4737 (RP-1146)

Proposed Tools and Capabilities for
Proactive Multi-Building Load Management:
Part 1—Customer Aggregation
T. Agami Reddy, Ph.D., P.E.

Leslie K. Norford, Ph.D.

Member ASHRAE

Member ASHRAE

ABSTRACT

INTRODUCTION

This paper summarizes part of the work performed under
an ASHRAE research project entitled “Building Operation
and Dynamics Within an Aggregated Load” (RP -1146), which
was meant to (a) identify situations and conditions under
which aggregating individual building loads is attractive for
managing total, multi-building load and (b) identify and evaluate operating and control strategies for use in individual
buildings that will reduce energy operating costs at the aggregate level by taking advantage of the diversity in demand
among buildings. Research was done in two phases. Tasks
undertaken as part of phase I involved an extended background
on electric utility aggregation, a detailed description of each
of three case-study sites where multi-building load aggregation and subsequent energy management strategies were
performed, and a summary of the lessons learned from the
above case studies. A previous paper by Reddy et al. (2004)
described the Phase I results as well as the simulation case
study to illustrate the benefits of multi-building load aggregation and control. The second phase of the work consisted in
formulating and proposing a list of 11 tools that could be used
by aggregators and their customers to alter the operation of
buildings to control load. The objective of this paper is to
provide a broad description of utility deregulation, list the
types of issues faced by building owners and load aggregators,
provide an overall description of the 11 proposed tools, and
specifically describe the functionality of Tools 1-4 needed for
assembling a portfolio of customers suitable for proactive
aggregation. The companion paper by Norford and Reddy
(2004) describes the functionality of Tools 5-11, which deal
with optimal operation of the aggregate of buildings.

The structure of the electric utility market and the
complex relationship between suppliers and consumers has
undergone (and is undergoing) changes in recent years as a
result of electric deregulation and real-time pricing schemes.
This paper is one of the papers resulting from an ASHRAE
research project entitled “Building Operation and Dynamics
Within an Aggregated Load,” RP-1146 (Reddy and Norford
2002), which was meant to (a) identify situations and conditions under which aggregating individual building loads is
attractive for managing total, multi-building load and (b) identify and evaluate operating and control strategies for use in
individual buildings that will reduce energy operating costs at
the aggregate level by taking advantage of the diversity in
demand among buildings.
Research was done in two phases. Tasks undertaken as
part of Phase I involved an extended background and historical
perspective on electric utility aggregation, a detailed description of each of three case-study sites where load aggregation
and subsequent energy management strategies were
performed, and a summary of the lessons learned from the
above case studies. The second phase of the work consisted in
formulating and proposing a list of 11 tools that could be used
by aggregators and their customers to alter the operation of
buildings to control load and a DOE-2 (Winklemann et al.
1993) simulation case study that consisted of aggregating
three different building types (an office building, a hotel, and
a retail store). The scope of the research was not to develop the
tools to the extent that concerned load aggregators can use
them. Rather, this research describes the functionality of these
tools in a conceptual manner and provides relevant review of
prior work and what future developments are needed for each
of these tools. Due to economies of scale, the scope is limited
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to larger commercial customers and not residential and small
commercial customers.
A paper by Reddy et al. (2004) described the phase I
results as well as the simulation case study to illustrate the
benefits of multi-building load aggregation and control. The
objective of this paper is to provide a broad description of utility deregulation, list the types of issues faced by building
owners and load aggregators, provide an overall description of
the 11 proposed tools, and specifically describe the functionality of Tools 1-4. Another paper by Norford and Reddy
(2004) describe the functionality of Tools 5-11.
OVERALL DESCRIPTION OF TOOLS
Background
The goal of phase II was to identify tools or capabilities
that could assist aggregators to better operate multiple buildings, with the case studies from Phase I serving as typical strategies that could be used as initial starting points. Our
evaluation of these case study sites (fully described in Reddy
et al. 2004) was intended to contribute information on the
current state of affairs relating to the control and management
of multi-building groups. Deregulation has lowered commodity prices so substantially—at least in Pennsylvania—that
building and site owners can easily save as much as 10% of
their previous annual electric utility bill. This makes demandlimiting projects of a large scale prohibitive because, in many
cases, the projects do not meet the financial payback threshold
established by the building owners. Operational changes have
also been shunned because they often sacrifice comfort or
profitability.
Because the case studies did not reveal any strategies for
operation of buildings, the principal investigators undertook to
identify the types of capabilities or tools that aggregators are
likely to need in the future. These tools were largely identified
based on numerous discussions with about a dozen energy
professionals with special expertise and working knowledge
in this general area of utility deregulation and load aggregation, as well as close input from the project monitoring subcommittee members, many of whom were knowledgeable in
this area.

A book edited by Thumann (1999) is a compendium of
several pertinent articles by professionals in this field, which
provide practical advice to people responsible for purchasing
energy. Lessons learned from deregulation in Scandinavia and
England are presented, as well as an update of retail competition in the U.S., broken up by individual states. The role of the
procurement professional, how energy legislation is likely to
impact power marketing transactions, current happenings in
electric utility deregulation, a ten-step program to successful
utility deregulation for building owners, background on power
pools, as well as experiences with large-scale load aggregation
and power purchase bidding for state facilities are some of the
chapters contributed by experts in these areas. This book
remains relevant despite the very recent changes in the deregulation arena.
The unfolding vista of utility deregulation is leading to
five distinct types of players, replacing the one entity—the
regulated electric utility—that existed in the earlier environment (see Figure 1).
1.

Power producers, which own the power generators and
whose only responsibility is to generate the needed power
and pump it into the grid.

2.

Power exchanges, which provide a short-term or spot
market for the sale of electricity by producers and its
purchase by utilities or power marketers to supplement any
bilateral, long-term contracts the utilities or marketers may
have with producers.

3.

Local distribution companies (investor-owned or municipal), which physically own the power grid used to transmit
and distribute electricity (electric wires, poles, switching
stations, and transformers) and which have responsibility to
maintain this infrastructure and serve customers. Local
distribution companies typically charge a flat rate for trans-

Current and Future Scenarios
Kahn (1988), although somewhat dated, provides an
excellent overview of how the electric utility industry moved
from a growth-oriented environment into a period of instability, competition, and restructuring. Many specific examples
are used to first show how the industry worked when conditions were favorable and then highlight the complications that
arose when the environment turned hostile. The book focuses
on the broad strategic planning and organizational issues faced
by the utility industry. The book predates, and therefore does
not address, the specific issues associated with utility deregulation. However, it tackles such issues as marginal and avoided
costs, independent power production, demand-side utility
programs, and comparison to other industries (such as telecommunications).
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Figure 1 Various scenarios and players in the generation
and consumption of electricity in buildings.
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mission and distribution, although congestion pricing for
transmission will be used in the future.
4.

Power marketers, which contract with either power producers or power exchanges to provide power to customers who
choose not to buy it from the local utility.

In a regulated electricity market, the local electric utility
owned and maintained its own generators and provided an
integrated service to its customers (scenario 1 in Figure 1).
Thus, the local utility combined the tasks of all four entities
listed above.
5.

Load consultants, a new player who emerged in the early
days of deregulation (scenario 2 in Figure. 1). Because
customers often lacked the knowledge to negotiate intelligently with power producers, they relied on services offered
by local load consultants. Such consultants usually catered
to larger customers, who either had one building or several
buildings that may or may not have been dispersed
geographically. The load consultant essentially performed
three tasks, as shown in Figure 2.

•

Pre-screen the customers based on certain predetermined criteria to determine whether the customer is a
potentially “good” client.
Perform a load analysis based on the customer’s historic
data, which could involve monthly billing data or hourly
monitored data (if available, and if warranted).
Negotiate a contract with a load-serving entity (LSE) on
behalf of the customer in order to procure the needed
power at the most favorable price.

•

•

The term “load aggregators” when used in the current
atmosphere typically means load consultants. It is clear from
the above discussion that currently load consultants behave as
customer representatives who act on behalf of the interests of
the customer(s) and negotiate with power marketers to get
favorable rates due to bulk supply-side purchases. Their
involvement is thus limited to the pre-contract stage, and they
have minimal (or no involvement) once the contract is signed.
As utility deregulation matures, these consultants are
likely to become more proactive and provide active load
management services to customers in order to better manage
and control load. It is best to conceptualize proactive load
management as “load control in response to variable rate pricing” (Gabel et al. 1998). Although this is a form of demand
side management (DSM), it is perhaps wise not to use this
terminology so as not to create confusion. About 20 years ago,
DSM was a hackneyed term, referring to any retrofit or operational practice that a building owner could perform to save
energy in a facility (Lee and Craven 2001). Usually these operational practices involved at best some sort of passive load
curtailment during the peak hours (with predetermined and
nonvariable rate pricing) by installing thermal storage
systems, demand meters in certain equipment (such as chillers), and energy management and control (EMCS) systems for
lighting load management.
4737 (RP-1146)

Figure 2 Services currently offered by load consultants.

The shift toward proactive load management is being
driven by market forces. Electric utilities have strong incentives to offer real-time pricing (RTP) rates to encourage proactive demand energy management by customers. Peak electric
load reduction decreases costs for generating, transmitting,
and distributing power (Gabel et al. 1998). Further, RTP shifts
some of the risks historically born by electric utilities (who
hedge against them by building in safety margins in the quoted
pricing) in delivering the needed power to the customers.
Lower electricity charges when averaged over the year are the
incentive to customers who accept shouldering some of the
risks during periods of high-priced spot-market power.
A major challenge in achieving potential RTP savings is
related to building controls. A large commercial building typically has dozens or hundreds of heating, cooling, ventilating,
lighting, and plug loads whose control setpoints, start/stop
schedules, and other operating parameters need to be properly
managed to take full advantage of RTP rates (Gabel et al.
1998). As a result, energy managers of large buildings are realizing that proper load control can substantially benefit from an
infrastructure of measurement and monitoring, data processing and analysis, and energy and demand reporting. Such
services have been offered, over the last 15 years or so, by
energy services companies (ESCOs). Further, the importance
of this aspect has spawned several energy management software developers who are able to offer such comprehensive
services, either on a local basis or remotely through web-based
platforms. In parallel with this trend, control companies are
moving toward networking and interconnectivity of all HVAC
equipment (as well as such other services as fire safety, building access, lighting, elevator control). This effort is spurred by
the ongoing development of such open protocols as BACnet
(ASHRAE 1995) and LonTalk. These trends indicate the
future emergence of local aggregators that would combine one
or all of the above services (scenario 3 in Figure 1) and provide
proactive load management in the building or facility. This
research is specifically targeted toward load aggregators who
would like to offer services involving proactive control of a
group of buildings (rather than a single one).
Issues Pertinent to Building Owners
and Load Aggregators
This section briefly lists some of the pertinent issues and
concerns from the perspective of individual building owners
on one hand and proactive load aggregators on the other.
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The Building Owner’s Perspective
a. Load aggregation
• How much am I going to save?
• What is my financial benefit in aggregating with
several other customers?
• What are the risks involved?
• How will I be affected if my load shape and
magnitude change in the future?
b. Building dynamic control
• What is the extra financial benefit?
• What type of load control measures will I have
to implement?
• What would they cost to implement/perform?
• How much prior notice will I be given to initiate
control measures (1 h... 24 h)?
• What type of load information will be communicated to me and how (phone, fax, email)?
• How will I be financially remunerated?
From the Perspective of the Proactive Load
Aggregators
a. Analytical tools
• What is the added expertise that I need to hire in
order to offer such services?
• What is the additional investment I need?
• What are my financial gain and the associate
risk?
• How do I initially define and cluster potential
customers (building load, building type)?
• What level of sophistication is needed in analysis to define my portfolio of customers (typical
days of each month or whole year)?
• How do I identify the optimal initial set of customers?
• How can I add or remove customers from this
aggregate?
• What are the total group savings and how do I
distribute savings among individual customers?
• What types of data and tools do I need to identify optimal control measures specific to each
customer on an ongoing daily basis?
• How can I safeguard myself against risk (due to
both load and electric price signal variability)?
b. Interaction with individual buildings
• What type of metering infrastructure is in place,
and what do I need to invest additionally?
• What type of costing infrastructure is in place to
bill customers?
• How do I implement real-time communication
for transmitting desired control measures and
associated financial benefits?
c. Interaction with power pools
• How do I establish a line of constant communication (regarding hourly rates, amount of load,
time horizon)?
4

Figure 3 Flow chart of the various tools needed by load
aggregators offering proactive load management
services.

• How will the power pool measure and remunerate me for load control measures that my clients
implement?
• Will they buy excess power from my long-term
bilateral contracts if required?
• Will I be able to sell excess power if required?
• What line of credit do I get?
Tools Needed by Local Aggregators Offering
Proactive Load Management Services
We have identified 11 analysis and technology tools that,
if developed into commercial products, will be directly useful
to a load aggregator. Some of these tools exist in some form or
another, while a few are totally new. A brief summary of the
various proposed tools follows. Figure 3 presents a schematic
diagram of their organization. The first set of four tools
concerns assembling an aggregate of customers. The next set
of four focuses on the details of managing load, and the last set
of three tools concerns flow of information and bookkeeping.
The tools, separated into three categories, are as follows.
Aggregation of Load-Control Customers. This set of
four tools is proposed to aid an aggregator in assembling a
portfolio of customers. To this end, the tools are intended to
minimize calculations that require extensive building-specific
information.
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•
•

•

•

Tool 1: Customer pre-screening for inclusion as a viable
candidate for an aggregation portfolio.
Tool 2: Assessment of customer load-reduction potential
to provide preliminary and quick estimates of load
reduction potential via lighting reduction, space temperature, and HVAC setpoint control.
Tool 3: Portfolio optimization to determine which of the
viable customers should be aggregated to maximize savings and to perform a risk analysis, i.e., analyze the
soundness of the decision in the face of uncertainties
and variability in the available data.
Tool 4: Contractual so as to evaluate different types of
contractual rates and clauses between aggregators, customers, and load-serving entities.

Proactive Load Control. The objective of this set of four
proposed tools is to determine how much load to curtail, which
specific end-use load curtailment measures to implement, and
in which specific buildings within the aggregate.
•

•

•

•

Tool 5: Load forecasting at several levels: end-use loads
for individual customers, whole-building loads for individual customers, and aggregated loads, as well as the
associated uncertainties.
Tool 6: Thermal-comfort penalty formulation based on
the premise that thermal comfort be quantified at the
zone, building, and site levels via formation of a
weighted sum of indices computed at the lowest level.
Tool 7: Interaction with load-serving entities concerning
price forecasts that can be obtained from power pools or
from independent organizations.
Tool 8: Load optimization in order to find the optimal
combination of load curtailment measures to implement
that can meet the required load reduction while minimizing the thermal-comfort penalty function.

Management of Load, Power, and Financial Data. This
last set of three proposed tools concerns communication of
price and load information, measurement of load-control
action, and financial payments and penalties for load control.
•

•

•

Tool 9: Communications between an aggregator and its
customers, or between a power marketer and the aggregator’s customers who are served by the power marketer.
Tool 10: Monitoring and verification to determine which
customer has reduced the load, and by how much, after
being notified to do so.
Tool 11: Financial remuneration for allocating the benefits of effective load control and penalizing ineffective
action.

inclusion as a viable candidate for an aggregation portfolio. In
practice, customers might need to satisfy a number of criteria
in order to merit further consideration, as noted below.
Analytical Criteria
The following list has been assembled based on discussions with load consultants and aggregators:
•

•

•
•
•

•

•

•

•

•

Other Requirements (Metering and Current Rates)
Along with the above analytical criteria, there are other
factors that need to be taken into consideration.
•

TOOL 1: CUSTOMER PRE-SCREENING
Objective
Currently, load aggregators base their pre-screening decisions on experience rather than any formal analytical procedure. The objective of this tool is to pre-screen a customer for
4737 (RP-1146)

Total annual energy cost—this should exceed a certain
value for it to be cost-effective to the load aggregator to
include the customer in an aggregation portfolio.
Building type—this factor provides a preliminary indication of the types of loads, their diversity, and how the
building is operated both diurnally and seasonally.
Building size—size should be in excess of a certain
value.
Building age and recent upgrades—these indicate the
state of the mechanical equipment.
Current rate structure—this critical factor dictates to a
large extent the cost savings associated with aggregating
a given customer.
Load factor—this is also a critical factor because bilateral or spot power markets may favor users with flat
diurnal profiles. Hence, those buildings that have flat
load factors or loads outside of the peak daytime hours
will tend to be given special consideration.
Operating schedule—this includes diurnal, weekday/
weekend, and seasonal schedules. Of special relevance
is whether the building is partly occupied in summer
when electricity peak rates are high.
Owner occupied or speculative—this aspect is likely to
affect load control strategies that impact visual or thermal comfort.
Ability to curtail load—this is also a critical factor
because buildings with such ability will be priority customers to load aggregators.
Membership in a certain class of buildings, such as
those operated by a municipality, public or nonprofit
facilities for health care or education, or those owned
and operated by high-tech companies.

•

Physical location of building—there are geographical
areas with very high electricity demand, where the existing electric grid infrastructure is close to or has reached
its maximum capacity. Transmission-system users
(those who have purchased power on the bilateral or
spot market) may be assessed a transmission fee that
depends on the degree of transmission congestion.
Facilities’ infrastructure—this factor is important
because a load aggregator and an energy manager (and/
or the facility technical staff) must communicate frequently.
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•

•
•
•

b. Slow roll fans or pumps.
The speed of fans and pumps equipped with variablespeed drives can be reduced to a fixed level below what
the control loops would have required.
c. Demand limiting.
This feature is dependent on the electric company's type
of billing. Often, electric companies charge a demand fee,
which is recorded in specified time increments, in addition to the usage fee. This feature spreads out the demand
over the course of a day in order to keep the demand curve
constant, which will result in a lower demand fee.
Although some of the equipment may have to be operated
for a longer period at a later time, limiting electric demand
below a pre-set limit to achieve a flat demand curve can
still reduce energy consumption. For example, a chiller
will consume less energy when run under low load conditions at night, as a function of both fractional load and
reduced outdoor temperatures.
d. Reduction in ventilation air.
Because energy is needed to condition outdoor air, reducing the amount of outdoor air reduces energy peaks. This
is a short-term measure because it can compromise
comfort. It is best implemented in unoccupied areas.
e. AHU supply-air temperature reset.
This feature adjusts the supply air temperature into a
space based on the loads that are present in the building.
This temperature is based on the warmest or coolest space
in the system, and the change in the supply air temperature reduces the load on the coil.
f. Chilled-water temperature reset.
This feature adjusts the chilled water temperature to the
highest point possible, while still satisfying all of the
spaces. This reduces the load on the chiller and reduces
energy consumption. This feature can also be applied to
the heating water system and boiler.
g. Condenser-water temperature reset.
The temperature of the condenser water, which is used to
reject heat from the chiller, can be reduced in order to
increase the performance of the chiller. Although reducing the condenser-water temperature will result in greater
energy expended in the cooling tower fans, this is usually
offset by the energy saved in the operation of the chiller.
h. Chiller sequencing.
Chillers are designed to operate within a certain efficiency range (usually 40% to 90%), and this feature takes
advantage of these properties. Sequencing causes the
chillers to operate within their designed efficiency range
by using more than one chiller when the operation of only
one would cause it to be outside of its efficiency range.

Degree of existing building system interconnectivity and
automation—this is important because load aggregation
measures must be implemented automatically.
Energy charges in excess of a minimum threshold.
Presence of peak-demand-recording meters, or continuous (i.e., 15-minute interval) load-recording meters.
Presence of a data-recording network for centralized
access to electricity-usage data, in either real-time or
archival form—this is essential for verifying savings if
load management measures are implemented.

TOOL 2: ASSESSING CUSTOMER LOAD
REDUCTION POTENTIAL
Objective
The objective of this tool is to create a knowledge base
containing load reduction potential (in kW) and the associated
penalty or discomfort index in each building under consideration by an aggregator.
Different Methods of Reducing Loads
There are three types of curtailable loads:
1.

On/Off (Lights, Elevators, and Equipment). This
includes equipment that is either on or off (binary type) and
HVAC equipment scheduled to run only at specified times.
a. Optimal Run Time (Zajac 1997).
This scheme involves operating the equipment based on
the ideal times for start and stop that can still satisfy the
conditions required during the occupied periods. This
criterion allows the building temperature to float during
unoccupied periods, which reduces energy demand by
allowing the equipment to operate at partial loading.
b. Load Rolling.
Also known as load or duty cycling, this scheme reduces
energy consumption by stopping certain electrical loads
when they are not required, such as fan operation. This
operates on the principle that the building HVAC system
is designed to operate at a maximum load, but during
times of normal loads, not all of the equipment is required.

2.

Ramped (Motors and HVAC Equipment)—Hackner et
al. (1984), Zajac (1997). This includes equipment for which
the electricity peak can be reduced by changing setpoint or
by using dimming switches for lights. Strategies include
deck-temperature reset, slowing down fans or pumps,
reducing ventilation air, chiller setpoint reset, and chiller
demand limiters. Many of the strategies could and should be
implemented as part of an optimal control scheme that
minimizes HVAC energy consumption (or demand or cost,
depending on the objective function) by adjusting setpoints.
a.

Reduction in supply pressure setpoint in VAV
systems.
Pressure can be reduced to the point where VAV terminal
boxes in one or more zones are wide open, thereby saving
fan power.
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3.

Thermal Storage (Dynamic). This includes using the heat
capacity of certain devices to reduce peak loads. A common
method is to use ice storage systems (Kawashima et al.
1996; Henze et al. 1997). Another method is to use the ther4737 (RP-1146)

mal capacity of the building mass and furnishings (Braun
1990; Andersen and Brandemuehl 1992; Braun and
Chaturvedi 2002). These approaches are outside the
purview of this research, and we shall deal exclusively with
(1) and (2) above. However, curtailment of binary loads or
reductions in HVAC service reduce either heat added to a
space or the removal of this heat from the space and therefore alter the normal (no control) flow of heat into or out of
building mass. Estimates of load reduction may therefore
need to account for the impact of mass.
Approaches to Determining
Load-Reduction Potential
It is desirable, and perhaps necessary, to determine the
magnitude of allowable load reductions, the permissible duration of such load reductions, and how both the magnitude and
the duration are influenced by real or perceived impact on thermal and visual comfort and occupant performance and the
willingness of the building manager to communicate to occupants a need to curtail load. Load-reduction potential can be
determined by:
a. Measurement.
b. Semi-empirical methods.
As part of ASHRAE research project 833-RP, Norford et
al. (1998) developed a method for estimating load-reduction potential that relied on a rule base, simple equations,
and interaction with a building operator. For example,
lighting curtailment required a characterization of a space
in terms of availability of daylight, duration of use (short,
as for a hotel corridor, or sustained), importance of use,
and availability of dimming controls.
c. Simulation.
Such energy analysis programs as DOE-2 (Winklemann
et al. 1993) are well suited for relatively precise estimates
of some types of load reduction. However, considerable
effort is required to set up a DOE-2 simulation and to
interpret the results. Reductions in electrical lighting as
permitted by daylighting are well within DOE-2’s present
capabilities. The impact of reduced fan or pump motor
speeds is not. Current modular simulation programs,
including TRNSYS (Klein et al. 1976) and HVACSIM+
(Clark 1985; Clark and May 1985; Park et al. 1985, 1986),
make it possible to simulate HVAC systems at the level of
individual components and their control strategy. EnergyPlus (EnergyPlus 2002), the replacement for DOE-2
and BLAST (BLAST 2002), includes this modeling flexibility.
Other software generates commercial and residential
whole-building and end-use load shapes for electric and
gas customers throughout the U.S., based on historic and
extensive databases. Examples of such software are an
older program, HELM (EPRI 1985), and a new program
called PowerShape Version 2.0 (EPRI 2000). These
programs are ideal for identifying customers who are
profitable when aggregated, as well as those who are not.
How changes in equipment, operation, and weather affect
these load shapes can also be evaluated.
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Examples of Estimates of Load Reduction Potential
It is possible to estimate load reduction potential on a
building-specific basis with little information via the use of
steady-state equations for mass and energy balances. This is
fully described by Reddy and Norford (2002). These equations can be implemented in a spreadsheet program, which
facilitates changes in parameters. The steady-state approach
includes no thermal dynamics by definition. There is no time
history of increases in zone temperature as supply-air temperature increases, for example. In this case, it is assumed that the
increase in supply-air temperature would be, in effect, long
enough for the zone temperature to reach equilibrium.
It could be argued that load-reduction potential would be
better estimated with a dynamic simulation, such as EnergyPlus. Such a simulation would make it possible to track
changes in zone temperature and how these changes affect
load reductions. Demand reductions could then be averaged
over a period of several hours, rather than being calculated
only in steady state. However, the steady-state approach was
shown to give reasonable results, with the minimal effort that
is appropriate for tools to be used before customers are
contractually committed to an aggregator (Reddy and Norford
2002).
TOOL 3: PORTFOLIO OPTIMIZATION
Objective
The objective of this tool is to determine which of the
viable customers should be aggregated so as to maximize
savings and to perform a risk analysis, i.e., analyze the soundness of the decision in the face of uncertainties and variability
in the available data.
Mathematical Basis
Basically, this tool must analyze the savings by performing all the permutations available. From probability theory:
Combination of n things taken p at a time is equal to
n!
C ( n,p ) = ------------------------ .
p! ( n – p )!

(1)

However, p can take values from 0 (no customer is suitable for aggregation) to n (all customers are to be aggregated).
Hence, the total number of possible combinations of n items
is equal to
n

m = ∑ C ( n,p ) .

(2)

p=0

It is obvious that the sum of the possible combinations for
even moderate values of n is very large. For n = 4, the sum
m = 16, for n = 6, the sum m = 64, and for n = 10, the sum
m = 1,024. Clearly, the pre-screening tool has to be fine
enough to reduce the candidate set to a manageable number.
From a practical viewpoint, the proactive load aggregator may
likely limit the aggregation pool to, say, five to ten customers,
particularly during the preliminary years.
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Data Requirements
The most complete load data would be in the form of
8,760 hourly demand values (or even values at 15- or 30minute intervals). Such “internal” data are available from the
electricity provider for larger customers. Alternatively, utility
bills are used in smaller buildings. One also needs to know the
electric rate structure or price signal information before and
after aggregation.
Risk Analysis
An aggregator faces uncertainty about the future loads of
customers selected for inclusion in a portfolio. These loads
can increase or contract due to changes in business cycles and,
for buildings more subject to envelope rather than internal
loads, changes in weather. Energy prices, rate structures, and
access to power-exchange market rates can also change.
Sensitivity analysis can be used to assess risk, i.e., evaluate
how and the extent to which the decisions made are affected by
uncertainty or variability in the data provided. Such issues are
well known and are described in several textbooks (for example, Evans and Olson [2000]), and software tools are available
for this purpose (Decision Engineering 1999).
Illustrative Example
An example using fictitious building loads and price data
will illustrate the capabilities of the portfolio tool. We shall

select four buildings: a school (S), an office (O), a retail establishment (R), and a grocery store (G). We have used ELCAP
data (Huang and Franconi 1999) to generate typical diurnal
load profiles for the four different types of buildings. These are
shown in Figure 4. The diurnal electricity rates before aggregation and the aggregated price signal are shown in Figure 5.
There are 15 combinations possible with n = 4 (if we omit
the “no customer” option). The fractional savings, i.e., savings
divided by the pre-aggregation cost for each of the 15 combinations, are shown in Figure 6, sorted in descending order.
Hence, aggregating the school (S) by itself is most advantageous followed by school-office (OS) combination, and so on.
Figure 7 depicts the same combinations, but by the dollar
savings. Here, we see that S saves about $75,000 (which is
33% of the price paid by the school). The combination OS
saves slightly over 31%; the dollar savings is about $160,000.
If the aggregator wishes to achieve maximum total savings, he/
she would consider the combination ORGS. However, the
difference between ORGS and OGS is not very important
provided the pricing signal is the same for all these buildings,
and rather than having to proactively control four buildings,
the aggregator may wish to limit him/herself to three buildings
(the set OGS) in order to reduce the risk of improper implementation of these tools. Performing such absolute evaluations and assessing corresponding risk levels are the
capabilities to be provided by Tool 3.

Figure 4 Diurnal load profiles for the four different building types used in the illustrative example.
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Figure 5 Price signals for the four buildings assumed for the illustrative example.

TOOL 4: CONTRACTS BETWEEN AGGREGATORS,
CUSTOMERS, AND POWER MARKETERS
Load aggregators and their customers require contracts to
spell out the nature of the service and associated charges.
Today, as noted earlier, aggregators are load consultants or
deal makers. They negotiate a contract between their customers and power marketers that obligates the marketer to provide
power but specifies no load-control activity. Contracts appropriate for aggregators in this role have been developed, and
this subject does not require research on the part of ASHRAE
or other organizations. However, contracts that spell out
payments for load control and means of defining and measuring control are not in widespread usage. This section briefly
reviews the nature of contracts in use by load aggregators and
defines a need for load-control contracts.
Distinguishing Aggregators and
Load-Serving Entities
A number of businesses serve groups of energy-consuming customers: (a) investor-owned utilities, (b) municipal utilities, (c) independent power marketers, and (d) power
marketers associated with investor-owned utilities. Additionally, large customers (industrial sites, university campuses, or
hospitals) may effectively act on their own behalf in seeking
power deals from service providers.
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It is useful to distinguish aggregators from load-serving
entities (LSEs), which include power marketers and, in some
cases, local utilities. The current role of the former is to put
together a deal for its clients and do nothing during the period
of the contract. The aggregator goes out to bid on behalf of its
clients, negotiates the best deal, and sets up contracts between
its clients and the power marketer chosen from the bid process.
The power marketer is required to provide power per contract
terms and does so on the basis of bilateral contracts with generators and, as needed, purchases on the short-term power from
markets overseen by independent system operators (ISO). The
tools proposed in this report are intended to broaden, even redefine, the role of an aggregator.
Independent power marketers currently act purely in the
deal-making role defined above. Because they have an obligation to supply power to customers, they are one type of LSE.
Investor-owned utilities (IOUs) maintain the grid (and in this
role can be called local distribution companies or LDCs) and
provide power to those customers who do not contract with a
power marketer. Therefore, they also have an obligation to
provide power and are another type of LSE. To the extent that
IOUs have sold their generating plants and must contract for
power in long-term or short-term markets, they are, in effect,
seeking a good deal. The incentive for getting a favorable price
for power may rest more with the IOU than its customers,
given that the rates the utility charges are regulated and may
not cover purchase costs.
9

Figure 6 Fractional dollar savings under different combinations of aggregating the four buildings used in the illustrative
example.

Figure 7 Dollar savings under different combinations of aggregating the four buildings used in the illustrative example.
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Would an IOU be interested in the tools proposed in this
study? The load-cooperative programs that some IOUs ran in
the past, to aggregate small groups of customers capable of
collective action to shed load, would benefit from better estimates of savings potential, better load forecasts, and better
active control measures. Customers could use the tools
directly if given sufficient incentive, in the form of real-time
or interruptible rates.
Municipal utilities may be aggregators, narrowly defined,
or LSEs. For example, one California municipal utility maintains some of its own generation and buys power on the longterm and short-term markets and is therefore an LSE. Others
may maintain the local grid but negotiate for power on behalf
of its customers, in the role of an aggregator.
Standard and Default Offers from
Investor-Owned Utilities
One investor-owned utility (IOU) serving Massachusetts
provides location-specific standard-offer and default-offer
electricity. The LDC issues electricity bills, which include
charges for supply, transmission, distribution, and recovery of
assets stranded during the deregulation process. Rates for
transmission, distribution, and stranded assets are regulated by
the state. For supply, LDC customers may be on a standard
offer or a default offer, or may make their own deal. The standard offer is a state-regulated offer open to customers who had
accounts as of March 1, 1998. Annual prices were established
for each LDC. The standard offer provided relatively cheap
electricity at first, but rates have and will continue to increase
substantially over the seven-year life of the offer. The intent
was to give customers an immediate benefit from the deregulation process but later encourage them to seek a competitive
supplier in the retail marketplace. Default service is used by
customers with new accounts (relative to March 1, 1998),
those who entered the retail marketplace and subsequently
returned to their LDC for supply, and those not eligible for the
standard offer. LDCs bid default service on six-month intervals. The retail marketplace is expected to offer cheaper
service for most customers. Default service is available on
fixed (over two six-month intervals) and monthly variable
rates, as shown in Tables 1 and 2. Prices for the fixed-rate
option are based on the IOU’s contract with the default-service
provider. Prices for the variable rate are based on the actual
costs of purchased electricity.
Municipal Utility
Municipal utilities offer contracts to customers in the
form of standard rates that are of the same form as those
offered by IOUs. Rates may include fixed monthly charges,
energy charges that vary seasonally and with consumption,
and demand charges. Municipal utilities may act as aggregators or load-serving entities. They rely on self-generated and
purchased power. One California municipal utility has served
peak demands as high as 2,700 MW. It has 1,200 MW of its
own generation, 57% from hydroelectric sources, 42% from
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thermal plants (predominantly cogeneration), and 1% from
photovoltaic and wind supplies. As of May 2001, this municipal utility had long-term contracts in place for nearly 1,200
MW of purchased power, of which the largest single source
was 460 MW from the Western Area Power Administration.
Throughout the year, the utility buys and sells short-term
power to meet load and reduce costs.
Independent Marketer: Illustrative Example
One independent power aggregator is a public energybuying consortium in Massachusetts that also offers energy
management services to its members. This aggregator
purchases gas and electricity for its 400 members, which join
voluntarily and pay an annual membership fee based on electricity usage. Members are given opportunity to review and
sign gas and electricity contracts that reflect the best purchase
contracts the aggregator can negotiate. Contracts offered by
suppliers are evaluated on the basis of price, reliability, and
financial backing. The aggregator initially served hospitals,
human service organizations, colleges and universities, and
cultural institutions. It was expanded by legislation to offer its
services to any public or nonprofit organization in Massachusetts. Its members purchase more than $250 million of electricity annually representing 300 MW of capacity.
Contracts concern only electricity supply. The local
distribution company (LDC) retains responsibility for transmission and distribution and for metering services. This
marketer, through a wholly-owned, nonprofit subsidiary,
negotiates master agreements with suppliers to provide electricity under agreed-upon prices and contract terms to its
members. It also pre-negotiates a bilateral agreement between
the supplier and its member. This arrangement is desirable if
an aggregator believes that energy prices will rise over time
and that a long-term contract will be cheaper than buying
power on the spot market.
The first agreement by the public energy-buying consortium in Massachusetts with an electricity supplier was signed
in 1998 and gave members a choice of three- or five-year
contracts with the supplier. A second agreement with a different supplier was recently signed and is intended for members
on default service. Savings vary across members. The second
agreement offers fixed pricing for smaller accounts, where
there is no interval metering. Pricing is periodically refreshed
to reflect changes in the market but is claimed to be substantially lower than default prices offered by LDCs. Prices for
larger accounts, with interval meters, are based on market rates
and usage patterns and are currently lower than default and
standard offers. Billing is via a single statement from the LDC
or, if requested by the customer, separate bills from the LDC
and the supplier. Contracts under the first agreement have
offered savings in electricity supply (distinguished from transmission and distribution) of 5% to 8% relative to the standard
offer. In summary, this form of contractual arrangement makes
use of the aggregator as a negotiator. The aggregator negotiates agreements with suppliers and provides a contractual
template for the use of customers and suppliers.
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Table 1.

Fixed-Rate Prices (in cents/kWh) for Default Service Offered by an Investor-Owned Utility
Pricing
(1/1/02 to 6/30/02)

Pricing
(7/1/02 to 12/31/02)

Residential customers

6.393

5.638

Small commercial/industrial customers and lighting

6.574

5.671

Large commercial/industrial customers

6.549

5.922

Customer Group

Table 2.

Variable Prices (in cents/kWh) for Default Service Offered by an Investor-Owned Utility
Residential
Service Rate

Small Commercial/Industrial
Customers and Lighting

Large Commercial/Industrial
Customers

January

6.823

7.044

7.346

February

6.794

7.105

7.166

March

6.085

6.311

5.993

April

6.034

6.172

5.939

May

6.099

6.220

6.023

June

6.464

6.536

6.715

July

5.638

5.671

7.127

August

5.638

5.671

7.240

September

5.638

5.671

5.304

October

5.638

5.671

4.686

November

5.638

5.671

5.019

December

5.638

5.671

5.877

Month (2002)

IOU-Affiliated Marketer
These power marketers function in a way similar to independent marketers in providing power to retail customers in
regions outside the IOU’s service territory.
Contract Enhancements to Facilitate Load Control
The bilateral contracts currently in place have no provision for load control. Load control could be implemented if
either the aggregator or its customers, or both, have a contractual incentive to do so.
At the level of a single building, incentive is most appropriately given to the customer. As explained by Norford and
Reddy (2004), power marketers use power exchanges to either
make up for a shortfall in committed generation during times
of high load or to sell excess power. The power marketer has
an incentive to avoid buying high-priced power on the spot
market and an equal incentive to make excess power available.
That incentive can be shared with customers, in an arrangement that would require that the marketer communicate to the
aggregator’s customers a forecast of when the marketer anticipates being short of power. The customers can take that information and a price forecast and then act appropriately.
Customers can be rewarded financially, based on load shift or
curtailment relative to a baseline. The reward can be positive
(payment for action) or negative (a penalty for failing to take
contracted action).
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The situation is more complicated at the level of aggregates of buildings. Ideally, aggregated buildings would shed
load in a coordinated manner that would minimize the power
marketer’s cost of providing service. The marketer would then
share the cost savings. For example, if an aggregate of buildings could, through coordinated action, achieve a perfectly flat
load profile, the power marketer could contract for relatively
inexpensive power from a baseload power plant. If a single
member of the aggregate does not shed or shift load as required
during high-load periods, the marketer will again need to go to
the spot market. In this case, it will be necessary to identify
which customer failed to perform and contractually determine
how to penalize that customer and, conversely, reward all
customers for their measured contribution to overall load
shedding. Tool 4 should therefore be a means of evaluating
contract incentives for load control and a set of possible
contracts.
SUMMARY AND CONCLUSIONS
The first set of four tools—customer pre-screening,
assessment of load-reduction potential, portfolio optimization, and aggregator-customer contracts—is proposed to aid
an aggregator in assembling a portfolio of customers. To this
end, the tools are intended to minimize calculations that
require extensive building-specific information. For example,
the tool to assess load-reduction potential, Tool 2, should rely
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on guidelines stemming from studies of generic buildings or
first-cut, simplified calculations of a specific building under
consideration.
Tool 1: Customer Pre-Screening. The objective of this
tool is to be able to pre-screen a customer for inclusion as a
viable candidate for an aggregation portfolio. In practice,
customers might need to satisfy a number of criteria in order
to merit further consideration. Criteria include the magnitude
of energy bills, building type, electricity rate structure, electricity load factor, building operating schedule, metering and
communications infrastructure, whether the building is occupied by the owner or tenants, and building usage (for example,
education, health care or high-technology, which may be criteria for membership in a power-purchase consortium).
Tool 2: Assessing Customer Load Reduction Potential. A proactive load aggregator cannot afford to spend a lot
of time performing building-specific simulations for a
customer who is only at the screening stage. However, it is
important to assess how load can be reduced. Some of this
assessment can be binary in nature: the presence or absence of
addressable lighting control circuitry, for example. Other
information can be determined via relatively simple calculations of the impact of changes in space temperature setpoints
or HVAC setpoints, for such common systems as constant and
variable air volume. The proposed tool provides estimates of
load reduction via space temperature and HVAC setpoint
control.
Tool 3: Portfolio Optimization. The objectives of this
tool are to determine which of the viable customers should be
aggregated to maximize savings and to perform a risk analysis,
i.e., analyze the soundness of the decision in the face of uncertainties and variability in the available data. Savings can be
due to reducing diversified demand by combining loads that
peak at different hours or by active load-control measures. The
essence of this tool is a comprehensive analysis of the benefits
of aggregating subsets of a large group of potential customers
and an analysis of the benefits (positive or negative) of adding
a customer to an existing base.
Tool 4: Contractual Tool. The objective of this tool is to
allow different types of contractual rates and clauses to be
evaluated between (1) the aggregator and the customers and
(2) the aggregator and the power marketers. Ideally, this tool
should be sophisticated enough that the aggregator can offer
different prices and terms and conditions to different customers based on the latter’s volume and ability to curtail load.
The remaining seven proposed tools, described in
Norford and Reddy (2004), are needed to support the control
of loads in aggregates of buildings. Many of the tools are also
required to effectively control loads and costs in single buildings. For example, owners and operators of a single building,
not participating in a power-aggregation consortium, have a
need to understand their load-reduction potential, to enter into
a contract with a power marketer, to compute thermal comfort
penalties associated with short-term load-reduction strategies,
to receive appropriate price signals, to optimally control loads,
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to record load reductions, and to be appropriately compensated. Several tools are associated entirely or in part with
aggregates of buildings, including the pre-screening and portfolio optimization tools and those aspects of the contractual,
optimization, and remuneration tools that must account for
multiple buildings.
At a more basic level, several of the tools are needed to
provide power to customers who have no ability to shed load.
Even these customers require a power contract, the terms of
which may depend on their load shape and on the load shape
a power marketer must satisfy via purchases from generators.
Contracts and a minimal amount of measurement are fundamental to electricity service. Remuneration is built into the
contract negotiation process, in the sense that a power
marketer competing aggressively for business may want to
share cost reductions associated with serving favorable load
shapes.
ACKNOWLEDGMENTS
This research was sponsored by ASHRAE Technical
Committee 4.6, Building Operation Dynamics, under RP-1146.
The authors express their thanks to the ASHRAE project monitoring subcommittee, especially the chair, John House, for their
dedication, critical suggestions, and guidance during the execution of this project. This work benefited from comments and
insight by Jason Lukes, Itzhak Maor, Travis Peyton, Rick
Hymann, Scott Englander, Ezra Hausman, and Rick Hornby.
REFERENCES
Andersen, I., and M.J. Brandemuehl. 1992. Heat storage in
building thermal mass: A parametric study. ASHRAE
Transactions 98(1).
ASHRAE. 1995. ANSI/ASHRAE Standard 135-1995, BACnet—A Data Communication Protocol for Building
Automation and Control Networks. Atlanta: American
Society of Heating, Refrigerating and Air-Conditioning
Engineers, Inc.
BLAST. 2002. http://www.bso.uiuc.edu/BLAST/.
Braun, J.E. 1990. Reducing energy costs and peak electrical
demand through optimal control of building thermal
storage. ASHRAE Transactions 96(2).
Braun, J.E., and N. Chaturvedi. 2002. An inverse gray-box
model for transient building load prediction. Int. J. of
HVAC&R Research 8(1):73-99.
Clark, D.R. 1985. HVACSIM+ building systems and equipment simulation program reference manual. NBSIR 842996. Gaithersburg, Md.: National Institute of Standards
and Technology.
Clark, D.R., and W.B. May, Jr. 1985. HVACSIM+ building
systems and equipment simulation program—Users
guide. NBSIR 85-3243. Gaithersburg, Md.: National
Institute of Standards and Technology.
Decision Engineering. 1999. Crystal Ball Software, Version
4.0.
13

EnergyPlus. 2002. simulationresearch.lbl.gov, www.energyplus.gov.
EPRI. 1985. Hourly electric load model (HELM), Vol. 1-3,
Electric Power Research Institute, publication EA-3698,
Paolo Alto, Calif., January.
EPRI. 2000. PowerShape, Version 2.0. Electric Power
Research Institute, Palo Alto, Calif., March.
Evans, J., and D. Olson. 2000. Statistics, Data Analysis and
Decision Modeling. Upper Saddle River, N.J.: Prentice
Hall.
Gabel, S.D., L. Carmichael, and G. Shavit. 1998. Automated
control in response to real-time pricing of electricity.
ASHRAE Journal, p. 26, November.
Hackner, R.J., J.W. Mitchell, and W.A. Beckman. 1984.
HVAC system dynamics and energy use in existing
buildings—Parts I and II. ASHRAE Transactions 90(2).
Henze, G.P., R.H. Dodier, and M. Krarti. 1997. Development
of a predictive optimal controller for thermal energy
storage systems. Int. J. of HVAC&R Research 3(3):233264.
Huang, J., and E. Franconi. 1999. Commercial heating and
cooling loads component analysis. Lawrence Berkeley
National Laboratory report LBL-37208, Berkeley, Calif.
Kahn, E. 1988. Electric Utility Planning and Regulation.
American Council for an Energy Efficient Economy,
Washington D.C. and Universitywide Energy Research
Group, University of California, Calif.
Kawashima, M., C.E. Dorgan, and J.W. Mitchell. 1996.
Optimizing system control with load prediction by neural networks for an ice-storage system. ASHRAE Transactions 102(1):1169-1178.
Klein, S.A., W.A. Beckman, and J.A. Duffie. 1976. TRNSYS—A Transient Simulation Program. ASHRAE
Transactions 82(2).

14

Lee, J.M., and D. Craven. 2001. Maximizing building performance. Buildings Magazine, July.
Norford, L.K., S.L. Englander, and B.J. Wiseley. 1998. Demonstration knowledge base to aid building operators in
responding to real-time-pricing electricity rates.
ASHRAE Transactions 104(1).
Norford, L.K., and T.A. Reddy. 2004. Tools and capabilities
for pro-active multi-building load management: Part 2—
Aggregated operation. ASHRAE Transactions 110(2).
Park, C., D.R. Clark, and G.E. Kelly. 1985. An overview of
HVACSIM+, A dynamic building/HVAC/control systems simulation program. Proceedings 1st Annual
Building Energy Simulation Conference, Seattle, Wash.
Park, C., D.R. Clark, and G.E. Kelly. 1986. HVACSIM+
building systems and equipment simulation program:
Building loads calculation. NBSIR 86-3331. National
Institute of Standards and Technology, Gaithersburg,
Md.
Reddy, T.A., and L.K. Norford. 2002. Final Report of RP
1146: Building Operation and Dynamics Within an
Aggregated Load, Atlanta: American Society of Refrigerating, Air-Conditioning and Refrigerating Engineers,
Inc., August.
Reddy, T.A., J.K. Lukes, and L.K. Norford. 2004. Benefits of
multi-building electric load aggregation: Actual and
simulation case studies. ASHRAE Transactions 110(2).
Thumann, A. (ed.). 1999. Customer Choice: Purchasing
Energy in a Deregulated Market. Lilburn, Ga.: Fairmont
Press.
Winklemann, F.C., et al. 1993. DOE-2 Supplement, Version
2.1E. Lawrence Berkeley National Laboratories, Berkeley, Calif.
Zajac, A.J. 1997. Building Environments, HVAC Systems.
Milwaukee, Wisc.: Johnson Controls, Inc.

4737 (RP-1146)

