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Abstract—Even though demand response (DR) participation has
substantial benefits to the market as a whole, current DR programs
suffer from a collection of market, regulatory, infrastructure and
technology problems, such as lack of scalability, lack of privacy, imprecision, and nonacceptance by customers. This paper describes
how a fundamentally different DR approach, based on service priority tiers for appliances and on stochastic distributed computing,
can overcome these problems and be integrated with energy markets. Our approach takes advantage of inexpensive communications technology to estimate the state of home and small-business
major electrical appliances and have those appliances respond to
power grid state signals within a few seconds. Organizing appliances into service priority tiers allows retail customer power demand to be de-commoditized, making these DR resources a potent
force for improving the efficiency of energy markets. This paper
describes the proposed methodology, examines how it can be integrated into energy markets, and presents results from mathematical analysis and from simulation of 100 000 devices.
Index Terms—Demand response, distributed computing, locational marginal pricing, power market auctions, stochastic control.

I. INTRODUCTION

I

T HAS BEEN well understood that participation of customers in the form of demand response (DR) in wholesale
organized energy markets, administered by RTOs/ISOs, helps
increase the competition and improve the efficiency of these
markets. The benefits from DR participation in wholesale energy markets are substantial:
• RTOs/ISOs can better balance supply and demand, using
DR as an alternative to dispatching high-priced generation
resources to meet demand, thus reducing market prices and
market volatility [1].
• Supply market power can be mitigated by increasing competition and creating additional incentives against generators bidding at high prices [1].
• System reliability and resource adequacy can be enhanced
because DR resources can provide fast balancing of the
transmission grid in case of loss of generation or other unexpected events [2].
Regulators and policy makers have taken substantial measures over the years to encourage participation of DR in wholesale energy markets. For example, Congress has instituted national policy to enhance DR participation [3] and FERC has isManuscript received October 02, 2012; revised February 13, 2013, April 19,
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sued over the last several years a series of Orders, including
Order No. 890, Order No. 890-A, Order No. 719, and Order No.
745 for the same purpose.
In response, several RTOs and ISOs have instituted various
types of DR programs. Some of these programs are designed
to respond to reliability and emergency conditions, while others
are designed to allow wholesale customers, qualifying large retail customers, and aggregators, or curtailment service providers
(CSPs) of retail customers to participate directly in the dayahead and real-time energy markets, certain ancillary service
markets, and capacity markets.
Despite these efforts, DR participation has been less than encouraging, particularly for the residential and small-business
customers who consume a plurality of all power. Major obstacles include technology, market design, regulation, and poor
alignment between the incentives of utilities and CSPs. These
obstacles are described in more detail in Section II.
In this paper, we will show how a fundamentally different approach to the DR problem, based on appliance-level service priority tiers and stochastic distributed computing, can overcome
these obstacles. Our proposed approach is ideal for self-organization of loosely coordinated devices present in homes and
small businesses, micro grids and autonomous systems [4]–[6]
and provides fast, accurate, and robust demand shaping for collections of thousands to millions of devices. It also addresses
market, incentive, and regulatory obstacles to DR participation:
it is non-coercive, voluntary, bottom-up, better preserves customer privacy, and buffers customers from price volatility. In
the remainder of this paper, we will present our approach, examine how it can be integrated into energy markets, and present
results from analysis and simulation.
II. OBSTACLES

TO

MASS-MARKET DEMAND RESPONSE
PROGRAMS

A mixture of obstacles, including utility incentives, regulation, technology, and market design, have strongly limited participation in DR programs, particularly among the small customers who make up a plurality of electrical power demand.
Due to a mixture of regulation, market structure, and incentives, utilities have until recently emphasized emergency
programs, which use high capacity payments to attract customers and in many cases provide more emergency DR than
is needed by the RTOs/ISOs. Moving customers to “earlier,”
more frequent or price-based triggers, however, has not worked
as expected. Moreover, many states prohibit default dynamic
pricing for residential customers. As a result, it is difficult
to align pricing for generation, load and DR resources; this
misalignment can lead to gaming opportunities, cost shifting
and perverse incentives.
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The process of regulation has tended to pose another set of
problems for deploying DR resources. Revenues from ancillary
services markets for regulation and spinning reserve are essential to funding DR, but are precluded by certain reliability councils, such as WECC. In addition, utilities are perceived to have
significant advantages in terms of market power, influence with
regulators, and ability to shift administrative costs. State-approved IOU DR programs are constrained to reflect multiple
policy priorities, which may prevent program costs from being
fully recovered in wholesale markets. This is indicative of some
mixture of two problems: first, that markets may have structural
problems that undervalue DR, and second, that current DR programs depend on incentive structures, load control hardware, or
installation channels that are too expensive relative to the true
value of DR.
Further, infrastructure and technological barriers still exist
which have prevented massive penetration of DR resources into
the market. There are also market gaming concerns due to “baseline” issues, arbitrage between zonal and nodal pricing, double
counting, selective bidding, etc. With prior approaches, actual
curtailment of demand can only be estimated; it cannot be measured. Further, with the instrumentation that is typical of current
deployments, these estimates are grossly imprecise and inaccurate. As a result, even though DR resources should be treated
exactly comparable with supply resources, RTO/ISO operators
cannot fully depend on them at the present time.
Finally, current DR programs are difficult to understand, require sophisticated energy customers, are often perceived as invasive of privacy, and are inherently coercive as they are based
on either direct load control or punitive dynamic rate structures.
Retail customers, however, prefer simplicity and consistency
and these preferences are in conflict with the volatility of the
wholesale markets. This is consistent with the experience from
other markets. For example, for decades telecommunication services were priced using time-of-use per-minute/per-KB rates,
ostensibly to manage peak congestion. After deregulation and
the resulting disruptive innovations (including cooperative congestion management, e.g., TCP/IP), the vast majority of customers today opt to purchase telecommunication services as a
monthly service based on usage and service tiers, rather than
as a commodity. Free market choice does not necessarily imply
forced participation in government-supervised centralized auction markets; it is also about choice of market venue participation and different value-exchange models.
Indeed, a significant body of research shows that real-world
customers do not act as so-called “rational economic agents”
who are continuously pondering their marginal consumption
utility vs. the real-time market price [7]. For ongoing expenses
(e.g., electricity, internet service, cell phones, rent, etc.) consumers, in general, strongly prefer fixed-cost “level of service”
plans over uncertain dynamically determined costs, even when
the uncertain pricing is expected to result in some savings [7]. In
effect, consumers are trading a slightly higher price for a lower
risk and a lower cognitive burden. Thus, for example, broadband internet providers offer consumer service classes based on
advertised speed and cell phone providers offer service classes
based on coverage, minutes-per-month, and free calling groups.
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III. DEMAND MANAGEMENT VIA APPLIANCE SERVICE TIERS
AND DISTRIBUTED COMPUTING
Our DR approach, called ColorPower, has previously been
presented in [4], [5] and [6], which focus mainly on the algorithmic problem of handling coordinated decision making in a
system of thousands to millions of devices. This section reviews
the basic architecture presented in those prior papers and extends it by examining how the ColorPower approach to service
tiering enables it to cope with or bypass the obstacles discussed
in Section II.
ColorPower departs from prior DR approaches by the combination of three key properties:
• Customers are not directly involved in auction markets.
• Customers control DR availability in terms of tiers of service provided by individual appliances.
• The coordination problem of determining which devices
should consume power at what times is solved through distributed aggregation and stochastic control.
This combination allows novel approaches to deployment and
market integration that address or avoid many of the obstacles discussed in Section II. Some prior work on demand management has addressed some portions of the first two properties (e.g., [8]–[12]), but has suffered from some combination
of the following problems: they may require customers to perform load control (which makes DR unreliable and intrusive),
expose customers directly to market fluctuations (which has regulatory and adoption problems as noted above), require centralized management of individual loads (which is hard to scale),
or tier service only in terms of electrical reliability (which is intrusive because it typically shuts off whole customers or neighborhoods and has regulatory barriers because it is perceived to
operate at the expense of socioeconomically disadvantaged customers).
At its root, the ColorPower approach is based on the fact that
residential and small-business customers have a great deal of
flexibility in their energy needs and are willing and able to adjust levels of demand, if doing so can be made convenient for
them. This has been demonstrated in a number of studies (e.g.,
[13], [8], [9]), but problems in customer adoption, scalability,
and market integration have previously made it difficult to take
advantage of this fact.
Under this approach, the customer marks devices using
“colors” that correspond to control plans that provide different
levels of reliability of services provided by the device. These
plans are then executed by an external or internal load controller that communicates indirectly with a central ColorPower
controller operated by an ISO/RTO, a utility, aggregator, microgrid operator, or other appropriate authority. The meaning
of a “color” is dictated by the class of device. For example, a
pool pump may be marked “green” if its load can potentially
be shut down at any time or “yellow” if it can only be shut
down during peak power events, while an HVAC system might
have a tight “green” range of allowed temperature variability, a
looser “yellow” range, and loosest “red” range. These “color”
markings are then used to organize devices into priority tiers
(of which there may be many more than colors), dictating
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when devices are available for demand shaping and the order
in which classes of device services will be enabled or disabled.
Note that the least invasive devices to control are typically
those that autonomously cycle off and on (such as HVACs,
water heaters, pool pumps, refrigerators) or those that can
gracefully degrade service (e.g., commercial or public lighting,
variable speed motors). Serendipitously, these also tend to be
larger loads than the devices that customers expect instantaneous non-curtailable service from, such as residential lighting,
clock radios, and other small electronics.
The ColorPower control algorithm then manages instantaneous demand to meet an externally provided DR goal using a
feedback loop. This goal may be supplied by an energy market,
as we will discuss in Section V, or by any other policy enacted
by an appropriate grid control authority. The feedback loop
operates by aggregating demand flexibility information into a
global estimate of total prioritized customer flexibility, which
is then broadcast back to the device load controllers along with
the current demand target, and each local controller uses its
local information about color, appliance type, and current state
to make a stochastic control decision. With each iteration of
aggregation, broadcast, and control, the overall system moves
toward the target demand, allowing the system as a whole to
rapidly achieve any given target demand and closely track
target ramps [4], [5].
An important assumption with this approach is that participating loads report both their sheddable load and the amount of
load currently being curtailed. This latter requirement permits
direct measurement of demand response by sub-metering within
the switching mechanism for individual devices,1 making it unnecessary to estimate baselines from historical whole-premises
metering. The magnitude of an individual curtailed load can
instead be estimated by the per-device sub-metereding, using
a model of that device based on measurements taken during
recent periods when the device was not curtailed. These individual measurements are then summed across the network by a
distributed algorithm for aggregate estimation (e.g., self-organizing spanning trees in [5] and [6]) to produce an estimate of
the current amount of sheddable and curtailed demand in each
tier.
This distributed approach, by keeping most information local
to a device and collecting and redistributing only aggregate
summary information, drastically reduces the amount of communication needed for effective control. This allows demand
shaping to operate in seconds on systems of millions of devices
using low-cost load control hardware. Aggregation also has the
beneficial side effect of preserving the privacy of individual
customers: their demand information simply becomes part of
an overall statistic.
It is important to note that ColorPower is not linked to any
particular approach to demand forecasting. Rather, it provides
a means of responding to the challenges predicted by forecasts
(e.g., peak power events) and a means for correcting for deviations between forecast and reality (e.g., generation variability
in wind and solar).
1The

assumption of per-device sub-metering is enabled by the rapidly decreasing cost and increasing availability of the necessary electronics.
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ColorPower also enables a drastically different approach to
customer incentives for participation. First, notice that since
control is not dependent on dynamic pricing, there is a great
deal of freedom in the design of customer incentive models. Indeed, there is no reason that ColorPower could not be connected
to a dynamic pricing model or a “kickback” model where customers are paid a portion of the market value of the DR, if one
of these were determined to be the best way to incentivize customer adoption. As discussed in Section II, however, customers
tend to strongly prefer “service level” pricing that makes costs
more predictable.
With ColorPower, these sorts of “service level” plans are
easy to design: we can simply map the “color” designations of
electrical devices to plans. By designating a set of devices with
particular colors, a customer is opting into a certain mixture of
plans. From a pricing discrimination perspective, what a customer now is choosing is the level of electrical time-inflexibility
that they wish to pay for. A “more flexible” color mean less
certainty of when a device will run (e.g., time when a pool pump
runs), or lower quality service delivered by a device (e.g., wider
temperature ranges, slower electrical vehicle charging). These
types of economic decision-making are eminently compatible
with customer desires and economic design, as evidenced by
the wide range of quality-of-service contracts offered in other
industries: in the case of ColorPower, customer incentives
might come in many different forms, depending on distribution
channel, market identification, local regulations, and appliance
type: for example, there might be a rebate on the power for the
appliance, a rebate on the price of the appliance itself, or other
incentives such as appliance maintenance discounts.
Thus, we see that with regard to the obstacles to DR programs
discussed in Section II, ColorPower offers a potential to cope
with or bypass all of them: the separation of incentive model
from system operation avoids exposing customers to dynamic
price and allows non-coercive participation plans to be formulated intuitively in terms of graceful degradation of the services
provided by individual appliances. At the same time, this separation also gives freedom for alignment with a wide range of
regulatory and market structures. The distributed control approach lowers infrastructure and hardware requirements, while
simultaneously giving much higher predictability about the current availability of DR resources. Finally, these benefits combine to lower the cost of deployment and operation, making DR
potentially economically feasible across a much broader range
of participants and circumstances.
IV. SCALABLE DEMAND CONTROL WITH COLORPOWER
In this section, we provide a brief review of the algorithmic
work on scalable demand shaping presented in [4], [5], and [6],
in order to give a foundation for understanding the new results
on integration of the ColorPower methodology with energy markets presented in the remainder of the paper.
A. Formal Definition of ColorPower Control Architecture
In a system of devices managed using ColorPower, at any
given time each device (or device behavior mode) is either
enabled, meaning that it can draw power freely, or disabled,
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Fig. 3. Block diagram of the ColorPower control architecture, from [4]: the
of each device at time are aggregated
demand and priority tier states
of the total demand and priority tier states over all
to produce an estimate
, and
devices. This is broadcast to each device, along with a demand goal
of transition
each device uses local information to set its control state
probabilities. Loads then evolve according to this control state, subject to exogenous disturbances.

Fig. 1. Table of key terms and variables for ColorPower.

Fig. 2. Modified Markov model for ColorPower device state switching, from
[4]: states with an “E” are enabled, “D” are disabled, “F” are flexible, and “R”
are refractory.

meaning that is has been shut off or placed in a lower power
mode2 In order to prevent damage to appliances and/or customer annoyance, devices must wait through a refractory
period after switching between disabled and enabled before
they return to being flexible and can switch again (the length of
this period depends on device type). These combinations give
four device states (e.g., EF is enabled and flexible), through
which each device moves according to a modified Markov
model as shown in Fig. 2. Devices move randomly from EF to
DR with probability
per round and from DF to ER with
probability
. Devices move from ER to EF by a randomized
timeout of
seconds, where
is a
uniform random draw from the interval
; the transition
from DR to DF is the same, substituting
and
.
The control problem for a ColorPower system is shown by the
block diagram in Fig. 3. The system comprises a set of elec2Note that an enabled device may not actually demand any power: for example, a toaster that is not currently in use.

trical devices, each of which apportions its demand between
priority tiers, where lower numbered tiers are intended to be shut
off first (e.g., 1 for “green” pool pumps, 2 for “green” HVAC, 3
for “yellow” pool pumps, etc.), and where each tier has its own
time constants (e.g.,
is the fixed portion of the refractory
timeout for Tier 2). The state
of each device at time is
the magnitude of power demand in each state for each priority
tier (e.g.,
is the number of watts of enabled and flexible
demand in tier 1 at device ). These values are summed over
all reporting devices (some implementations may use sampling
for efficiency reasons) using a distributed algorithm and fed to
a state estimator to get an overall estimate
of the true state
of total demand in each state for each tier (e.g.,
is the
estimated total enabled and flexible demand in tier 1). This estimate is then broadcast to all devices, along with the demand goal
for the next total reduction in enabled demand over all tiers.
The controller at each device uses local information on state,
color, and device type to set its control vector
, defined
as the set of transition probabilities
and
for each
tier . Finally, demands move through their states according to
these transition probabilities, subject to exogenous disturbances
such as changes in demand due to customer override, changing
environmental conditions, imprecision in measurement, etc.
Note that the aggregation and broadcast algorithms must be
chosen carefully to ensure that the communication requirements
are lightweight enough to allow control rounds a few seconds
long on low-cost hardware. The choice of algorithm depends
on the network structure: for example, [5] assumed a mesh network, and thus used spanning tree aggregation and gossip-based
broadcast, which are fast and efficient in that environment (for
details, see [5]). In general, however, the system must use aggregation and broadcast because it is not currently economically
feasible to deploy reliable communications for load control devices with enough bandwidth to poll individual state and deliver individual instructions for millions of devices every few
seconds. Aggregation reduces bandwidth requirements by com-
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a pool pump chooses whether to shut off, and an air conditioner
adjusts its duty cycle.
d) Cycling: Devices in a tier trade off which are enabled
and which are disabled such that no device is unfairly burdened
by initial bad luck. This is ensured by asserting the constraint:

B. ColorPower Control Algorithm
The ColorPower control algorithm determines the control
vector
by a stochastic controller formulated to satisfy
four constraints. We present here the constraints shaping the
control algorithm and sketch the key engineering decisions in
its implementation. For full details and mathematical exposition, see [4].
The four constraints that the controller must satisfy are:
a) Goal Tracking: The total enabled demand in
should
track
as closely as possible: i.e., the sum of enabled demand
over all tiers should be equal to the goal. The demand goal
is determined by the utility (or other control authority) based on
economic or reliability considerations. For example, it may be
calculated by an energy simulator using forecasting market and
system information to reduce market clearing prices (LMPs or
SMPs) by a certain amount. It may also be calculated to address reliability or grid problems as they arise during various
system conditions. This is particularly important as the fraction
of variable power generation resources, such as wind or solar,
continues to rapidly increase.
Goal tracking is formalized as the equation:
(1)
b) Tier Priority: Devices with lower numbered tiers
should be shut off before devices with higher numbered tiers.
This is formalized as:

(2)
so that devices are enabled from the highest tier downward,
where
is the demand for the th tier and above:
(3)
c) Fairness: At any give time, there is at most one
boundary tier where the goal dictates that some demand should
be enabled and other demand should be disabled. Fairness
means that any two devices and in the boundary tier will
have the same statistical expectation of enabled vs. disabled
demand:
(4)
This means that no device is privileged over others of the
same tier, but allows any given device to implement expected
likelihood differently based on device type and customer settings. For example, variable lighting may uniformly dim, while

(5)
This means that in the boundary tier , whenever some enabled devices are flexible and some disabled devices are flexible, these devices always have a chance of changing their state.
For this last constraint, there is a tradeoff between how quickly
devices cycle and how much flexibility is held in reserve for future goal tracking; we balance these with a target ratio , which
specifies a lower bound on the permitted ratio of flexible to refractory power:
(6)
Since the controller acts indirectly, by manipulating the
and
transition probabilities of devices, the only resources
available for meeting these constraints is the demand in the flexible states EF and DF for each tier. When it is not possible to
satisfy all four constraints simultaneously, the ColorPower controller prioritizes the constraints in order of their importance.
The highest priority is given to customer relations, in the form
of the fairness constraint and on any exogenously imposed contractual guarantees on circumstances under which tiers can be
disabled (e.g., “Yellow” HVAC devices may not be controlled
except in response to peak demand events or grid emergencies).
Fairness is implemented by ensuring eventual statistical equivalence in the expected distributions of device demand, though
the values of
used to implement this may vary by device
type and configuration; contractual guarantees are implemented
by forcing the
of currently prohibited tiers to be zero.
The goal tracking, tier priority, and fairness constraints are
then handled, in that order, by treating the available demand
flexibility as a “budget” and allocating flexibility to each constraint in turn until is it all allocated or reserved for possible
future needs. Goal tracking uses a proportional controller to correct a fraction of the difference between current and goal demand. Tier priority then corrects transient priority inversions
by exchanging as much disabled demand as it can in lower
tiers for equal amounts of enabled demand in higher tiers. Finally, cycling, lowest priority because it operates at the slowest
time-scale, computes the maximal steady-state exchange of enabled and disabled demand in the boundary tier that will not violate (6). These flexibility allocations are then transformed into
transition probabilities by normalizing against the current flexible demands.
Each device then samples its distribution and adjusts its state
accordingly, and the law of large numbers means that this will
result in an aggregate system behavior expected to produce
near-optional system behavior; in those cases where behavior
deviates, the feedback between aggregate state estimate and
local control ensures that it will rapidly be corrected.
The ColorPower control algorithm is fully specified in [4].
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C. Effectiveness of the ColorPower Control Algorithm
The convergence and resilience of the ColorPower control
algorithm has been evaluated both analytically and empirically
via simulation in [4]. The analysis focused on the case of rapid
change of demand goal, e.g., following a major equipment
failure or renewable generation fluctuation. In this case, the
expected number of control rounds
for the controller to
converge to within watts of the goal is logarithmic:
(7)
(where is the initial watts of distance from the goal and is
the proportionality of error that goal tracking attempts to correct
each round), provided that a flexible reserve of at least
is maintained within any given tier. Thus, for example, the
expected time to converge to within 1% of the goal given 10
second rounds and
would be 30 seconds—quite fast
enough to handle most rapid shedding conditions.
The time for the ColorPower controller to return to a quiescent state, from which another such rapid shift is guaranteed to
succeed, is conservatively estimated to be less than:
(8)
where and are the boundary tiers before and after the goal
change respectively, and where is equal to:
(9)
Simulation studies in [4] confirm these results and demonstrate that the controller scales well on a range of at least
to
devices, that it can closely track ramps even when the ramp
direction changes frequently, and that control is robust against
changing device populations, noise in estimates, and high degrees of heterogeneity between devices.
V. INTEGRATION WITH WHOLESALE ENERGY MARKETS
Having reviewed how ColorPower implements DR, we now
turn to the question of how this capability can be integrated with
wholesale energy markets. In this section we present a methodology for integrating the DR capacity created by ColorPower
with wholesale energy markets. Our objective is to create a price
responsive retail demand curve without sending price signals to
retail customers or their devices, due to the regulatory and customer preference obstacles discussed in Section II. We will thus
first discuss the problems of current DR integration methods,
then present a new methodology for integrating DR capacity
into wholesale energy markets that is enabled by ColorPower
demand priority tiers.
A. Problems With Current Integration Methods
Many believe that smart meter deployment and dynamic
pricing will result in a retail auction-based solution where
customers will be forced to act as rational economic agents and
respond to changing prices. It is further envisioned that when
this becomes too burdensome, electrical device manufacturers
will create devices with energy market trading intelligence,
which will be programmed by customers with price ranges to

control the maximum price at which they operate. This widely
held view contradicts what customers have generally been
demonstrated to want from services with ongoing expenses:
predictable costs based on usage or service quality tiers [7].
Discussion of other key obstacles to dynamic electricity pricing
on the retail level may be found in [14]–[17].
Current DR approaches typically treat flexibility as a supply
resource: “virtual power plants or proxy generator resources”
supplying “negawatts.” In this framework, bids represent increasing levels of inconvenience with corresponding monotonically-increasing costs of paying groups of retail customers to
forgo consumption. DR then competes against generators as a
source of “supply,” and may participate in the day-ahead market
(DAM) including the reliability unit commitment (RUC), the
hourly or 5-minute real-time energy market (RTM) and the dayahead or real-time ancillary services (AS) markets.
While practical for large industrial customers, this creates
problems for retail residential customers that severely limit the
value of this approach. For example, the management of the
data required for scheduling residential customers at the zonal
level is taxing since it requires aggregation of numerous very
small end-use customers, with frequent migration, i.e., enrollments and de-enrollments in a DR program. Further, using standard historical load distribution factors (LDFs) derived from the
EMS state estimator may also be problematic.
There are also serious settlement concerns. Setting aside the
complexity of the settlements of the curtailed load portion with
aggregators and the rest of the load with the load servicing
entity (LSE) and the subsequent bilateral settlement between
aggregator and LSE outside of the ISOs settlement process,
the determination of actual DR delivery is very problematic.
It is expected to be derived from measurement of aggregate
meter usage, calculated from a pre-determined, administrative
set baseline. The baseline problem, i.e., the challenge of measuring what the customer would have done without the payment,
has proven in practice an intractable problem that has resulted
in limited participation of active DR and even worse to ultimately unreliable DR resources. Finally, the gaming opportunities that result from the baseline problem can be severe. A
comprehensive treatment of this gaming problem is contained
in [18]. Verification of performance is also problematic, as this
is typically done by comparing against baseline on an aggregate basis, where the source of problems cannot be identified,
rather than by summing the difference of baseline versus actual
for each customer or device.
There are two additional problems worth noticing that arise
from conflicts between prices used in current practices. The first
problem relates to the potential double payment for DR that
arises if the aggregator or the curtailment service provider (CSP)
receives a payment that exceeds the difference between the locational marginal pricing (LMP) and the wholesale price implied in the current retail price. Such double payments increase
rates and can incent inefficient DR with costs to the market that
exceed its benefits. The second problem is related to the potential arbitrage between a low zonal price used to settle the DAM
load schedule and the higher nodal price used to settle the curtailed demand. This problem can be limited in magnitude, but
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not eliminated, by administrative rules such as constraining the
number of hours that a DR resource can be dispatched and by
requiring the presence of physical control devices. These sort
of rules, however, are dealing with symptoms rather than the
source of the problem and can have the side effect of badly
truncating the potential value of active DR participation in the
wholesale market.
B. New Proposed Integration Method
The self-identified priority tiers of the ColorPower approach
to demand response enable us to propose a new indirect model
for retail power participation in energy markets. Since the demand has been differentiated into tiers with a priority order, the
demand in each tier may be separately bid into the market. The
price for each tier is set based on the cost of supplying DR from
that tier, which in turn is linked to the incentives necessary to
secure customer participation. The tiers are then ordered by priority to form a monotonically-decreasing demand curve. Demand can thus express preferences before market clearing in
the form of lower buy bids for lower priority tiers of demand.
This allows aggregated demand to send price signals in the form
of the decreasing buy bid curve. Market information thus flows
bi-directionally. Curtailment tolerance from customers is signaled by the degree to which they opt into variously incentivized
plans. Because customers can self-identify the flexible devices
within their total load profile, this effectively creates two tiers
of power demand, flexible
and inflexible , that can be aggregated and monitored at the utility level. The flexible load can
be further partitioned using priority tiers, into
, and so
on. Each tier can be separately forecasted by the utility, and bids
can be submitted into the market to procure supply for the entire
power demand
such that:
(10)
A ColorPower system can thus be used by a retail utility or
an aggregator to bid an aggregate retail demand curve into the
ISO markets on behalf of its customers, without requiring customers to interact with real-time prices directly or to submit a
price curve for demand response. Customer demand is instead
aggregated and represented by a utility procurement trader, who
purchases as much power as is deemed rational to purchase, i.e.,
up until supply prices rise above the levels bid by decreasing priority tiers.
For customers, the colors correspond to contractual constraints on when resources with that color are available for
flexibility. For example, a thermostat controlling an HVAC
system might have a “green” range for any-time flexibility
and a “yellow” range for flexibility during peak-power and
emergencies. Demand in tiers whose constraints make them
currently unavailable are bid just as unmanaged demand, while
bids for potentially flexible demand is selected to maximize
profits subject to contractual constraints with customers, just
as generators currently bid supply. Designing a mechanism for
optimization of such bids is beyond the scope of this paper,
but is expected to follow the lines of prior work on reliability
pricing such as that described in [11], [12]

Fig. 4. While energy markets have produced fairly smooth supply curves,
without mass-market DR, it is impossible to distinguish high- and low-priority
energy demand, leading to inefficient demand curves that are flat or nearly flat
(a). Using ColorPower, however, can produce a more smoothly decreasing demand curve (b) based on aggregated, differentiated tiers of measured customer
demand. (a) Inflexible demand curve. (b) Priority tier demand curve.

The device population then shares the limited available power
resource by setting the demand goal
for the ColorPower algorithm to the amount of power purchased. This results in devices degrading the service they provide (e.g., temperature control, circulation of water in a pool) to the level where the value
of demand is equal to the marginal cost of power. Thus, any
shortages are handled by automatically diffusing small curtailments across the population of devices. This automatic diffusion
of inconvenience across the entire population of devices is the
cornerstone capability of the proposed approach.
In this way, a relatively small amount of flexible demand
can buffer overall power demand volatility by yielding consumption to inflexible components as needed based upon customer-expressed priority, while ColorPower determines which
tiers should consume power and fairly distributes power and
curtailment to all customer devices in a partially supplied tier.
C. Equalization of Supply and Demand Market Power
ColorPower, integrated as we have proposed, can transform
energy markets by eliminating irrational marginal power fulfillment at the retail level. Currently, wholesale energy markets typically feature “hockey stick”-shaped supply bids during shortages, due to exploitation of scarcity pricing by market participants or expense of running peaking generation resources. Both
generation and demand benefit from reducing inefficient energy
demand fulfillment. Fig. 4(a) shows a scenario based on current
markets, with the last few percent of available supply priced ten
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times higher than the lowest priced supply—a fairly typical multiplier. Against this is a typical nearly flat demand curve, with
a relatively small amount of DR capacity supplied primarily by
larger industrial or commercial customers.
A more smoothly decreasing demand curve, as shown in
Fig. 4(b), reduces the incentive for strategically withholding
supply from markets in order to sell it at scarcity pricing levels.
In times of high demand, marginal price is thus set by flexible
demand bids, not supply bids. This is expected to severely
erode the profitability of energy speculation while lowering
prices for the public. This demand curve can also reduce the
need for financial hedging, by using physical demand reduction
to reduce under-capacity risk. Reductions in hedging costs will
also reduce costs across all energy market participants and
ideally to the public.
We may also note that exposing individual retail customers
directly to auction pricing through dynamic retail pricing gives
them significantly less market power compared to the ColorPower aggregate buying approach. In the dominant proposals
for dynamic retail pricing, individual customers are presented
with a “take-it-or-leave-it” price from their power supplier, and
only have the choice to micromanage consumption over their
entire premise. Such pricing necessarily places the consumer
at a market disadvantage, particularly given the personal cost
of monitoring and managing energy in an individual home or
small business. The ColorPower model suggests instead a role
for a utility (or other organization) to act as an active manager
of aggregate demand fulfillment. Incremental costs for an aggregator are much lower due to the economy of scale for one organization to monitor and manage demand delegated to it by large
numbers of customers. The utility can then act as an effective negotiator between supply and demand to provide the best overall
balance of service levels and cost for their customers, as opposed to being a mere pass-through distributor of a commodity
that marks up whatever price is currently being demanded by
generation.
D. Numerical Example
We now demonstrate the potential value of ColorPower and
our proposed method for integrating it with energy markets by
simulating its operation in an example scenario and comparing
results to the same scenario using a conventional energy market
without mass-market DR.
We will use a “hot summer day” demand scenario in which
demand starts at a low level at 10 A.M., climbs to a peak of
100 MW in the mid-afternoon (driven largely by outside temperature affecting HVAC systems), then falls again by 5 P.M..
Fig. 5(a) shows this demand scenario as a stacked graph where
demand has been marked with three colors (green, yellow, and
red), each of which is further decomposed into three priority
tiers (particular color shades).
The tiers and loads for this scenario are constructed from a
rough approximation of observed patterns of device power consumption and the consumer flexibility observed in prior studies:
from the meta-analysis in [19], it appears that at least 10–12%
of peak load in the mass residential market is readily accessible
for DR. This rises to 30% or more with appropriate enabling
technology, and we expect that the finer granularity of service
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Fig. 5. Simulation results with 100 000 independently fluctuating power loads
(a): demand is showed as a stacked graph of the demand from each tier, with
saturated colors showing enabled demand and faint colors showing disabled
demand. After each transition between tiers, there is a brief period where some
fraction of demand is refractory and unable to be switched, which is indicated
by cross-hatching. The goal is the dashed blue line and the current total power
consumption is the solid magenta line that nearly precisely follows it. Eventbased control of the same demand priority tiers is showed in (b). (a) ColorPower.
(b) Event-based control.

plan enabled by ColorPower could increase the penetration yet
further.
We then mapped this base assumption onto a plausible distribution of energy over colors and priority tiers. We begin withn
an assumption of approximately half the load being due to air
conditioners, with each air conditioner split into bands of temperature flexibility assigned into three tiers: bottom red, top
yellow, and middle green. Other major load categories comprise pool pumps (top green), flexibility in water heaters (bottom
green), lighting (middle yellow and middle red). All other loads
are grouped into bottom yellow and top red. The precise values,
of course, are conjectural until supported by specific field data,
so this experiment must be regarded as a demonstration of capability, rather than a precise quantification of expected benefit.
The markets for our scenario are based on the examples
shown in Fig. 4. The supply curve is held fixed throughout
the scenario, while the demand curve varies with the current
demand. For the non-DR case, the curve is scaled uniformly
with total demand; for the ColorPower case, the nine priority
tiers are mapped in color order to the nine levels making up the
demand curve in Fig. 4, and each set of three same-color priority
tiers is scaled together according to the color distribution in the
demand scenario (e.g., at 10 A.M. the three red priority tiers
contain 3.08 MW at $150/MWh, 1.71 MW at $120/MWh, and
1.88 MW at $90/MWh). The demand is spread over 100 000
heterogeneous device loads (some of which might actually be
different service levels within the same device), with initial
loads varying by 19 between the largest and smallest devices
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(0.1 kW to 1.9 kW, with a mean of 1 kW), and a distribution of
device demands over tiers proportional to the initial distribution
of aggregate demand over tiers. For simplicity, we assume that
the per-device demand and tier demand scale identically over
time, and model each load in terms of its mean load across a
duty cycle3.
For simplicity of modeling, we treat all power as though dispatched by a real-time market (as enabled by ColorPower). The
demand of all 100 000 devices is thus bid together as a set of
9 blocks, with the same price applying to all loads within a
given tier. The market only indirectly controls which devices
will be enabled, however, through the setting of
: which
tiers are actually enabled is affected by the distribution of refractory (non-controllable) demand. At each control round, the
goal
for the ColorPower algorithm is set by comparing the
current supply and demand curves and setting
to the market
equilibrium (where the two curves cross). Thus, when demand
is low, there will be no curtailment of demand, but as demand
rises the low-priority tiers gradually become uneconomical and
DR is applied to improve market efficiency. In a real deployment, of course, a similar effective market structure would be
assembled from supply and demand bids on various time scales
with the assistance of forecasting or other market simulation applications.
The ColorPower control algorithm is simulated with the following parameters: control rounds are 10 seconds long, error in
state estimates is
%, and initially all demand is enabled.
Every tier has identical parameters: refractory time variables
, and
are all 40 rounds, flexible reserve
ratio
, and proportional control constant
.
Fig. 5(a) shows the results of simulating ColorPower control
of this scenario under goals set by a real-time energy market.
When demand is low, no devices are curtailed; when demand is
high, up to 25% of demand is curtailed. As total demand rises,
enabled demand hits plateaus where a particular demand tier
is gradually curtailed. These plateaus appear whenever the demand curve shifts to require a higher marginal supply price and
that supply price is above the bid of the lowest priority enabled
tier. As demand continues to rise, that tier is gradually curtailed,
until it is entirely consumed and it is once again more valuable
to increase supply than to curtail demand. Plateaus similarly appear as demand falls, in regions where supply price has fallen
enough that it is once again more valuable to increase demand
than to decrease supply.
In this scenario, only “green” power is being curtailed, so
with a typical device mixture that curtailment would likely correspond mainly to temporary shutdowns of pool pumps, small
drops in the temperature of hot water in water heater tanks,
and small rises in temperature in the houses of participating
customers as their HVACs relax service constraints, with the
amount of rise depending on the customer’s choice of how to
configure their temperature/color tradeoff.
The more efficient market enabled by ColorPower priority
tiers leads to a total energy cost of $7522.06. In contrast, the
conventional scenario has no ability to price discriminate and
3This is a safe assumption because the number of loads is large and the randomization of refractory time assures desynchronization of duty cycles.

9

virtually no DR, and thus has a significantly higher total energy
cost of $8563.84. Using ColorPower in this scenario thus gives
an increase in market efficiency of 12.2%. Note also that postevent rush-in, a potentially severe problem for both traditional
DR and price signal-based control systems, which can severely
impact grid and market operations, is managed gracefully by
ColorPower’s ongoing feedback control.
The round-by-round control provided by ColorPower is quite
precise. The only significant deviations from goal occur during
the transition between boundary tiers, when the goal approaches
the limit of the current boundary tier faster than refractory demand returns to flexibility, but the algorithm has not yet been
given license to control demand from the next tier. Even so, the
system never departs by more than 729 kW from the goal and
has a mean error of only 41 kW. As for the other constraints:
fairness is never violated, while tier priority is always maintained, except for brief periods during the change of boundary
tiers, when approximately 200 kW is temporarily “borrowed”
from the new boundary tier. Cycling is also effectively suspended during these transitions.
For illustrative comparison, we also simulate a conventional
event-based demand controller. In this scenario we assume that
demand is grouped into the same priority tiers, but switch entire tiers off or on with a single “event” signal whenever less
than 50% of the tier can be served within the current goal. The
observed behavior, shown in Fig. 5(b), has almost identical economic value, with an energy cost of $7516.48. More and larger
transients occur, however, due to the coarse granularity of control: the system is within 1 MW of the goal only 77.5% of the
time and at its worst is over 4.7 MW off, with a mean error of
624 KW. Goal tracking is thus badly violated and cycling and
fairness rendered moot, even though tier priority is always precisely maintained. This might, of course, be improved to give
performance more similar to ColorPower by sending event signals to smaller groups of devices and greatly increasing the communication requirements (and therefore the per-device costs of
deploying such as system)—for a detailed discussion of this
tradeoff, see [5], [6]. Note also that this comparison assumes the
same flexibility tiers, while conventional control that switches
whole appliances, houses, or neighborhoods, is likely to provide
much less availability of flexibility because it is more intrusive.
These results thus indicate that the ColorPower approach,
when integrated appropriately with energy markets, should have
the capability to significantly improve both market efficiency
and grid reliability by flexibly and resiliently shaping demand.
The key open question, to be established by field trials in future
work, is how deep a penetration of mass-market DR can be enabled by the sub-appliance regulation enabled by ColorPower.
VI. GENERALIZATION BEYOND DEMAND RESPONSE
Although this paper has focused primarily on DR, ColorPower has the potential to offer more general demand management services, which can also help manage other resources such
as dispatchable demand and distributed supply.
For example, currently generation resources can be designated as “load-following.” With ColorPower, certain load resources can be designated as “supply-following,” and matched
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against generation from intermittent renewable energy sources
(RES), such as solar and wind. This can help with balancing and
ramping challenges for large-scale RES deployment, instead of
the current approach of solely relying on expensive flexible conventional generation, which greatly increases costs and can undermine environmental goals.
Supply-following loads can also be dispatched as opportunistic or emergency power sinks. These can be coupled to
real-time telemetry signals, such as substation SCADA demand
or wind farm telemetry. For example, a demand tier consisting
of “water heaters that raise reservoir temperature to consume
excess renewable power” can wait at low or negative buy bids
reflecting system conditions under which excess generation
needs to be consumed. This type of demand can be used to
consume excess power from hydro plants or excessively windy
days, with customers paid by generation or transmission to consume excess power and assist the utility in avoiding negative
consequences such as contractual penalties or environmentally
disruptive dam overspill conditions.
The same approach demonstrated above can be easily extended to include other distributed energy resources (DER)
and storage resources, such as solar, combined heat and power
(CHP), gas turbine, and other “behind-the-meter” distributed
resources that can be modeled as responsive resources. These
could be aggregated into economically significant blocks by
extending ColorPower to include supply tiers, then bid into
markets as supply or demand segments to compete against imported power resources, using economic models like the ones
proposed in [20]. If configured as a supply resource, they can
bid against other supply resources normally; if configured as a
demand resource, they can be interleaved with DR resources
to create mixed dispatch orders, e.g., a generation or storage
resource might be in a priority tier dispatched before more
disruptive emergency DR resources are used.
Storage resources combine characteristics of dispatchable
demand and generation: their demand or supply power corresponds to their rate of discharge or charge, while the length of
time each resource may be available depends on the amount of
energy currently stored. Storage resources can thus be aggregated using ColorPower and bid in at opportunistic prices, like
dispatchable demand, to absorb excess supply, and assigned
to an appropriately priced priority tier to determine when they
discharge. This can be further refined by assigning different
levels of storage to different priority tiers, so that, for example,
a storage resource might always maintain a small operating
reserve to be sold into an ancillary services market.

VII. CONCLUDING REMARKS
The current status of DR programs is not satisfactory due to
a combination of obstacles, including utility incentives, market
design, regulation, technology, and program design. This paper
describes how the ColorPower approach to DR, based on tiers of
appliance services and distributed stochastic control, can overcome these obstacles to penetrate the mass-market of residential and small-business consumers. We have shown how the
our approach can be integrated with energy markets to achieve

the same economic, reliability and balancing goals as dynamic
pricing and traditional DR, with superior potential capabilities
and without their drawbacks. We have also simulated the operation of a ColorPower system comprising 100 000 devices integrated with energy supply and demand curves that are used to set
the DR goal, demonstrating the capability of the this approach
to quickly and resiliently shape demand without exposing the
customer to either dynamic pricing or coercive load control.
Together, these results show that ColorPower is a good candidate for overcoming the obstacles that have preventing DR from
penetrating the mass market and realizing its massive potential
value for utilities, customers, and energy markets.
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