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INTEGRATION OF COMMERCIAL BUILDING OPERATIONS
WITH ELECTRIC SYSTEM OPERATIONS AND MARKETS

Priority

[0001] This Application claims priority to U.S. Prov. App. No. 61/446,233, entitled
“INTEGRATION OF COMMERCIAL BUILDING OPERATIONS WITH ELECTRIC
SYSTEM OPERATIONS AND MARKETS?”, filed on February 24, 2011; U.S. Prov. App. No.
61/446,243, entitled “USE OF DECISION ANALYSIS TO MAXIMIZE OPERATING
MARGIN WHEN DEPLOYING AN AGGREGATION & INDUSTRIAL FACILITIES IN A
WIDE ARRAY OF ELECTRIC AND GAS MARKETS?”, filed on February 24, 2011; each of
which are incorporated by reference. This Application is related to U.S. Application No.
13/, , entitled “OPTIMIZATION OF ATTRIBUTES IN A PORTFOLIO OF
COMMERCIAL AND INDUSTRIAL FACILITIES”, filed on February 24, 2012, the entire

disclosure of which is incorporated by reference.
Background

[0002] . The disclosure relates to optimizing operation of buildings containing energy

consuming or energy generating devices.

[0003] Energy usage is a critical issue going forward, with ever-growing pressure to reduce
dependence on energy imports, to reduce carbon emissions and other pollutants, and of most
immediate impact to most energy consumers, to reduce cost. From the standpoint of the energy
supplier, e.g., a public utility, infrastructure costs are driven ever higher by increasing levels of
peak demand and the need to supply that peak demand with generating capacity that sits idle for

a large percentage of the time.

[0004] On the grid side of the electric meter, varying electrical demand dictates significant
complexity and inefficiency in electric system investment, operations, and markets. For

example:

Long development lead-times and long-lived assets means that the electric system was built

for different energy policies and a different demand than it currently serves.

The daily variation of the electrical demand is substantial and inefficient — upward demand

excursions require the investment in and dispatch inefficient peaking plants, while
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downward excursions at night impair the operation of efficient and environmentally
sound baseload power plants. “Unit commitment” dictates that grid operators forecast all

of this a day in advance.

Hourly and shorter variation of electrical demand is also substantial and inefficient —
requiring a complex array of generating technologies and ancillary service markets to

perfectly balance demand and supply in the electrical grid at any time.

Conventional demand response technology is only deployed to avert conditions of grid
stress — curtailing customer demand during a relatively small number of days ... and not

focused on unlocking efficiency potentials on the supply side.

[0005] Going forward, the introduction of large quantities of intermittent renewable energy

sources will exacerbate these grid operation challenges and the associated inefficiencies.

[0006] On the building side of the electric meter, optimization of large commercial building
design and operations is increasingly sophisticated, with many competing companies and
technologies providing significant value. However, such optimization stops at the meter. Its
objective is to minimize end-use consumption and expense at the retail meter. Implicit in this
thinking is that all kWhs are the same or, at best, differentiated broadly by on or off-peak prices.
They are not. Instead, kWhs are produced season to season, day to day, and hour to hour from a
wide range of generating resources; with different fuels, efficiencies, environmental emissions,

and costs; and subject to varying states of grid congestion, especially in the urban core.

[0007] Also implicit in this thinking is that electricity is an hourly commodity. It is not.
Instead, grid supply and demand is synchronized second to second by frequency response;
minute to minute by regulation; and then by balancing markets that clear every five minutes. In
addition, spinning reserves and inefficient combustion turbines are deployed for rapid load

swings and generator forced outages.

[0008] As a result, especially in congested metropolitan areas, the retail meter boundary
masks the significant complexity and inefficiency of electric system investment, operations, and
markets — and so fosters only superficial commercial building contribution to grid economy,

efficiency, reliability, and environmental performance.



WO 2012/161804 PCT/US2012/026615

3-

[0009] Prior art solutions for optimizing building operations are limited in their ability to

address these shortcomings in today’s conditions.

[0010] It has been proposed to couple a building control and automation system with a
software model of the building used to predict or simulate building energy use as a function of
multiple possible building control signals, while an optimization algorithm operating in
conjunction with the building model selects an optimum set of control signals to minimize
energy use or expense at the meter, in an approach known as model predictive control (MPC).
See, e.g., Henze, G.P., D. Kalz, S. Liu, and C. Felsmann (2005) “Experimental Analysis of
Model-Based Predictive Optimal Control for Active and Passive Building Thermal

Storage Inventory." HVAC&R Research, Vol. 11, No. 2, pp. 189-214. However, both the
building model and optimization algorithm are limited, and as a result prior art MPC systems are
limited in the number and size of buildings they can control, the number and type of building and
environmental dynamics that can be controlled, and the number and type of objectives to be

served.

[0011] In addition, utility supply has evolved to the point that there is an industry of “grid
services” which can be exploited by suitable control of building operations. No building control

system to date has properly exploited these grid services opportunities.

[0012] There is a need, then, for an energy consumption/generation optimization system that

addresses these and other shortcomings.

Brief Summary

[0013] Energy consumption and/or energy generation by a building or components thereof or
devices therein are controlled by a system comprising a building model for predicting behavior
of the building given predicted future conditions and possible control inputs, and an optimization
component running an optimization algorithm in conjunction with the building model, for
evaluating the predicted building behavior in accordance with at least one criterion, and to

determine a desired set of control inputs.

[0014] The system interacts with a building automation system for controlling various
appliances within a building. The predicted future conditions taken into account by the building

model may include weather and/or one or more grid conditions. The building model further
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considers possible control inputs such as thermostat temperature set points or ventilation
controls. An optimization algorithm considers as inputs energy price, current building
parameters such as temperatures in one or more zones and optionally other parameters reflecting
building functions to be controlled, e.g., temperature, CO, concentration, chiller status, etc. and
determines one or more control commands such as temperature set points. These set points are

communicated to the building automation system, which in turn implements the control.

[0015] As necessary to capture the full value of large building/grid integration, the building
model and optimization algorithm can take into account a variety of environmental dynamics
(e.g., energy price, weather, grid events, and other dynamics which occur externally of the
building), and/or a plurality of building dynamics which are characteristics of the building itself,
¢.g., thermal mass as a thermal energy battery, demand controlled ventilation affecting the CO,
concentration to effectively implement a fresh air storage battery, chilled water battery, coupled
optimization of building cooling load profile and associated building energy system operation,
and others. The system of this disclosure reveals, maps, and harnesses such building dynamics

to grid dynamics.

[0016] The disclosure presents core technologies and scalable methodologies for harnessing
commercial building thermal mass to continuously and optimally integrate large commercial
building HVAC operations with electric grid operations and markets in large metropolitan areas.

The service is deployed using scalable, automated, web-based technology.

Brief Description of the Drawings

[0017] The system and method may be better understood with reference to the following
drawings and description. Non-limiting and non-exhaustive embodiments are described with
reference to the following drawings. The components in the drawings are not necessarily to
scale, emphasis instead being placed upon illustrating the principles of the invention. In the

drawings, like referenced numerals designate corresponding parts throughout the different views.

[0018] Fig. 1 is a graph showing the wholesale hourly electric price (in cents’kWh) for the
city of Chicago on June 16, 2008;

[0019] Fig. 2 is a graph showing an example of a demand profile implemented by the system

of the present invention taking into account hourly prices represented in Fig. 1;
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[0020] Fig. 3 is a functional diagram for explaining the operation of the optimization system

of the present invention;

[0021] Fig. 4 is a system diagram of the building energy management optimization system

according to the invention, showing the system of Fig. 3 in its working environment;

[0022] Fig. 5 illustrates the interface between the optimizer and building automation system

(BAS) in the system of Fig. 4;

[0023] Fig. 6 is a graph for explaining typical fluctuations in energy price over the course of

a summer day;

[0024] Fig. 7 illustrates conventional building control scenario compared to a building

control scenario according to the invention optimized for energy expense;

[0025] Fig. 8 illustrates conventional building control scenario compared to a building

control scenario according to the invention optimized for grid services; and

[0026] Fig. 9 is a functional illustration of an optimization system according to the invention
which considers electric pricing and chiller efficiency curve information while optimizing peak

demand, financial risk management and demand controlled ventilation (DCV) and fresh air;

[0027] Fig. 10 is an illustration of a building control strategy implemented by a system

according to the present invention; and

[0028] Fig. 11 is a graphical explanation of the risk management capability of the system

according to the invention.

Detailed Description
[0029] At a basic level, the system can manipulate a global temperature set point within
adjustable limits, enabling building energy system operations to optimally respond to price

signals (Fig. 1) to economically shift and shape a building HVAC demand profile (Fig. 2).

[0030] The system described herein presents a holistic solution to optimize the performance
of the entire electricity system, from generation to consumption. All other approaches that focus
separately on either the grid or customer sides of the meter are sub-optimal, leaving significant

untapped opportunities for efficiency improvement.
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[0031] More specifically, the system presents an automated, on-line, scalable technology that
continuously integrates the HVAC operations of large commercial buildings with electric grid
operations and markets in grid-congested metropolitan areas. A system practicing the invention
can harness the thermal mass, or “flywheel” effect, of these buildings on several time scales —

diurnal, hourly, and shorter.

[0032] For example, in presenting an automated, scalable, hourly optimization system that
exploits the thermal mass embodied in the physical structure of commercial office buildings, the
invention can efficiently shape cooling and heating loads and optimize building HVAC system

operation in response to highly dynamic electric or carbon market prices.

Model Predictive Control -

[0033] The system resides in a model predictive control (MPC) system for controlling
operations of buildings. In such a system, a model of the building is used to predict building
behavior going forward, and these predictions are then used to decide now on a control strategy
(i.e., a planned sequence of control over a period of time) best suited to obtaining a particular

objective given predicted future conditions.

[0034] A simple block diagram of the most basic aspects of the MPC system is shown in Fig.
3. A software model 10 of a building simulates building behavior given a set of conditions
including a) past building performance over a properly chosen recent past, b) predicted (but not
controllable) conditions, ¢.g., weather and utility signals, and ¢) controllable conditions, ¢.g.,
temperature set points on one or more thermostats in the building or HVAC system set points.
The output of the building model represents the predicted response of the building to those
conditions. The information contained in the model output would, of course, depend on what
aspects of the building the system operator wishes to impact, e.g., predicted actual temperatures
in one or more zones within the building, predicted carbon dioxide concentration levels in one or
more zones, etc. The building model outputs are provided to an optimizer 20 which explores a
number of different possible control signal sets (where a set includes at least one control signal
but may include multiple control signals) or temporal sequences of control signals to the building
model, monitoring the predicted building response to the control signals and choosing which
obtains the best result over a planning horizon, e.g., a 24-hour period. The optimizer may

consider predicted conditions other than weather, which do not affect the building behavior but
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do impact the optimum building control strategy, e.g., predicted energy price fluctuations over
the planning horizon. After evaluating a large number of options and choosing the best one, this
optimized control signal set for the current control period, ¢.g., a control period of one hour over
which the current control signal set will be maintained, is sent to the building automation system
(not shown) of the modeled building to control one or more aspects of building operation. In a
simple example, the optimized control signals comprise a set of temperature set points for
various zones throughout the building. Optionally, the optimizer may send to the building
automation system (BAS) an entire 24-hour (or longer) sequence of temperature set points
(hereafter referred to as a control signal plan) so that the BAS can operate independently of the
optimizer should there be a break in the system communications. In more full-featured systems,

the control signals can include other than temperature set points, e.g., ventilation control signals.

[0035] Preferably, the optimizer determines a new 24-hour optimized control signal plan
multiple times during a 24-hour period, ¢.g., once per hour, and sends either a new current
control signal set or a new 24-hour control signal plan to the BAS. Fig. 3 shows hourly inputs to
the system including weather forecast, zone temperatures, outside temperature and electricity
prices, and optimizer outputs include operating schedules (e.g., for any part of a building where
there is no ability to control the temperature set point, the system will control times of operation
instead of temperature set point), optimal set point temperatures, performance forecast (e.g., a
total energy expense or a comparison of the energy expense under the optimized control signal
plan vs. the energy expense that would have resulted without optimization according to the

present invention) and outside air (i.e., ventilation) schedule.

[0036] Fig. 4 illustrates a larger system in which the present invention can be employed, with
the model 10 and optimizer 20 of Fig. 3 running on servers 30 to derive an optimal control
strategy including temperature set points and optionally other control signals to be supplied to
the client software located at the building being controlled, the client software interfacing the
building BAS. From the grid, e.g., PJM in the Midwestern United States, the system receives
pricing data, and after optimization returns to the grid signals indicating demand response
participation, load data or other grid market participation signals. As described in more detail
below, the inventive system may control a portfolio of multiple buildings, bringing the benefits

of scale.
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[0037] Fig. 5 illustrates the interface between the optimizer and building automation system
(BAS). The interface can be implemented using publically available software, ¢.g., from the
Niagara Software Developer Group. The BAS provides feedback to the interface in the form of,
for example, the zone air temperatures, return air temperatures and CO; levels for each Air
Handling Unit (AHU), cooling coil loads and local weather data (note that the inventive system
may control multiple buildings in widely disparate geographical locations, so data regarding
local weather may be provided by the building itself). Also provided is a local user interface
permitting the building operator to provide input such as, for example, turning the system on and
off, designating desired minimum and maximum temperatures during occupied and non-

occupied hours, and indicating the number of floors to be controlled.

[0038] The following example is for a building that wants to optimize its energy use for the
next 24 hours for operating cost savings. The optimizer is asked what can be done to minimize
operational costs over that planning horizon. To determine a solution, the optimizer then takes

into account:

1. the thermal history of the building over some recent past period of time (with a
trade-off between a longer time period for more accuracy and robustness, and a shorter
time requiring less processing, less storage and a shorter time to develop, with a 7-21 day

history being a suitable range for most instances),
2. current weather information and predicted weather conditions,
3. predicted energy prices,

4. the dynamic and possibly nonlinear character of both the building thermal mass

(structural mass and interior furnishing) and its energy systems, and

5. any empirical or automated non-predictive HVAC optimization processes
employed by the building (e.g., chiller and cooling tower sequencing schemes, supply air
and chilled water reset, or variable speed drive coordination algorithms). For illustration
purposes, assume weather data shows that the day will become warmer in the next hour
on this summer afternoon; energy pricing information shows that the peak price will
occur in the next hour. Then, the resulting optimized control decision may be to pre-cool

the building while the energy prices and outdoor temperatures are relatively lower; in a
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manner that takes better advantage of existing non-predictive optimization processes and

in a manner that more efficiently loads chiller equipment.

[0039] The optimization process can be generalized from a) HVAC operating cost
minimization to b) improved electric generation efficiency and environmental performance
through carbon emissions minimization and the inclusion of renewable energy sources, as well as
¢) the creation of large-scale demand elasticity when deployed in portfolios of commercial

buildings.

[0040] The effect of the invention can be better appreciated from the information presented
in Figs. 6-8. Fig. 6 illustrates typical fluctuations in energy price over the course of a summer
day having an actual temperature profile shown at 100, with the hourly electricity price predicted
a day ahead of time at 102, and the actual electricity price shown at 104. The actual and

predicted prices track fairly well, if the temperature prediction is accurate.

[0041] Fig. 7 illustrates different building control scenarios, with the horizontal time scale
representing a 24-hour control planning horizon divided into 48 half-hour segments. Curve 120
shows a conventional “Nighttime Set-Up” (NSU) building control scenario where the HVAC
system comes on at about 6:00 a.m. to have the building comfortable by the time most of the
work force arrives, and shuts down for the night at 6:00 p.m. Curve 130 shows an example of
optimized control according to the present invention, with curve 140 showing the actual energy
cost profile achieved by the control program 130. Note that the HVAC system comes on at about
4:00 a.m. to precool the building during low energy price hours. Note that the peak demand for
the building now occurs at about 5:30 a.m., at a lower price and outside of the peak demand
period for the supplier. The peak building demand during the 9:00 a.m. to 6:00 p.m. peak
demand period for the provider is reduced by approximately 25%, and the total energy consumed
during the peak demand period is reduced by approximately 24%. There is only a 1% reduction
in customer energy use, but much of the energy use has been shifted to early morning hours, with
the result that there is an 18% savings in energy cost, and corresponding savings in customer

expense.

[0042] Fig. 8 shows the energy demand for the same building on the same day, with the same
NSU control plan shown at 120. Curve 150 in Fig. 8 shows what could be achieved if the energy

use were managed according to grid objectives. Note from Fig. 6 that the energy price drops
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precipitously between the hours of 3:00 a.m. and 4:00 a.m. and again between the hours of 6:00
a.m. and 7:00 a.m., so stronger pre-cooling would be performed during those times. The
strongly pre-cooled building then lowers the building energy demand throughout the day, and

savings to both the customer and the supplier are realized.

Multiple Environmental and Building Dynamics -

[0043] As necessary to capture the full value of large building/grid integration, the building
model and optimization algorithm can take into account a variety of environmental dynamics
(e.g., energy price, weather, grid events, and other dynamics which occur externally of the
building), and/or a plurality of building dynamics which are characteristics of the building itself,
e.g., the thermal mass behavior of the building. According to the invention, the thermal mass of
the building can be managed as a thermal mass battery, “charging” the battery by setting lower
temperature set points during relatively lower energy price periods, and “discharging” the battery
by setting higher temperature set points during relatively higher energy price periods and
allowing the thermal mass battery to provide some of the cooling demand. Other “batteries”

which can be effectively operated are, for example:

[0044] A fresh air battery battery - occupant comfort and health requires fresh air, but
outside air is (generally) warmer and of higher moisture content, increasing the load on the
cooling system. The present invention may “charge” the fresh air battery using optimized
demand controlled ventilation (DCV) by letting in enough outside air to drive the monitored CO;
levels very low, i.e., over-ventilating, then “discharge” the fresh air battery by allowing less
outside air during, e.g., higher energy expense periods (due to higher energy prices or higher
cooling demands) or in response to some detected event (e.g., an unexpected rise in outside air

temperature).

[0045] A chilled water battery - particularly in large buildings, the pipe(s) carrying chilled
water to the air handling unit (AHU) may be large enough to warrant control as a separate
“battery,” e.g., charging the battery by overcooling the chilled water at some times and then
allowing the chilled water temperature to rise (within acceptable bounds) at a later time to

“discharge” the chilled water battery and conserve energy.
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[0046] Another building dynamic the optimization system can take into account is the
coupled optimization of building cooling load profile and associated building energy system

operation.

[0047] The system of this invention reveals, maps, and harnesses all of these and possibly
other such building dynamics to grid dynamics. For example, when the grid indicates an energy
price spike, the invention may discharge all of its “batteries” to immediately reduce load and
save costs. The system can charge the batteries in response to detected very favorable pricing
conditions, or the system could charge the batteries to at least some degree during normal pricing
conditions so that some “battery” state-of-charge is available to take advantage of opportunities

that are statistically expected to occur.

[0048] Features that can be incorporated into the optimization algorithm include, by way of
example and without limitation: demand control ventilation optimization; economizer pre-
cooling strategies; arbitrage of volatile and time-varying electric prices; arbitrage of chiller
efficiency curve and the significant efficiency improvement opportunity for thermal mass
strategies; ability to consider multiple, simultaneous optimization objectives such as lowering
peak demand, increasing energy efficiency, decreasing energy expense, minimizing chiller starts
or at least not exceeding some permitted number of chiller starts in a defined period; economies
possible at night from availability of multiple cooling towers to serve a single chiller; real-time
feedback regarding state of building thermal mass; part vs whole building direct digital control
(DDC), e.g., if only 30 floors in a 60-floor building are equipped with DDC thermostats, the
remaining floors (which may or may not be contiguous) will be controlled with simply ON/OFF

times, including optimum start times for pre-cooling the non-DDC floors.

[0049] It can also be the case that simultaneous start-up (shut-down) of all floors will cause
an excessive pressure drop (increase) in the supply air duct to satisfy the suddenly increased
(decreased) cooling load such that the rapid response of the powerful air handling units (AHU)
will implode (explode) the walls of the AHU containment structure, so the system may
implement AHU ramping to accommodate start-up. A similarly sudden increase (decrease) in
the cooling load may occur if all set point temperatures in the building are changed suddenly, so
the system may implement a control over how many and how rapidly the set points can be

changed, e.g. a limit of 0.5 degree Fahrenheit set point change every ten minutes. It may also be
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undesirable to start or stop all chillers simultaneously in response to such a rapid cooling set
point change, so chiller sequencing may be implemented, e.g., a time delay would be imposed
after an initial chiller start/stop to allow the cooling load to reach the new equilibrium and thus
assure that the number of chillers in operation is consistent with the steady-state, not the

instantaneous cooling load.

[0050] Finally, it may be beneficial to adopt a policy switching protocol, i.c., a protocol that
limits changes to the control plan sent to the BAS from the optimizer. For example, if a newly
derived 24-hour control plan is projected to save only a very small expense relative to the current
control plan, e.g., less than some minimum savings considered significant, and/or if the savings
will only occur very late in the 24-hour period, the system may choose instead to make no

change to the control plan.

The Model -

[0051] The predictive model could be generated simply as a “black box’ model, analyzing
inputs and outputs over some period of time and determining a correlation between the two using
inverse modeling techniques. While such a modeling process is relatively straightforward, the
resulting model is limited. Without knowledge of what is inside the building, deriving an
accurate model capable of adapting to circumstances that did not occur during the data collection
period is difficult. As a consequence, data collection over a long period is needed to build a
robust model. In addition, an inverse model would not allow the efficiencies and other
advantages derived from knowledge of internal building details, ¢.g., the efficiency curves of the

specific chillers used, the chilled water battery, etc.

[0052] The present invention therefore prefers (but does not in all cases require) the use of a
detailed building energy simulation model that is based on knowledge of the building physics
and energy systems, ¢.g., material properties such as of insulation and windows, energy system
characteristics such as number of chillers, chiller operating characteristics, cold water pipes that
may impact temperature behavior and can be treated/operated as a chilled water battery,
utilization features such as occupancy of the building at different times of day, etc. A model of
this type can predict ab initio, i.c., without collecting a data history, yet the collection of data can
be used to both refine and confirm the model. It has been found that a model of this type

achieves superior results in combination with remaining aspects of the invention.
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[0053] In making use of a detailed building energy simulation building model that will be
customized to individual buildings, the modeling process may then require extensive information
about each building. Accordingly, the invention also provides a mechanism for simplifying the
building model generation. According to the invention, the predictive model may be generated
from a building energy simulation program. One such program is EnergyPlus, building energy
simulation program developed by the U.S. Department of Energy that runs energy simulations
and is freely available to end users, ¢.g., from
http://appsl.eere.energy.gov/buildings/energyplus/. EnergyPlus is a whole building energy
simulation program that engineers, architects, and researchers use to model energy and water use
in buildings. Modeling the performance of a building with EnergyPlus enables building
professionals to optimize the building design to use less energy and water. EnergyPlus models
heating, cooling, lighting, ventilation, other energy flows, and water use. EnergyPlus includes
many simulation capabilities, such as time-steps less than an hour, modular systems and plant
integrated with heat balance-based zone simulation, multizone air flow, thermal comfort, water

use, natural ventilation, and photovoltaic systems.

[0054] Another building energy simulation program is DOE-2, which calculates the hourly
energy use and energy cost of a commercial or residential building given information about the
building's climate, construction, operation, utility rate schedule and heating, ventilating, and air-

conditioning (HVAC) equipment.

[0055] EnergyPlus and DOE-2 are but two of a number of a number of different
commercially available or custom-made full-featured building energy simulation programs,
others including but not limited to Ecotect, ESP-r, HAP, IDA ICE, SPARK, TAS and TRNSYS.
All of these programs are designed for use by architects and engineers in designing buildings, the
programs allowing the designer to predict how a particular building design will behave from an
energy consumption standpoint. A unique aspect of the present invention is that such building
energy simulation programs can be used for real time control of building operations. A
significant advantage of this is that EnergyPlus and other building model platforms are designed
for universal applicability to buildings of various sizes, shapes, designs, so they can be used for
detailed building energy simulation modeling of most buildings in a straightforward manner. In
addition, since these building energy simulation programs operate with standard sets of inputs

and outputs, it is possible to then design an optimizer to operate in conjunction with the
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modeling program in a flexible plug-and-play manner so that buildings can be modeled using
different programs and all can be compatible with the optimizer without having to modify the
I/O functions of the optimizer. As used hereinafter, the characteristic of an optimizer whereby it
can be used in combination with multiple different building energy simulation programs without
having to modify the I/O functions of the optimizer will be referred to as being “compatible”

with the multiple energy simulation programs.

[0056] A building energy simulation program such as EnergyPlus traditionally requires
design day accuracy, and need not perform its analysis with the speed required for effective real
time control of building operations, so one aspect of the present invention is to adapt a building
energy simulation program to real time building control, an environment that requires speed,
scalability, hourly accuracy, part-load accuracy, etc. This is accomplished in part through
modeling protocols, in part through the optimization algorithm, in part through distributed

processing.

[0057] A drawback of a building energy simulation program such as EnergyPlus is that the
complexity of the program and the resulting models can lead to long turn-around times in
developing models for particular buildings. But this can be addressed by developing a
progression of models, e.g., a first model of less complexity by decreasing the number of zones
into which the building is divided, the number of controllable devices, or by building modular
models wherein a particular module modeling a particular aspect or part of the building can be at
first approximated as a thermal network or other reduced order model, and achieving some
degree of functionality in a short time, and then refining those part of the model with further

work going forward.

Modeling Considerations -
[0058] It is also beneficial to keep in mind model attributes that, while not all necessary to

practice the invention, may be beneficial, e.g.:

Accurate representation of cooling tower operation and economizer operation,

especially under lightly loaded nighttime conditions.
Identification of critical HVAC system components & operations data

Accurate chiller efficiency curve through on-site measurement and calibration.
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Accurate thermal mass representation (charge rate, discharge rate, storage time

horizon, etc. using auto-calibration).

Accurate light/plug load pattern and magnitude (including feedback on
unscheduled overtime hours) — drives the building thermal load and is important to thermal

history.

Solar radiation forecast — also drives the building thermal load and is important to

thermal history.

Mapping a global set point to wide range of local set points established over time
by a building engineer — in response to cold/hot calls or to adapt to faulty temperature

SCNSOrs.

Emphasis on “part load” HVAC modeling/calibration, in contrast to design day
HVAC load modeling/calibration, more typical of detailed building energy simulation
modeling that considers all 8,760 hours of the year. For example, HVAC operations in the
swing seasons are typically less important to HVAC design studies because they are
characterized by lightly loaded chillers and minimal expense. However, swing season
modeling/calibration is more important to this invention — because early morning precooling

during the summer has similar characteristic.

Building energy simulation modeling program developers appropriately
emphasize features focused on typical occupied periods not pre-occupancy hours. If such
modeling programs are to be used in conjunction with this invention, it is beneficial to
overcome such limitation, for example, by disabling or circumventing the EnergyPlus “night

cycle manager”, etc.

The Optimizer -

[0059] The optimization algorithm has been implemented in Matlab, a program
commercially available from Mathworks. In accordance with one aspect of the invention, the
optimization algorithm is multi-dimensional, either in simultancously optimizing in accordance
with multiple objectives, or in optimizing in accordance with a primary objective but
constraining that optimization in accordance with one or more secondary objectives. Various

objectives would include, without limitation, expense minimization, peak demand reduction,
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energy efficiency (meter, source), occupant comfort assurance, carbon reduction, chiller start
minimization, reliability/dependability (when providing grid services), operating reserves,
frequency regulation, spinning reserve. The optimizer can also take into account a variety of
input data in addition to predicted price and weather (and other parameters mentioned elsewhere
herein), e.g., actual 5-min prices, imbalance energy, chilled water loop banking, thermal inertia,
chiller and AHU sequencing, control variable rate change limitation to avoid too rapid AHU

movement, AHU staging algorithm, etc.

[0060] Fig. 9 is a functional illustration of the optimization system according to the invention
which considers electric pricing and HVAC part-load efficiency information while optimizing
around dynamic electricity prices and achieving peak demand, financial risk management, and

demand controlled ventilation (DCV);

[0061] The invention can utilize variable frequency drive (VFD) controlled devices as
responsive loads to permit more rapid response commensurate with grid markets, and
(particularly when a portfolio of multiple buildings are controlled together) can effective achieve

grid scale energy storage. This leads to significant grid and ISO integration.

[0062] As a simple example of multiple objectives, the optimization algorithm could
consider energy expense the only primary objective but could constrain the optimization by
imposing one or more constraints, €.g., there cannot be too many chiller starts in some period of
time, or there must be some minimum customer comfort score maintained (a customer comfort
score could simply be a temperature that cannot be exceeded). Or comfort could be determined
as a combination of air temperature, mean radiant temperature, humidity, air velocity, occupant
clothing level and metabolic rate as a function of activity in comfort model known as PMV/PPD
developed by O. Fanger in 1971. In a simpler example, the optimization algorithm is simply
constrained so that the temperature must remain within certain bounds, ¢.g., as shown in Fig. 10
where the boundary 180 represents the maximum building (or building zone) temperature
permitted at various times during a 24-hour day, the boundary 182 designates minimum
permissible building (or building zone) temperature during the same period, and 184 designates a

temperature set point control plan over the planning period.

[0063] Alternatively, the optimization algorithm could simultaneously optimize energy

expense and one or more additional objectives such as peak demand reduction, energy
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consumption/efficiency, chiller start minimization, customer comfort, carbon emissions, etc., and
determine a set of control inputs that strikes the best balance among the various objectives,

optionally assigning different weights to each of the objectives.

[0064] As used herein, the term “to optimize™ means to obtain the theoretically best value,
subject to possible constraints. For example, energy expense could be optimized, subject to the
constraint that the temperature in any zone (or a particular zone) should not rise above a certain
threshold value, or subject to not exceeding some maximum number of chiller starts.
Simultaneously optimizing two objectives would mean that jointly optimal values for each are
sought. For example, instead of using the maximum number of chiller starts as a constraint
while optimizing only energy expense, one could seek to minimize energy expense while also
seeking to minimize chiller starts. In the event that an optimum value of one could only be
obtained via a selected control plan that yields a sub-optimum value of the other, the conflict
could be resolved in different ways. One would be to simply treat one objective as being
paramount, so that the second and subsequent objectives are optimized subject to the constraint
that a sub-optimum value for the first objective is not permitted. For example, among several
optimal solutions which achieve the same (or practically the same, e.g., by rounding the energy
expense to some desired significant number of digits) energy expense, one could adopt the

solution with the lowest energy use.

[0065] Another way of reconciling the conflict in simultaneously optimizing multiple
objectives would be to assign a weight to each objective and then strike the best balance
possible. In a preferred embodiment, all of the objectives to be optimized other than energy
expense are assigned monetary “cost penalties” for exceeding certain limits, and the optimization
algorithm can simply optimize total expense. (By optimizing total expense/cost, it is optimizing
multiple objectives since the cost penalties are assigned for purposes of weighting objectives
rather than as a reflection of true cost or expense, and would be simultaneously optimizing
multiple objectives in the context of the claims hereafter.) In the same example as above, energy
use could instead be assigned a cost penalty so that that the optimizer achieves an appropriate

balance between minimal energy expense and minimal energy use.

[0066] Other conflict resolution techniques would also be possible.
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[0067] The optimized control decisions are planned for an arbitrary planning horizon
(typically the next 24 hours) but are re-calculated based on new information after every arbitrary
execution time step (typically one hour). This process can be scaled to any number of buildings

to allow concurrent optimization of building portfolios.

[0068] EnergyPlus and other building energy simulation programs are typically designed for
building design, and can be quite slow in the context of real time control of building operations.
Eliminating unnecessary EnergyPlus simulations can be of significant help. Examples of steps

that can be taken to make the optimization process fast enough for real time MPC include:

- Some optimization algorithms have a random component, and might evaluate the
same set of control decisions over and over again. Thus, the optimization algorithm imposes

a ‘taboo list’ to prevent the re-evaluation of previously simulated decisions.

- The optimization process may run ten simulations in parallel looking for an optimal
control decision. If one thread stops varying with time, it can be removed from the process

S0 as to not waste computing resources.

- A preferred optimization process uses particle swarm optimization, and this can be
designed to operate using two or more neighborhoods of particles in parallel to increase the
chances of finding a globally optimal control decision, as opposed to a locally optimal

decision.

[0069] In addition to the above, it is possible to decrease the number of control signals.
More particularly, for each additional parameter control signal included in a control signal plan,
the number of possible control signal permutations which must be considered by the
optimization algorithm increases exponentially. An additional control signal to be considered
can result either from extending the planning horizon, e.g., a planning horizon covering the next
48 hours will, all other things being equal, require twice as many control signal sets as a plan
covering only 24 hours. Additional control signals can also result from increasing the number of
control signals in the planning horizon, i.e., decreasing the control period for which each set of
control signals is to be maintained. For example, a control signal plan that covers 24 hours with
a new control signal set each hour will require twice as many control signals compared to a 24-
hour control signal plan where each control signal set is maintained for two hours or where the

number of control signal sets is otherwise limited to twelve in the 24-hour period.
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[0070] According to a preferred embodiment of the invention, it is desired to update the
control signal plan once per hour, with the control signal plan covering a 24-hour period. But to
decrease the number of control signals without significant loss of effectiveness, the 24-hour
period can be divided into fewer than 24 control periods. This is accomplished by blocking
hours together for which individual optimizations are not necessary. A characteristic of this
aspect of the invention, referred to as “mode blocking,” is that the control periods need not all be
of the same duration. For example, there may be a three hour period during the night when
electricity prices are typically stable and other environmental conditions also do not change, so
that three-hour period can be treated as one control period, whereas in the afternoon on a
business day it may be advantageous to have control periods last only one hour each to take
advantage of changing conditions. Mode blocking adapts for greater focus on 1) more important

hours, ii) volatile-priced hours, iii) hours valuable to the optimization objective, etc.

[0071] Dynamic mode blocking may also be employed, for example, to put more focus on
nearest hours, to shrink the planning horizon (to a 12-hour look ahead instead of 24 hours), to
distinguish most price-volatile hours, to respond better to a short-term grid event or price change.
For example, the system may detect price volatility above some threshold during a period that
was blocked at least in part on the assumption that there would be minimal price volatility. In
this case, the blocking could be dropped or changed, e.g., if the blocked period was supposed to
last for three hours it might be re-separated into three one-hour control periods. If this would
strain the processing capacity of the system, the increased processing resulting from adding two
periods to the planning horizon could be compensated by shortening the planning horizon (e.g.,
from 24 hours to 12 hours) for the next two hours until the original three-hour block is over, or
some more remote hours (e.g., hours 22-24 of the current 24-hour planning period) could be
blocked temporarily, resulting in a temporary increase in emphasis on the nearer term horizon.
Alternatively, it may be possible to mode block other non-temperature set point variables, ¢.g.

outside air damper position associated with a DCV dynamic or HVAC system set points.

[0072] These techniques of adjusting the number of optimization variables to be considered
over the planning horizon are hereinafter referred to as “building mode flexibility.” This
typically reduces the number of control signals, which leads to improved computational speed

and also avoids local minima in the evaluation process.
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[0073] With these enhancements, the inventors have provided an optimizer, which is 1) well-
suited to the multi-dimensional dynamic character of the optimization, e.g., there is processing
power sufficient to permit simultaneous optimization of multiple building dynamics and
performance tradeoffs, and i1) has the speed needed to continually adapt in grid time horizons.
And this is possible with a building design program such as EnergyPlus, which is not designed

for prediction speeds compatible with real time control of building operations.

[0074] In addition, both the on-line real-time and the off-line multi-month simulation can be
distributed into parallel processors, again for speed and scalability. An off-line example would
be speeding up the simulation of an historical cooling season by splitting the simulation into
discrete months for parallel optimization and then stitching the monthly results back together in

post-processing in a manner that captures the thermal transition from one month to the next.

[0075] An interesting advantage/use of the optimizer is that the optimizer is an excellent
quality control tool because it identifies false opportunities made available by modeling shortcuts
and mistakes. It is also noted that when a detailed building energy simulation model is used, the
predictive optimization process relies on, but also informs and influences the development of a
building description input file, which is created through an extensive, manual building audit and
a more finely tuned auto-calibration process. For example, the building description input file is
developed to enable the optimizer to more easily find and take advantage of part load conditions
that are particularly important to predictive optimization. In fact, the extensive use of the
predictive optimization algorithms has pointed toward better ways to model buildings in

EnergyPlus. Each building’s energy characteristics are unique.

Building/Grid Integration -

[0076] The industry is currently focused on traditional, less valuable surrogate markets borne
out of traditional utility rate regulation: 1) utility TOU rates (a grossly imperfect substitute for
dynamic market prices and market price volatility), ii) efficiency at the meter (a grossly
imperfect substitute for source efficiency), iii) monthly utility peak demand reduction (largely a

revenue collection mechanism, not a grid economic opportunity).

[0077] According to the present invention, the short-term dynamic character of the large

commercial office building can be mapped to the short-term dynamic character of electric grid
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operations — e.g. frequency control, regulation, load following, spinning reserve, and unit
commitment. Based on that mapping, an on-line, automated, and scalable technology can be
provided to engage large commercial office buildings in the dynamic grid operations and

markets.

[0078] The development of these grid services forms a new and reliable supply-equivalent
source in the urban core, where new generation assets cannot be built. This will have special
value as carbon constraints become reality and old urban centers like Chicago have to dismantle
large, old coal generation plants near the urban core. Similarly, this will have special value
substituting for the extra grid operating reserves necessary to accommodate intermittent

renewable energy.

[0079] The present invention addresses the largely untapped economics of building/grid
integration, providing an opportunity to reduce the net economic cost of supplying large

commercial office buildings by 20-40%.

[0080] For example, buildings can be economically dispatched against hourly and sub-hourly
grid markets. Security-constrained economic dispatch of generating plants is the universally
adopted protocol for maximizing grid economics (including energy and environmental). In such
an arrangement, the least expensive generation capacity is used for the constant demand, and the
reserve for satisfying increased demand is satisfied by higher cost generation that can be brought
into play quickly. A grid operator may not have to have extra generating capacity available for
all of the needed demand increase, if there are spinning reserves available around the grid to
supply part of the demand increase. So one of the grid “markets” is a spinning reserve market
where participants offer to supply spinning reserve. The optimization system of the invention
can manage one or more large buildings in such a way as to play in this spinning reserve market.
A demand increase that would call on the spinning reserve can be equally satisfied by a
corresponding decrease in the demand of the building(s) being controlled by the optimization
system of this invention. Thus, if the price the grid is willing to pay for spinning reserves to be
maintained is high enough, it may be economical for the optimization system to control the
building(s) so as to maintain a high level of charge on various “batteries”, whatever incremental
cost incurred by keeping this level of charge being outweighed by what the grid operator is

willing to pay to have the spinning reserve available. Similarly, a load imbalance on the grid
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will have detrimental effects on the frequency on the power lines, so a grid operator seeks to
constantly adjust supply to track demand fluctuations. Instead of increasing supply to match
demand increase, frequency regulation objectives could be met by decreasing demand, e.g.,
when the grid sees a slight increase in demand it could (by simply sending a signal to the

optimization system of this invention) direct a demand reduction to match.

[0081] Thus, the present invention enables large commercial office buildings to participate in
the dispatch of the building’s energy “supply” resources against grid markets. In the case of
either generating plants or buildings, the associated energy contracts need not interfere with
economic dispatch. Instead, contracts serve ancillary budgeting, financing (collateral), and

financial risk management objectives.

[0082] In addition to i) competing with generating plants to provide grid operating reserves;
as discussed above, the present invention also allows ii) providing storage to support intermittent
solar/wind resources and to absorb surplus night-time wind energys; iii) providing demand
elasticity to accomplish the market/regulatory objective of mitigating shortage pricing (most
prevalent in large, grid-congested cities); iv) deferring the need for capital improvements to
expensive underground transmission and distribution systems (again, in large grid-congested
cities); v) possibly displacing the least efficient, most polluting plant in unit commitment every

day; vi) allowing cheaper, faster build-out of electric systems serving emerging megacities, etc.

[0083] The most significant opportunity for building/grid integration occurs in large

metropolitan areas for at least the following reasons.
[0084] First, environmental constraints preclude local electric generation.

[0085] Second, imported electricity congests the grid and triggers high and volatile electric
prices. A large portfolio of commercial office buildings comprises a significant portion of the
electric demand at an LMP (locational marginal price) node and so can exert significant

downward price pressure.

[0086] Third, demand growth portends expensive improvements to underground electric
distribution. A large portfolio of commercial buildings — able to shift demand out of summer
peak hours — can have a significant influence on the need for upgrading the expensive

underground transmission and distribution systems that characterize large cities.
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[0087] Finally, large numbers of office buildings are concentrated and can be coordinated for
dynamic effect. Moreover, because of their size, sophistication, and location, commercial office
buildings provide a flagship, big impact application on any Smart Grid serving a metropolitan

arca.

[0088] “Free” thermal mass, on the multi-MW scale that already exists in large metropolitan

arcas, creates a national opportunity for:

Continuous demand elasticity — competing and dispatching against electric generation
to moderate market prices (and price volatility) and reduce peak demand by creating
price elasticity in large commercial office building electric demand that is continuous,

dispatchable, and scalable.

Untapped source and end-use efficiency — optimally timing the cooling and discharge of
a building’s thermal mass 1) to create generating unit commitment and dispatch
economies; ii) to displace inefficient marginal generators in grid ancillary services
markets; and ii1) to improve the economics and penetration of high efficiency systems

within buildings for the benefit of electric system source efficiency.

Reduction of power plant emissions (carbon, NOy, SO,, and particulate emissions) —
similarly timing the cooling and discharge of a building’s thermal mass to also effect
more rational and efficient day and night-time loading of generating plants for

significant environmental benefit.

Additional Advantages -

Financial Risk Management -

[0089] Since use of the optimization system according to the invention becomes more
profitable as energy prices increase, deploying the optimization system can address financial risk
management concerns. With reference to Fig. 11, Graph 200 shows that as energy prices
increase, building profitability decreases. Graph 220 shows that as energy prices increase, the use
of the optimization system according to the present invention becomes more profitable for a
building. Graph 230 then shows that the combined effects still have building profitability
decreasing with increasing energy prices, but the decrease is much slower and the odds of a

significant financial loss are greatly diminished.
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SaaS -

[0090] An additional advantage of the invention is that it presents an energy storage solution
that can be provided in the form of SaaS (Software as a Service). This presents a very significant
cost/lead-time/space advantage over traditional energy storage solutions. This advantage is
greatest in large grid-congested cities where traditional storage has greatest value but cannot be

sited.

Optimizer as a Teaching Tool -

[0091] A yet further advantage of the invention is that, when used to simulate historical
cooling seasons off-line, the optimizer accelerates the discovery and development process.
Environmental information/data from virtually any time period or city where records were kept
could be supplied as inputs to the model, and different control programs could be compared (e.g.,
a typical or traditional strategy vs. an optimized control strategy according to the invention) to
identify opportunities for savings or other improvement, and also to better understand the
dynamics going forward. For example, the optimizer, whether used on-line or off-line, finds
non-obvious building model shortcomings and non-obvious building control strategies, ¢.g. as a
result of part-load performance characteristics. The optimizer further can reveal non-obvious
temperature set point and DCV strategies that take best advantage of such curves. As still
another example, the optimizer can reveal the importance of adopting modeling protocols that
unbundle selected HVAC system components, consistent with the discretized operation under the
part-load conditions that occur during early morning precooling operations vs. the high fixed

loads that prevail during high cooling load occupancy hours.

Portfolio Application -
[0092] The application of the invention to a portfolio of buildings provides aggregate
benefits exceeding individual building benefits. A city-wide building portfolio in a congested

metropolitan area has the multi-MW scale to compete and dispatch against urban supplies.

[0093] Similarly, the thermal mass of already existing buildings is a large, less costly, and
broadly available alternative to currently available energy storage for wind energy generation.
Building thermal mass in cities can effectively substitute for the added grid operating reserves
needed for intermittent renewables and as storage for night-time wind energy. In a crowded,

grid-constrained market such as a big city, reserves of 50 MW to 100MW are desirable, and the
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need to even greater reserves such as 300MW is foreseeable. Building that kind of capacity
could cost on the order of $1,000 per kW, and could easily take a decade of planning, permitting
and construction. On the other hand, the effective grid-scale storage realized by the present
invention can be implemented for $20/kW to $50/kW and can be done with about a one month
lead time, with no long term planning, permitting or construction. In addition to capital cost
considerations, generating plants are commonly evaluated with regard to electric efficiency,
cycles before failure, flexibility, and duration of the available supply. The effective reserves
made available by the present invention, in addition to being cheaper and faster to implement,
are characterized by high round trip storage efficiency, can supply reserves for several hours,
which is far beyond the duration of any scarcity pricing episode to be dealt with, infinite cycles
with no performance degradation, and can be brought on line hourly, intra-hourly or even intra-

minute.

[0094] In the Midwestern United States as elsewhere, electric demand is higher during the
day than at night. Unique to the Midwestern United States, the additional daytime “peak”
electricity is provided from smaller, less efficient coal-fired plants. The present invention can
optimally shift daytime electric use from day to the night — to more efficient coal-fired plants,
equipped with better environmental technology. This reliance on coal-fired plants for daytime
peaking electricity also creates significant inefficiencies in the electric grid at night, including
degraded plant environmental performance and negative electric market prices. Application of
this invention systematically improves electric grid efficiency and environmental performance,

both day and night — especially valuable in large, grid-constrained metropolitan areas.

[0095] From a smart grid perspective, the invention harnesses the inherent physical and
operating flexibility of commercial buildings to create value for, and provide services to, the

electric grid very quickly and at low cost.

[0096] The June 16, 2008 electric prices shown in Fig. 1 provide a dramatic example of the
very low and often negative nighttime prices that characterize midwestern energy markets — a

significant pre-cooling opportunity in an era of otherwise volatile daytime energy prices.

[0097] The invention has been described herein mostly in the context of cooling loads and

electricity grid operations in the summer season, but as described earlier the system operates as
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well to efficiently shape heating loads and optimize building HVAC system operation in

response to electric and/or carbon (e.g., natural gas) market prices.

[0098] The present invention transfers thermal mass research to practice in the complex
office buildings that dominate large metropolitan areas. In its simplest application, the invention

can achieve significant reduction in energy consumption, energy expense and peak demand.

[0099] The invention can be applied to any existing building, whether one or forty years old,

with minimal capital investment and no space requirement.

[0100] In addition, the concept of dynamically controlling load to coordinate with energy
generation through grid markets can be applied in a more direct manner to smaller scale energy
generation facilities, e.g., universities, military bases, or other campuses having their own power
generation and/or storage facilities, a configuration commonly referred to as a "micro-grid." In
such a case, the system of the invention cannot only control load to match generation, but can
control both energy consumption and energy generation. By way of example, the campus or
other facility may have multiple different energy generation sources such as photovoltaic, wind
generation, on-site electric generating capacity, electric grid availability, etc., some form of
energy storage, and both the energy generating operations and building operations may have one
or more constraints, and the optimization system of this invention can take all of these facts into

consideration in arriving at an overall optimized control plan.

[0101] While the invention has been described above by way of specific examples, it will be
understood that various changes and modifications may be made to the specific examples

without departing from the scope of the invention as defined in the claims which follow.
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What is claimed is:
1. A method of energy management in at least one building, comprising the steps of
generating a detailed building energy simulation model of said building;

simulating operation of at least one energy consumptive device in said building in
accordance with a plurality of control plans using said software model to predict behavior of said

building;
evaluating the behavior of said building associated with at least two of said plurality of
control plans;

selecting a desired control plan in accordance with the results of said evaluation; and

controlling operation of said device in accordance with the selected control plan.

2. A method according to claim 1, wherein each said control plan comprises a
sequence of control signals for controlling said operation of said device over a planning period,
cach control signal controlling operation of said device over a respective control period shorter

than said planning period.

3. A method according to claim 2, wherein said simulating, evaluating and selecting

steps are performed multiple times during each planning period.

4. A method according to claim 3, wherein said simulating, evaluating and selecting

steps are repeated automatically.

5. A method according to claim 4, wherein said simulating, evaluating and selecting

steps are performed on demand.
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6. A method according to claim 4, wherein said simulating, evaluating and selecting

steps are performed at least once during each hour.

7. A method according to claim 1, wherein said step of generating said detailed
building energy simulation model comprises generating said detailed building energy simulation
model from a building energy simulation program for simulating building behavior with different

building designs.

8. A method according to claim 6, wherein said simulating, evaluating and selecting

steps are performed in some instances on five minute intervals.

9. A method according to claim 1, wherein said selecting step comprises selecting a

control plan which optimizes said behavior in accordance with at least one criterion.

10. A method according to claim 9, wherein said evaluating step comprises

comparing predicted behaviors associated with plural control plans.

11. A method according to claim 1, wherein said evaluating step comprises evaluating

the predicted behavior in accordance with at least two criteria.

12. A method according to claim 11, wherein said evaluating step comprises

comparing predicted behaviors associated with each of said plural control plans.

13. A method according to claim 11, wherein said selecting step selects a desired
control plan which optimizes said behavior in accordance with said one criterion subject to a

constraint related to another criterion.



WO 2012/161804 PCT/US2012/026615

229
14. A method according to claim 1, wherein said step of controlling operation

comprises controlling energy consumption and energy generation in said building.

15. A method according to claim 1, wherein said optimizing step considers multiple

different energy sources.

16. A method according to claim 1, wherein said method further comprises

simultaneously performing the method of claim 1 with respect to multiple buildings.

17. A method according to claim 1, wherein said building is a commercial building.
18. A method according to claim 6, wherein said building is a commercial building.
19. A method of energy management in at least one building, comprising the steps of

generating a detailed building energy simulation software model of said building;

simulating operation of at least one energy consumptive device in said building in
accordance with a plurality of control plans using said software model to predict a behavior of

said building; and

controlling operation of said device to optimize said predicted behavior according to a

first criterion.

20. A method according to claim 19, wherein said step of generating said detailed
building energy simulation model comprises generating said white box model from a building

energy simulation program for simulating building behavior with different building designs.
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21. A method according to claim 1, wherein said step of generating said white box
software model comprises generating said software model from one of a plurality of building

energy simulation programs, and wherein:

said simulating step comprises providing an optimizer having an interface compatible
with each of said plurality of building simulation programs, and operating said software model

and optimizer together to simulate operation of said at least one device, and

wherein said evaluating step is performed by said optimizer.

23. A method according to claim 21, wherein each of said building energy simulation

programs is a program for simulating building behavior with different building designs.

24. A method of energy management in at least one building, comprising the steps of:
predicting a behavior of the building; and

controlling at least one of energy consumptive device to optimize said predicted behavior

taking into account at least two criteria.

25. A method of energy management in at least one building, comprising the steps of

simulating operation of at least one energy consumptive device in said building in
accordance with a plurality of control plans using a software model to predict a behavior of said

building including plural building dynamics;

evaluating the predicted behavior of said building associated with each of said plurality

of control plans;
selecting a desired control plan in accordance with the results of said evaluation; and

controlling operation of said device in accordance with the selected control plan.

26. A method according to claim 25, wherein one of said plural building dynamics is

chilled water storage.
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27. A method according to claim 25, wherein one of said plural building dynamics is

fresh air storage.

28. A method according to claim 25, wherein one of said plural building dynamics is

thermal mass storage.

29. A method according to claim 25, wherein each of said plural building dynamics is

a building energy system part-load characteristic.

30. A method according to claim 25, wherein said selecting step comprises selecting a

control plan which optimizes at least one criterion.

31. A method according to claim 30, wherein said evaluating step comprises

comparing predicted behaviors associated with plural control plans.

32. A method according to claim 25, wherein said plural building dynamics include at

least two of thermal energy storage, fresh air storage, and chilled water storage.

33. A method according to claim 32, wherein one of said plural building dynamics is

chilled water storage.

34. A method according to claim 30, wherein said selecting step comprises selecting a

control plan which optimizes said behavior simultaneously according to plural criteria.
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35. A method according to claim 34, wherein said plural criteria include at least two

of CO, concentration, energy cost, energy consumption, and chiller starts.

36. A method according to claim 34, wherein said plural criteria include at least one
grid market opportunity.
37. A method according to claim 36, wherein said at least one grid market

opportunity comprises spinning reserve.

38. A method according to claim 36, wherein said at least one grid market

opportunity comprises load balancing.

39. A method according to claim 30, wherein said selecting step comprises selecting a
control plan which optimizes according to said one criterion subject to a constraint imposed on at

least one other criterion.

40. A method according to claim 25, wherein each said control plan comprises a
sequence of control signal sets for controlling said operation of said device over a planning
period, each control signal set controlling operation of said device over a respective control

period shorter than said planning period.

41. A method according to claim 40, wherein said simulating, evaluating and

selecting steps are repeated multiple times during each planning period.

42. A method according to claim 41, wherein said simulating, evaluating and

selecting steps are repeated at least once during each hour.
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43. A method according to claim 25, wherein said method further comprises

simultaneously performing the method of claim 25 with respect to plural buildings.

44. A method of energy management in at least one building connected to an energy

supply grid, comprising the steps of

simulating operation of at least one device in said building in accordance with a plurality
of control plans using said software model to predict a resulting behavior of said building

including at least one service provided to said grid;

evaluating the predicted behavior of said building associated with each of said plurality

of control plans;
selecting a desired control plan in accordance with the results of said evaluation; and

controlling operation of said device in accordance with the selected control plan.

45. A method according to claim 44, wherein said service is spinning reserve.

46. A method according to claim 44, wherein said service is load balancing.

47. A method according to claim 44, wherein said service is frequency regulation.

48. A method according to claim 44, wherein said selecting step comprises selecting a

control plan which optimizes at least one evaluation criterion.

49. A method according to claim 44, wherein said evaluating step comprises

comparing predicted building behavior associated with plural control plans.
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50. A method according to claim 44, wherein said evaluating step comprises
evaluating the predicted behavior of said building associated with each of said at least two

control plans, and comparing evaluation results associated with said control plans.

51. A method according to claim 44, wherein said selecting step selects a desired
control plan which optimizes at least one evaluation criterion subject to a constraint imposed on

a second evaluation criterion.

52. A method according to claim 44, wherein said selecting step selects a desired

control plan which optimizes at least two evaluation criteria.

53. A method according to claim 44, wherein each said control plan comprises a
sequence of control signal sets for controlling said operation of said device over a planning
period, each control signal set controlling operation of said device over a respective control

period shorter than said planning period.

54. A method according to claim 53, wherein said simulating, evaluating and

selecting steps are repeated multiple times during each planning period.

55. A method according to claim 54, wherein said simulating, evaluating and

selecting steps are repeated at least once during each hour.

56. A method according to claim 44, wherein said method further comprises

simultaneously performing the method of claim 1 with respect to plural buildings.



WO 2012/161804 PCT/US2012/026615

1/10

15¢y

‘:\:“ & m*!ﬁﬁ*“%“%

i
§ *‘\ '
\ \%x \ \\\\\\i\\ .
3 %

§ 4

M0 - 40

§._;

Q@S
Figure 1: Wha!esale hourly
electric price [¢/kWh] for Chicago

for June 16, 2008.

Ww

mmmmmmmm%

&
&
@

Ea .
' &
& M
i
#
¢

F:gure 2 Demand prmle in
response to volatile price signal.



PCT/US2012/026615

WO 2012/161804

2/10

Optimai ..
Strategy

SRR
& %

&
\\\\\.\.\.\.\.\.\.‘-\

\,@ﬁmmﬁam& Price., Weatherl,, Chiller Curves, DOV, .

Objective. CExpense (Efficiency CPeak Demand CChiller Starts  CAll

v

. . W e e e R : e e i e W R A
Z 3
7 ;
5
- %
%
Z ] Z
N SR o wrn e By ooy er B YOGl s i % o
5 Weather forecast L
: z .
% 7 E
4 ’ _
%
5 %
P
4 : Z
Z " Z
5 % 7
% % N
% ; " Z
Z 5 i \v\m.
y 7 %t 4
% ‘ %
i %
= z %
; / Performance orecas!
% 3 PR R TR ik A2 WL D
% i z
o z
% %
5 % %
7 ’ %
2 ; %

Cuitside alr sehedule

EEY
R

SRR
BN
DR

o~

B A A T A A A A R o

L S S R U S S A A WA TR s

Figure 3 10

A

R S N S I S ST S R S S S SR ¥

Few



WO 2012/161804 PCT/US2012/026615

3/10

Figure 4

CUE Operations Center

E222
Y

_ Hgrrsang
Grigd Opssations ™ Bids
or Trading Desk

=

- GridiPrive

Weather Rarecagt
{Frov ROAA)

Crrrent
Suilding
- Copition

Portiolio Application
Storage for rarssables
Fingnoial risk manapemant
Grid Anciliary Services
TAD Defsresd

Opean Access Platform
Running Client Seftware
{Sarmeated o BAS)

% & % #



PCT/US2012/026615

WO 2012/161804

.

s A e
7,
7

Figure 5

e S B
YAy \»\"%\m
£ Y%

2

7

Systern avnlt
Wirmsy oog Bmy
Wi reay o o
% oo

Comiol wilagration o

CUE Niagara Interface

¢ Lol sovse wr bemp selpoint

¥ orecast WA

Foodback

Viedur o tomperatues ook WAl

Coomlingg o0 ow?:




PCT/US2012/026615

WO 2012/161804
]

S

A

&%

]

T

A
e

9 9IN31

i
it

P
T

2z .
R
Lo

e,
/
i,
/’/”/ff,
g:ié:} E; ‘ad’éé;

7

L.‘
A i

i

L
//’/yfé’)‘/))))'/ 7z
s

M,

i,

g

K

o

RS




WO 2012/161804 PCT/US2012/026615

6/10

1.;"5,

ididn
WOy

Mo Bernand W HY
5 B B
N &

2 =R
Rt ol

£

S

£
Y
%
4,

by

4

G ROy 5 e
DL % 1%

1B
v wan AB K

)
T

5
pUBLSD U PBsnoo-|

&
3
B
o

.
)

L Aq pe

s

17
¥,

P

¥

Bapry R HEH

3 \\\\\‘\\\\\\\.\\\\\ 3

QNN

CBOTIER] DURLIST HES.
sripad LB sus yeed-y

/ 9IN31




WO 2012/161804 PCT/US2012/026615

Fad
SN
B

Foedt

B

oo

SN

P

ojedsip pesisul §|

%

pay

- pub Aq

SR X

Q 9IN3I



PCT/US2012/026615

WO 2012/161804

8/10

Supplier trading desk

Figure 9

updates prices hourly . PPt taas T

Building automation
system control

.}m&ﬁmm@@m@3@@

mmﬁ&mw.w :U wnwm MWsmmmﬁ ............................... w“mm\ ................... @Mm“&v
Chiller efficiency curve
Peak demand

Financial risk management
DCV & fresh al

Several buliding m@
map to several grid



PCT/US2012/026615

WO 2012/161804

9/10

w\wvwmw\m\wmw\\m&w\\@\\\m&\w\\\\\\\\\\\\\\\\\\\w\w \\

Figure 10



PCT/US2012/026615

WO 2012/161804

10/10

.......... >

~ Physically manage energy pricefvelume risk for a building,
- for a portiolio of buildings, and for an entire market.

oy
Mt

Figure 11



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2012/026615

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO6Q10/04 G06Q10/06
ADD.

G06Q50/06

According to International Patent Classification (IPC) or to both national classification and IPG

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

GO6Q

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X Frauke Oldewurtel ET AL: "Increasing 1-56
Energy Efficiency in Building Climate
Control using Weather Forecasts and Model

Predictive Control",

é October 2010 (2010-10-09), XP55029351,
Retrieved from the Internet:
URL:http://www.eeh.ee.ethz.ch/uploads/tx_e

[retrieved on 2012-06-08]
abstract

thpublications/Oldewurtel maylO.pdf

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"Q" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

14 June 2012

Date of mailing of the international search report

20/06/2012

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswik

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Dedek, Frédéric

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2012/026615

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X James E. Braun: "Reducing Energy Costs 1-56
and Peak Electrical Demand through Optimal
Control of Building Thermal Storage",

1 January 1990 (1990-01-01), XP55029353,
Retrieved from the Internet:
URL:http://www.smartgridinformation.info/p
df/1880 _doc_1.pdf

[retrieved on 2012-06-08]

abstract

A Vanessa Stauch ET AL: "Weather forecasts, 1-56
observations and algorithms for building
simulation and predictive control",

30 July 2010 (2010-07-30), XP55029356,
Retrieved from the Internet:
URL:http://www.opticontrol.ethz.ch/Lit/Sta
u_10_Rep-MeteoSwiss3rdYrContribOptiCtrl.pd
f

[retrieved on 2012-06-08]

Chapters 1 and 2

A YUDONG MA ET AL: "Model predictive 1-56
control for the operation of building
cooling systems",

AMERICAN CONTROL CONFERENCE (ACC), 2010,
IEEE, PISCATAWAY, NJ, USA,

30 June 2010 (2010-06-30), pages
5106-5111, XP031718925,

ISBN: 978-1-4244-7426-4

abstract

A US 20117022242 A1l (BUKHIN MICHAEL [US] ET 1-56
AL) 27 January 2011 (2011-01-27)
abstract

Form PCT/ISA/210 (continuation of second sheet) (April 2005)



INTERNATIONAL SEARCH REPORT

International application No
Information on patent family members

PCT/US2012/026615
Patent document Publication Patent family Publication
cited in search report date member(s) date

US 2011022242 Al 27-01-2011  NONE

Form PCT/ISA/210 (patent family annex) (April 2005)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - wo-search-report
	Page 47 - wo-search-report
	Page 48 - wo-search-report

