sake of simplicity, the attached figures may not show the various ways in
which the disclosed methods can be used in conjunction with other methods.
Additionally, the description sometimes uses terms like “determine” and “generate”
to describe the disclosed methods. These terms are high-level abstractions of the
actual operations that are performed. The actual operations that correspond to these
terms may vary depending on the particular implementation and are readily
discernible by one of ordinary skill in the art. Furthermore, as used herein, the term
“and/or” means any one item or combination of items in the phrase.

Any of the disclosed methods can be implemented using computer-
executable instructions stored on one or more computer-readable media (e.g., non-
transitory computer-readable media, such as one or more optical media discs,
volatile memory components (such as DRAM or SRAM), or nonvolatile memory
components (such as hard drives)) and executed on a computer (e.g., any
commercially available computer). Any of the computer-executable instructions for
implementing the disclosed techniques (e.g., the disclosed bid generation, offer
generation, or dispatch index generation techniques) as well as any intermediate or
final data created and used during implementation of the disclosed resource
allocation systems can be stored on one or more computer-readable media (e.g., non-
transitory computer-readable media). The computer-executable instructions can be
part of, for example, a dedicated software application or a software application that
is accessed or downloaded via a network (e.g., through a web browser). More
specifically, such software can be executed on a single computer (e.g., any suitable
commercially available computer) or in a network environment (e.g., via the
Internet, a wide-area network, a local-area network, a client-server network, or other

such network).

- 10 -
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For clarity, only certain selected aspects of the software-based embodiments
are described. Other details that are well known in the art are omitted. For example,
it should be understood that the software-based embodiments are not limited to any
specific computer language or program. For instance, embodiments of the disclosed
technology can be implemented by software written in C++, Java, Perl, JavaScript,
Adobe Flash, or any other suitable programming language. Likewise, embodiments
of the disclosed technology are not limited to any particular computer or type of
hardware. Details of suitable computers and hardware are well known and need not
be set forth in detail in this disclosure.

Furthermore, any of the software-based embodiments (comprising, for
example, computer-executable instructions which when executed by a computer
cause the computer to perform any of the disclosed methods) can be uploaded,
downloaded, or remotely accessed through a suitable communication means. Such
suitable communication means include, for example, the Internet, the World Wide
Web, an intranet, software applications, cable (including fiber optic cable), magnetic
communications, electromagnetic communications (including RF, microwave, and
infrared communications), electronic communications, or other such communication
means.

The disclosed methods can also be implemented by specialized computing
hardware that is configured to perform any of the disclosed methods. For example,
the disclosed methods can be implemented by an integrated circuit (e.g., an
application specific integrated circuit (“ASIC”) or programmable logic device
(“PLD™), such as a field programmable gate array (“FPGA™)). The integrated circuit
or specialized computing hardware can be embedded in or directly coupled to an
electrical device (or element) that is configured to interact with the resource
allocation system. For example, the integrated circuit can be embedded in or
otherwise coupled to a generator (e.g., a wind-based generator, solar-based
generator, coal-based generator, or nuclear generator); an air-conditioning unit;
heating unit; heating, ventilation, and air conditioning (“HVAC”) system; hot water

heater; refrigerator; dish washer; washing machine; dryer; oven; microwave oven;
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pump; home lighting system; electrical charger; electric vehicle charger; home
electrical system; or any other electrical system having variable performance states.

Figure 1 illustrates a generalized example of a suitable computing hardware
environment 100 in which several of the described embodiments can be
implemented. The computing environment 100 is not intended to suggest any
limitation as to the scope of use or functionality of the disclosed technology, as the
techniques and tools described herein can be implemented in diverse general-
purpose or special-purpose environments that have computing hardware.

With reference to Figure 1, the computing environment 100 includes at least
one processing unit 110 and memory 120. In Figure 1, this most basic configuration
130 is included within a dashed line. The processing unit 110 executes computer-
executable instructions. In a multi-processing system, multiple processing units
execute computer-executable instructions to increase processing power. The
memory 120 may be volatile memory (e.g., registers, cache, RAM), non-volatile
memory (e.g., ROM, EEPROM, flash memory), or some combination of the two.
The memory 120 stores software 180 for implementing one or more of the described
techniques for operating or using the disclosed resource allocation systems. For
example, the memory 120 can store software 180 for implementing any of the
disclosed dispatch index determination, bidding, or offer strategies described herein
and their accompanying user interfaces.

The computing environment can have additional features. For example, the
computing environment 100 includes storage 140, one or more input devices 150,
one or more output devices 160, and one or more communication connections 170.
An interconnection mechanism (not shown) such as a bus, controller, or network
interconnects the components of the computing environment 100. Typically,
operating system software (not shown) provides an operating environment for other
software executing in the computing environment 100, and coordinates activities of
the components of the computing environment 100.

The storage 140 can be removable or non-removable, and includes magnetic

disks, magnetic tapes or cassettes, CD-ROMs, DVDs, or any other tangible non-
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transitory storage medium which can be used to store information and which can be
accessed within the computing environment 100. The storage 140 can also store
instructions for the software 180 implementing any of the described techniques,
systems, or environments.

The input device(s) 150 can be a touch input device such as a keyboard,
mouse, touch screen, pen, or trackball, a voice input device, a scanning device, or
another device that provides input to the computing environment 100. The output
device(s) 160 can be a display, printer, speaker, CD-writer, or another device that
provides output from the computing environment 100.

The communication connection(s) 170 enable communication over a
communication medium to another computing entity. The communication medium
conveys information such as computer-executable instructions, resource allocation
messages or data, or other data in a modulated data signal. A modulated data signal
is a signal that has one or more of its characteristics set or changed in such a manner
as to encode information in the signal. By way of example, and not limitation,
communication media include wired or wireless techniques implemented with an
electrical, optical, RF, infrared, acoustic, or other carrier.

The various methods, systems, and interfaces disclosed herein can be
described in the general context of computer-executable instructions stored on one
or more computer-readable media. Computer-readable media are any available
media that can be accessed within or by a computing environment. By way of
example, and not limitation, with the computing environment 100, computer-
readable media include tangible non-transitory computer-readable media, such as
memory 120 and storage 140.

The various methods, systems, and interfaces disclosed herein can also be
described in the general context of computer-executable instructions, such as those
included in program modules, being executed in a computing environment on a
target processor. Generally, program modules include routines, programs, libraries,
objects, classes, components, data structures, and the like that perform particular

tasks or implement particular abstract data types. The functionality of the program
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modules may be combined or split between program modules as desired in various
embodiments. Computer-executable instructions for program modules may be

executed within a local or distributed computing environment.

11. Exemplary Network Topology for Implementing a Resource Allocation

Market

An example of a network topology for implementing a resource allocation
market 200 according to the disclosed technology is depicted in Figure 2.
Networked computing devices 220, 222, 230, 232, 250 can be, for example,
computing devices having computing hardware that runs software for accessing one
or more central computers 210 or that are otherwise configured to communicate with
the one or more central computers 210. The one or more central computers 210 in
the illustrated embodiment manage and operate the resource allocation market 200.
For example, the one or more central computers 210 can be associated with an
operator who manages an electrical transmission network that serves or is served by
electrical loads or resources associated with the computing devices 220, 222, 230,
232, 250. For instance, the one or more central computers 210 can be associated
with a distribution substation, a sub-transmission substation, a transmission
substation, or other such transmission node in a power transmission network.

The computing devices 220, 222, 230, 232, 250 and the central computer 210
can have computer architectures as shown in Figure 1 and discussed above. The
computing devices 220, 222, 230, 232, 250 are not limited to traditional personal
computers or servers but can comprise other computing hardware configured to
connect to and communicate with a network 212 (e.g., specialized computing
hardware associated with an electrical device or a power generator (e.g., hardware
comprising an integrated circuit (such as an ASIC or programmable logic device)
configured to perform any of the disclosed methods)).

In the illustrated embodiment, the computing devices 220, 222, 230, 232,
250 are configured to connect to one or more central computers 210 (e.g., via

network 212). In certain implementations, the central computer receives resource
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bids or requests from those computing devices associated with resource consumers
(e.g., devices 220, 222) and receives resource offers from those computing devices
associated with resource suppliers (e.g., devices 230, 232, 250). The one or more
central computers 210 then compute a value at which the resource is to be
dispatched (e.g., using a double auction technique) and transmit this dispatched
value to the computing devices 220, 222, 230, 232, 250. When this dispatched value
refers to the actual price of the resource, it is sometimes referred to as the “real-time
price” and indicates the clearing price of the current time interval or of the next
upcoming time interval (e.g., the imminent time interval). In some implementations,
this price is also known as the real-time locational marginal price. The time
intervals can vary, but in certain implementations is less than one hour (such as 30
minutes or less, 15 minutes or less, 10 minutes or less, 5 minutes or less, or any
other interval).

The one or more central computers 210 can also transmit additional data to
one or more of the computing devices 220, 222, 230, 232, 250. The additional data
can be used by the computing devices 220, 222, 230, 232, 250 to compute a demand
bid or supply bid. For example, the additional data can include price information
from a forward-looking or futures market (e.g., price information from a day-ahead
market). For example, the price can be price information for the same interval as the
current interval or the next upcoming interval but in the following day (e.g., a price
from the day-ahead market, such as a day-ahead locational marginal price). The
price information from the futures market may not be available in the same duration
of time interval as the real-time price (e.g., the day-ahead price may apply to a
longer interval (such as 1 hour) when compared to the interval of the real-time price
information) but can overlap with the current interval or the next upcoming interval.
For purposes of this disclosure, the price information from a forward-looking or
futures market is generally referred to herein as a “future price.”

The price information from a futures market is typically available from
power transmission entities or other power industry entities that maintain or

participate in a forward-looking market, and most commonly refers to price
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information from the day-ahead market but can be price information from a market
for other future time periods (e.g., for a future time period other than the next
upcoming time interval in the relevant resource allocation system for which a
dispatch value is being computed). Briefly, the day-ahead market refers to a
financial market where market participants purchase and sell energy at financially
binding day-ahead prices for the following day. As a result of the day-ahead market,
a financially binding schedule of commitments for the purchase and sale of energy is
developed each day based on the bid and offer data submitted by the market
participants. The day-ahead market allows buyers and sellers to lock in their price
and hedge against volatility in the real-time energy market. Examples of such day-
ahead markets include the day-ahead market operated by PIM Interconnection LLC.

In the embodiment illustrated in Figure 2, the price information from a
futures market (e.g., the day-ahead market information) is accessed and received by
the one or more central computers 210 from a provider 250 (e.g., a regional
transmission provider or transmission provider at the next highest hierarchical level
in the transmission network). Furthermore, as shown in the illustrated embodiment,
the provider 250 is itself a resource supplier that bids an offer to the market resource
allocation market 200. For example, the provider 250 can be a regional transmission
provider that offers electricity at a wholesale price to the resource allocation market
200 operated by the one or more central computers 210.

In still further embodiments, the additional information may include
information computed from the real-time price information and/or from the price
information from the futures market. For example, in particular implementations,
the additional information is used to compute other derivative values at the one or
more central computers 210 that are then transmitted to the computing devices 220,
222,230, 232, 250. For example, and as more fully explained below, an average
price and/or a standard deviation can be computed from the real-time price or from
the price information from the futures market. The average price can be computed
from prices of adjacent intervals (e.g., prices in the preceding m intervals) or from

prices at the same interval from earlier days (e.g., prices from the same interval
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(such as the one hour interval beginning at 9:00 p.m.) from the preceding n days).
The average price and/or standard deviation can then be transmitted to the
computing devices 220, 222, 230, 232, 250. In still other embodiments, a single
price deviation value can be computed by dividing the average of the real-time
prices or the future prices over some interval and dividing by the standard deviation
(e.g., the value can be the average/standard deviation) or by dividing the difference
between the cleared real-time or futures price and the average of the real-time or
future prices over some interval by the standard deviation (e.g., Paey = (Peiear —
Paverage) Oacnar). This price deviation, referred to herein as v, is the number of
standard deviations the real-time or futures price is from the average price and, in
some embodiments, can be the only signal used to control the system. In still further
embodiments, one or more of the computing devices 220, 222, 230, 232, 250
themselves compute the other derivative values from the real-time price information,
the future price information, or both the real-time price information and the future
price information.

Although the information shown as being exchanged in Figure 2 is identified
as price information, the information may be generalized to information that is
indicative of a price or relates to an index that is capable of being monetized. For
example, the real-time price can be a real-time dispatched index value, and the price
information from a futures market can be dispatched index values from a futures
market.

In the illustrated embodiment, the one or more central computers 210 are
accessed over a network 212, which can be implemented as a Local Area Network
(“LAN”) using wired networking (e.g., the Ethernet IEEE standard 802.3 or other
appropriate standard) or wireless networking (e.g. one of the IEEE standards
802.11a, 802.11b, 802.11g, or 802.11n or other appropriate standard). Furthermore,
at least part of the network 212 can be the Internet or a similar public network. The
one or more central computers 210 can be located at a transmission node for the
resource allocation market itself (e.g., at a distribution substation, sub-transmission

substation, transmission substation, or other transmission node locale) or can
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alternatively be located remotely (e.g., at a centralized location that is responsible
for managing and operating multiple resource allocation markets).

The various possible roles and functionalities of the computing devices 220,
222,230, 232, 250 and the one or more central computers 210 will be described in

more detail in the following sections.

111. Embodiments of the Disclosed Resource Allocation Scheme

A. General Case of a Nested, Hierarchical Resource Allocation

Schema

Figure 3 is a schematic block diagram illustrating an embodiment of a
resource allocation system 300 according to the disclosed technology. In the
embodiment shown in Figure 3, system 300 comprises multiple nested resource
allocation systems (two of which are shown as subsystems 310 and 312 and which
can operate using the network topology illustrated in FIG. 2), which themselves
comprise self-similar resource allocation subsystems. The resource allocation
system 300 can be nested to any arbitrary depth with net producers (such as net
producer 320) making supply offers and net consumers (such as net consumer 322)
making demand requests to a larger bulk system 340. In certain embodiments, the
system 300 does not include nested subsystems, but comprises a single-level system
in which a central system (e.g., a distribution service provider) communicates with
consumers and suppliers that have no nested subsystems. Any of the nested
subsystems can operate using a network topology such as that shown in FIG. 2 for
operating a local resource allocation market.

All resources that are limited in some manner and can be measured can be
allocated independently in such a system. The embodiments disclosed herein
generally concern applying the resource allocation system 300 to an electrical power
grid in which electrical power is limited, but it is to be understood that this
application is not limiting. The resource allocation system can be used in other
contexts as well, including water supply, Internet wireless bandwidth distribution, or

other such markets having limited resources.
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In the illustrated embodiment, each of the resource allocation markets
operates by periodically collecting demand requests from consumers and supply
offers from resource suppliers and determining an index value (e.g., a “price” or
“cleared price”) at which the resource allocation is to be dispatched. As more fully
explained below, the dispatched index value is determined from the demand requests
and supply offers. In one particular embodiment, the process is different than
traditional markets in that an index that is capable of being monetized (rather than
just a currency value itself) is used. The index provides a common valuation method
for participants in the system. For ease of presentation, reference will sometimes be
made in this disclosure to the index for a resource as though it were the actual price
of the resource. It is to be understood that such reference includes not only the
situation where the index is the currency, but also the situation where the index is

another index unit that is capable of being monetized or traded.

B. Participants and Accounts

In one embodiment of the disclosed technology, at least some of the
participants in the system have accounts in which the fund of index units at their
disposal is kept. As consumers use resources, their index fund balances are debited,
and as producers deliver resources, their index fund balances are credited. Index
funds can be credited using a variety of mechanisms, including up-front deposits
(e.g., through incentives), periodic deposits (e.g., with income), or purchased funds

from a separate index fund market when producers sell funds.

C. Supply Offers and Demand Requests

In one exemplary embodiment of the disclosed technology, end-use
consumers use computing devices (e.g., transactive controllers or active controllers)
to request resources from their local distribution service provider based on their
current needs (e.g., the needs of the appliances or electrical devices in the
consumer’s residence or business). For example, end-use consumers can input their

resource requests through a web site that transmits the user’s requests over the
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Internet to one or more central computers that are used by the distribution service
provider to allocate the resource. In such instances, the requests can be computed
and transmitted by executing computer-executable instructions stored in non-
transitory computer-readable media (e.g., memory or storage). Alternatively, a
consumer’s end-use appliances or electrical devices can be configured to themselves
compute the resource requests (in which case the appliance or device can be
considered as the end-use consumer or resource consumer). In such instances, the
requests can be computed using computing equipment (e.g., a transactive controller
or active controller) embedded in the appliances or electrical devices themselves. In
still another embodiment, computing equipment at the consumer’s residence or
locale can collect information from one or more of the consumer’s appliances or
electrical devices and transmit aggregated requires to the local distribution service
provider.

The computing equipment can comprise a computer system (e.g., a processor
and non-transitory computer-readable media storing computer-executable
instructions) or can comprise a specialized integrated circuit (e.g., an ASIC or
programmable logic device) configured to compute the resource request or offer. If
the requests are computed by the appliances or electrical devices themselves, the
requests can be directly sent to the one or more central computers of the distribution
service provider (e.g., via the Internet) or can be aggregated with other requests
(e.g., using a computer or other computing equipment at the consumer’s home). For
instance, the appliances and electrical devices at the consumer’s home can transmit
their requests (e.g., wirelessly using Wi-Fi or the like) to a local computer, or a
computer-based home energy management system (“HEMS”), which aggregates the
requests. The aggregated requests can then be sent together to the distribution
service provider (e.g., as a single request to the central computer or as a single
message comprises a string of requests).

In one exemplary embodiment, resource requests comprise at least two
pieces of information: the quantity of the resources desired (described, for example,

as a rate of consumption for the time frame over which the resource will be
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allocated) and the requested index value. In some embodiments, the requested index
value is the maximum index value at which the quantity will be consumed.
Desirably, resource consumers submit at least one such request for each time frame
in which they wish to consume, and the time frame is determined by the local
distribution service provider. The time frame can vary from embodiment to
embodiment, but in some embodiments is 60 minutes or less, 15 minutes or less, or
5 minutes or less, and some embodiments can use mixed time and/or overlapping
frames. As more fully explained below, the time frame can depend on the size of
the resource allocation system and the number of nested resource allocation markets
within the overall system. In general, the time frame used in a lower-level system in
a nested framework will be less than the time frame for a higher-level system in the
nested framework. After receiving such requests within the time frame, the local
distribution service provider can compute and dispatch the index value at which
each resource is allocated. This value is sometimes referred to herein as the
“dispatched index value” or “dispatched value.” In applications where the value is
the actual price, this value is sometimes referred to herein as the “settled price,”
“clearing price,” or “real-time price”

In one exemplary embodiment, resource suppliers use computing devices
(e.g., transactive controllers) to submit offers for resources to the local distribution
service provider based on the current cost of providing the resources. Resource
suppliers can include, for example, utility substations at the same or higher
transmission level (e.g., transmission substations, subtransmission substations, or
distribution substations), merchant generators (e.g., large-scale power generators
using coal-, nuclear-, wind-, solar-, hyro-, or geothermal-based power generation),
local generators (e.g., diesel generators or smaller scale solar or wind generators) or
consumer-based generators (e.g., electric vehicles). For example, the supply offers
can be computed and submitted over the Internet using a computer system (e.g.,
using a dedicated web site). Alternatively, the supply offer can be computed and
transmitted using a specialized integrated circuit configured to compute the resource

offer (e.g., an ASIC or programmable logic device). Any such computing hardware
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can be coupled directly to and provide control over the relevant equipment for
supplying the resource. For instance, the computing hardware can be integrated
with the control equipment for an electrical power generator, thereby allowing the
computing hardware to directly activate and deactivate the generator as needed.

In one exemplary embodiment, offers comprise at least two pieces of
information: the quantity of the resources available (described, for example, as a rate
of production for the time frame over which the resource will allocated) and the
requested index value for the quantity of the resource. In some embodiments, the
requested index value is the minimum index value at which the resource will be
produced. Producers desirably submit at least one such offer for each time frame in
which they wish to produce resources, and the time frame is determined by the
service provider.

In one exemplary embodiment for operating the resource allocation system,
consumers are required to consume the resources which they requested only if they
requested the resource at an index value greater than or equal to the dispatched index
value. Conversely, consumers are prohibited from consuming the resources if they
requested the resource at an index value less than the dispatched index value for that
time frame. These rules can be enforced, for example, at the appliance or electrical
device level (e.g., using appropriate shut-off hardware) or enforced by control
signals sent from a computer at the consumer’s home or locale to the relevant
appliance or electrical equipment. Violation of these rules can be subject to a
penalty (e.g., a penalty levied against the offender’s index fund account).
Furthermore, in some embodiments of the disclosed technology, consumers can
submit unconditional requests that require the distribution service provider to deliver
the resource at any price, and require the consumer to accept it at any price.

Similarly, in one exemplary embodiment for operating the resource
allocation system, producers are required to produce the resources which they
offered only if they offered the resource at an index value less than or equal to the
dispatched index value.

Conversely, producers are prohibited from producing resource if they offered the
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resource at an index value greater than the dispatched index value for that time
frame. Violation of the rules can be subject to a penalty levied against their index
fund accounts. Furthermore, in some embodiments of the disclosed technology,
producers can submit unconditional offers that require the distribution service
provider to accept the resource at any price, and require the producer to supply it at

any price.

D. Aggregation Services

In certain embodiments of the disclosed technology, and as noted above, a
service provider may in turn be a consumer or producer with respect to another
service provider, depending on whether they are a net importer or exporter of
resources. Examples of such arrangements are shown in block diagrams 400 and
500 of Figures 4 and 5, respectively. In particular, Figure 4 is a diagram 400
showing a local resource consumer 410 that makes demands on a local distribution
service provider 412 (e.g., a local feeder), who in turn aggregates local requests to
make an aggregated bulk request to a service provider at the next-higher level in the
hierarchy. In the illustrated embodiment, the service provider at the next-higher
level is a bulk distribution service provider 414 (e.g., a regional distribution service
provider), but can be another higher-order service provider in the system (e.g., a
subtransmission substation, transmission substation, or other such provider).

Figure 5 is a diagram 500 showing a local producer 510 that makes offers to
a local distribution provider 512 (e.g., a local feeder), who in turn aggregates local
offers to make an aggregated offer to a service provider at a next-higher level in the
hierarchy. In the illustrated embodiment, the service provider at the next-higher
level is a bulk distribution provider 514 (e.g., a regional distribution service
provider), but can be another higher-order service provider in the system (e.g., a
subtransmission substation, transmission substation, or other such provider).

Any number of service providers can be combined to construct a system of

arbitrary size and complexity.
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In certain embodiments of the disclosed technology, producers and
consumers can make non-firm offers and requests as well, but such requests can
have an index premium with respect to the firm offers and requests presented during
a given time frame. The premium can be based, for example, on the difference
between the aggregate cost of load following in the service providers system and the

cost the same in the bulk system (load following service cost arbitrage).

E. Multiple Time Frames

As resources are aggregated to larger and larger system, the time frame over
which allocation is performed can be lengthened. For example, the lowest-level
localized resources (e.g., feeder-level resources) might be dispatched on a 5 minute
time frame, mid-level resources (e.g., regional-level or transmission- level
resources) might be dispatched on a 15 minute time frame, and highest-level
resources (e.g., bulk-grid-level resources) transmission resources might be
dispatched on a 1 hour time frame. This permits aggregators to also aggregate over
time by exchanging or moving blocks of resources across time frames using storage
capacities and ramp rates.

Both consumers and producers can break their total demand and supply into
multiple requests and offers spanning multiple time frames. For example, in the face
of 10% uncertainty (or other percentage of uncertainty) in the quantity needed, a
consumer can request the mean quantity of the needed resources in a longer time
frame at any price and exchange (buy or sell) the remaining 10% fluctuation (or
other percentage of fluctuation) in a shorter time frame at any price.

Additionally, in certain embodiments, bids can be submitted to the higher-
level markets for resources that are to be supplied during one or more future time
frames that are not imminent (e.g., time frames that occur during the following day,
following two days, following week, or any such future time frame). Such bids for
future time windows can be in addition to the bid for the next time interval and can
be used to help secure power and settle the bulk-resource market in advance of the

actual power needs. In some implementations, such bids for future time windows
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indicate a future energy need (kWh) rather than an imminent current power need

(kW).

F. An Exemplary Resource Allocation Strategy

In each time frame, and at one or more of the hierarchical levels of the
resource allocation system, the dispatched index value and quantity allocated is
determined by a resource allocation service. The resource allocation service can be
implemented by one or more computing devices at each level of the system and
according to a network topology such as that shown in FIG. 2. Furthermore, the
resource allocation service can be implemented using computer-executable
instructions stored on one or more computer-readable media (e.g., non-transitory
computer-readable media, such as storage or memory) which when executed by a
computer will cause the computer to perform a resource allocation method, such as
any of the techniques described below.

A wide variety of methods can be used to determine the dispatched index
value. In certain embodiments, however, the dispatched index value is determined
using a double auction technique. For instance, in one particular embodiment, the
following technique is used. The requests and offers are separated into two groups.
Each group is sorted by the index value provided, requests being sorted by
descending value, and offers by ascending value (or vice versa). Next, each item in
the sorted lists is given a quantity level computed by adding its quantity to the
previous item’s quantity level, with the first items quantity level being its quantity
alone. Finally, the dispatched index value is found by determining the index value
at which the same quantity level for requests and offers occurs. In one embodiment,
this can occur in one of two ways. Either two requests bind a single offer, in which
case the supplier is required to supply less than the offered quantity and the offer
index value is the dispatched index value; or two offers bind a single request, in
which case the consumer is required to consume less than the requested quantity
with only partial resources and the request index value is the dispatched index value.

Additionally, there are some special cases that although rare are desirably handled
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explicitly. Whenever both consumers and suppliers mutually bind each other at a
given quantity level, the dispatched index value can be the mean of the offer and
request indexes, the request index, or the offer index. In certain embodiments, the
method that maximizes the total benefit (e.g., profit) to both consumers and
producers is chosen and in cases where more than one index level maximizes the
total benefit, the index level which most equitably divides the total benefit between
consumers and producers is chosen. Exemplary market clearing scenarios are
discussed in greater detail below in Section III.M.

Figure 6 is a flowchart 600 showing a generalized method for clearing offers
and requests as can be used in any of the disclosed resource allocation systems. The
particular method shown in Figure 6 is for a system for allocating electricity
resources, but this usage should not be construed as limiting. The method can be
performed using computing hardware (e.g., a computer processor or a specialized
integrated circuit). For instance, the method can be performed by computing
hardware such as shown in Figure 1 that manages the resource allocation market for
a particular subsystem or in the resource allocation scheme.

At 610, a plurality of requests for electricity are received from a plurality of
resource consumers (e.g., electrical devices, home consumers, or other electrical
service providers in the hierarchy). The requests can comprise data messages
indicating a requested quantity of electricity and a consumer-requested index value
(e.g., a maximum price a respective electrical-power user will pay for the requested
quantity of electricity.

At 612, a plurality of offers for supplying electricity are received from a
plurality of resource suppliers (e.g., local generators, merchant generators, or other
electrical service providers in the hierarchy, such as service providers at the next-
highest hierarchical level). The offers can comprise data messages indicating an
offered quantity of electricity and a supplier-requested index value (e.g., a minimum
price for which a respective supplier will produce the offered quantity of electricity).

At 614, a dispatched index value is computed at which electricity is to be

supplied based at least in part on the consumer-requested index values and the
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supplier-requested index values. In some implementations, the act of determining
the dispatched index value is performed using a double auction method. For
example, the act of determining the dispatched index value can comprise separating
the requests and the offers into two groups, sorting each item in the two groups
according to a quantity level, and determining the dispatched index value by
determining the index value at which the same quantity level for requests and offers
occurs.

At 616, the dispatched index value is transmitted to at least one of the
consumers or resource suppliers (e.g., using suitable communication means, such as
the Internet or other network). In certain embodiments, additional information is
transmitted with the dispatch index value. As noted above with respect to FIG. 2,
the additional information can include price information from a futures market (e.g,
day-ahead price information). Furthermore, in certain embodiments, other values
can also be transmitted, such as values derived from the dispatched index value (e.g.,
an average and standard deviation of the dispatched index value over a selected time
frame) or values derived from the price information from the futures market (e.g., an
average and standard deviation of the day-ahead price).

Methods acts 610, 612, 614, and 616 can be repeated at periodic intervals
(e.g., intervals of 60 minutes or less, 10 minutes or less, 5 minutes or less, or other
such interval). Furthermore, it should be understood that the method acts 610 and
612 do not necessarily occur in the illustrated sequence. Instead, the orders and
requests can be received substantially simultaneously. For instance, the orders and
requests can be received at various times and/or orders within a given time period

and before the dispatched index is determined.

G. Demand Strategies

In some cases, suppliers or consumers desirably place offers or bids that
nearly guarantee that they obtain consumers or suppliers, respectively. To help
generate an offer or request that has a high likelihood of being accepted by the local

resource allocation system, a supplier or consumer can use a recent history of
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dispatched index values from the local market and/or a recent history of the
dispatched index values from a futures market (e.g., a day-ahead market) to forecast
the most likely dispatched index value for a particular offer or request time frame
and to adjust the offer or request based on this information. This ability to adjust a
request or offer allows a consumer or supplier to utilize an adaptive bidding or offer
strategy. As more fully illustrated below, such adaptive strategies are useful in a
variety of settings.

One possible adaptive request strategy is to compute the average and the
standard deviation of the dispatched index values from the local market and/or the
local dispatched index values from the futures market (e.g., the prices from the day-
ahead market) over the last N time frames, where N is a relatively large number
compared to the time frame (e.g., 20, 50, 100 or more). When consumers cycle their
demand for resources periodically, they can adjust the consumption time to exploit
times when the index is low. In one particular embodiment, the control decision for
consumption can be offset by the computed average (or a weighted function of two
or more computed averages (such as averages of the dispatched index values from
the local market and dispatched index values from the futures market)) and scaled by
the computed standard deviation (or a weighted function of two or more computed
standard deviations (such as standard deviations of the dispatched index values from
the local market and dispatched index values from the futures market)) before being
submitted to the resource allocation system.

In some embodiments, the last N time frames that are used are consecutive
time frames. For instance, if N is selected to account for the previous 24 hours, if
the duration of a time frame is 5 minutes, and if the current time frame is 3:00 p.m.,
then the dispatched index value from the 3:00 p.m. time frame the previous day, the
index from the 3:05 p.m. time frame the previous day, the index from the 3:10 p.m.
time frame the previous day, and so on, can be used. In other embodiments, the last
N time frames that are used are from the same time frame (or similar time frame) as
the current time frame but are from different days (e.g., consecutive prior days). For

instance, if NV is selected to account for the previous 7 days, if the duration of a time
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frame is 5 minutes, and if the current time frame is 3:00 p.m., then the dispatched
index value from the 3:00 p.m. time frame from the previous 7 days can be used.
Various combinations of these time frames can also be used (e.g., the index values
for multiple time frames around the current time frame from multiple previous
days). This flexibility can help further account for variations in demand that arise
throughout a day.

Many consumers that employ adaptive control also use a similar strategy to
determine the operating point from the dispatched index value. This can be done by
adjusting the control set-point based on the dispatched index value.

The following paragraphs introduce general embodiments for generating bid
values in a resource allocation system, such as any of the resource allocation
systems disclosed herein. Specific implementations of these generalized
embodiments are introduced in Section IV below.

Figure 7 is a flowchart 700 showing a generalized embodiment for
computing bids in any of the disclosed recourse allocation system using two-way
communications (e.g., a transactive controller). The particular method shown in
Figure 7 is for an electrical device in a system for allocating electrical resources, but
this usage should not be construed as limiting. The electrical device can be a variety
of devices, such as an air-conditioning unit; heating unit; heating, ventilation, and air
conditioning (HVAC) system; hot water heater; refrigerator; dish washer; washing
machine; dryer; oven; microwave oven; pump; home lighting system; electrical
charger; electric vehicle charger; home electrical system; or any other electrical
system having variable performance states. The method of Figure 7 can be
performed using computing hardware (e.g., a computer processor or an integrated
circuit). For instance, the method can be performed by a computer at an end-user’s
locale or home, a computer coupled to an electrical device, or by specialized
hardware (e.g., an ASIC or programmable logic device) coupled to the electrical
device. Furthermore, it should be understood that the method acts in Figure 7 do not

necessarily occur in the illustrated sequence.
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At 710, a desired performance value indicative of a user’s desired
performance level for an electrical device is received (e.g., loaded, buffered into
memory, or otherwise input and prepared for further processing). For example, a
desired temperature for a temperature-controlled environment can be received.

At 712, one or more user tolerance values indicative of the user’s willingness
to tolerate variations from the desired performance level are also received (e.g.,
loaded, buffered into memory, or otherwise input and prepared for further
processing). For example, a comfort setting reflective of comfort versus economy
(such as any of the comfort settings shown in Table 1 below or similar comfort
setting) can be received. In certain embodiments, the user tolerance value is selected
from at least a first tolerance value and a second tolerance value, the first tolerance
value resulting in higher bid values relative to the second tolerance value. The
comfort setting can comprise a single value that is representative of the user’s
tolerance, or can comprise multiple values that represent upper and/or lower limits
of the performance of the electrical device (e.g., a low temperature and a high
temperature). The performance value and user tolerance value can be input by the
user, for example, through an appropriate graphical user interface displayed on a
computer or through a keypad, touch screen, dial, or other control mechanism
associated with the electrical device.

At 714, a bid value for purchasing electricity sufficient to operate the
electrical device at the desired performance level is computed. In the illustrated
embodiment, the bid value is based at least in part on the desired performance value
and the user tolerance value. In the illustrated embodiment, the bid value is
additionally based at least in part on one or more values indicative of the dispatched
index values from a futures market (e.g., prices from a day-ahead market). The
dispatched index values from the futures market can be, for example, the day-ahead
prices for the current day (e.g., a blocked 24-hour window). Further, the bid value
can be additionally based at least in part on one or more values indicative of
dispatched index values for the local market (the market to which the bid value will

be submitted). The dispatched index values from the local market can be, for
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example, the dispatched index values from a previous time period (e.g., the previous
3 hours) and can be updated on a rolling window basis. In certain embodiments, the
bid value is based on a combination of the dispatched index values from the futures
market and the dispatched index values from the local market (e.g., a weighted
combination). Any of these values can be computed locally at the electrical device,
or can be transmitted from the one or more central computers.

Additionally, and as more fully explained below, the bid value can be based
on an average and/or a standard deviation of the dispatched index values from the
futures market. Likewise, the bid value can be based on an average and/or a
standard deviation of the dispatched index values from the local market, or some
combination of the averages and/or standard deviations. In alternative
embodiments, a single dispatched index value from a futures market and/or a single
dispatched value (e.g., the most recently dispatched value) is used. In still other
embodiments, a value other than the average or standard deviation is derived from
the multiple available values and used to perform the method (e.g., a median value,
weighted sum, or other such derived value). Any of these values can be computed
locally at the electrical device, or can be transmitted from the one or more central
computers. In further embodiments, a current performance level of the electrical
device can also be received. In such embodiments, the bid value can also be based
at least in part on the current performance level.

At 716, the bid value is transmitted to one or more central computers (e.g.,
one or more computers that manage and operate a local resource allocation market
by, for instance, conducting the auction process for the market) in the market-based
resource allocation system (e.g., using suitable communication means, such as the
Internet or other network). In certain embodiments, the quantity of the resources
desired (described, for example, as a rate of consumption for the time frame over
which the resource will be allocated) is also transmitted to the one or more central
computers. Additionally, in some embodiments, the current state of the electrical
device associated with the bid is also transmitted to the one or more central

computers (e.g., as a value that indicates whether the electrical device is current on
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(or active) or off (or inactive)). As more fully explained below, this state
information can be used by the operator of the resource allocation market to
determine the nonresponsive load that is serviced by the local resource allocation
market.

At 718, an indication of a dispatched index value for a current (or next
upcoming) time frame is received from the one or more central computers. In
certain embodiments, a value other than the dispatched value is received from the
one or more central computers but which is indicative of the dispatched value. For
example, the value can indicate a difference between a last dispatched value and a
newly dispatched value. As noted, the one or more central computers can transmit
other information as well (e.g., one or more of dispatched index value(s) from a
futures market, averages of the dispatched index values from the futures market
and/or the local market, or standard deviations of the dispatched index values from
the futures market and/or the local market).

At 720, the bid value is compared to the dispatched value for the current (or
next upcoming) time frame, and a signal is generated to activate or deactivate the
electrical device based on this comparison (e.g., if the bid value is equal to or
exceeds the dispatched value for the current time frame, a signal to activate is
generated; otherwise, a signal to deactivate is generated).

Any combination or subcombination of the disclosed method acts can be
repeated after a fixed period of time (e.g., a time period of 15 minutes or less, 5
minutes or less, or other such time period). In certain embodiments, some of the
received values are reused for subsequent time frames. For example, the user-
selected performance value and user tolerance value can be stored and reused for
subsequent time frames. In such instances, method acts 710 and 712 need not be
repeated.

Figure § is a flowchart 800 showing another generalized embodiment for
computing bids in any of the disclosed recourse allocation system using two-way
communications (e.g., through transactive controllers). The method in Figure § can

be performed by computing devices like those mentioned above with respect to
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Figure 7. Likewise, the bids computed by the method in Figure 8 can be associated
with electrical devices like those mentioned above. In one particular embodiment,
the electrical device is a pump.

At 810, an indication of a current status of a system controlled by an
electrical device is received. For example, if the electrical device is a pump, the
current status of the system can be a measurement of a water level affected by the
pump.

At 812, a bid value for purchasing electricity sufficient to operate the
electrical device is computed. In the illustrated embodiment, the bid value is based
at least in part on the current status of the system and on one or more additional
values, which in the illustrated embodiment include one or more values indicative of
the dispatched index values from a futures market (e.g., prices from a day-ahead
market). The additional values can comprise, for example, any one or more of the
values discussed above with respect to Figure 7 (e.g., one or more of dispatched
index values from a futures market, dispatched index values from the local market,
averages of the dispatched index values from the futures market and/or the local
market, or standard deviations of the dispatched index values from the futures
market and/or the local market). Any of these values can be computed locally at the
electrical device, or can be transmitted from the central computer. In some
embodiments, a user comfort setting and/or desired performance level selected by a
user (e.g., a user comfort setting and/or desired performance level as explained
above with respect to Figure 7) is also received. In these embodiments, the bid
value is additionally based at least in part on the user comfort setting.

At 814, the bid value is transmitted to one or more central computers (e.g.,
one or more computers that manage and operate a local resource allocation market
by, for instance, conducting the auction process for the market) in the market-based
resource allocation system (e.g., using suitable communication means, such as the
Internet or other network). In certain embodiments, the quantity of the resources
desired (described, for example, as a rate of consumption for the time frame over

which the resource will be allocated) is also transmitted to the one or more central
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computers. Additionally, in some embodiments, the current state of the electrical
device associated with the bid is also transmitted to the one or more central
computers.

At 816, an indication of a dispatched value for a current (or upcoming) time
frame is received from the one or more central computers. In certain embodiments,
a value other than the dispatched value but which is indicative of the dispatched
value is received. For example, the value can indicate a difference between a last
dispatched value and a newly dispatched value. As noted, the one or more central
computers can transmit other information as well (e.g., one or more of dispatched
index value(s) from a futures market, averages of the dispatched index values from
the futures market and/or the local market, or standard deviations of the dispatched
index values from the futures market and/or the local market).

At 818, the bid value is compared to the dispatched value for the current (or
upcoming) time frame, and a signal is generated to activate or deactivate the
electrical device based on this comparison (e.g., if the bid value is equal to or
exceeds the dispatched value for the current time frame, a signal to activate is
generated; otherwise, a signal to deactivate is generated).

Any combination or subcombination of the disclosed method acts can be
repeated after a fixed period of time (e.g., a time period of 15 minutes or less, 5
minutes or less, or other such time period). In certain embodiments, some of the
received values are reused for subsequent time frames. For example, the user
comfort setting can be stored and reused for subsequent time frames.

Figure 9 is a flowchart 900 showing a general embodiment for computing
bids in any of the disclosed recourse allocation system using one-way
communications (e.g., using an active controller). The particular method shown in
Figure 9 is for an electrical device in a system for allocating electrical resources, but
this usage should not be construed as limiting. The electrical device can be a variety
of devices, such as an air-conditioning unit; heating unit; heating, ventilation, and air
conditioning (“HVAC”) system; hot water heater; refrigerator; dish washer; washing

machine; dryer; oven; microwave oven; pump; home lighting system; electrical
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charger; electric vehicle charger; home electrical system; or any other electrical
system having variable performance states. The method of Figure 9 can be
performed using computing hardware (e.g., a computer processor or an integrated
circuit). For instance, the method can be performed by a computer at an end-user’s
locale or home, a computer coupled to an electrical device, or by specialized
hardware (e.g., an ASIC or programmable logic device) coupled to the electrical
device. Furthermore, it should be understood that the method acts in Figure 9 do not
necessarily occur in the illustrated sequence.

At 910, one or more user tolerance setting selected by a user is received. For
example, a user comfort setting as described above with respect to Figure 7 can be
received. The user tolerance value can be input by the user, for example, through an
appropriate graphical user interface displayed on a computer or through a keypad,
touch screen, dial, or other control mechanism associated with the electrical device.

At 912, market information is received. For example, the market
information can be transmitted from the one or more central computers. In the
illustrated embodiment, the market information includes a value indicative of the
dispatched index value from a futures market (e.g., the price from a day-ahead
market). The market information can further include information about the
dispatched index value for the local market (e.g., the price in the local market for the
most recent time period or the next upcoming time period).

At 914, a probability value of operating the electrical device is computed
based on at least the user comfort setting and one or more additional values. The
additional values can comprise, for example, any one or more of the values
discussed above with respect to Figure 7 (e.g., one or more of the average and/or
standard deviation of historical dispatch values of the local market, historical
dispatch values from other levels or markets within the resource allocation system,
and/or the dispatch values of a futures market). Any of these values can be
computed locally at the electrical device, or can be transmitted from the one or more

central computers.
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At 916, a determination is made as to whether to operate the electrical device
using the probability value, and a signal is generated to cause the electrical device to
operate based on this determination. In some implementations, for instance, a
random number is generated, which is compared to the probability value. If the
random number is less than (or in some embodiment greater than) the probability
value, then the signal for causing the electrical device to operate is generated;
otherwise, a signal for causing the electrical device to deactivate can be generated.

Any combination or subcombination of the disclosed method acts can be
repeated after a fixed period of time (e.g., a time period of 15 minutes or less, 5
minutes or less, or other such time period). In certain embodiments, some of the
values are reused for subsequent time frames. For example, the user comfort setting

can be stored and reused for subsequent time frames.

H. Supply Strategies

Suppliers can consider many factors when computing their offer index value.
For example, if there is a production start-up cost, it can be spread over a minimum
of M time frames using the formula:

startup

(D

index =variable + ———
M - capacity

where index is the index value of the offer, variable is the time-dependent index
value, startup is the index value of starting production, and capacity is the total
production capacity of the unit. The variable term can correspond to or be
computed from the average of one or more dispatched index values over N previous
time frames (e.g., any one or more of the dispatched index values described above
with respect to Figure 7, including the dispatched index values from the futures
market and/or the dispatched index values from the local market). In certain
embodiments, the variable term is also based at least in part on the standard
deviation of those dispatched index values. As noted above with respect to Figure 7

other derivative values can also be used to compute the variable term. The variable
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term can have any of the values of the average price Pyerqq. described below in
Section V.

Similarly, a supplier for which production is already engaged can adjust their
offer strategy by lowering their offer’s index when they wish to assure their resource
is used for a minimum number of time frames. In order to compensate for the
potential lost returns during those minimum run time periods, suppliers can increase
their initial start-up index enough to offset for potential losses. Here again, one
approach is for resource producers to use the average and/or standard deviation of
previously dispatched index values (e.g., any one or more of the dispatched index
values described above with respect to Figure 7, including the dispatched index
values from the futures market and/or the dispatched index values from the local
market) to forecast the most likely variations and use an increment (M) that
minimizes the potential loss over the desired minimum run time:

h
index =variable — M m (2)
runtime

where index is the offer index value, variable is the time-dependent index value
(e.g., as explained above with respect to Equation (1)), shutdown is the index value
of shutting down production, and runtime is the number of periods over which the
unit has already run.

Another common objective for suppliers is that they not exceed a maximum
production quota allotted for a number of time frames. One solution to this problem
is to adjust the offer’s index price based on how much of the allotment has been
used in relation to number of time frames that have past. Producers that have used a
disproportionately high allotment remaining will have lower offers than those that
have used a disproportionately low allotment remaining. For example, a supplier
with a limited operating license can use:

remaining

3)

index =variable + capacity - fixed —
license — run

where index is the offer index value, variable is the time-dependent index value

(e.g., as explained above with respect to Equation (1)), fixed is the time-independent
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index value, remaining is the number of time frames remaining unused in the
license, license is the number of time frames in the license, and run is the number of
time frames used in the license.

Figure 10 is a flowchart 1000 showing a general embodiment for generating
offer values for use in any of the disclosed recourse allocation systems. The
particular method shown in Figure 10 is for an electrical resource (e.g., a generator)
in a system for allocating electrical resources, but this usage should not be construed
as limiting. The method of Figure 10 can be performed using computing hardware
(e.g., a computer processor or a specialized integrated circuit). For instance, the
method can be performed by a computer at a supplier’s locale, a computer coupled
to an electrical generator, or by specialized hardware (e.g., an ASIC or
programmable logic device) coupled to the electrical generator. Furthermore, it
should be understood that the method acts in Figure 10 do not necessarily occur in
the illustrated sequence.

At 1010, an offer value indicative of a value at which electricity can be
supplied by a generator for a current (or upcoming) time frame is computed. In the
illustrated embodiment, and as explained above, the offer value is based at least in
part on any one or more of the values discussed above with respect to Figure 7 (e.g.,
any one or more of the dispatched index values described above with respect to
Figure 7, including the dispatched index values from the futures market and/or the
dispatched index values from the local market). Any of these values can be
computed locally at the electrical device, or can be transmitted from the one or more
central computers. The offer value can also be additionally based at least in part on
a startup cost for supplying the electricity, a shutdown cost for supplying the
electricity, and/or a remaining number of time frames available in an operating
license associated with the electricity as described above (e.g., using a weighted sum
or other technique).

At 1012, the offer value is transmitted to the one or more central computers
(e.g., one or more computers that manage and operate a local resource allocation

market by, for instance, conducting the auction process for the market) along with a
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value indicative of a quantity of electricity that can be supplied by the generator
during the current time frame (or next upcoming time frame) (e.g., using suitable
communication means, such as the Internet or other network).

At 1014, an indication of a dispatched value for a current (or upcoming) time
frame is received from the one or more central computers. In certain embodiments,
a value other than the dispatched value but which is indicative of the dispatched
value is received. For example, the value can indicate a difference between a last
dispatched value and a newly dispatched value. As noted, the one or more central
computers can transmit other information as well (e.g., one or more of dispatched
index value(s) from a futures market, averages of the dispatched index values from
the futures market and/or the local market, or standard deviations of the dispatched
index values from the futures market and/or the local market).

At 1016, the dispatched value is compared to the offer value, and the
generator is activated in response to the comparison.

Any combination or subcombination of the disclosed method acts can be
repeated after a fixed period of time (e.g., a time period of 15 minutes or less, 5
minutes or less, or other such time period). In certain embodiments, some of the
values are reused for subsequent time frames. Furthermore, there are instances
when the offer value is used as a bid in the market-based resource allocation system.
For example, when the electrical resource is configured with an emergency transfer
switch for supplying particular consumers in the power grid, then the offer value can
be used as a bid value along with a value indicative of a magnitude of electrical load

the generator can remove from the power grid.

1. Ramp Rates

Some resources cannot change their production or consumption output more
than a certain amount within a single time frame. In this case, the resource being
offered is not the quantity, but the change in quantity. This situation can be handled
by treating the change in quantity as a distinct resource rather than as an extra

feature of an existing resource. This way, resources for which ramp rates apply have
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an extra resource allocation strategy, which can be handled separately and
independently. This strategy also helps maintain the independence of each resource

as regards its allocation.

J. Multiple Resources

Each consumer and producer can engage in both demand and supply of any
number of resources. For example, a producer may offer to supply a quantity of X at
index A, while simultaneously requesting a quantity of ¥ at index B. If the producer
depends on having Y in order to produce X, it addresses the risk of losing access to ¥
while still having to produce X by either adjusting the offer and request indexes, or
ensuring that it has an alternate source for Y or is ready to pay the penalty for not

delivering X. The same considerations apply for consumers.

K. Effect of Constraints

Frequently situations arise where a resource that is available in one part of a
service provider’s system cannot be delivered in its entirety to another part of the
same system. Such delivery constraints can be addressed by segregating the system
into two separate resource allocation systems that operate independently. For
example, the system with surplus resources can make a supply offer into the system
with a deficit, and the system with a deficit can make a consumption request from
the surplus system. Each system can dispatch its own index value, in which case the
index difference will represent the impact of the constraint on both systems. In
some embodiments, the aggregator resource allocation system can credit a capacity
expansion account, which is used to support the improvement of the connection

between the two such that the constraint is eventually addressed.

L. Capacity Management Market

The resource allocation system described above can also be operated as a
capacity management market. A capacity management market can be viewed as a

special case of the transactive market that attempts to manage congestion in its local
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market (e.g., a market at the distribution feeder level). The congestion limit may be
caused by local conditions, such as thermal conductor ratings, or for higher level
reasons, such as the reduction of localized congestion on sub-transmission networks,
or any combination of the above. In the discussion below, the congestion limit is
illustrated as being applied at the feeder level to reduce peak demand, though this
usage should not be construed as limiting.

The transactive controllers described herein deal with bidding the price and
quantity of a load into the auction, termed the “responsive” load. However, the
supplier bids and the non-bidding loads on the system (such as lights, refrigerators,
or losses) are also desirably accounted for and bid into the auction. The non-bidding
loads are called “unresponsive” loads, because their demand does not change as a
function of price. In certain embodiments, the operator of the capacity management
market fills the role of supply bidder, while also accounting for the unresponsive
loads. To bid the supplier curve, the operator of the capacity management market
bids the congestion limit at the uncongested market price. Figure 11 is a graph 1100
illustrating the resulting supply curve that is formed. In particular, Figure 11 shows
that when the congestion is bid and forms the only bid in the market, a vertical line
1110 is formed at the congestion quantity to the price cap of the market. In general,
the uncongested market price is the bulk cost of electricity plus mark-up, such as the
Locational Marginal Price (“LMP”), or any other appropriate price signal, such as
direct purchase of power from distributed generators.

Another typical objective of the operator of the capacity management market
is to estimate the total amount of load on the feeder and then determine what portion
of the load is responsive versus unresponsive to the price signal. The total load can
be measured directly from the equipment requiring the capacity limit, such as a
substation transformer. The currently responsive load can be determined from the
control bids received from transactive controllers. In particular embodiments, for
example, the transactive controllers transmit their current operational state at the

market intervals in addition to the other information associated with their demand
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bids. In one embodiment, the currently responsive load is determined by summing

the quantity of the demand currently in an active (or “ON”) state as follows:
N
Qresp = szidi *State £l (4)
1

where state equals “0” if the electronic device is OFF, and “1” if the electronic
device is ON, and N is the total number of submitted bids. The unresponsive load is
then determined by subtracting the responsive load from the total load. The
unresponsive load quantity is then bid into the market at the market price cap (or
some other value that is greater than the other bids) by the operator of the capacity
management market, as shown by line 1120 in Figure 11.

During periods of time when the total load is less than the capacity limit, the
electronic devices will respond by adjusting their setpoints to the current market
price. However, when the total load tries to exceed the capacity limit, the capacity
management market will increase the price of electricity to limit the quantity at the

capacity limit, effectively reducing the total load to within the constrained limits.

M. Exemplary Market Clearing Scenarios

Any one or more of the exemplary market clearing scenarios described
below can be utilized or experienced in embodiments of the resource allocation
systems described herein. For example, the one or more central computers used to
manage and operate a local resource allocation market can determine the dispatched
index or market clearing price using any of the techniques described below,
depending on the bidding scenario presented.

Market clearing begins with the sorting of both buying and selling
components. In certain embodiments, buyers are sorted from highest price to lowest
price. Sellers are sorted from lowest price to highest price. In certain embodiments,
buyer and seller curves are then created by the cumulative sum of the quantities
associated with these sorted prices. In particular implementations, the curves are
implemented as computer-usable representations of the curves that are computed

and stored once the necessary input data is received. The representations of the
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curves can comprise, for example, arrays of values or other computer-usable data
elements or structures. The two, sorted curves can then be overlaid or otherwise
analyzed to determine an intersection between the curves. For example, each curve
can be considered to move from one extreme in price to the other (e.g., the buyer
curve will traverse from a +oo price to a -oo price, and the seller curve will traverse
from a -oo price to a +oo price. In Figures 13-23 discussed below, these extremes
occur at the zero-quantity location and after all seller or bidder quantities are bid
(right edge of the bidding curve)).

In general, the market clears at the intersection of the buying and selling
curves of the market. According to certain embodiments of the disclosed technology,
for a discrete bidding scenario, four distinct, valid clearing situations are supported.
The resulting clearing price and quantity are slightly different for each scenario and
are desirably handled appropriately. Two more invalid, or failure, scenarios are also
possible. For each scenario presented in Figures 13-23, buyers are represented in the
descending curve and sellers are represented in the ascending curve, and the final
market clearing point is designated by a circle or point. There are five distinct
buyers and four distinct sellers in each of the four, valid market clearing examples.
The two other clearing scenarios (failure and null) follow the same convention, but
may have different numbers of buyers and sellers.

The first example market clearing scenario is shown in graph 1300 of Figure
13. The buyer bids have been sorted by descending price, and the seller bids have
been sorted by ascending price. In this scenario, the intersection point of the buying
and selling bid lines is at the edge of a buyer quantity, but not at the edge of a seller
quantity. When this happens, the partially accepted seller is considered the marginal
seller. In this example, the clearing price of the market is this marginal seller's bid
price, and the clearing quantity is the sum of all of the buyers' quantities for which
the bid was higher than the marginal seller's bid price.

In the market clearing portrayed in Figure 13, three buyers submitted bids at
or above the clearing price. Three sellers submitted bids at or below the clearing

price. The three buyers accept the market clearing price and purchase their desired

-43 -



WO 2012/148823 PCT/US2012/034559

10

15

20

25

30

quantities from the market at the clearing price. The two lowest cost sellers sell their
bid quantities into the market at the clearing price. The third seller becomes the
marginal seller. It gets the price of the market, but the market only needs part of its
bid quantity. The marginal seller will only produce a partial output, and may need to
track the specific requirements of the system.

In the context of an electrical power market, the marginal seller would be the
marginal generator. As the load varies a little bit over the current market interval,
the marginal generator will adjust its output to match the demand of the system.
Utilizing frequency as the metric for tracking, the generator could adjust its output
appropriately. If the load increased, the frequency would decrease and the marginal
generator would need to increase its output. If the load decreases, the frequency will
increase and the marginal generator needs to reduce its output.

A second example market clearing scenario is shown in graph 1400 of Figure
14. This scenario is the converse of the first scenario. Here, the buyer and seller
curves intersect at an edge of a seller curve, but not at the edge of a buyer quantity.
Similar to the marginal seller condition, the buyer is now referred to as the marginal
buyer. The market clearing price is set at the bid price of this marginal buyer. In this
example, the market clearing quantity is set to the sum of the quantities of the sellers
whose bids are less than the marginal buyer's price.

As with the previous example, three buyers submitted bids at or above the
clearing price. However, only two sellers submitted bids at or below the clearing
price. In this example, the two sellers accept the clearing price of the market, and
both sell their full quantities for the market clearing price. The first two buyers are
satisfied with the market, so they buy their full desired quantity at the clearing price.
The third buyer gets the price of the market, but there is not enough supply to meet
its demand. As a result, a proportional response (or no response) will be necessary to
meet the clearing criterion.

In the context of an electrical power market, there are a couple of possible
methods for handling the marginal buyer quantity. The first method is to consider

the marginal buyer to be a device capable of proportional output, like a battery
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charger. Rather than requiring a 100% charging rate, it will provide a proportional
amount of that rate. Unfortunately, this method typically only works if the marginal
quantity is a single object. If the marginal quantity is actually made up of several
buyers (at the same price), this strategy becomes more difficult. For instance, if the
marginal quantity is made up of several buyers, the buyers desirably regulate
themselves independently such that in the aggregate they do not exceed the clear
quantity. This can be done, for example, by throttling the buyers individually to the
fraction of the marginal quantity actually cleared, or by using a random number
(e.g., a Bernoulli distributed random number) to determine whether each unit should
run during the next interval.

An alternative is to use a method similar to the marginal generator. For
example, the marginal loads can all monitor the system's frequency. Utilizing a
controller that monitors grid frequency and adapts in response to the frequency (e.g.,
a grid friendly appliance controller (“GFA”)), loads can adjust accordingly. If the
frequency drops, it means the marginal load is too great, so each marginal load
would reduce its output. If the frequency increases, the marginal load is too small
and needs to increase to balance out the fixed generation. Marginally load controlled
by a GFA controller is basically the converse of the generator case.

A variation on the second marginal buyer in power systems method still
utilizes a device like the GFA. However, rather than only the marginal load arming
the GFA functionality, all GFAs in the system are armed. The regulation price of the
system is set to the marginal clearing price. Any device that exercises its GFA
functionality during this time will receive compensation at the regulation price. This
method helps increase the pool of marginal load since devices below the clearing
threshold may still elect to participate in this regulation market.

Graph 1500 of Figure 15 represents a third market clearing example. Here,
the intersection of buyer and seller curves is at the same quantity, but at different
prices. The intersection point occurs on an edge of both the buyer and seller quantity
curves. In this example, the quantity is set to the intersection point of the two curves.

This quantity is either the sum of all sellers' quantities with a bid less than the
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“marginal” seller bid, or the sum of all buyers' quantities with a bid higher than the
“marginal” buyer bid. However, in some embodiments, the price is desirably taken
as the average price of the two intersecting bids. For example, the clearing price can
be determined as:

Bid + Bid
Priceclmr - ( Seller 2 Buyer) .

&)

In the market scenario of Figure 15, three buyers submitted bids at or above
the clearing price of the market, and three sellers submitted bids at or below the
clearing price. In this case, all three buyers’ and all three sellers’ bidding quantities
are met (since the cumulative sum of the cleared bids is the same for both buyers
and sellers). Due to the unique nature of this clearing condition, a compromise is
made between the lowest cleared buyer bid and highest cleared seller bid. In this
example, the final clearing price is not set to either of their values, as was the case
with the marginal buyer or marginal seller scenarios above. Rather, the clearing
price is set as the average of the cleared buyer and seller bids. This allows both
lower bid sellers and higher bid buyers to respond. However, it prevents the
subsequent buyer and seller quantities from meeting the clearing price.

The scenario of Figure 15 is not always as straight forward. Graph 1600 of
Figure 16 shows a scenario where the next seller bid also meets the desired clearing
point. Graph 1700 of Figure 17 shows the same scenario from a buyer perspective.
In order to help ensure the proper bidders respond to the cleared market, the clearing
price are desirably adjusted accordingly. For example, the final clearing price can be
further constrained by the next buying and selling sorted bids. The final clearing
price can be selected as the point that is closest to the ideal clearing price, but
ensures the subsequent buyer and seller bids are not valid clearing conditions of the
market. The maximum and minimum of this further constraint are determined by the
specific bidding scenario.

In graph 1600 of Figure 16, the next seller bid does not exceed the ideal
clearing price. To ensure proper operation and that this device does not activate, the

price associated with this bid is desirably above the final clearing price. This “next”
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bid price serves as a non-inclusive maximum for the clearing price. Therefore, the
clearing price will have to be slightly below this “next” seller bid. Typically, this
will be $0.01 below the next seller bid price.

Graph 1700 for Figure 17 shows a similar behavior with buyer bids. The next
buyer bid does not fall below the ideal clearing price. Therefore, this device would
assume it was the marginal quantity and activate. To prevent this, the final clearing
price is desirably set slightly higher than this bid. In a manner similar to the
previous seller curve example, the “next” buyer bid serves as a limit for the clearing
price. However, in this scenario, the “next” buyer bid serves as a non-inclusive
lower limit for the market clearing price. The final clearing price of the market must
then be slightly above this “next” buyer bid. Again, this may be on the order of a
$0.01 increase (or other small incremental amount) above the next buyer bid.

Another valid scenario is actually a variation on the scenario shown in Figure
15. Graph 1800 of Figure 18 is an example showing the situation when both the
buyer and seller clearing quantities and clearing prices match exactly. In this case,
the clearing price is the intersecting price (common for both buyer and seller). The
clearing quantity is the sum of all buyers with bid prices equal to or greater than the
clearing price, or the sum of all sellers with bid prices equal to or lower than the
clearing price. Approaching the clearing point from either the seller or buyer curves
should yield identical results.

As indicated, this scenario is a variation on the example shown in Figure 15.
Three buyers and three sellers are satisfied by the market clearing criterion. The
clearing buyer and seller both agree on an exact price, so the clearing price is easy to
determine. The cumulative sum of all buyers whose bid was greater than or equal to
the clearing price is equivalent to the cumulative sum of all sellers whose bid was
less than or equal to the clearing price.

A fourth scenario for the market is for the market to fail to clear. This will
happen when there is insufficient supply to meet the highest bid-price buyer. Graph
1900 of Figure 19 provides a common example of this condition. In the full market

scenario, there may be buyers on the system that are not participating in the market.
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These "unresponsive buyers" need to be satisfied before any bidding buyers are
handled. In the market, the quantity requested by these devices (estimated or known)
is bid into the market at the price cap. This ensures it is met by the seller curve
before any responsive loads are considered. In an electrical power market example,
these unresponsive buyers would be end-use devices that are not submitting bids
into the market, or losses on the distribution system. The market must cover and
serve the unresponsive loads and losses before it can handle responsive devices.

In the scenario of Figure 19, all seller quantities fail to meet the highest
buyer bid requirements (typically due to an unresponsive buyer). In such a scenario,
the market simply fails to clear. The intersection point of this market will occur at
the total seller quantity and the price cap. This is effectively a marginal buyer
condition of Figure 14.

Another clearing scenario is in a similar category to the market failure of
Figure 19. On the other end of the spectrum, suppose the buyers and sellers do not
agree on a bid price at all. Figure 20 includes graph 2000 illustrating this scenario,
the Null market clearing scenario. As the buyer and seller curves demonstrate, there
is no intersection point for an agreeable price and quantity. The lowest priced seller
is higher than the highest priced buyer.

In the null market scenario, the price poses a problem. If set to the price cap,
no buyers would activate, but all sellers would activate. If set to O or the negative
price cap, all buyers would activate, but no sellers would be present to meet the
demand. A price signal to keep both parties from responding is between the highest
buyer bid and the lowest seller bid. A variation on the equation from the third

scenario above is to compute an average price, given as:

(BidlowestSeller + BidHighestBuyer) (6)
2

P rlceClear =

The resulting price is higher than any buyer, so no buyers will be activated.
The price is lower than any seller, so none of the sellers will be activated. The

market desirably includes an overall indicator that indicates a market clearing
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failure. However, by setting the price to a value that satisfies neither buyers nor
sellers in the market, responses to a failed market should be mitigated.

According to certain embodiments of the disclosed technology, the market
can only clear in one of these scenarios. Some more complex clearing situations can
occur, but they are typically related to the base cases introduced above. Graph 2100
in Figure 21 demonstrates a variation on the marginal seller case of Figure 13.
Despite the intersecting bids having the same price, this scenario can be treated as
identical to Figure 13. The three highest buyer bids are satisfied by the market and
these buyers purchase their desired quantities. Two sellers are below the clearing
price, so they accept the market price and sell their full quantities into the system.
The third seller is at the clearing price, but its full quantity is not needed. This seller
gets the clearing price and acts as the marginal seller in the market. It will only
provide part of its full output, and may need to track the buyer demand around that
output point.

Graph 2200 in Figure 22 shows a similar example where the clearing price is
again clear. However, the quantities once again do not properly align. This case is
merely a special case of the scenario presented in Figure 14, or a marginal buyer
scenario. The clearing price of the market is clear. Only the sellers with bids at or
below the clearing price accept the market clearing value, and only buyers with bids
at or higher than the clearing price accept the cleared market. Unfortunately, there is
more demand from the buyers than there is supply from the sellers. As such, the
buyer with the market clearing bid will not be able to have their full bid quantity
satisfied. This buyer will consume only the appropriate portion of their bid quantity.

If the capability for unresponsive buyers is included, that scenario desirably
factors into the market clearing as well. Once the unresponsive load quantity is
known or estimated, it is bid into the market as a buyer quantity with a large price
(e.g., the price cap). Graph 2300 of Figure 23 shows how unresponsive buyers fit
into the “five bidder, four seller” example for the four valid market clearing
scenarios. The unresponsive buyers effectively become a bidding quantity that is

always met first. Only once the needs of these unresponsive buyers are satisfied, will
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responsive buyer devices be able to interact with the market. If the needs of the
unresponsive buyers are greater than the seller supply, the market failure case of
Figure 19 will occur.

A variation on Figure 23 and Figure 19 occurs between the two conditions. A
case in which the available seller quantities only meet the unresponsive bidder
demand is illustrated in graph 2400 of Figure 24. Desirably, the clearing price in
this scenario would be the price cap of the system. This would enable all of the seller
quantities, and only the unresponsive bidder quantity. However, such a “price cap
bid” is typically significantly larger than other bids on the system. Under such a
scenario, this bid would severely skew the output statistics on the market. To prevent
this large skew, the clearing price is adjusted slightly. Similar to the conditions in
Figure 16 and Figure 17, the final clearing price desirably still ensures all sellers are
producing, but only the unresponsive buyers are consuming. As such, the marginal
seller's price becomes the non-inclusive lower limit of the clearing price. The
clearing price will then be set slightly above this price. This will help ensure that all

sellers on the system are activated, but no responsive buyers meet the price criterion.

1V. Detailed Exemplary Implementations of the Resource Allocation

Scheme Using Dispatched Values from Futures Markets

The following are examples of end-use and distributed resource control
techniques that can be used in the general resource allocation scheme described

above in Section III and illustrated in Figure 3.

A. Two-Way. Transactive Control for Thermostatically-Controlled

Equipment

The techniques introduced in this section can be applied to transactive

controllers for thermostatically controlled equipment. The transactive controllers
are capable of transmitting bids to the resource allocation system. For illustrative
purposes, the control is assumed to be for space or water heating and cooling (e.g.,

in residential or commercial buildings). The approach can be extended to other
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contexts as well (e.g., refrigerator; dish washer; washing machine; dryer; oven;
microwave oven; pump; home lighting system; electrical charger; electric vehicle
charger; home electrical system; or any other electrical system having variable
performance states).

In one exemplary embodiment, thermostatically controlled heating and
cooling modifies conventional controls by explicitly using market information
obtained through interaction with a resource allocation system, such as any of the
resource allocation systems introduced above in Section II and III. In particular, the
exemplary embodiment uses bid and dispatched index value information. In the
discussion below, bids and dispatched index values are sometimes referred to in
terms of a cost or price. Itis to be understood that this “cost” or “price” can
represent an actual monetary cost or price, or an index value in terms of the relevant
resource allocation index. Furthermore, the dispatched index value from the
resource allocation system is sometimes referred to herein as the “clearing price”.

A bid curve can be used to functionally relate the cost of a service to a user’s
comfort. Figure 12 shows a diagram 1200 of an exemplary bid curve that
graphically illustrates several of the concepts embodied in the bidding technique
described below. The exemplary bid curve in diagram 1200 is derived from the
mean and standard deviation of dispatched values from a futures market (e.g.,
dispatched values of a day-ahead market for electricity over a 24-hour period) along
with exemplary minimum and maximum temperature limits that result from a
comfort setting selected by a user. Desirably, the standard deviation and average of
the dispatched values from the futures markets are continually evaluated and
updated (e.g., periodically as new dispatched values become available).

In the exemplary technique described below, the occupant of a locale or zone
that is thermostatically controlled (the user, in this example) provides one or more
inputs. For instance, the occupant selects a preferred temperature setting 7., for
each scheduled occupancy period. For each occupancy period, the occupant also
selects one or more comfort settings from among a set of alternatives. In one

exemplary embodiment, a comfort setting is associated with pairings of elasticity
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factors and temperature limits (in the illustrated example: ky 7, T, and k7 g, Toax)s

such as those listed in Table 1, or any combination thereof. In other embodiments,

the temperature limits 7}, and 7., can be individually selected by the user, and the

values k7 ; and k7 g can be derived from the selected values. In still other

embodiments, the elasticity factors can also be individually selected by the user.
One-way Thermostatic 2-Way Cooling Heating
Controller Controller Comfort , )
Comfort settings Fw Setting s/l | Tmin/Tmas| ke ife s | Tmin/Timas
maximum economy| 2.0 |maximum economy 1/1 [0/10™] 1/1 |-10/0"
balanced economy | 1.5 |balanced economy 2/2 0/10 2/2 | -10/0
balanced 1.0 |comfortable economy 3/3 0/10 3/3 -10/0
balanced comfort 0.5 |economical comfort 1/1 0/5 1/1 -5/0
maximum comfort | 0.0 |balanced comfort 2/2 0/5 2/2 -5/0
maximum comfort 3/3 0/5 3/3 -5/0
maximum economy'” 1/1 3/10 | 1/1 | -10/3
balanced economy™ 2/2 3/10 | 2/2 | -10/3
comfortable 3/3 -3/10 | 3/3 -10/3
economical comfort™ 1/1 -3/5 1/1 -5/3
balanced comfort™ 2/2 -3/5 2/2 -5/3
maximum comfort™ 3/3 | -3/5 | 3/3 | -5/3
no price reaction o0 / o 0/0 o0 / oo 0/0

(a) with pre-heat and pre-cool option.
(b) Tip and T« are expressed as °F above or below the present

Table 1: Exemplary Comfort Settings

In the example illustrated by diagram 700 in Figure 7, the high-temperature

limit 7, corresponds to kr z standard deviations from the mean price.

Furthermore, in this example, the value kr z is automatically determined with the

user’s selected comfort setting (e.g., using a look-up table or file storing the

elasticity factors and temperature limits associated with each comfort setting, or

computing the values upon user selection of the temperature limits). The values of

kr 1 and kr g are not necessarily identical for the upper and lower parts of the bid

curve. Further, in this example, if both k; 5 and &y ; are sufficiently (or infinitely)
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large, the thermostat will function like a normal thermostat unaffected by grid
conditions and the behaviors of the market. With such a configuration, the
thermostat is said to be inelastic.

The example shown in Figure 12 is one in which it is desired to cool the
current temperature (e.g., it is an example in which electrical resources are to be
used for air conditioning). In the example, a high value of k7 z will lead to relatively
high bids when the zone temperature exceeds the desired zone temperature 7.,
which a high bid will help make sure that the zone cooling bid will win the right to
become satisfied. If k7 ; and ky z are small (representing elastic behavior), bids
from the thermostatically controlled load deviate little from the mean price, and
current temperatures are permitted to vary throughout a relatively large temperature
range (from 7, to Ta) as the market’s cleared price changes.

The following discussion describes one exemplary technique for computing a
bid value for a current market interval or next upcoming market interval. In the
exemplary technique, the current indoor zone temperature 7 .,; can be determined
and the consequent bid price P,s computed. According to the exemplary technique,
the bid price is based on the slope of the bid curve and the difference between the
current zone temperature 7,,,.,, and the desired zone temperature set point 7. The
corresponding bid price depends on additional parameters that are determined from
the user’s one or more selected comfort settings and that are indicative of the user’s
willingness to tolerate differences in temperature from the desired temperature
setting. In this example, the additional parameters comprise k7 1, k1 17, Tinax and Ty
The bid price Py is also based at least in part on an average price. In certain
embodiments, the average price Pgyerage 1 based at least in part on one or more
values indicative of dispatched levels from a futures market. In particular
embodiments, the following equation can be used:

k.Xo
set )T—

Pbid — P +(T |T actual

average current

; )

limit " set
where P4 1s the bid price, Puyerqge 15 the average price of electricity over a set

interval and can be computed using one of the methods described below in Section
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IV (the value P erqg 1s sometimes also referred to as the “expected price” since it
indicates a likely price), 0,4 1S the standard deviation of the electricity price for the
same period and can be computed using one of the methods described below in
Section IV, kris one of kr ; or kr i depending on where 7.,ens presently resides on
the bid curve, and 7};,,;; is one of T, or T, depending on where 7,,,.,; presently
resides on the bid curve. For example, if T,,;eq, 1S above T, then kr is ky ; and T3
18 Toin, bUt if Toppprens 1s below T, then kris kr g and Tl 1S Tax. The use of an
average price based on recent dispatched values (e.g., recently dispatched values
from a futures market) and a recent standard deviation enables the technique to
automatically adapt and scale a bid value so that it is competitive in the present
market while meeting the consumer’s objective with respect to comfort and
economy.

The resulting bid value can then be posted to the market (e.g., the resulting
bid value can be transmitted to the one or more of central computers responsible for
determining the clearing price in the local resource allocation system). The market
then establishes the market clearing price using this and the other bids and offers, as
has been described in Section III. Depending on how the resource allocation system
is implemented, the market can be cleared externally (e.g., by a resource distributor
that is external to the entity placing the bid and that operates the central computers
used to determine the dispatch price (e.g., using the exemplary method shown in
Figure 6) or internally (e.g., by a resource distributor that is internal to the entity
placing the bid).

After receiving the resulting posted market clearing price, an adjusted zone
set point 7., can be calculated. For example, in one exemplary embodiment, the

following equation can be used:

_ |711imit - Tset
T - Tset + (P —P, )

set,a clear average
kT X Gacmal

(8)

where P .., s the posted market clearing price (or dispatched price), Payerage 18 the
average price of electricity over a set interval and can be computed using one of the

methods described below in Section V, 0, 1S the standard deviation of the
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electricity price for the same period and can be computed using one of the methods
described below in Section V, kris one of k7 ; or kr ;7 depending on where Ty rens
presently resides on the bid curve, and T is one of Ty, Or Ty, depending on
where Tyrrens presently resides on the bid curve as described above.

A graphical interpretation of the adjusted set point 7., is shown in diagram
1200 of Figure 12. The thermostat’s zone set point can be adjusted to the new
adjusted zone set point. Once the set point is adjusted, the thermostat’s conventional
control takes over.

In diagram 1200 of Figure 12, the adjusted cooling set point falls below the
current temperature 7,,,,..,, meaning that there presently exists an opportunity to
cool the given space at an acceptable energy cost. This process continues for each
market clearing cycle. The notion of a single zone temperature set point no longer
exists because the set point can be affected by the market as well as a user’s selected
comfort setting. Note that 7, , can be higher or lower than the desired set point 77,
based on the market clearing price. In cooling mode, lowering the adjusted set point
T.: below the desired set point will increase the energy consumption as one takes
advantage of low energy costs.

In general, transactive control can support more aggressive pre-cooling and
pre-heating functions. (For example, lowering the set point below what would
normally be comfortable is done to pre-cool.) For some dynamic rate structures
(e.g., time-of-use), the future price is known a priori; however, in the case of real-
time pricing, the future price is unknown or highly uncertain. To pre-heat or pre-
cool with real-time pricing, one should have the ability to forecast future prices. In
certain embodiments, prices from futures markets are used (as shown, for example,
in Section V below) thus creating greater opportunity for pre-cooling and pre-

heating.
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B. Demand Response On/Off Control for Equipment with One-Way

Communication

This section describes techniques that can be used to control equipment that
is not capable of computing and transmitting bids to the resource allocation system
but that nonetheless can benefit from adaptive control strategies. Controllers using
such techniques are sometimes referred to as “active controllers.” The exemplary
techniques are described in the context of controlling a water heater, though the
techniques can be applied to a wide variety of electrical devices in which one-way
communication is used (e.g., pool pumps, battery chargers, and the like). These
devices having one-way communication capability can be adapted to
opportunistically respond to market prices without having to formulate and submit
any bids.

According to one exemplary embodiment, a probability function can be used
to control whether the electrical device should run during a given time interval. For
instance, the probability function can be used to grant the electrical device (e.g., a
water heater) a probabilistic opportunity to run that is dependent on the relative
magnitude of a cleared market price.

For example, in one particular implementation, control of the electrical
device is modified so that the signal activating the device is interrupted with
increasing likelihood as the clearing price exceeds the average electricity price (e.g.,
the average price as computed below in Section V). The greater the difference
between the clearing price and the average price, the more likely the electrical
device (e.g., the water heater circuit) will be interrupted.

In certain implementations, the user of the electrical device having one-way
communications can select one or more comfort settings from among multiple
possible comfort settings. In one example, a comfort setting is associated with a
consequent weighting factor (in the exemplary implementation, the kyw factor), which
either attenuates or amplifies the effect of the probability function.

A variety of probability functions can be used to control the electrical device,

but in one particular embodiment, the following equation is used:
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r =0 otherwise
©)

where P, 1s the posted market clearing price (or dispatched price), Payerage 18 the
average price of electricity over a set interval and can be computed using one of the
methods described below in Section V, 6,4 18 the standard deviation of the
electricity price for the same period and can be computed using one of the methods
described below in Section V, N is the cumulative normal distribution, and the factor
kw is defined through the user’s selection of one or more comfort settings.

In certain embodiments, the probability parameter r can then be used to test
the probability of turning the electrical device off by comparing it to a uniformly
generated random number between 0 and 1. For instance, if r is greater than this
random number, the electrical device can be curtailed. The random number can be
generated at each time interval to give each water heater an opportunity to run a

fraction of the overall time that is proportional to the curtailment probability.

C. Transactive Control System Bid/Response Strategy for Electric

Vehicle Chargers

This section introduces exemplary methods for controlling chargers (e.g.,
electric vehicle chargers) in a resource allocation system according to the disclosed
technology. For instance, some of the disclosed methods can be used in a two-way
communication system, where the computing hardware associated with the charger
generates bids for transmission to the resource allocation. Other methods can be
used in a one-way communication system, where the computing hardware associated
with the charger responds to market prices and selectively activates and deactivates
the charger.

In certain embodiments of the disclosed technology, electric vehicle chargers

(a) increase or decrease their bids in accordance with a user’s comfort economy
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setting (e.g., a user-selected value, referred to herein as the k-value) in relation to the
state-of-charge (SOC) and time remaining to desire full-charge, and/or (b) reduce or
increase the rate-of-charge (ROC) based on the price cleared from the market.

In one exemplary implementation, the active bid strategy for an electric
vehicle charger is based on the SOC, and the bid price is computed using the
following:

Pria = Payerage — k Ouctual SOCley (10
where P00 1 the average price of electricity over a set time interval and can be
computed using one of the methods described below in Section V, 6,44 18 the
standard deviation of the electricity price for the same period and can be computed
using one of the methods described below in Section V, and SOCy,, is the fractional
deviation of the SOC from a desired SOC (SOCyg.s) with respect to minimum and
maximum limits (SOC,,;, and SOC,,.) set by the user (e.g., SOCy., = 3(SOC gos—
SOC ) (SOC 4es—=SOC ) 01 SOC g, = 3(SOCes—SOCop)(SOC 1in—=SOCes)). In
operation, and according to one exemplary embodiment, the charger can be
controlled so that it is turned on when the clearing price P, 1s less than or equal to
Pyis and turned off when the clearing price exceeds the bid price.

In embodiments in which only one-way communication is possible and
bidding is not possible, then a passive control strategy can be used. For example, in
one particular embodiment, a strategy can be used that alters the rate of charge as a
function of price. One exemplary computation uses the following equation:

ROC,, =ROC, (1-kP,,) (11)

_(soC

-S0C
where ROCy,; is the desired rate-of-charge, such that ROC, = )

Sfinal , k

g honrs

is the user’s comfort economy setting, with O<k<eo, P, is the price deviation, such

P, —P
that P, = _clar  ~ average g OCrina is the final desired state-of-charge of the vehicle,
O

actual

SOC s 18 the current observed state-of-charge of the vehicle, and ny,,,s is the number

of hours remaining before the SOCj,,; must be achieved.
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V. Determining the Average Price and the Standard Deviation Using

Dispatched Prices from Futures Markets

In this section, exemplary techniques for computing some of the parameters
used in determining a demand bid and used in determining a device’s response to the
dispatched price are described. In particular, this section describes different
methods of determining the average price Pgyerqqe Of electricity, the clearing price
P ieqr and the standard deviation o,.4.4; 0f the electricity price for the same period.
The methods described below use price information from a futures market (e.g., a
day-ahead market) and/or price information from the local real-time market. By
using price information from the futures market, two-way and one-way controllers
can react less dramatically to volatility that may be present in the real-time market.
However, it may be desirable to include some component from the real-time market
in order for two-way and one-way controllers to react to a dramatic but persistent
change in the price in the real-time market.

In the examples described below, the price information is determined from
wholesale prices and prices from a day-ahead market. For instance, the local
resource allocation market can be operated by a local distribution network operator
at the distribution feeder level. Further, the local distribution network operator can
operate the local resource allocation market as a capacity management market as
described above in Section IIL.L.. The local distribution network operator can
receive wholesale price information and day-ahead prices from a regional
distributor, which itself is a supplier to the local distribution network operator (and
may be the main or only supplier to the local distribution feeder operator by the local
distribution operator). The local distribution operator may include one or more
markups to the wholesale price or to the day-ahead price (e.g., a linear markup
and/or a flat markup) before transmitting the price information to the transactive and
active controllers in the local resource allocation market. In certain
implementations, the local distribution operator network communicates with the
resource consumers, resource suppliers, and the regional distributor using a network

topology such as the one shown in FIG. 2.
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In the examples described below, the wholesale price information is cleared
at 5 minute intervals, though any interval could be used. Also, in the examples, the
day-ahead price information is cleared at 1 hour intervals, though any interval could
be used.

The following parameters are used in the examples below. Wis the
wholesale price of electricity distributed to the local distribution feeder (e.g., from a
regional distributor). In the examples described below, the wholesale price
information is assumed to be determined at 5 minute intervals, though any interval
could be used. RTPy is the real-time price transmitted to customers. In the

examples described below, RTPw = a(W)+b where a and b are markup parameters.

As shown, a is a linear parameter and b is a flat parameter. R7TF, is the average of

the real-time price RTPw. In the examples described below, the average RTF,, is
determined from the real-time prices R7TPw from a rolling window comprising the
previous 3 hours (a 3-hour rolling window of 36 values). Although a rolling
window of 3 hours is used, a rolling window of any duration could be used. owis

the standard deviation of the real-time price RTPyw from the window used to

determine the average RTPF, . DA is the day-ahead price. In the examples described

below, the day-ahead price RTPp, is the day-ahead price for the current hour but one
day ahead and is determined at one-hour intervals, though any interval could be
used. Further, any futures prices could be used (e.g., two-day-ahead prices, week-
ahead, or any other cleared price for future delivery of electricity). RTPpa is the
real-time day-ahead price transmitted to customers. In the examples described

below, RTPps = a'(DA)+b' where a' and b' are markup parameters. As shown, a'is a

linear parameter and b'is a flat parameter. RTP,, is the average of the day-ahead

price RTPp,. In the examples described below, the average RTP,, is determined

from the day-ahead prices RTPpa from a fixed or blocked window comprising a 24-
hour window for the next day (a 24-hour window of 24 values that transitions at a

specific time each day (e.g., midnight)). Although a fixed window of 24 hours is
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used, a fixed or rolling window of any duration could be used. 0Opa is the standard

deviation of the day-ahead prices RTPp, from the window used to determine the

average RTP,, .

Furthermore, V,cuq 1s the number of standard deviations of the current price
from the given expected price for a given pricing scheme, examples of which are

described in the subsections below. Depending on the pricing scheme, and as more

fully explained below, either RTF,, , RTP,, , or both RTF, and RTP,, are used as

the average (or expected) price Payerage in Equations (7)-(11) above (or other bidding
formula or control formula); either RTPw, RTPpa, or both RTPw and RTPp,4 are used
as the cleared price P, in Equations (7)-(11) above (or other bidding formula or
control formula); and either opa , ow , or both o6psa and ow are used as the standard
deviation value of 6,4, in Equations (7)-(11) (or other bidding formula or control

formula).

A. Pricing Scheme Using Day-Ahead Prices

In one embodiment, the values P jear, Payerages aNd Oucnar used in Equations
(7)-(11) above (or other bidding formula or control formula) are based on the day-

ahead prices DA. In one exemplary implementation, RTPp,4 is used as the cleared

price Pear, RTP,, is used as the average price Payerage. and Opa 18 used as the

standard deviation G,z
Thus, in one exemplary implementation of this embodiment, the bid price

computation of Equation (7) becomes:

X
Pbid = RTPDA + (Tcurrent - szet )M (12)
|7;imit - szet
The adjusted zone set point computation of Equation (8) becomes:
DTD |7;imit T Lser
I,.,=T,+RIP, —RIP,) (13)
’ k, xop,

Further, this equation can be rewritten as:

-61 -



WO 2012/148823 PCT/US2012/034559

71limit_YLEt
T =T +yp Lt Tl (14)

set,a set actual k
T

where v

actua

, 1s computed as follows:

RTP,, —RTP,,
GDA

actual —

(15)

Additionally, the computation of Equation (9) for the probability parameter

5 used with one-way active controllers becomes:

= ky| ——— [ Ry k,|NQRTP,,.RTP,.5,,)~0.5]:r 20
2ro,, = 2 (16
r =0 otherwise
)
The electric vehicle charger bid price computation of Equation (10)
becomes:
10 Pria = RTPpa — k opa SOCl, . (17)

Further, the electric vehicle rate of charge computation of Equation (11) and

used for one-way active controllers becomes:

RTP, —RTP,,
GDA

ROCset = ROCdes {1 - k[ ]] = ROCdes (1 - kvacmal )’ (18)

where v

actua

, 1s computed as in Equation (15).

15 In particular implementations, the values RTPps, RTP,, and op, are updated

according to the interval at which the day-ahead prices are updated (e.g., one hour
intervals). In some implementations, the local resource allocation market uses the
price RTPp,4 or a linear extrapolation of RTPpy (e.g., RTPpa(a) + b) as the posted
market clearing price P.,,. In other implementations, only the value ¢, is based

20  on the day-ahead prices DA (by using opa).

-62 -



WO 2012/148823 PCT/US2012/034559

B. Pricing Scheme Using Blend of Day-Ahead Prices and Wholesale

Prices
In another embodiment, the cleared price P...- used in Equations (7)-(11)
above (or other bidding formula or control formula) is based on the wholesale price
5 whereas the average price Payerqge and the standard deviation value o,cuq 18 based on

day-ahead prices DA. In one exemplary implementation, R7Py is used as the
cleared price Peqr, RTP,, is used as the average price Payerage, and opy is used as the

standard deviation gucuar.
Thus, in one exemplary implementation of this embodiment, the bid price

10 computation of Equation (7) becomes:

Pbid = RTPDA + (churrent - Ylet )M (19)
|7}imit - szet
The adjusted zone set point computation of Equation (8) becomes:
T _ T + DTD |711imit - Tset
set,a ~ T set (RTPW _RTPDA)— (20)
’ kpxop,
Further, this equation can be rewritten as:
|711imit - Tset
15 Tset a = Tset + vacmal - 5, (21)
3 kT
where v,,,,., 1s computed as follows:
RTP,, — RTP
actual — = 24 (22)

GDA
Additionally, the computation of Equation (9) for the probability parameter

used with one-way active controllers becomes:

r=k, ;J.RTPWem%?dx—l =k, |N(RTE, . RTP,,,0,,)-05]:r>0
20 2zo,, = v v (23)
r=0: otherwise
The electric vehicle charger bid price computation of Equation (10)
becomes:
Pria = RTPw — k opa SOCl,y . (24)
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Further, the electric vehicle rate of charge computation of Equation (11) and

used for one-way active controllers becomes:

RTP, —RTP,,

ROC,, =ROC,, {1—1{
GDA

]] = ROCdes (1 - kvacmal ) (25)

In particular implementations, the values RTPw, RTP,, and ops are updated

5 according to the interval at which the wholesale prices are updated (e.g., five-minute

intervals). In some implementations, only the value 6, 1S computed as above (by

using opa).
C. Pricing Scheme Using Wholesale Prices
10 In another embodiment, the values P jear, Paverage, aNd Gacruar used in

Equations (7)-(11) above (or other bidding formula or control formula) are based

only on the wholesale prices W. In one exemplary implementation, R7Pw is used as
the cleared price Peqr, RTF, is used as the average price Puyerage, and the value ow

is used as the standard deviation o,
15 Thus, in one exemplary implementation of this embodiment, the bid price

computation of Equation (7) becomes:

k. xo
Pbid = RTPW + (churrent T Lser )M (26)
|7;imit - szet
The adjusted zone set point computation of Equation (8) becomes:
_ DTD |711imit T Lser
71seta _Tset +(RTPW _RTPW) (27)
’ k. xoy,
20 Further, this equation can be rewritten as:
|711imit - Tset
Tset a = Tset + vacmal - 5, (28)
3 kT
where v, ., 1s computed as follows:
RTPF, — RTF,
actual = = v (29)

Oy
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Additionally, the computation of Equation (9) for the probability parameter
used with one-way active controllers becomes:
(RTPy —x)*

=k ;I”PW{ o gyt =k IN(RTP,, RTP,.0,)~0.5]:r 20
" 2ro,, = 20 e

r =0 otherwise

(30)

The electric vehicle charger bid price computation of Equation (10)
becomes:
Pria= RTPw — k ow SOCley . (31)
Further, the electric vehicle rate of charge computation of Equation (11) and

used for one-way active controllers becomes:

ROCset = ROCdes {1 - k£wjl = ROCdes (1 - kvacmal ) (32)
GW

In particular implementations, the values RTPw, RTP,, , and ow are updated

according to the interval at which the wholesale prices are updated (e.g., five-minute
intervals). In some implementations, only the value 6,4 1S computed as above (by

using ow).

D. Pricing Scheme Using Weishted Contribution of Wholesale

Prices and Dav-Ahead Prices

In another embodiment, the values P ear, Paverage, aNd Oucruar used in
Equations (7)-(11) above (or other bidding formula or control formula) are based on
a weighted sum that allows both the wholesale prices W and the day-ahead prices
DA to contribute.

In one particular embodiment, the local resource allocation market uses the
following as the posted market clearing price P ..,

Peear = a(RTP, )+ (1—a)RTP,,). (33)
Further, in this embodiment, the local resource allocation market uses the following

as the price Payerage:
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Paverage :a(RTPW )+ (l_a)(RTPDA) (34)
Additionally, in this embodiment, the local resource allocation market uses the

following as the standard deviation ogcuar:

Cacnia = @02 +2a(1 )0, 0, +(1-a)* 02, (35)
In Equations (33) through (35) (as well as the equations below), a specifies a
weighting fraction of the wholesale price versus the day-ahead price and comprises a
value between 0 and 1.
Thus, in one exemplary implementation of this embodiment, the bid price

computation of Equation (7) becomes:

kT X Gacmal (36)
7. —-T,|

limit set

B = (a(ﬁ)"i' (1 - a)(RTPDA ))+ (T

current - set )

where 0,4, 1S computed as in Equation (35).

The adjusted zone set point computation of Equation (8) becomes:

—w (. . —T.
T =T (B2 )+ aXRTE,, )~ TR TR, el 3
T actual
where 0,4, 1S computed as in Equation (35). Further, Equation (37) can be
rewritten as:
T _ T + |711imit - Tset
set,a — T set vacmal -, (38)
. k,
where v, ., 1s computed as follows:
_ a(RTPW —RTPW)+ (1 —a)(RTPDA —RTPDA) (39)

e Jdol +2a(l-a)0,0,, +(1-a) o),
Additionally, the computation of Equation (9) for the probability parameter

used with one-way active controllers becomes:
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1 a(RTR, W(1-a)(RTP,, ) ((a (RTPW };(:a)( IETPDA ))_x)z |
I e actual d _

r=ky| ————
" 27[6acmal e 2

= ky IN(a(RTR, )+ (1- aXRTP,, ), (a{RTR, )+ (1~ a)(RTPy, )} 0, ) ~0.5):7 2 0

r =0 otherwise

(40)
The electric vehicle charger bid price computation of Equation (10)
becomes:
Pya= (a(RTB, )+ (1= a)RTP,,)) - k Ouctuat SOCey , (41)
where 0,4, 1S computed as in Equation (35).
Further, the electric vehicle rate of charge computation of Equation (11) and

used for one-way active controllers becomes:
a(RTPW —RTP, )+ (1- a)(RTPDA - RTPDA)
\/aZG‘,ZV +2a(l-a)o,0,,+(1-a)’o;, (42)

= ROCdes (1 - kvacmal )

ROC,, =ROC, |1-k

des

Further, in certain implementations, the components of Equation (33) — (42)
are updated at different intervals. For instance, the components related to real-time
wholesale prices W can be updated on 5-minute intervals and the components related
to day-ahead prices DA can be updated on one-hour intervals. In some

implementations, only the standard deviation o .uq is computed as above (by using

V@02 +2a(1-a)0y,0,, +(1-a)* 02, ).

In some implementations, the value of a is not constant, but varies. For
example, the value of a can change depending on a current state of the local
distribution feeder. For instance, as the local distribution feeder approaches capacity
(e.g., during critical or peak periods of time), the weighting function a can change so
that the real-time prices are favored (e.g., the influence of the real-time prices
become the major contributor to Equation (9)), thus making the controllers more
sensitive to volatility in the market and responsive to sudden price changes that

might occur as a result of the capacity of the feeder being reached. Similarly, the
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weighting function a can change so that the day-ahead prices are favored during off-
critical or non-peak periods of time (e.g., the influence of the day-ahead prices
become the major contributor to Equation (9)), thus making the controllers less
sensitive to volatility in the market. In some instances, the weighting value a
switches between relatively extreme values (e.g., 0 and 1), effectively operating as a

switch between two or more different pricing schemes.

VI Concluding Remarks

Having described and illustrated the principles of the disclosed technology in
the detailed description and accompanying drawings, it will be recognized that the
various embodiments can be modified in arrangement and detail without departing
from such principles.

For example, it is to be understood that any of the features and embodiments
described herein can be used in combination with any of the features and
embodiments described in U.S. Provisional Application No. 61/194,596 filed on
September 29, 2008, and entitled “METHOD AND SYSTEM FOR ELECTRIC
POWER GRID CONTROL”; U.S. Nonprovisional Application No. 12/587,008,
filed on September 29, 2009, and entitled “ELECTRIC POWER GRID CONTROL
USING A MARKET-BASED RESOURCE ALLOCATION SYSTEM” (published
as U.S. Patent Application Publication No. 2010/0114387); U.S. Nonprovisional
Application No. 12/587,009, filed on September 29, 2009, and entitled “USING BI-
DIRECTIONAL COMMUNICATIONS IN A MARKET-BASED RESOURCE
ALLOCATION SYSTEM” (published as U.S. Patent Application Publication No.
2010/0106332); U.S. Nonprovisional Application No. 12/587,006, filed on
September 29, 2009, and entitled “USING ONE-WAY COMMUNICATIONS IN A
MARKET-BASED RESOURCE ALLOCATION SYSTEM?” (published as U.S.
Patent Application Publication No. 2010/0106641); U.S. Nonprovisional
Application No. 12/587,000, filed on September 29, 2009, and entitled
“DISTRIBUTING RESOURCES IN A MARKET-BASED RESOURCE
ALLOCATION SYSTEM” (published as U.S. Patent Application Publication No.
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2010/0107173); U.S. Provisional Application No. 61/143,954 filed on January 12,
2009, and entitled “NESTED, HIERARCHICAL RESOURCE ALLOCATION
SCHEMA FOR MANAGEMENT AND CONTROL OF AN ELECTRIC POWER
GRID; U.S. Nonprovisional Application No. 12/686,243, filed on January 12,
2010, and entitled “NESTED, HIERARCHICAL RESOURCE ALLOCATION
SCHEMA FOR MANAGEMENT AND CONTROL OF AN ELECTRIC POWER
GRID,” (published as U.S. Patent Application Publication No. 2010/0179862); and
U.S. Nonprovisional Application No. 13,096,770, filed on April 28, 2011
concurrently herewith, and entitled “PREVENTING CONFLICTS AMONG BID
CURVES USED WITH TRANSACTIVE CONTROLLERS IN A MARKET-
BASED RESOURCE ALLOCATION SYSTEM,” all of which are hereby
incorporated herein by reference.

In view of the many possible embodiments to which the principles of the
disclosed invention may be applied, it should be recognized that the illustrated
embodiments are only preferred examples of the invention and should not be taken
as limiting the scope of the invention. Rather, the scope of the invention is defined
by the following claims and their equivalents. We therefore claim as our invention

all that comes within the scope and spirit of these claims.
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What is claimed is:

1. A method for generating a bid value for purchasing electricity in a
market-based resource allocation system, comprising:

receiving a desired performance value indicative of a user’s desired
performance level for an electrical device;

receiving price information from an electricity futures market;

with computing hardware, computing a bid value for purchasing electricity
from a local resource allocation market sufficient to operate the electrical device at
the desired performance level, the computing being performed based at least in part
on the desired performance value and based at least in part on the price information
from the electricity futures market; and

transmitting the bid value to a computer that operates the local resource

allocation market.

2. The method of claim 1, wherein the electricity futures market is a

day-ahead electricity market.

3. The method of claim 1, wherein the method further comprises
receiving one or more user tolerance values indicative of the user’s willingness to
tolerate variations from the desired performance level, and wherein the computing
the bid value is additionally based at least in part on the one or more user tolerance

values.

4, The method of claim 3, wherein the electrical device is one of an air-
conditioning unit, heating unit, hot water heater, or refrigerator; and

wherein the one or more user tolerance values indicate a lower temperature
limit, an upper temperature limit, or both a lower temperature limit and an upper

temperature limit.
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5. The method of claim 1, wherein the price information from the
electricity futures market comprises cleared prices from the electricity futures
market, and wherein the computing of the bid value is performed using an average
of the cleared prices from the electricity futures market and a standard deviation of

the cleared prices from the electricity futures market.

6. The method of claim 5, further comprising computing the average
and the standard deviation with the computing hardware or receiving the average

and the standard deviation from a remote source.

7. The method of claim 1, wherein the computing of the bid value is
additionally based at least in part on price information from the local resource

allocation market.

8. The method of claim 7, wherein the computing of the bid value is
performed using one or more weighted sums computed from the price information
from the electricity futures market and from the price information for the local

resource allocation market.

9. The method of claim 8, wherein one or more of the weighted sums
are controlled by a variable weighting factor that varies in response to one or more

of the time of day or current demand in the local resource allocation market.

10. The method of claim 7, wherein the price information from the
electricity futures market comprises price information for a fixed window of time
from a day-ahead market, and wherein the price information from the local resource

allocation market comprises price information for a rolling window of time.
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11. The method of claim 1, wherein the electricity futures market

operates using a longer time interval than the local resource allocation market.

12. The method of claim 1, further comprising transmitting an indication
of a current state of the electrical device and a requested quantity for electricity

along with the bid value.

13. The method of claim 1, further comprising:

receiving from the computer that operates the local resource allocation
market a an indication of a dispatched value for a current or next upcoming time
frame for the local resource allocation market;

comparing the bid value to the dispatched value; and

generating a signal to activate the electrical device based on the comparison.

14. The method of claim 13, further comprising:

computing an expected dispatch value from the dispatched value, one or
more earlier dispatched values, and the price information from the electricity futures
market; and

adjusting the desired performance value based at least in part on the expected

dispatch value.

15. The method of claim 1, wherein the electrical device is one of an air-
conditioning unit, heating unit, hot water heater, refrigerator, dish washer, washing
machine, dryer, oven, microwave oven, pump, home lighting system, electric

vehicle charger, or home electrical system.
16. One or more non-transitory computer-readable media storing

computer-executable instruction which when executed by a computer cause the

computer to perform the method of claim 1.
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17. A system comprising memory and a processor programmed to

perform the method of claim 1.

18. A method for generating a bid value for purchasing electricity in a
market-based resource allocation system, comprising:

receiving an indication of a current status of a system controlled by an
electrical device;

receiving dispatched index values from a day-ahead market for electricity;

with computing hardware, computing a bid value for purchasing electricity,
the bid value being based at least in part on the indication of the current status of the
system and based at least in part on the dispatched index values from the day-ahead
market for electricity; and

transmitting the bid value to a computer that operates a local resource

allocation market for the electricity.

19. The method of claim 18, wherein the method further comprises
receiving a user comfort setting selected by a user, the user comfort setting being
selected from at least a first user comfort setting and a second user comfort setting,
the first user comfort setting indicating the user’s willingness to pay more to achieve
a desired status of the system controlled by the electrical device relative to the
second user comfort setting, and wherein the bid value is additionally based at least

in part on the user comfort setting.

20. The method of claim 18, wherein the electrical device is a pump and

the current status is a measurement of a water level affected by the pump.
21. The method of claim 18, wherein the electrical device is an electric

charger for charging a battery, and wherein the current status of the system is the

state of charge of the battery.
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22. A method for generating a bid value for purchasing electricity in a
market-based resource allocation system, comprising:

receiving a user comfort setting selected by a user, the user comfort setting
being selected from at least a first user comfort setting and a second user comfort
setting, the first user comfort setting indicating the user’s willingness to pay more to
achieve a desired performance level for an electrical device relative to the second
user comfort setting;

receiving a cleared price for electricity from a local resource allocation
market from which the electrical device receives electricity;

receiving price information from an electricity futures market;

with computing hardware, computing a probability value of operating the
electrical device based at least in part on the user comfort setting, the cleared price
for electricity from the local resource allocation market, and the price information
from the electricity futures market;

generating a random number;

determining whether to operate the electrical device by comparing the
random number to the probability value; and

generating a signal for causing the electrical device to operate based on the

comparison.

23. The method of claim 22, wherein the electricity futures market is a

day-ahead electricity market.

24. The method of claim 22, wherein the price information from the
electricity futures market comprises cleared prices from the electricity futures
market, and wherein the computing of the probability value is performed using an
average of the cleared prices from the electricity futures market and a standard

deviation of the cleared prices from the electricity futures market.
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25. The method of claim 24, further comprising computing the average
and the standard deviation with the computing hardware or receiving the average

and the standard deviation from a remote source.

26. The method of claim 22, wherein the computing of the probability
value is performed based at least in part on the price information from the electricity
futures market and at least in part on price information from the local resource

allocation market.

27. The method of claim 26, wherein the computing of the probability
value is performed based at least in part on one or more weighted sums computed
from the price information from the electricity futures market and from the price

information for the local resource allocation market.

28. The method of claim 27, wherein one or more of the weighted sums

is controlled by a variable weighting factor.

29. The method of claim 26, wherein the price information from the
electricity futures market comprises price information from a fixed window of time
from a day-ahead electricity market, and wherein the price information from the
local resource allocation market comprises price information for a rolling window of

time.

30. The method of claim 22, wherein the electrical device is one of an
air-conditioning unit, heating unit, hot water heater, refrigerator, dish washer,
washing machine, dryer, oven, microwave oven, pump, home lighting system,

electric vehicle charger, or home electrical system.
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31. One or more non-transitory computer-readable media storing
computer-executable instructions for causing a computer to perform the method of

claim 22.

32. A system comprising memory and a processor programmed to

perform the method of claim 22.

33. A method for generating an offer value for offering to supply
electricity in a market-based resource allocation system, comprising:

with computing hardware, computing an offer value indicative of a value at
which electricity can be supplied by a generator for a current or next upcoming time
frame, the offer value being based at least in part on dispatched index value
information from an electricity futures market;

submitting the offer value along with a value indicative of a quantity of
electricity that can be supplied by the generator during the current or the next
upcoming time frame to the resource allocation system controlled by the resource
allocation market; and

receiving from the resource allocation market a dispatched index value for

the current or upcoming time frame.

34. The method of claim 33, further comprising:
comparing the dispatched index value to the offer value; and

activating the generator in response to the comparison.

35. The method of claim 33, wherein the electricity futures market is a

day-ahead electricity market.
36. The method of claim 33, wherein the dispatched index value

information comprises cleared prices associated with the electricity futures market,

and wherein the computing of the offer value is performed using an average of the
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cleared prices from the electricity futures market and a standard deviation of the

cleared prices from the electricity futures market.

37. The method of claim 36, further comprising computing the average
5 and the standard deviation with the computing hardware or receiving the average

and the standard deviation from a remote source.

38. The method of claim 33, wherein the computing of the offer value is
performed based at least in part on historical dispatched index values for electricity
10 from the electricity futures market and at least in part on historical dispatched index

values from the local resource allocation market.

39. The method of claim 38, wherein the computing of the offer value is
performed based at least in part on one or more weighted sums computed from the
15  historical dispatched index values from the electricity futures market and the

historical dispatched index values from the local resource allocation market.

40. The method of claim 39, wherein one or more of the weighted sums

are controlled by a variable weighting factor.

20
41. One or more non-transitory computer-readable media storing
computer-executable instruction which when executed by a computer cause the
computer to perform the method of claim 33.
25 42. A system comprising memory and a processor programmed to

perform the method of claim 33.
43. A method of operating a resource allocation system, comprising:

receiving a plurality of requests for electricity from a plurality of end-use

30  electrical devices, wherein each of the requests indicates a requested quantity of
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electricity, a device-requested index value indicative of a maximum price a
respective end-use electrical device will pay for the requested quantity of electricity,
and an indication of whether the respective end-use electrical device is currently
active;

using computing hardware, computing a responsive load currently
experienced in the resource allocation system by summing the requested quantities
of electricity from one or more of the electrical devices that also are currently active;
and

using the computing hardware, computing an unresponsive load in the
resource allocation system by computing a difference between the responsive load

and a total load currently experienced by the resource allocation system.

44. The method of claim 43, further comprising:
using computing hardware, determining a dispatched index value at which
electricity is to be supplied based at least in part on the device-requested index

values and the unresponsive load.

45. The method of claim 44, wherein the dispatched index value is
determined using an auction process, and wherein the method further comprises
submitting the unresponsive load as a request for electricity having a requested
quantity of electricity and a requested index value, the requested quantity of

electricity corresponding to the unresponsive load.

46. The method of claim 44, wherein the requested index value for the

unresponsive load is higher than all other requests for electricity.

47. The method of claim 44, wherein the requested index value for the

unresponsive load is at a market price cap.
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48. The method of claim 44, wherein the method further comprises
receiving a plurality of offers for supplying electricity from a plurality of resource

suppliers, each of the offers indicating an offered quantity of electricity and a

supplier-requested index value indicative of a minimum price for which a respective

supplier will produce the offered quantity of electricity, and wherein the determining

the dispatched index value is based at least in part on the device-requested index

values, the supplier-requested index values, and the unresponsive load.

49. The method of claim 43, wherein the acts of receiving the plurality of

requests for electricity, computing the responsive load, and computing the

unresponsive load are repeated at periodic intervals.

50. The method of claim 43, further comprising transmitting the

dispatched index value to at least one of the end-use electrical devices.
51. One or more non-transitory computer-readable media storing
computer-executable instruction which when executed by a computer cause the

computer to perform the method of claim 43.

52. A system comprising memory and a processor programmed to

perform the method of claim 43.
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