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DYNAMIC LOAD MODELING OF A BUILDING'S ENERGY CONSUMPTION FOR
DEMAND RESPONSE APPLICATIONS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Patent Application Serial
No. 61/389,079, filed on October 1, 2010,'the contents of which are hereby incorporated by

reference in its entirety.

BACKGROUND

[0002] The recent push for the development of a “Smart Grid” will result in significant
changes to the existing transmission and distribution networks, both in terms of the technology
employed, as well as the manner in which the grid is operated. See, e.g., Energy Independence
and Security Act of 2007, H.R. Res. 6, 110th Congress (2007) (enacted) (hereinafter “Energy
Independence and Security Act of 2007”), the contents of which are hereby incorporated by
reference in its entirety. These changes will result in new methods and opportunities for utilities
and customers to control demand levels on the power grid. From the utility’s perspective,
advances in demand response capabilities through communication and automation improvements
will lead to improved grid reliability through reduction in peak load and reduced congestion on
the power lines. For the end-user, electricity costs will be reduced through better methods of
planning and controlling their facility’s electricity usage. To achieve this end, particularly with
respect to this new level of customer involvement in the electricity market, better models and
tools are needed to optimize the shifting, shedding, and overall control of a customer’s electrical
load.

[0003] For most commercial facilities, such as large office buildings, hotels, ctc. the
biggest percentage of electrical load is comprised of the lighting and HVAC systems. See, e.g.,
J.C. Lam, et al., An analysis of electricity end-use in air-conditioned office buildings in Hong
Kong, Building and‘Environment, vol. 38, No. 3, pp. 493-498, March 2003, the contents of
which are hereby incorporated by reference in its entirety. Appropriately controlling the HVAC
systems can lead to significant savings. However, there are several challenges associated with
HVAC controls, and therefore an accurate model is needed to realize the potential gains while
minimizing any undesirable impacts, particularly the building comfort level. This comfort level
is mainly directly related to temperature, among other ambient parameters (e.g. humidity, CO2

levels, etc.). To adequately dispatch a building’s HVAC load, what is needed is a
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characterization of the relationship between the building thermal response and electrical demand.
Static load models cannot capture the coupling that exists between building temperature and
electric power sufficiently when it comes to demand response because of the long system time
delays that come about due to this coupling, What is needed is an understanding of the load
behavior during these response times.

[0004] Various methods of demand response have been in practice for many years.
Existing demand response options can be grouped in 2 basic types: Price-Based options, such as
Critical Peak Pricing (CPP), and Incentive-Based Programs, such as direct load control and load
curtailment programs. See, €.g., US Department of Energy, Benefits of Demand Response in
Electricity Markets and Recommendations for Achieving Them, Report to the United States
Congress, February 2006 (available at http://eetd.Ibl.gov/ea/EMP/reports/congress-1252d.pdf)
(hereinafter “Benefits of Demand Response”), the contents of which are hereby incorporated by
reference in its entirety. It is desirable to advance these markets as part of the future “Smart
Grid.” In order to accomplish this, it is also desirable to advance the tools being used to evaluate
and control the demand side.

[0005] Traditionally in power systems, loads are represented in aggregate. Loads are
grouped by bus, or substation, and mod.eled as one complex power injection of the form shown
in (1).

S =B"+jo" ()

5y i - %
S; represents complex power, 2 represents real power, and 7 9; represents reactive

where
power.

A [0006] While this structure is convenient in that it reduces model complexity when

performing power system analysis, it is not appropriate for utilization in demand response. What

is needed is an alternative approach that is better suited for demand response applications.

SUMMARY )

[0007] According to one embodiment, a method is disclosed for using a dynamic
electrical load model to model a building’s energy consumption (electrical) characteristics with
respect to changes in temperature for use in demand response applications. In electricity grids,
demand response (DR) may refer to mechanisms used to manage customer consumption of
electricity in response to supply conditions. Electricity customers may reduce their consumption

at critical times and/or in response to market prices. With an accurate model of a building’s
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electrical energy consumption, better decisions concerning demand response may be made. The
coupling of a building’s electrical and thermal characteristics is not adequately captured using
current static models. Instead, a dynamic model is used. This may allow for more accurate
planning of the dispatching of load by a utility for demand side response.

[0008] According to one embodiment, an HVAC chiller dynamic load model may be
used as a tool for developing and/or implementing improved demand response plans for any
customer where their HVAC load is a significant portion of their total electric load. The
dynamic model may accurately model the electrical energy consumption of an HVAC chiller in
response to changes in building temperature control (thermostat). In the case of an HVAC
chiller, raising or lowering the outlet chilled water temperature is a straightforward action a
facilities manager can take to increase or decrease the electric power drawn by the machine.

[0009] According to an exemplary embodiment, the present invention sets forth a
method for using a dynamic electrical load model to model an energy consumption characteristic
in a building with respect to changes in temperature for use in demand response applications.
The method includes determining changes in a building temperature control; using a dynamic
electrical load model to accurately model electrical energy consumption of an HVAC chiller in
response to the changes in the building temperature control; and planning a dispatching of energy
for demand side response based on said use of said dynamic electrical load model.

[0010] According to another exemplary embodiment, the present invention sets forth a
computer—implemented method for using a dynamic electrical load model to model an energy
consumption characteristic in a building with respect to changes in temperature for use in
demand response applications. The method includes using a dynamic electrical load model to
accurately model electrical energy consumption of an HVAC chiller; and planning a dispatching
of energy load for demand side response based on said use of said dynamic electrical load model.

[0011] According to yet another exemplary embodiment, the present invention sets
forth a computer-readable storage medium. The computer-readable medium contains computer
executable instructions thereon that are configured to cause a computer system to perform a
several steps when executed. Those steps include using a dynamic electrical load model to
accurately model electrical energy consumption of an HVAC chiller; and planning a dispatching

of energy load for demand side response based on said use of said dynamic electrical load model.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1A is a graphical illustration of electrical load data collected over a period
of time.

[0013] FIG. 1B is a graphical illustration of a chilled water outlet temperature collected
over a period of time.

[0014] FIG. 2 is a graphical illustration of an electric load versus a chilled water outlet
temperature collected over a period of time. A

- [0015] FIGS. 3A-3E are graphical illustrations of a response to a step change in the

chilled water temperature setpoint value.

[0016] FIG. 4 is a graphical illustration of a curve fit approach on data collected for
parameter estimation.

[0017] FIG. 5 illustrates one embodiment of controllable and uncontrollable loads for
demand response.

[0018] FIG. 6 is a flow chart illustrating one embodiment for utilizing a dynamic
HVAC chiller load model in a scheme for determining an optimal dispatch for real-time and/or
day-ahead demand response.

[0019] FIG. 7 illustrates an exemplary flowchart for utilizing a dynamic HVAC chiller
load model in a building’s demand response plan.

[0020] FIG. 8 is a block diagram of one embodiment of a computer system in which

aspects of the disclosed systems and methods may be embodied.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0021] The disclosed embodiments are directed to methods of using a dynamic
electrical load model to model a building’s energy consumption (electrical) characteristics with -
respect to changes in temperature for use in demand response applications. In electricity grids,
demand response may refer to mechanisms used to manage customer consumption of electricity
in response to supply conditions. Electricity customers may reduce their consumption at critical
times and/or in response to market prices. With an accurate model of a building’s electrical
energy consumption, better decisions concerning demand response may be made. The coupling
of a building’s electrical and thermal characteristics is not adequately captured using current
static models. Instead, a dynamic model is used. This may allow for more accurate planning of

the dispatching of load by a utility for demand side response.
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[0022] In one particular embodiment, an HVAC chiller dynamic load model may be
used as a tool for developing and/or implementing improved demand response plans for any
customer where their HVAC load is a significant portion of their total electric load. The
dynamic model may accurately model the electrical energy consumption of an HVAC chiller in
response to changes in building temperature control (thermostat). In the case of an HVAC
chiller, raising or lowering the outlet chilled water temperature is a straightforward action a
facilities manager can take to increase or decrease the electric power drawn by the machine.

[0023] An approach that is well suited for demand response application is a component-
based model, where the structure of the model mimics that which is observed physically. The
advantages of this model may include: (1) increased granularity that may provide more
opportunities for customers to control and dispatch loads in demand response programs; and/or
(2) a clear understanding of the dynamic response of HVAC loads due to the natural coupling bf
the electric demand and the thermal response of the building.

[0024] If the end purpose is to use this model for demand response, characterizing the
electrical load response to a control action may be appropriate. In the case of an HVAC chiller,
raising or lowering the outlet chilled water temperature may be a straightforward action that a
facilities manager can take to increase and/or decrease the electric power drawn by the machine.
Thus, a mathematical model for the HVAC chiller electrical load response to a change in outlet

temperature setpoint is described herein.

A. Test Description

[0025] For the reasons indicatéd above, a mathematical model that characterizes the
electrical response of an HVAC chiller’s electrical load response to a change in outlet
temperature setpoint has been developed. This model is derived from data collected from tests
performed on Drexel University’s chilled water system at one of its buildings. More specifically,
data was collected during tests performéd for several buildings on Drexel University’s campus
whose cooling loéd was carried on a single chiller. For this particular chiller, as illustrated in
FIGS. 1A, 1B, and 2, the outlet water temperature for the chiller began at forty-four degrees
Fahrenheit. At approximately nine o’clock a.m., the temperature setpoint was raised to fifty-one
degrees Fahrenheit. This was the only change made to the HVAC system. All other system
operations may be allowed to operate as normal (i.e. fan speeds, damper positions, etc.). While
this may not be the most effective in terms of a demand response activity since the overall power
draw of the system might not decrease as much as desired, this may allow the chiller electrical

response to the setpoint to change independent of any other HVAC control actions. .
-5-
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[0026] FIGS. 1A, 1B, and 2 illustrate chiller load data and outlet water temperature
values. The chiller electrical load data illustrated in FIGS. 1A and 2 is in terms of percentage of
full load amps (“FLA”). This data was recorded by the Drexel building management system
(“BMS”), which measures the chiller electrical load in terms of percentage FLA. Because at the
present time there are no local voltage measurements vavailable, it is assumed that there is a
constant voltage profile and the %FLA reading is a direct reflection of the real power drawn by'
the chiller motor. This may be a reasonable assumption for loads at the distribution level.
Another advantage of plotting the electrical power is to view the electrical response and outlet
temperature response on the same graph. This is demonstrated more clearly in FIG. 2. FIG. 2
more clearly shows the electrical response versus the temperature response, and in looking to
develop a mathematical model for this component it may be more telling to e);amine this time

period.

B. Mathematical Model Derivation

[0027] Several important points may be drawn from observing the response in FIG. 2.
The recovery of the electrical load does not exhibit the “fast” response normally associated with
electrical systems. Due to the dependence of the electrical load on the temperature of the system,
there are long time delays involved in the load recovery. While the speed of the response may be
unique to this type of system, the general electrical power response has been exhibited before in
dynamic load studies of transmission systems. Exeniplary references which discuss dynamic
load studies of trarismission systems include the following: [1] Y. Liang, et al., Dynamic
Reactive Load Model, IEEE Transactions on Power Systems, vol. 13, No. 4, pp. 1365-1372,
Nov. 1998; [2] D. Hill, Nonlinear Dynamic Load Models with Recovery for Voltage Stability
Studies, IEEE Transactions on Power Systems, vol. 8, No. 1, pp 166-176, Feb. 1993; and [3]
IEEE Task Force on Load Model Representation for Dynamic Performance, Bibliography on
Load Models for Power Flow and Dynamic Performance Simulation, IEEE Trans. PWRS-10,
No. 1, pp. 523-538, February 1995, the contents of which are hereby incorporated by reference in
their entirety. _ .

[0028] Asillustrated in references [1]-[3] an exponential recovery may be used to
characterize the real and reactive power responses to a step change in voltage. This general
approach can be used for the HVAC chiller model as well.

[0029] To express the electric power response of the chiller, a similar equation as those

illustrated in references [1]-[3] may be applied. The chiller is a function of time and outlet water
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temperature change in lieu of time and voltage. A general set of equations describing this model

is presented in equations (2) — (4) below.

T.dP"—(t)+Pd(t)=P(®)+Tm (2)

dt : dt
5
, O(rt—t ’
P(©)=P, % 3)
Y
O(t-2) )"
R(@): 0 o 4)

o

where c is time delay between temperature change and response; T is dynamic load time
constant; Po is initial real power value; Ps is static load model; Pt is transient lqad model; Pd is
dynamic load function; @ is chilled water outlet temperature; ®o is initial chilled water
temperature value; PBs is static load model exponential index; Bt is transient load model
exponential index.

[0030] As discussed in Benefits of Demand Response, referenced above, a closed form
solution may be derived to Equation (2) in the event of a step change in temperature (change in

setpoint level):

s

P,(1)= B (©)+(R(©)-P () ™"

[0031] Graphically, the equations describing this response in (2)-(5) are shown in
FIGS. 3A-3E for an arbitrary increase in the outlet water temperature setpoint. Fig. 3A shows
the outlet water temperature setpoint @s#p¢ as a function of time . FIG. 3B shows the chilled
water outlet temperature @ as a function of time 7, where @o is the initial chilled water
temperature value and Os is the new steady state chilled water temperature value. FIG. 3C
shows the steady state electric power level Ps as a function of time ¢, where Po is the initial
electric power level and Ps is the new steady state electric power level. FIG. 3D shows the
transient power level Pt as a function of time ¢, where Pt is the transient power level. FIG. 3E
shows the Pd is dynamic load as a function of time .

[0032] With respect to FIGS. 3A-3E, phenomena of note include the time delay

between when the temperature setpoint is raised and when the actual chilled water temperature
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begins to increase, as well as how the dynamic load function Pd recovers to a new steady state
power value that is slightly less than the initial power value Po. As we will see, these
phenomena, as well as the extended time it takes for the HVAC load power to recover, may be

important in applying this model to demand response programs.

C. Curve Fitting and Parameter Estimation

[0033] Given the mathematical model presented above, the next step is to estimate the
model parameters based on the observed test data. The general approach to parameter estimation

used is the method of least squares, as shown in equation (6):

. - min g(%(i)_Pm(i)) ©)

[0034] There are several paramefers from equations (2) — (5) that need to be estimated,
including ®o, ®s, Po, tc, Ty, Bs, and Pr. These parameters may be solved for by directly
observing the data to measure the values, as well as applying appropriate curve fits. The
parameters may be solved for below in the following order: i) tc ii) @o, @s, Po, Tk iii) Ps and Bt.

i) The time delay fc is measured as the time delay between raising the chilled water
temperature setpoint and when the actual temperature begins to respond. This delay is measured
directly from the data. Through several tests performed at Drexel, this time delay was observed
to be on the order of 100 — 1000 seconds. These numbers seem reasonable but more testing or
research into the chiller control system may be warranted to better understand the source(s)and
characteristics driving this delay.

ii) Each of parameters ®o, ®s, Po, Tz were estimated by curve fitting the collected data.
Figure 4 shows the curve fit approach to the collected data. As shown in FIG. 4, the fit can
easily be broken into three sections. Line segment 41 is applied to the initial load behavior prior

“to raising the temperature setpoint. Line segment 42 is applied to the drop in load following the
setpoint change. Line segment 43, representing the load recovery response, is fit using an
exponential regression of the general form shown in(7):

Y=4(1-¢") @

iii) The static load model exponential index parameter s can be estimated directly using

equation (8):
P ©
=In| = |[/In] =
g n(a) (@) ©®




WO 2012/044946 ' PCT/US2011/054250

where Ps and ®s are the new steady state values for electric power and chilled water temperature
respectively. This exponential index Bs is for the static load power model of equation (3) and
excludes the transient part of the collected data in its estimation.

[0035] The transient load model exponential index parameter Bz can be estimated

directly using equation (9):
P O]
=In| — |[/In| ==
g (P) (@J ®

where Pt is the transient power level, characterizing the initial drop in load power (maximum

drop). This exponential index is used in equation (4), the transient load power model.
[0036] The parameter estimation method outlined in this section was applied to the test

data shown in Fig. 2. Table I shows the resulting parameter estimates.

Table I
Parameter
Estimation Results
P, 49.75 %
P 46.81 %
P, 2825 %
0, . 4411 °F
O 51.27°F
65 '0.4
8. -3.76
t. 143 sec.
Tr 1689.47 sec.

[0037] One important item of note from Table I is the load power recovery time Tk is
approximately 28 minutes. This demonstrates the extended response times due to the temperature
and electrical load coupling. This far exceeds the expected “fast” response normally seen in
electrical systems.

[0038] Given that the parameter estimation approach relied on curve fitting, how good
the regression analysis is makes for a good indication of how appropriate the model described
herein is. Table II shows the R-Squared values computed for line segments 41, 42, and 43

during the regression analysis.
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Table 11
REGRESSION ANALYSIS RESULTS

Line Segment | R’
[9) .
3 4] 0.18
)
.§ 42 0.88
o,
g 43 0.78
=

It is evident from Table II that the curve fit approach yielded better results for some line
segments than others. This is most obvious in the linear fit for line segment 41. The R2 value
indicates the linear regression is not a good fit for the data, however by close inspection of the
data and application of a data smoothing technique such as a moving average, one can see the
linear fit is appropriate. The data collected contained significant noise, leading to seemingly
incorrect fits. This is observed line segments 42 and 43 as well but not to the same degree. In
addition to the noise, there is a hunting issue with some chillers.” This issue may be a
considerable source of noise in the data. Correcting this problem prior to future testing may help

achieve test data reflecting more regular behavior.

D. Demand Response Applications

[0039] The HVAC chiller dynamic load model presented above may be used as a tool
for developing and implementing improved demand response plans for any customer where their
HVAC load is a significant portion of their total electric load. Currently many large facilities
“pre-cool” the-ir buildings by running the HVAC system at night when theoretically electricity
costs are lower and trying to use the thermal storage of the building to ride out the heat of the

day, minimizing the usage of the HVAC system when electricity prices are higher. While this
| practice may be common, the benefits of pre-cooling overnight are not clear. See, e.g., P. Xu, et
al., Peak Demand reduction Jrom Pre-Cooling with a Zone Temperature reset in an Office
Building, 2004 ACEEE Summer Study on Energy Efficiency in Buildings, Pacific Grove, CA,
Aug. 23-27, 2004, the contents of which are hereby incorporated by reference in its entirety. A
more appropriate, and potentially more economically lucrative, way to control a facility’s HVAC
electric load level involves dispatching the load in response to price levels. As was shown
: préviously, the electric power of the chiller can be adjusted simply by raising or lowering the
outlet temperature setpoint. To implement such a strategy it is important to understand how the
load will respond when the temperature setpoint is adjusted. A simple expression for the change

in real power level AP based on the model developed herein is shown below in (10):

-10 -



WO 2012/044946 : PCT/US2011/054250

s

AP=P(0,)-P(0,) (10)

where Ps(@o) is static load function of equation (3) evaluated before the temperature change and
Ps(®s) is static load function of equation (3) evaluated at the new steady state temperature value.

[0040] This simple application of the model can be used to accurately shed a specific
amount of a facility’s electric load. In addition to being able to commit to shedding a specific
amount of power, a customer can use this model to know how long it will take to reach this new
load level as well as how low the load level reaches during the transient period and how long this
will last. The parameter values estimated in Sections A-C herein show that the time delays in the
system are significant. This is particularly important if a facility has a family of HVAC chiller
units that can be considered controllable for demand response purposes, as depicted in Figure 5.

[0041] FIG. S illustrates one embodiment of an electrical system 500. In electrical
system 500 the electric utility 51 may supply electricity to a customer’s electric load 52. The
customer electric load 52 may contain uncontrollable load 53 and controllable load 54.
Controllable load .54.may contain HVAC chillers 55A, 55B, and 55C.

[0042] The end goal in such a scenario such as Figure 5 may be to determine the
optimal dispatch schedule for. alone or more of the HVAC chiller units over one or more days.
Including the load dynamics is essential in determining such a schedule.

[0043] FIG. 6 presents a general approach 600 to utilizing the dynamic HVAC load
model in a scheme for determining an optimal dispatch schedule for real-time and day-ahead
demand response. Approach 600 may include an optimizer 610, a real-time scheduler 650, a day
ahead scheduler 660, a predictor/corrector 670, a building management system 680, and an error
module 690. While each of the components of approach 600 are described separately below,
they may be combined into one or more combined devices according to an exemplary
embodiment. Furthermore, each component or combined device may include hardware,
firmware, software, or any combination of hardware, firmware and software.

[0044] Optimizer 610 may comprise a controllable load model 620 (also referred to as a
dynamic load model), an objective function 630, and a solver 640. Controllable load model 620
may contain a model of one or more exemplary HVAC chillers as well as each model’s
parameters. Obtaining a model of an HVAC chiller as well as obtaining the model parameters is
described in, for example, sections B. and C. of this application.

[0045] Objective function 630 may répresent a desired outcome whi‘ch results from
changing the load of an HVAC chiller. For example, by changing the load of an HVAC chiller a
customer may wish to minimize the amount of money spent on electricity, minimize the amount

- 11 -
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of CO; being produced in connection with a specific building, coordinate work schedules to
coincide with low energy costs, etc.

[0046] Solver 640 receives the controllable load model 620 and the objective function
630 and creates or updates a real-.time load schedule and/or a day-ahead schedule that are
consistent with the controllable load model 620 and the objective function 630. Each schedule
contains one or more commands that are indexed by time and rélate to one or more parameters of
a building’s HVAC system. For example, an exemplary command related to a building’s
HVAC system may change the outlet water temperature setpoint of a HVAC chiller at a specific
time. The real-time load schedule and the day-ahead schedule are stored in the real-time
scheduler 650 and the day-ahead scheduler 660, respectively. '

[0047] The real-time scheduler 650 and the day-ahead scheduler 660 contain a schedule
of commands. In an exemplary embodiment, the day-ahead scheduler 660 contains an entiré
day’s worth of commands. In comparison, the real-time schedule 650 contains only enough
commands to control the system for a short period of time. In an exemplary embodiment, the
commands in the real-time scheduler 650 may override the commands in the day-ahead
scheduler.

[0048] The building ménagement system 670 receives commands from the real-time
scheduler 650 and the day-ahead scheduler 660 and executed the appropriate set of commands.
The building management systém 670 also regularly sends error module 690 information
regarding the amount of power being cbnsumed by the HVAC system. The building
management system 670 may also send error module 690 information on individual components
of the HVAC system, such as individual chillers.

[0049] The predictor/corrector 680 receives the commands from the real-time scheduler
650 and the day-ahead scheduler 660 and compares them to controllable load model 620. The
predictor/corrector 680 then estimates how much power all or part of the HVAC system should
draw based on the controllable load model 620. The predictor/corrector 680 then sends this
estimate to the error module 690.

[0050] Error module 690 compares the amount of energy actually being consumed by
all or part of the HVAC system, as received from the building and management system 670, to
the estimated amount of power the all or part of the HVAC system should be using, as received
by the predictor/corrector 680. This error informatioﬁ is fed back into the predictor/corrector
680 which then updates the load controllable load model 620. )

[0051} Figure 7 illustrates an exemplary flowchart 700 for utilizing the dynamic HVAC

chiller load model discussed above in a building’s demand response plan. The HVAC chiller
S 12-
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dynamic load model is represented by equations (2) — (5). Flowchart 700 is described with
reference to FIGS. 1 A through 5.

[0052] In block 710, the initial outlet chil]ed water temperature value ®o is identified
for a first HVAC chiller, such as HVAC chiller 55A. The initial outlet chilled water temperature
value @0 may be identified By determining the outlet water temperature setpoint for HVAC
chiller 55A.

[0053] In block 715, the response of the HVAC chiller may be tested by increasing or
decreasing the outlet chilled water temperature setpoint for HVAC chiller 55A.

[0054] In block 720, test data related to the response of HVAC chiller 55A may be
recorded. As described in connection with FIGS. 1A-2; the recorded response of HVAC chiller
55A may include load data and outlet water temperature values for HVAC chiller SSA.
Examples of load data include FLA, voltage, and response time.

[0055] In block 725, blocks 710, 715, and/or 720-may be repeat;:d, as necessary, for -
HVAC chiller 55A in order to obtain a largef dataset.

[0056] In block 730, model parameters for HVAC chiller S5A are identified. As
described above, these parameters can be identified by directly observing the data, utilizing
equations (2) — (5), and by curve fitting the test data. In an exemplary embodiment, the recorded
response of HVAC chiller 55A may be graphically expressed in order to facilitate the
identification of model parameters. FIGS. 1A through FIG. 4 are examples how the recorded
response of an HVAC chiller may be placed in a graphical format.

[0057] Inblock 735, blocks 710 through 730 may be repeated for each additional
HVAC chiller, such as HVAC chillers 55B and 55C of FIG. 5. '

[0058] In block 740, the model for HVAC chillers 55A, 55B, and 55C, as well as the
models’ parameters, may be utilized to identify and implement an optimal dispatch schedule for
one or more of HVAC chillers 55A, 55B, and 55C. _

[0059] In anexemplary embodiment, flowchart 700 may be performed by processor 56,
elements of Fig. 6, and/or a separate computer system.

[0060] Figure 8 is a block diagram of an example computer system 820 on which the
embodiments described herein and/or various components thereof may be implemented. For
example, the functions performed by the entities described in the various embodiments above
may be performed by one or more such example computer systems. For example, processor 56,
one or more elements of FIG. 6, and/or flowchart 700 may all be implemented, in whole or in
part, in software (i.e., computer executable instructions or program code) executing on one or

more such computer systems 820. It is understood, however, that the computer system 820 is
-13-
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just one example of a suitable computing environment and is not intended to suggest any
limitation as to the scope of use or functionality of the presently disclosed subject matter.
Neither should the computer system 820 be interpreted as having any dependency or requirement
relating to any one or combination of components illustrated in Figure 8. Since the state of the
art has evolved to a point where there is little difference between hardware, software, or a
combination of hardware/software, the selection of’hardware versus software to effectuate
specific functions is a design choice left to an implementer. More specifically, a software
process may be transformed into an equivalent hardware structure, and a hardware structure may
itself be transformed into an equivalent software process. Thus, the selection of a hardware
implementation versus a software implementation is one of design choice and left to the
implementer.

[0061] In Figure 8, the computer system 820 comprises a computer 841, which may
include a variety of computer readable media. Computer readable media may be available media
that may be accessed by computer 841 and may include volatile and/or nonvolatile media,
removable and/or non-removable media. The system memory 822 may include computer
storage media in the form of volatile and/or nonvolatile memory such as read only memory
(ROM) 823 and random access memory (RAM) 860. A basic input/output system 824 (BIOS),
containing the basic routines that help to transfer information between elements within computer
841, such as during start-up, may be stored in ROM 823. RAM 860 may contain data and/or
program modules that are immediately accessible to and/or presently being operated on by
processing unit 859. By way of example, and not limitation, Figure 8 illustrates operating
system 825, application programs 826, other program modules 827, and program data 828. As a
further example, financial transaction information and/or Interchange fee information may, in
one embodiment, be stored in the system memory 822, as well as in any of a variety of non-
volatile memory media discussed herein. ' ,

' [0062] The computer 841 may also include other removable/non-removable,
volatile/nonvolatile computer storage media. By way of example, the computer 841 may include
a hard disk drive 870 that reads from or writes to non-removable, nonvolatile magnetic media, a
magnetic disk drive 839 that reads from or writes to a removable, nonvolatile magnetic disk 854,
and an optical disk drive 840 that reads from or writes to a removable, nonvolatile optical disk
853 such as a CD ROM or other optical media. Other removable/non-removable,
volatile/nonvolatile computer storage media that can be used in the exemplary operating
environment include, but are not limited to, magnetic tape cassettes, flash memory cards, digital

versatile disks, digital video tape, solid state RAM, solid state ROM, and the like. Magnetic disk
. 14 - .
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drive 839 and optical disk drive 840 may be connected to the system bus 821 by a removable
memory interface, such as interface 835. The drives. and their associated computer storage media
discussed herein, and illustrated in Figure 8, may provide storage of computer readable
instructions, data structures, program modules and other data for the computer 841.

[0063] A userAmay enter commands and information into the computer 841 through
input devices such as a keyboard 851 and/or pointing device 852, commonly referred to as a
mouse, trackball, or touch pad. Other input devices (not shown) may include a microphone,
joystick, game pad, satellite dish, scanner, or the like. These and other input devices may be
connected to the processing unit 859 through a user input interface 836 that is coupled to the
system bus, but may be connected by other interface and/or bus structures, such as a paréllel
port, game port, or a universal serial bus (USB) for example. The computer may connect to a
local area network or wide area network, such as LAN 920 and/or WAN 930, through a network
interface or adapter 837. ' |

[0064] As is apparent from the embodiments described herein, all or portions of the
various systems, methods, and aspects of the present invention may be embodied in hardware,
software, or a combination of both. When embodied in software, the methods and apparatus of
the present invention, or certain aspects or portions thereof, may be embodied in the form of
program code (i.e., computer executable instructions). This program code may be stored on a
computer-readable storage medium, such as a magnetic, eiectrical, or optical storage medium,
including without limitation a floppy diskette, CD-ROM, CD-RW, DVD-ROM, DVD-RAM,
magnetic tape, flash memory, hard disk drive, or any other machine-readable storage medium,
wherein, when the program code is loaded into and executed by a machine, such as a computer
or server, the machine becomes an apparatus for practicing the invention. A computer on which
the program code executes may include a processor, a storage medium readable by the processor
(including volatile and/or non-volatile memory and/or storage elements), at least one input
device, and/or at least one output device. The program code may be implemented in a high level
procedural or object oriented programming language. Alternatively, the program code may be
implemented in an assembly or machine language. In any case, the language may be a compiled
or interpreted language. When implemented on a general-purpose processor, the program code
may combine with the processor to provide a unique appératus that operates analogously to
specific logic circuits. As used herein, the teﬁns “computer-readable medium” and “computer-
readable storage medium” do not include a signal.

[0065] As the foregoing illustrates, the present invention is directed to systems,

methods, and apparatus for providing estimated Interchange fees associated with a financial
' -15-
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transaction. Changes may be made to the embodiments described above without departing from
the broad inventive concepts thereof. Accordingly, the present invention is not limited to the
particular embodiments disclosed, but is intended to cover all modifications that are within the

spirit and scope of the invention as defined by the appended claims. .

E. Conclusions

[0066] The embodiments disclosed herein are directed to implementing a distribution
- energy management system that integrates dynamic load optimization. According to one
embodiment, a dynamic electric load model for an HVAC chiller has been presented. This
model was developed from testing performed on an actual building HVAC system on Drexel
University’s campus. This model demonstrates the effects of temperature dependence on the
electric power response, the resulting time delays, and the importance of incorporating these
phenomena into any demand response planning. Additionally, future applications of this

dynamic model to demand response have also been presented.
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What is Claimed:

1. A method for using a dynamic electrical load model to model an energy consumption
characteristic in a building with respect to changes in temperature for use in demand response
applications, the method comprising:

determining changes in a building temperature control;

using a dynamic electrical load model to accurately model electrical energy consumption
of an HVAC chiller in response to the changes in the building temperature control; and

planning a dispatching of energy for demand side response based on said use of said

dynamic electrical load model.

2. A computer-implemented method for using a dynamic electrical load model to model an
energy consumption characteristic in a building with respect to changes in temperature for use in
demand response applications, the method comprising:

using a dynamic electrical load model to accurately model electrical energy consumption
of an HVAC chiller; and

planning a dispatching of energy load for demand side response based on said use of said

dynamic electrical load model.

3. The method of claim 2, wherein the electrical load model is a function of time, an outlet water

temperature setpoint of the HVAC chiller, and electrical load of the HVAC chiller.

4. The method of claim 2, wherein the electrical load model is a component-based model.

5. 'The method of claim 2, wherein the electrical energy consumption of an HVAC chiller is a

function of time and the outlet water temperature setpoint of the HVAC chiller.

6. The method of claim 2, further comprising:
creating the dynamic electrical load model, wherein creating the dynamic load model
comprises:
gathering test data related to the response of the HVAC chiller to an increase of
an outlet water temperature setpoint; and

estimating a parameter of the dynamic electrical load model using the test data.

-17 -
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7. The method of claim 6, wherein estimating the parameter comprises:

curve fitting the graphical expression of the test data.

8. The method of claim 6, further comprising:

dispatching part of the electrical energy consumed by the HVAC chiller by lowering the
outlet temperature setpoint of the HVAC chiller;

recording the actual electrical energy consumption of the HVAC chiller in response to the
lowered outlet temperature setpoint;

identifying a predicted electrical energy consumption of the HVAC chiller based on the
dynamic electrical load model and the lowered outlet temperature setpoint of the HVAC chiller;

comparing the predicted electrical energy consumption against the actual electrical
energy consumed by the HVAC chiller; and

updating the dynamic electrical load model based on the comparison.

9. The method of claim 2, further comprising:
dispatching part of the electrical energy consumed by the HVAC chiller by lowering the
outlet temperature setpoint of the HVAC chiller.

10. The method of claim 9, wherein part of the energy consumption of the HVAC chiller is

dispatched in response to energy costs.

11. The method of claim 2, further comprising:
determining changes in a building temperature control, wherein using the dynamic
electrical load model to accurately model electrical energy consumption of the HVAC chiller is

in response to the changes in the building temperature control.

12. A computer-readable storage medium, the computer-readable medium having computer
executable instructions thereon that are configured to cause a computer system to perform the
following steps when executed:

using a dynamic electrical load model to accurately model electrical energy consumption
of an HVAC chiller; and

planning a dispatching of energy load for demand side response based on said use of said

dynamic electrical load model.

- 18 -
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13. The computer-readable storage medium of claim 12, wherein the electrical load model is a
function of time, an outlet water temperature setpoint of the HVAC chiller, and electrical load of

the HVAC chiller.

14. The computer-readable storage medium of claim 12, wherein the electrical load model is a

component-based model.

15. The computer-readable storage medium of claim 12, wherein the electrical energy
consumption of an HVAC chiller is a function of time and the outlet water temperature setpoint

of the HVAC chiller.

16. The computer-readable storage medium of claim 12, wherein the computer-executable
instructions are further configured to cause a computer ssytem to perform the following steps
when executed:
creating the dynamic electrical load model, wherein creating the dynamic load model
comprises:
gathering test data related to the response of the HVAC chiller to an increase of
an outlet water temperature setpoint; and

estimating a parameter of the dynamic electrical load model using the test data.

17. The computer-readable storage medium of claim 16, wherein estimating the parameter
comprises:

curve fitting the graphical expression of the test data.

18. The computer-readable storage medium of claim 16, further comprising:

dispatching part of the electrical energy consumed by the HVAC chiller by lowering the
outlet temperature setpoint of the HVAC chiller;

recording the actual electrical energy consumption of the HVAC chiller in response to the
lowered outlet temperature setpoint;

identifying a predicted electrical energy consumption of the HVAC chiller based on the
dynamic electrical load model and the lowered outlet temperature setpoint of the HVAC chiller;

comparing the predicted electrical energy consumption against the actual electrical
energy consumed by the HVAC chiller; and

updating the dynamic electrical load model based on the comparison.
-19 -
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19. The computer-readable storage medium of claim 12, further comprising:

dispatching part of the electrical energy consumed by the HVAC chiller by lowering the

outlet temperature setpoint of the HVAC chiller.

20. The computer-readable storage medium of claim 12, further comprising:
determining changes in a building temperature control, wherein using the dynamic
electrical load model to accurately model electrical energy consumption of the HVAC chiller is

in response to the changes in the building temperature control.

-20 -
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