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(57) Abstract: There is disclosed a system, computer program and method provided for enabling an energy hub for improved man-
agement and optimization of energy utilization (consumption, production and storage). In an embodiment, a computer-implemented
energy hub management system comprises a micro energy hub configured to communicate with two or more energy components at a
premises. An energy optimization engine has an energy component model for each energy component based on each energy com-
ponent's operating characteristics, the energy optimization engine adapted to receive at least one input from the two or more energy
components and an input from an external data source on any external energy utilization restrictions for the micro energy hub. In re-
sponse to at least one input from the two or more energy components and any external energy utilization restrictions on the micro en-
ergy hub, the energy optimization engine is adapted to issue one or more control signals to at least one of the energy components at
the premises to optimize energy utilization based on one or more optimization criteria.
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A COMPUTER IMPLEMENTED ELECTRICAL ENERGY HUB
MANAGEMENT SYSTEM AND METHOD

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority from US Provisional Patent Application No. 61/470,098 filed on
March 31, 2011.

FIELD OF THE INVENTION

The present invention relates generally to energy management. The present invention relates
more specifically to a platform for providing an energy hub that is operable to manage energy
usage at a particular premise that comprises a plurality of energy components, including energy

consuming components, energy storing components and/or energy producing components.

BACKGROUND OF THE INVENTION

While individual energy efficiency and renewable energy technologies continue to be developed
in ever-improving ways, insufficient attention is being paid to the ways in which they can be
operated to maximize the benefits across a broader ‘energy system’. Significant effort, for
example, is being exerted in order to improve the efficiency of photovoltaic cells from, for
example, 15% to 18%. What is less recognized, however, is that the value of this same
technology could be dramatically increased if it were coupled with an energy storage technology
so that, for example, energy captured from the sun at 11am could be discharged to meet
domestic demand at 4pm, a time at which electricity market prices may be significantly higher
that they were just five hours earlier.

There are existing technologies for ‘smart building management'. In residential settings, there
are systems that serve to automatically control lighting and heating, often dependent upon the
time of day and month of year. Moreover, homeowners are able to override the system and/or
input their own preferences. Similarly, control systems for commercial/institutional settings have
long been used to improve energy performance, for example, motion detectors attached to light
fixtures in stairwells and bathrooms. In industrial locations, the fact that energy can be a
significant cost to some companies has meant that it is monitored closely and, therefore,
industrial customers have traditionally been those first to respond to ‘demand response’
programs.

What is missing, from the state of the art, is an integrated solution that operates across energy
producing and consuming devices, and also operates in consideration of external conditions.
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SUMMARY OF THE INVENTION

The present invention provides a system and method for energy management. The energy
management system of the present invention is provided by a platform that enables an energy
hub and system for dynamic management of the energy hub. The energy hub interfaces with
various energy components at a particular premise, such as various energy consuming devices.
The system of the present invention includes an energy optimization engine that is operable to
generate an energy model that optimizes energy usage of energy consuming components
based on energy component models, external and environmental data, previously generated

energy models and user preferences.

The energy hub provides bidirectional control of the energy components, including recording
energy utilization (consumption/production/storage) data and directing operation of the energy
components. Energy components may be energy consuming devices, energy storage devices

and/or energy producing devices.

The energy hub includes (1) one or more micro hub layers, each generally corresponding to an
energy utilization service location with multiple energy consuming / producing devices, with
aggregate control enabled through the micro hub layer, and (2) a macro hub layer linked to two
or more micro hub layers, the macro hub layer being linked to a node in an energy grid (usually
a particular feeder or sub-station), the macro hub layer being linked to a central core or
controller for the grid and being operable to aggregate information regarding local consumption /
production conditions associated with its two or more micro hub layers, and enabling dynamic
management of energy utilization (consumption/production/storage) for the two or more micro

hub layers based on the local consumption / production conditions.

Thus, in an aspect, there is provided a computer-implemented energy hub management
system, comprising: a micro energy hub configured to communicate with two or more energy
components at a premises; and an energy optimization engine having an energy component
model for each energy component based on each energy component’s operating
characteristics, the energy optimization engine adapted to receive at least one input from the
two or more energy components and an input from an external data source on any external
energy utilization restrictions for the micro energy hub; whereby, in response to the at least one
input from the two or more energy components and any external energy utilization restrictions
on the micro energy hub, the energy optimization engine is adapted to issue one or more control
signals to at least one of the energy components at the premises to optimize energy utilization
based on one or more optimization criteria.
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In another aspect, there is provided a computer-implemented method for managing an energy
hub, comprising: configuring a micro energy hub to communicate with two or more energy
components at a premises; providing an energy optimization engine having an energy
component model for each energy component based on each energy component’s operating
characteristics, the energy optimization engine adapted to receive at least one input from the
two or more energy components and an input from an external data source on any external
energy utilization restrictions for the micro energy hub; and in response to the at least one input
from the two or more energy components and any external energy utilization restrictions on the
micro energy hub, issuing one or more control signals from the energy optimization engine to at
least one of the energy components at the premises to optimize energy utilization based on one

or more optimization criteria.

In this respect, before explaining at least one embodiment of the invention in detail, it is to be
understood that the invention is not limited in its application to the details of construction and to
the arrangements of the components set forth in the following description or illustrated in the
drawings. The invention is capable of other embodiments and of being practiced and carried out
in various ways. Also, it is to be understood that the phraseology and terminology employed
herein are for the purpose of description and should not be regarded as limiting.

DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates a representative system embodiment of the present invention.

Figure 2 shows an overall schematic of the Energy Hub Management System (EHMS) of the

present invention, in one embodiment thereof.
Figure 3 shows an example of a residential micro hub structure layer of the EHMS.
Figure 4 shows a further implementation of the EHMS in a residential context.

Figure 5 shows an illustrative comparison of forecasted and actual power generation from gas
fired plants on a winter weekday.

Figure 6 shows an illustrative comparison of forecasted and actual power generation from coal
fired plants on a summer weekday.

Figure 7 shows an illustrative comparison of forecasted and actual power generation from gas
fired plants on a summer weekday.
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Figure 8 shows an illustrative comparison of indoor temperatures of Case 0 and Case 1.
Figure 9 shows an illustrative operational schedule of the air conditioner in Case 1.

Figure 10 shows an illustrative comparison of inside fridge temperature in Case 1 and Case 0.
Figure 11 shows an illustrative operational schedule of fridge.

Figure 12 shows an illustrative comparison of water temperature in Case 1 and Case 0.
Figure 13 shows an illustrative operational schedule of water heater.

Figure 14 shows an illustrative comparison of power consumption of lighting in Case 1 and
Case 0.

Figure 15 shows an illustrative comparison of operational schedule of dishwasher in Case 1 and
Case 0.

In the drawings, embodiments of the invention are illustrated by way of example. It is to be
expressly understood that the description and drawings are only for the purpose of illustration
and as an aid to understanding, and are not intended as a definition of the limits of the

invention.

DETAILED DESCRIPTION

The present invention provides a system and method for energy management. The energy
management system of the present invention is provided by a platform that enables an energy
hub and system for dynamic management of the energy hub. The energy hub interfaces with
various energy components at a particular premise, such as various energy consuming devices.
The system of the present invention includes an energy optimization engine that is operable to
generate an energy model that optimizes energy usage of energy consuming components
based on energy component models, external and environmental data, previously generated

energy models and user preferences.

The present invention solves the problem of conservation and demand management (CDM) by
modeling energy loads of industrial, commercial and residential users, including by modeling
energy components and energy demand, cost and carriers. Thus it is possible to minimize
energy consumption, environmental footprint and/or cost, and maximize profits in the case of
demand response programs. For example, an industrial consumer that owns a micro-turbine

may at certain times during their daily operation decide not to turn the turbine on, as the energy
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cost differential between electricity and gas might not justify it, even if demand response
programs are taken into account. However, if the use of the heat generated by the turbine can
supply part of the thermal demand, the present invention may determine that it is optimal to turn

on the turbine.

Figure 1 illustrates a system in accordance with the present invention. An energy hub is linked

to an energy optimization engine that is operable to generate an energy model.

The energy hub is further linked to one or more energy components at a particular premise,
such as a residence, commercial centre or industrial centre. Energy components models may
be provided by a device database linked to the energy hub. Energy component models may be
provided by measuring past behaviour of the energy component (heuristics) and/or by predicted

information supplied by a manufacturer or reseller.

The energy hub provides bidirectional control of the energy components, including recording
energy utilization (consumption/production/storage) data and directing operation of the energy
components. Energy components may be energy consuming devices, energy storage devices
and/or energy producing devices.

The energy hub may also be linked to an external and environmental data source, which may
be located remotely from the premise and accessed by the energy hub by network connection,
such as over the Internet. External and environmental data may include local electricity

conditions, electricity market prices and weather forecasts.

The energy hub further includes or is linked to a user interface that enables an energy manager
(a user) to indicate user preferences that are used to generate the energy model. The user
interface may be a web-based user interface accessible by a computer linked by network to the
energy hub.

The energy hub may further be linked to one or more smart meters for obtaining energy usage
information for the premise or for other locations.

The energy hub is not limited in size and can range from a single household energy system up
to an entire city energy system, considered as a single hub. The energy hub of the present
invention may be applied in a number of energy utilization sectors including: residential (e.g.,
single detached houses), commercial and institutional (e.g., retail stores, shopping malls,
schools, hospitals), industrial (e.g., paper mills), agricultural (e.g., dairy farms).
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In any electric energy system, the customers' objective is to minimize their energy cost, whereas
utilities are not only concerned about the cost, but also issues such as load shape, peak load,

quality of service, efc.

In accordance with the energy hub of the present invention, as shown in Figure 1, a two-tier
system architecture is provided that in part enables the differentiation of the objectives of
customers and the utility. At the lower level, or i.e., micro hub level, the objective is to optimize
the energy utilization from the customer's point of view, whereas at the macro hub level, i.e., a
group of micro hubs controlled and scheduled together (e.g., a group of detached house micro

hubs), the objective is to optimize the energy utilization from the utility point of view.

At the macro hub level, operational decisions are taken for a group of micro hubs which are
passed on to each micro hub for the next scheduling horizon. The micro hub implements the
received schedule in real-time and monitors the energy utilization and operational status. If for
any reason the schedule is not followed, the micro hub may generate a new schedule for the

rest of the scheduling horizon.

It should be understood that the macro hub layer is operable to provide co-ordination and
control. In some implementations, the macro hub layer may have the authority to enforce
specific rules (for example related to energy utilization) in connection with the micro hubs. For
example, electric vehicles are gaining in popularity but transformers and other components of
the energy grid are designed in a way that if a sufficient number of people sought to charge
electric vehicles at the same time the stress on the grid could result in for example transformer

burn-out.

It should be understood that micro hubs may be assigned to macro hubs based on power levels,
average consumption and other factors. Generally speaking, the macro hub may be
implemented on a one per substation or one per feeder basis. Limits may be set to the number

of micro hubs associated with each macro hub.

The EHMS is operable to remove some of autonomy of the micro hubs, not just by virtue of the
central controller, but by operation of control that is distributed by operation of the present
invention between the central controller and for certain local operational matters, the applicable
macro hub. For example an optimizer may be implemented to the system, which may be
implemented to the macro hub layer and optionally also to the central controller, such that the
optimizer function is distributed as between the macro hub layer and the central controller.
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In one particular implementation, the optimizer is implemented to the macro hub layer, based on
configurations determined for the operator of the overall grid, but the control operations
associated with the functioning of the optimizer may be trumped by for example network
broadcast messages from the central controller, for example peak demand constraint related
broadcast messages. The optimizer is also implemented to the micro hub layer, and in one
aspect a hierarchy may be established in the configuration of the system such that the macro
hub layer is operable to override operation of the micro hub layer. In one aspect of the system,
it is not necessary that the optimizer in the micro hub layer and the optimizer of the macro hub
layer be linked, rather it is the micro hub layer that operationally linked to the macro hub layer as

described herein.

The localization, or localization in part, of control of energy delivery and consumption, by virtue
of the EHMS architecture, incorporating the macro hub layer as described below, provides an
effective way to provide smart grid advantages including better utilization of energy resources.
The macro hub layer described may be operable to enforce particular optimization rules and
thereby provide improved energy management solutions for localized problems that affect or
may affect the feeder level of the energy grid. The system described also enables on demand
solutions such as payment for premium access to energy resources based for example on tier

pricing regime.

Optimization may be implemented by operation of the micro hub controller, but the micro hub
controller may dynamically obtain instructions that enable control from a cloud network. It
should be understood that whereas optimization could be run on the micro hub controller but it
could also be run in the cloud — the controller could dynamically obtain the instructions from a
remote computer or remote network such as a cloud computing network linked to the EHMS.
Therefore, it should be understood that while the architecture described contemplates the macro
hub and micro hub layers, each being operable to enable control functionality, each of these
layers may also be linked to further resources in exercising their respective control operations,
for example a cloud computer network.

Figure 1 shows the overall architecture that provides the macro hub and plurality of associated
microhubs. The architecture enables the interaction between these hubs by means of the
overall Energy Hub Management System (EHMS) described herein, including the data and
information exchanges that are facilitated between the hubs.

The EHMS described herein a solution that allows static energy users to effectively manage
their energy requirements. More specifically, the EHMS empowers energy hubs — that is,



WO 2012/129675 PCT/CA2012/000319

individual locations that require energy (e.g., manufacturing facilities, farms, retail stores, but
specifically in this case detached homes) in a way that they can contribute to the development
of a sustainable society through the optimal real-time management of their energy demand,

production, storage and resulting import or export of energy.
The EHMS may be implemented using the following elements:

* Two-way controls on energy consuming and producing devices within the energy hub. In
on aspect, these controls may have the capacity both to record, as appropriate, energy
utilization (consumption/production/storage) data and to direct the operation of the

individual device.

= A central core or controller through which the information collected from the energy
hub’s devices, the external environment (for example, local electricity conditions,
electricity market prices and weather forecasts) and the models developed from past
device performance are used in user-defined decision-making heuristics in order to

manage energy effectively.

= Optionally a web-based portal is provided acts as an interface between the energy hub’s
managers and the central core/device technology. The present invention may be
implemented using state-of-the-art wireless communication devices, cloud deployment
and various instrumentation and control technologies, and thereby provides an effective,
integrative interface amongst energy producing and consuming devices within a single,
static location. The web-based portal may be configured and presented in a user-

friendly portal for managers of the energy hub for local use or remote use.

Referring to Figure 1, the following described in greater detail the principle elements of the

architecture shown in Figure 1, which is one possible implementation of the present invention.

Micro-hub Controller (WHC)

This element is best understood as an embedded computing device (using hardware and
software suitable for the applications described, configured in a manner obvious to those skilled
in the art), installed within a home (or other particular location), configured to enable one or
more of the following (and other operations are possible):

= Communicating with the utility smart meter(s), typically via a wireless communications
protocol such as an IEEE 802.15.4 variant, to acquire real-time energy utilization, price
information schedules, etc.
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= Acquiring energy utilization data from various “smart” endpoints (e.g. load control
devices, smart thermostats, smart appliances, smart breaker panels, local energy
sources), typically, but not necessarily, through a wireless communications protocol (e.g.
Zigbee HA/SE).

= Communicating with Data Centre (see below) bound applications to receive various
optimization inputs (e.g. predicted energy price trajectories, kWh related carbon
predictions, weather forecasts, historic anal data of a similar nature, device model

parameters, and optimization objectives).

»  Computing an optimal energy hub device optimization schedule subject to energy hub
manager defined preferences and optimization objectives, as per the methodology
defined herein (this computation may optionally occur on servers at the Data Centre and
be delivered securely to the yHC over the public internet)

= Automatically and reliably sending requisite control signals to the elements under direct
control according to the computed optimal operations schedule, and presenting said
schedule to the Energy Hub Manager for discretionary control items i.e. devices for
which the energy hub manager has elected not to provide a control endpoint, in multiple
forms (e.g. in home display, portable digital assistant (PDA) / smart phone, web portal.
This may also include the enablement of alternative generating sources within the

energy hub, and/or storage assets.

* Locally storing and then forwarding to the Data Centre normalized energy utilization and

load profile data for all metered elements within the energy hub.

= Receiving co-ordination and control instructions (e.g. additional optimization constraints,
operating refinements) from its associated macro-hub controller, should there be one,
and forwarding information like projected load profile such that macro-hub level
optimizations can also be carried out (e.g. adjusted electric vehicle charger operating
schedule).

Macro-hub Controller (@HC)

A computing device, possibly installed within a residential neighbourhood (or other local energy
service area) in close proximity to its electricity distribution system, (using hardware and
software suitable for the applications described, configured in a manner obvious to those skilled

in the art), configured to enable one or more of the following (and other operations are possible):
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= Sensing localized grid / distribution system status data e.g. current transformer loading

levels, tap changer positions.

= Sending control signals to the local distribution system to effect optimal equipment

operation.

»  Secure, bi-directional communications with a set of associated yHC'’s to ensure their

individual micro-hub level optimizations factor local grid conditions.

Data Centre

The system may be linked to a data centre (provided in a manner known to those skilled in the
art) for remote logging of relevant information including for example energy utilization data and
device status data. The data centre may enable the functionality described below, and include
the components described below.

= Micro-hub / Macro-hub (UHC / @HC) Connectors: modules capable of secure
communications with remotely installed and micro and macro hub controllers, primarily

for the purpose of energy utilization data and device status information.

* Data Quality Assurance: a software module that ensures the quality of the data sourced
from the pHC'’s e.g. detecting anomalous / erroneous energy data values with optional
capability of providing reasonable substitute according to a number of possible

substitution algorithms.

* Energy Price Predictor: a module capable of providing reliable hourly predictions of near-
term energy spot prices (e.g. for the coming 24 hours).

= Carbon factor Predictor: a module capable of generating hourly predictions of near-term
hourly carbon factors per kWh based on the predicted generation mix within the

jurisdiction.

* Modelling Engine / Parameter Export. optimizer related software module capable of
serving requests (e.g. via a web service API) from authenticated yHC’s to provide user
defined and system defined optimization model parameters, constraints and objectives,

and possibly computing the optimal operations schedule.

» Web Portal / Data Visualization: a set of software modules that provides Energy Hub

Managers a secure viewport into their system, possibly from a home computer, their

10
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smart phone, etc. to monitor system status, adjust preferences and optimization

objectives, set and track “energy budgets / goals”, enable over-rides, etc.

» External Data Collector: a module capable of interfacing with all required external data
sources (e.g. the system operator, a weather forecasting service) and storing this

information in a central repository available for use by other Data Centre applications.

= Notification Engine: a service capable of providing relevant notifications to Energy Hub
Managers (e.g. system status changes, availability of new optimal operations schedules)
through a variety of configurable notification devices (e.g. e-mail, social networking

sites).

= Scheduler. a module that facilitates scheduling services for activities like periodic uHC

/@HC interactions, optimizer runs, etc.

Figure 2 also shows the three other categories of the macro hubs, namely, commercial and
institutional, agricultural, and industrial. In these macro hubs, there may or may not exist
multiple micro hubs, but all would have similar arrangements for data and information exchange.
As seen in Figure 3, a typical residential macro hub will comprise several micro hubs which
would communicate with the macro hub with regard to their energy usage and control decisions.
The micro hubs are at the residential household level and the macro hub can be thought of as a
group of residential micro hubs. Figure 4 also shows a representative residential
implementation, also illustrating integration of the system of the present invention with third

party devices.

In one aspect of the invention, each micro hub is operable to generate its operational schedule
as per one or more models, for example the ones discussed herein. The generated schedules
may be communicated to a macro hub linked to the micro hub, and which incorporates this
information and system level information to execute a macro-hub level operational model. The
outcomes from the macro-hub level will be sent back to the micro hubs which then apply these

as outer bounds on constraints of their micro-hub operational model.

The present invention therefore provides a multi-level optimization technology that involves
coordination between the sectoral macro hub and the multiple micro hubs within each macro
hub. The system infrastructure that includes at least one macro hub and multiple associated
micro hubs is operable to embody or implement one or more models for optimal operation of
macro hubs for example for the four categories described, and which incorporate a series of

optimization operations from both the customer and the utility point of view. The models

11



WO 2012/129675 PCT/CA2012/000319

incorporate a series of rules or processes for determining whether customer driven or utility

driven factors shall govern in particular circumstances, within a particular time period.

The macro hub controller is operable to establish a view of local conditions across a plurality of
associated micro hub controllers. These conditions include for example local demand and cost
saving objectives of local home owners. These conditions are captured and analyzed on a real
time or near real time basis. The macro hub is in communication with the operator, and is
operable to obtain information regarding pricing and demand objectives of the operator. The
macro hub includes functionality that enables the balancing of these consumer and operator

objectives based on current local conditions and also current objectives of the operator.

The energy optimization engine generates an energy model based on one or more energy
component models, external and environmental data, previously generated energy models
and/or user preferences. The energy optimization engine may implement a mixed integer linear
programming (MILP) optimization model for optimal operation scheduling of the energy hub.
The optimization model can be configured to minimize demand, total cost of electricity, gas or
other utilities, emissions and peak load over the scheduling horizon while considering the user
preferences. Thus, the MILP optimization model can be configured to optimize energy usage
based on electricity usage, gas usage, human comfort factors, greenhouse gas emissions,

price, etc.

The scheduling horizon used by the energy optimization engine can vary, for example from a
few hours to days, and the selection depends on the type of the energy hub and types of
activities which take place in the energy hub. For example, in a residential energy hub the
scheduling horizon could be set to 24 hours with 1 hour to a few minutes time intervals. Without
any loss of generality, in the present specification a 24 hour scheduling horizon with time
intervals of 15 minutes have been used, with the exception of the fridge which is 7.5 minutes

due to its thermodynamic characteristics.

The optimization model may be solved using any MILP solver such as GNU Linear

Programming Kit (GLPK) freeware solver or commercial solver CPLEX.

An example of an optimization model is provided herein for a typical residential application,
including major household demands and energy storage/production system is developed. The
developed model incorporates electricity and gas energy carriers, and takes into account human

comfort factors and green house emissions. The objective functions of the model and

12
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operational constraints associated with the energy components of the energy hub are explained

in detail here.

A general form of the optimization model for the residential sector may be as follows:

min J = Objective function (2.1a)
sty PSi(t) < Prer(t) Vt € T (2.1b)
icA
Device i operational constraints Vie A (2.1c)

Constraint (2.1b) sets a cap on peak demand of the energy hub at each time interval, and
ensures that maximum power consumption at a given time does not exceed a specified value.
The peak-power limit in this constraint could be set in such a way that the utility can take the
advantage of peak-load reduction from each energy hub during peak-load hours. During off-
peak and mid-peak hours of the power system this constraint may be relaxed.

Depending on the user preferences, different objective functions can be adopted to solve the
optimization problem. Thus, minimization of the customer’s total energy costs, total energy
utilization, peak load, emissions and/or any combinations of these over the scheduling horizon

may be considered as possible objective functions for the optimization model.

The following objective function for the residential energy hub corresponds to the minimization

of the user’s total energy costs over the scheduling horizon:

Ji=>" > Co)PSit)+ Y Cp(t) Pry, Spr, (8) IL.(t)

icA zeLl
i¢{LI,ESD,PV}

— > GRS+ Y. Co(t) HR; Si(t) (2.2)

ie{ESD PV} ic{HWH}

The first two terms in (2.2) represent the cost of electricity consumption, the third term
represents the revenue from selling stored/produced electricity to the power grid, and the last
term represents the cost of gas consumption.

An objective function for minimization of total energy consumption over the scheduling horizon
may be represented as follows:

13



WO 2012/129675 PCT/CA2012/000319

JQ = Z Z R Sz(t) + Z PLI: SLIZ (t) ILz(t)

teT icA z€Ll
i¢{L1.ESD,PV}

- > PSS+ ) HRS() (2.3)

ic{ESD,PV} ic{HWH}

This minimizes operational hours of all devices and maximizes the operation of energy
production/storage devices. In this case, the energy price has no effect on the optimum

schedule.

An objective function for minimization of green house emissions may be formulated using the

social cost of CO, at each hour as follows:

Ji=) > Cen®PSit)+ > Com(t) Prr, Sur.(t) IL.(t)

teT icA zell
ig{ LI ESD PV}

- Y Cen®PS) (2.4)

ie{ESD,PV}

Here, it is assumed that the electricity injected to the grid by the ESD is emissions free.

An objective function for minimization of peak load can be adopted to reduce the demand of the

energy hub as follows:

Js= > BRSO+ PuSu(t)IL.(t) VteT (2.5)

(LT 58D PV) ekt

In addition to the aforementioned individual objective functions, any combinations of these
objective functions can also be used as the objective function of the optimization model. Thus,
appropriately weighted linear sum of the objective functions Ji, J,, Js, and J,4, can be used as an
objective function of the optimization model as follows:
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J=kJ + kodo + ksJs + kg Jy (26)

where k; represents the weight attached to the customer’s total energy costs in the objective
function; k, converts the total energy consumption in kWh to cost in $ and specifies its weight; ks
represents the weight of the total emissions costs, and k, represents the effect of the peak load

in $ and its weight in the objective function.

To provide an accurate energy model, each energy component linked to the energy hub is
represented by an energy component model. For a typical residential energy hub, three
categories of components can be identified: energy consumption, energy storage, and energy
production. Each of these components has its own specific behaviour, operational constraints,
and settings required to operate appropriately. Recognizing the components’ behaviour is very
important in order to identify and define the decision variables, and formulate the optimized
model constraints. In other words, the energy optimization engine must know what kind of loads
(devices) are connected in the energy hub in order to take actions according to the behaviour of
the load.

The energy components models optimally give priority to user preferences, and are simple
enough for successful implementation and easy interpretation of the results. For example,
energy component models in the residential sector may include the following parameters in
order to capture most of the aspects of the customer preferences:

. the normal temperature or ambient energy (ambient criteria);

. the maximum temperature deviation that the customer is willing to tolerate
(comfort criteria);

. the distribution of the cycle able load; and
. residential thermal loss.

Energy component models should fulfill at least two objectives when evaluating Demand Side
Management (DSM) policies: first, they should provide the necessary information to evaluate
the benefits of DSM implementation, and second, they should provide some comfort index in
order to evaluate every control action from the end-user. Considering the above mentioned

aspects, energy component models for major energy components in a residential setting are
provided herein.
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Furthermore, various dynamic pricing methods may be available to electricity customers in the
residential sector, including Fixed Rate Plan (FRP), Time-of-Use (TOU) pricing, and Real-Time
Pricing (RTP).

In FRP there is a threshold that defines higher and lower electricity prices for customers. If the
total electrical energy consumption per month is less than the threshold, then the customers pay
the lower price as a flat rate; if it exceeds the threshold, they pay the higher price for each
kilowatt hour. For example, in Ontario the threshold is currently set at 600 kWh per month in the
summer and 1000 kWh per month in the winter for residential customers and 750 kWh per
month for non-residential customers. The difference in the threshold values recognizes that in
the winter, Ontario’s customers use more energy for lighting and indoor activities and that some

houses use electricity heating.

TOU pricing is the simplest form of dynamic pricing. The main objective of dynamic pricing
programs is to encourage the reduction of energy consumption during peak-load hours. In TOU
pricing, the electricity price per kWh varies for different times of the day. In Ontario, TOU pricing

is currently based on three periods of use of energy:

. on-peak, when demand for electricity is the highest;
. mid-peak, when demand for electricity is moderate; and
° off-peak, when demand for electricity is the lowest.

The classification of On-peak, Mid-peak, amid Off-peak periods vary by season and day of the
week.

In RTP, the price varies continuously, directly reflecting the wholesale electricity market price
and are posted hourly and/or day-ahead for pro-planning. It provides a direct link between the
wholesale and retail energy markets and reflects the changing supply/demand balance of the

system, to try to introduce customers price elasticity in the market.

In the residential sector, the occupancy of the house may also have a major effect on energy
utilization patterns. Furthermore, energy utilization patterns differ in each house depending on
the season, and the day such as weekdays and weekends. To consider the effect of household
occupancy on energy utilization patterns, a new index termed as the Activity Level may be
defined for electrical appliances. This represents the hourly activity level of a house over the
scheduling horizon.
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To determine a reasonable value of the Activity Level of a residential sector energy hub,
historical data of energy utilization provided by installed smart meters at each house can be
used. Smart meters can provide a wealth of data, including energy consumed each hour or
even in each fifteen minute interval. Therefore, the measured data of the previous weeks,

months, and years can be used fo predict the energy utilization on a particular day.

Statistical methods can be used to construct household load profiles on an hourly basis.
Similarly, load models may be developed using a linear regression and load patterns approach.
The load pattern may be represented as the sum of daily-weekly components, outdoor
temperature, and random variations. These load patterns could be modified to obtain the
proposed Activity Level of a house on an hourly basis.

It should be noted that the Activity Level index has a different effect on each of the electrical
appliances in the house. For example, the effect of the activity level on the fridge temperature is
not the same as its effect on the room temperature. Thus, the Activity Level index is related to

each of the energy consuming devices with an appropriate coefficient.

During base-load hours of the house, which represents time periods of inactivity inside the
house, occupants are either sleeping or outside the house, and therefore the probability of the
fridge door being opened is zero. By inspection, the value of this base-load consumption is
approximately 50% of the average hourly electrical energy consumption. Therefore, to
determine the fridge activity level, ALFR, it can be assumed that the base-load consumption is
50% of the average household consumption; thus, any load that is less than the base-load will
not contribute to the fridge activity.

Another environmental data item is green house gas emissions. Electric systems in general
depend on various generating units which include nuclear, hydro-electric, gas and coal power
plants, and some amount of renewable energy resources. Typically, nuclear and large hydro-
electric units provide base load generation. Coal and gas-fired generating units, which are
responsible for CO, emissions, generally run during the day and supply a part of the base load,
but mostly supply peak load. Coal and gas produce different amounts of CO, therefore, power
generation from coal and gas-fired generating units needs to be known in order to estimate the
CO; emissions from the system.

A power generation forecast may be one of the external data items. The system operators, e.g.,
the Independent Electricity System Operator (IESO), do not typically provide power generation
forecasts for power plants. Therefore, the power generation from coal and gas-fired generating
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units may need to be forecasted. Rather than considering each individual unit separately, the
estimation can be done by considering the aggregate generation from coal-fired plants and from
gas-fired plants, separately. These forecasts may be carried out using an econometric time-

series model.

External inputs required by the forecasting model may be as follows:

o a 24-hour ahead total system demand profile obtained from pre-dispatch data;
. hourly total system demand for the past 14 days; and
. hourly cumulative generation from coal- and gas-fired units for the past 14 days.

The following time-series forecasting model is used to forecast the power generation from coal-

and gas-fired power plants in Ontario for example, separately:

V,p = Yo, + By ( $, — Xt) vt € {1,2,--,24}.¥p € {coal, gas} (1.1a)

A .

Xe==) X vt e {1,2,---,24}.¥5 € {1,2,--- 14} (1.1b)
n‘s

. 1 o )

ytsP = . ZY;"J:P vt € {12 T :24};VJ € {127 ' 14},Vp € {CO&Z,Q&S}

(1.1c)
Z?:l Y},f (Xj,t - Xmean)
Z?:l (‘er,i - )(m&an)2

Vte{1,2,---,24}Vj € {1,2,--- |14}, Vp € {coal, gas}

t:

(1.1d)

An emissions forecast is another external or environmental data item. Natural gas and coal
have different chemical compositions and hence produce different amount of CO,. Natural gas
is the least carbon-intensive fossil fuel, and its combustion emits 45% less CO, than coal.
Therefore, separate rates of emissions for gas and coal fired units have been used. The day-

ahead emissions profile is calculated as follows:

Em(t) = R.x P.(t) + Ry x Py(t)  Vte{1,2,--. 24} (1.2)
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The marginal cost of CO, emissions per kWh energy generation may be calculated, for
optimization purposes, using the Social Cost of Carbon dioxide (SCC) emissions or marginal

damage cost of climate change, as follows:

Em(t) x SCC
Comlt) = m i;) Vt e {1,2,..-,24} (1.3)

Using the forecasted data, a day-ahead emission profile can be calculated.

Examples

Energy component models of major household devices (appliances), i.e., air-conditioning,
heating system, water heater, pool pumps, fridge, dishwasher, washer and dryer, and stove are
provided herein. Also, a generic energy component model for energy storage/generation
devices, and an energy component model of a photo-voltaic (PV) solar array is provided. These
set of energy component models represent the operational constraints of the residential energy

hub. The definition of the model variables and sample parameter values are:
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Indices Desecription Example
2 Device (Appliance) t=FR, 1= AC
t Time interval t==1,238,...,96
Sets Description Example
A Set of devices (appliances) {FR,AC, H DW, W}
T Set of indices in the scheduling horizon T = {1...96}
T T: € T is the set of periods in which device # may op- | Tapor = {1...96}

erate; Ty = {t € T : EOT; <t < LOTy}
Variables Description Example
Si(t) State of device i at time £, binary On/Of
Ui(t) Binary variable denoting start up of device ¢ at time £: | 0/1

Uilt) = 1 startup »c»f device § at time ¢

- 0 Otherwise

Di(t) Binary variable denoting shut down of device ¢ at time | 0/1

& Dy(t) = 1 shutdcm"n of device 1 at time ¢

0 Otherwise

a;(t) Temperature of device 7 a time ¢ O n(t)
IL:(t) Dumination Level of a given zone z in the house at time | [L{z,t} € {1,... .6}

t
ESL;(t) Energy Storage Level of device 4 at ¢ ESLpggp(t)
Parameters | Description Example
Cplt) Price of electricity demand at time ¢ TOU electricity price
Cs(t) Price of electricity supply at time ¢ Fixed electricity price (80 cents/kWh)
Ce(t) Price of gas demand at time ¢ Fixed gas rate {25 cents/m?)
Crm(t) Marginal cost of emissions at time ¢ 7 cents/kWh
pmaz () Maximum allowed peak load of the energy hub at time | 10 kW

t
P; Rated power of device i Py = 350W
EOT; Earliest Operation Time of device i EOTpp =1
LOT; Latest Operation Time of device ¢ LOTpp =96
MUT; Minimum Up Time of device 4 MUTf g = 2 (2 time intervals)
MDT; Minimum Down Time of device ¢ MUTp g = 2 (2 time intervals)
MSOT; Maximum Successive Operation Time of device i MSOTg, =3
AL(t) Activity Level at time ¢ Figure 1.3
ALpn(t) Activity Level of fridge at time ¢ Figure 1.4
HWU(t) Average hourly Hot Water Usage at time ¢ Figure 2.1
HR; Heat Rate of of device 7 HRERw ;= 3m3 per time interval
P Upper limit of temperature of device i 9”—,’;1 = 4°C
920“” Lower limit of temperature of device i 9;?}‘2" = 1.5¢C
IL:, .. () Minimum required zonal illumination at time { Figure 2.3
IL:,, (1) Qutdoeor illumination level of a given zone in the house | Figure 2.4

at time ¢
ESL;’“"“ Minimum Energy Storage Level of device i ESLZ%”D = 250 Wh
ESLper Maximum Energy Storage Level of device # ESLREE = 3000 Wh
CH;{t) Charged energy into device { at time interval ¢ CHpy(t)
DCH; Discharged energy from device ¢ during one time interval | DCHEsp = 100 Wh
LPN Large Positive Number LPN = 1000

Fridge

In order to model the operational aspects of a fridge for scheduling purposes, both the variable
under control and operational constraints of the fridge should be considered. The developed
model should be able to maintain the fridge temperature within a specified range, while taking

into account technical aspects of the fridge operation as well as the customer preferences. The

operational constraints of the fridge in the optimization model are as follows:
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Qorl ifteT;,i=FR
’; . T {) -
Sill) = { 0  iftgT,i=FR (2.72)
Sit=1)= { 0 if Bpl(t = 0) < 6l (27)

Ok < Orr(t) < 6% VieT,i=FR (2.7c)
f)FR(t) = HFR(_t — l) -+ ,BFR AL}?R(t) — GFR S,t(t) + YFR YVt € TZ = FR (Q?d)

The time period over which the fridge can be in operation is specified by (2.7a), where the
customer defines the EOT amid the LOP of the fridge. Equation (2.7b) ensures that if the fridge
temperature at { = 0 is more than the upper limit, as specified by the customer, the fridge state is
On in the first time interval. Constraint (2.7¢) ensures that the fridge temperature is within the

customer’s preferred range.

Equation (2.7d) relates the temperature of fridge at time f to the temperature of fridge at time t —
1, activity level of the fridge at time t, and On/Off state of the fridge at time t. The effect of the
activity level on fridge temperature is modeled using Ber so that as the household activity level
increases, the temperature increases. In other words, more activity in the house results in more
cooling demands for the fridge.

The effect of the On state of the fridge on fridge temperature reduction is represented by agg,
and the warming effect of the Off state of the fridge is modeled by yrr. The latter is to address
the thermal leakage because of difference in temperatures of the fridge and the kitchen. The
parameters Brr, arr, and yer Can be measured or estimated from simple performance tests. The

same model with different coefficients and parameter settings can be used to model the freezer

in a household.

Air Conditioning (AC) and Heating

Operational constraints developed for modeling of the heating system in a house are similar to
the operational constraints of the AC. Therefore, the AC and heating system constraints are

presented using a common set of equations, as follows:
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_J Oorl ifteT;i=AC/H 5
Si(t) = { 0 ift ¢ T,,i = AC/H (282)
1 if8a(t=0)>6"i= AC o
St =1) = { 0 if Bi(t = 0) < Blow § — AC (2.8b)
1 Ot =0)<flwi=H ‘
St =1) = { 0 ifBi(t=0)>0"i=H (2:80)
gl < 0;,(t) < 627 VteT,i=AC/H (2.8d)
Hz‘n(t) = 6Ain(f — 1) + Bac AL(T) — (}:‘A(;Si(t)
+ Yac Bou (1) = Oin (1)) VteT,i=AC  (2.8¢)
()gn(t) = Hm(f — 1) + BH flL(l‘) -+ QtHS,‘(t)
— Y11 (63 (1) — Bow (D)) VteT,i=H (2.8f)

In the proposed operational model, the time period over which the AC (or the heating system)
can be in operation is specified by (2.8a), which is specified by the customer's EOT; and LOP;
settings. Equation (2.8b) ensures that if the indoor temperature at t = 0 is more than the upper
limit, as specified by the customer, the AC state is On in the first time interval, and (2.8c)
ensures that if the indoor temperature at t = 0 is less than customer defined lower limit, the
heating system state is On in the first time interval. Constraint (2.8d) is included in the model to

maintain the indoor temperature within the customer preferred range.

Equations (2.8e) and (2.8f) represent the dynamics of indoor temperature for time AC and the
heating system, respectively In these equations, 6o,(t) is the forecasted outdoor temperature at
time interval ¢ of the scheduling horizon. These equations state that the indoor temperature at
time t is a function of the indoor temperature at time t — 1, household activity level at time ¢,
On/Off state of the AC (H) at time ¢, and the outdoor and indoor temperature difference. The
effect of the activity level on indoor temperature increase is modeled by Bac (Bn). Also, pac (Un)

represents the effect of outdoor and indoor temperature difference on indoor temperature.

The cooling and warming effect of an On/Off state of the AC (the heating system) on indoor
temperature are represented by axc and yac (au and yu), respectively. The developed model
captures the normal temperature (ambient criterion), and time maximum temperature deviation

that time customer is willing to tolerate (comfort criterion).
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Water Heater

An average hourly hot water usage pattern, which is available in the prior art, can be considered

for each individual house. There is a larger and earlier spike on weekdays’ consumption

patterns, whereas the spike occurs later and is significantly flatter on weekends.

The operational constraints of the water heater are represented by:

_fOor1 ifteT,i=WH
Si(t) = { 0 ift¢ T i=WH

1 i Gwu(t=0) <6
Silt=1) = { 0 if bwy(t=0)> 67y,

O < Owi(t) <03y VteT,i=WH
Own (t) = 0wy (t — 1) — ;BWH HHfU(l‘)
+ awp Si(t) — Ywn VteT,i=WH

(2.9a)

(2.9b)

(2.9¢)

(2.9d)

The basic operational constraints of the water heater are similar to those of the fridge and AC

model, and are given by (2.9a)- (2.9¢). Constraint (2.9d) assumes that the dynamic relation of

the water heater temperature at a given time interval t is a function of the water temperature at

the previous time interval, the average hot water usage, and the On/Off state of the water heater

at time interval t.

Hot Tub Water Heater

The operational constraints of the water heater can also be used for a hot tub water heater. The

only difference between these models is in their parameter settings such as average hot water

usage, temperature settings, operational time, and associated coefficients that may have

different values.

Si(t) = Oorl ifteT,i=TWH

=10 ift¢ T;,i=TWH
o J U ifOrwu(t=0)< 0By

=1)= { 0 if Orwu(t =0) > 0y y

0wn < brwn(t) < Oy VteT,i=TWH
HT“VH (t) = GTH,!H(t —_— 1) — !BTWIHHIJ’!U(IE)
+ CL’T;VHSi(t) — YTWH VteT,i=TWH
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Dishwasher

The proposed operational model for the dishwasher is as follows:

Oorl ifteT;,i=DW
Silt) = { 0 if1¢T,i=DW
Us(t) — D(t) = Si(t) — Si(t — 1) VieT,i=DW
Ui(t) + D;(t) < 1 Vie T, i=DW
> 8i(k) = ROT; Vi€ Ti,i = DW
teTy
t+MUT;
> Si(k) > MUT, — LPN(1 - U(t)) Vie T, i=DW
k=t
i+MSOT;
> Si(k) < MSOT, + LPN(1 - Uy(t))  Vt€ T, i=DW
k=t

(2.11a)

(2.11b)
(2.11c)

(2.11d)

(2.11e)

(2.11f)

In this model, the time period over which the dishwasher can be in operation, which is specified
by the customer’s EOT and LOP settings, is specified by (2.11a). The required operation time,

minimum up time, and maximum successive operation time of the dishwasher are parameter

settings specified by the end-user, and are modeled by (2.11d) to (2.11f), respectively.

Washer and Dryer

The proposed operational models for washer and dryer are similar to the proposed model of

dishwasher. The set of constraints for the washer and dryer is as follows:

Si(t):{ Oorl ifteT;i={W DRY)

0 ift ¢ Ty, i = {W, DRY}

Ui(t) — Di(t) = Si(t) — Si(t — 1) Vt € T;,i = {W, DRY}
Us(t) + Ds(t) < 1 Vvt € Ty.i = {W, DRY’)
3" Si(k) = ROT, Vt € T.,i = {W, DRY)
teT;

1+ MUT;

3" Si(k) > MUT, — LPN(1 - U(t)) Vt € T, i = {W, DRY}
k=t
t+ M SOT;

> Si(k) < MSOT, + LPN(1 — Ui(t))  Vt€ Ti.i = {W,DRY}
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In this model, the time period over which the washer and dryer can be in operation, which is
specified by the customer's EOT and LOP settings, is specified by (2.12a). The required
operation time, minimum up time, and maximum successive operation time of the washer and
dryer are parameter settings specified by the end-user, and are modeled by (2.12d) to (2.12f),

respectively.

Usually, the dryer operates after the washer and completes its operation, but a large time gap
between the operation of the two appliances is not acceptable. For example, customers most
probably would not accept an operation schedule that runs the washer in the morning and the
dryer in the afternoon, 12 hours later. Therefore, operation of time washer and the dryer needs

to be coordinated. Time following set of constraints coordinate the operation of time two

appliances:
MATGap
Spry(t) < >~ Sw(t—k) Ve T (2.13a)
k=1
Spry (t) + Sw(t) <1 vteT (2.13D)
> Sorv(t) =Y Sw(t) (2.13¢)
teTpry teTyy

where MATGap stands for the maximum allowed time gap between the operation of the washer
and time dryer.
Stove

The operation of the stove depends on the household habits and hence direct control of the
stove in not reasonable. Therefore, it is proposed to advise the customer on the “preferred”

operation times of the stove. The proposed operational model of the stove is as follows:
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, Oorl ifteT;i=Stv )
Sillt) = { 0 if t ¢ Ty i = Stv (2.142)
Ui(t) — Di(t) = S;(t) — Si(t — 1) VteT,i=Stv  (2.14b)
Us(t) + Dy(t) < 1 Vte T, i= Sty (2.14c)
> Si(k) = ROT; VteT,i=58w  (2.14d)
tcT;
t+MUT;
Y Si(k) = MUT, — LPN(1 - U (t)) Vt e T, i= Stv (2.14e)
k=t

t+M SOT;
> Si(k) < MSOT, + LPN(1 - Uy(t))  Vte T, i= St (2.14f)
k=t

In this model, the required operation time, minimum up time, and maximum successive
operation time of the stove are parameter settings specified by the end-user, and are modeled
by (2.14d), (2.14e) and (2.14f), respectively.

Pool pump

Pool pumps are in use to maintain the quality of water in swimming pools by circulating the
water through the filtering and chemical treatment systems. Therefore, by operating the pool
pump for particular hours a day, the pumping system keeps the water relatively clean, and free
of bacteria. The operational model of the pool pump is as follows:
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Si(t) = { Oorl %ft € Ti,’{ = Ppump
! 0 ift ¢ T;,i = Ppump

> Si(k) = ROTpyump

teT;

Ui(t) — Di(t) = Si(t) — Si(t — 1)

Ui(t) + Di(t) <1

t+MUT;

3" Sik) > MUT, — LPN(1 - Us(t))
k==t

t+MDT; 1
> Si(k) < LPN(1 - Dy(t))
k=t

t+ M SOT;

3" Si(k) £ MSOT, + LPN(1 - Uj(t))

k=t

PCT/CA2012/000319

vt € T;, i = Ppump

Vt € T;,i = Ppump
Vi € T;,i = Ppump

vt € T;,i = Ppump

Vi€ T, 1 = Ppump

Vt € T,,i = Ppump

(2.15a)

(2.15h)

(2.15¢)
(2.15d)

(2.15¢e)

(2.15f)

(2.15g)

Constraint (2.15b) ensures that the pool pump operates for the required operation time over the

scheduling horizon, and constraints (2.15e) and (2.15f) model the minimum up-time and down-

time requirements of the pool pump. To have effective water circulation, it is important to

distribute the water circulation periods within the scheduling horizon; therefore, (2.15g) ensures

that the maximum number of successive operation time intervals of the pool pump is not more

than a pro-set value.

Enerqgy Storage Device

A modern household is expected to be equipped with some form of Energy Storage/production

Device (ESD), such as batteries, electric vehicles, and solar panels. To develop the model of

the ESD for a residential micro hub, it is assumed that the amount of energy charged into the

ESD at each time interval is known. The generic model of the ESD is given by:
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OQorl1 ifteT;i=FESD ; _
Si(t):{e if1¢ T i ESD (2.16a)
ESLpsp(t) = ESLpsp(t — 1)

— Si(t) DCHysp + CHgsp(t)  VieT,i=ESD  (2.16b)
ESLgsp(t) > ESLmn VteT,i=ESD  (2.16¢)
Ui(t) — Di(t) = Si(t) — Si(t — 1) VteT;,i=ESD  (2.16d)
Us(t) + Di(t) < 1 VteTi=ESD  (2.16e)
t+MUT;
> Si(k) = MUT, — LPN(1 - Uy(t)) VteT,i=ESD  (2.16f)
k=t
t-+-M DT 1
> Si(k) < LPN(1 - Dy(t)) Vte T, i=ESD (2.16g)
k=t

Constraint (2.16b) relates the energy storage level of the ESD at time interval ¢t to that at time £ —
1, and the energy charge and discharge at time interval t. Constraint (2.16c) ensures that the
energy storage level is never less than a specified minimum value. The minimum up-time and

down-time requirements of the ESD are modeled by (2.16d)-(2.16g).

PV array

Figure 5 shows one possible way to connect a domestic PV electric power system to the grid.
The DC/DC converter can be in two operational modes: the converter mode to charge the
battery with a limited power as recommended by the battery manufacturer, and the inverter
mode to discharge the battery-stored energy back to the system. The discharge power rating is
determined by the DC/DC converter power rating. The AC power generated by the DC/AC
inverter is consumed by the house appliances or injected to the utility grid in case of low house
electric demand.

The mathematical model of the PV system is as follows:

28



WO 2012/129675 PCT/CA2012/000319

_f Oorl ifteT;i=PV o
S;(t) = { 0 ift¢ T i= PV (2.17a)

[ Pen if Ppy(t) > PCH -
CHpy(t) = { Poy if Py < Py (2.17h)

ESLpy(t) = ESLpy(t — 1)
— Spen(t) DCHpy + Sep()CHpy(t) V€T, i=PV  (2.17c)

ESLE < ESLpy(t) < ESLTT Vi€ T;,i =PV (2.17d)
Spen(t) + Sen(t) <1 Vit T,i=PV (2.17e)
(2.17f)

Constraint (2.17b) simulates the constant current battery charger operation which is normally
used to charge the PV systems batteries. For simplicity, it may be assumed that the battery
voltage is constant during the discharging/charging operations; thus, a constant current battery
charging is assumed to be a constant power charging process. Constraint (2.17c) shows the
effect of the charge/discharge decisions on the battery storage level. Constraint (2.17d) is used
to protect the battery against deep discharging and over charging, and equation (2.17e) reflects
the fact that the DC/DC converter does not operate in charge and discharge mode
simultaneously in thus particular configuration; however, thus constraint can be ignored if
separate charging and discharging units are used. It may be assumed in the PV model that the
DC/AC and DC/DC conversion efficiency is 100%.

Lighting

The lighting load of a house depends on the activity level and/or the house occupancy and it is
modeled using the illumination level concept in the house. It is assumed that the lighting load of
the house can be divided into several zones and the minimum required illumination can he

provided through the lighting system and outdoor illumination (sunshine). Time following

constraints represent time lighting load of a zone z in the house:

(Oorl ifteT,i=LI .
Si,(t) = { 0 iftgTi=LI (2.18a)
TLa(t) + Tl (8) > (14 K Ly (1) VeeT, (2.18b)
K, = —0.2083C, + 1.833 VteT, (2.18¢)
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where /L(f) is the illumination level produced by the lighting system of the house in a particular
zone. It is assumed that each illumination level is equal to 100 Ix, and 150 W is required to
produce 100 1x illumination. Constraint (2.18b) ensures that the total zonal illumination (from
the lighting system and outdoor sunshine) is more than a minimum required level. The price
elasticity of the lighting load is modeled using (2.18c), where K, 0 < K; < 1, is the elasticity
parameter. Thus, during peak hours, K; is equal to 0, which means the householder uses the
minimum required illumination; while during off-peak hours K; is equal to 1, which means the

householder consumes more lighting than the minimum required illumination.

The minimum required zonal illumination and outdoor illumination at time interval f are assumed
to be exogenous inputs to the model. The effect of the house occupancy on the lighting load is

considered in the minimum required illumination level for each zone.

The benefit provided by the energy optimization engine using the energy hub of the present
invention can be verified using these energy component models for a plurality of example test

case studies.

In these case studies, the energy optimization engine is run for a typical residential customer,
where parameters and device ratings are suitably chosen, and realistic data inputs for outside
temperatures, illumination levels, and solar PV panel generation have been used. TOU, RTP,
and FRP pricing for electricity, and fixed rate price for natural gas are used to calculate the total
energy costs.

The following case studies illustrate the capabilities and performance of the present invention:

. Case-0, the base case, maximizing customer’s comfort, where the summation of
the temperature deviations from the set points is minimized, while all other user

defined constraints on operation of the devices are met;

° Case-1, minimization of energy costs, where optimum operational schedules to

minimize total cost of energy from all devices is provided:;

. Case-2, minimization of energy consumption, where optimum operational
schedules to minimize total energy consumption from all devices is provided;

° Case-3, minimization of emissions, wherein the optimum schedule for all devices

are generated to minimize CO2 emissions, using an Ontario emissions profile;
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° Case-4, minimization of energy costs subject to peak power constraints, where
minimization of the total energy costs with a peak power cap on electricity
consumption at each time interval is provided; and

. Case-5, minimizing total energy costs, consumption and emissions, where
individual objective functions of minimizing total energy costs, energy
consumption and emissions are assigned weights to form an objective function to

minimize all of them at the same time.

In order for the energy optimization engine to provide the optimized model for each case, it is
important to select appropriate model parameters which are close to those in the real world. For
practical systems, most of these parameters would be developed by proper estimation,
appliance performance tests and customer preferences. For the cases herein, the assumed

parameter settings are given in the third column of Table 1, below.

Table 1
Device - Name plate rating Averag'e” power used
Air conditioner 3.2 kW Running wattage = 2.2 kW
 Puirnace o7 758 B/, 1150w | DR fomumptonnate - 2136 m /by
Electricty consumption = 1.15 kW
Fridge 0.9 kVA 0.6 kW
~ Water heater 42 kBtu/ht, 600 W, 60 Gallon Gas con'51'J.mpuon rate‘ 1187m /ht
' Electricity consumption = 0.6 kW
Lighting 0.15 kW 0.15 kW
' Stove ’ 4.6 kW Avg. power during cyclé —15kW
Dishwasher 1.25 kW Avg. power during cycle = 0.7 kW
Cloth washer 2 kW Avg. power durmg gycle’ ,"—"-',0.45 kW
Dryer 5kW Avg. power during cycle = 1.11 kW
~ Pool pump | 0.75 kW -~ 0.75kW
Energy storage device 3 kW solar PV panel, battery | 3 kW solar PV panel, battery storage
storage level 30 kWh - 6 kWh level 6 kWh - 30 kWh
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The operational schedules of various devices generated in Case-1 for a typical summer day are
presented and discussed for TOU pricing. Thus, Figure 9 shows the operational schedule of the
AC. Power consumption at each time interval, indoor temperature, activity level, and outdoor

temperature are shown in this figure.

Inside fridge temperatures obtained from the model in Case-1 and Case-0 are shown in Figure
10. In Case-0, the temperature tracks the user defined set point (3.5 °C), while in Case-1, the

temperature varies within the user defined upper and lower limits.

Figure 11 depicts the operational schedule and inside temperature generated by the
optimization model for the fridge in Case-1. It can be observed that when the activity level
increases during the evening hours, the fridge needs to operate more often to keep the inside

temperature within the user defined ranges.

A comparison of the water heater set points and hot water temperatures for non-optimal Case-0
and optimal Case-1 is depicted in Figure 12. The optimal operational schedule and hot water
demand of the water heater for Case 1 are shown in Figure 13.

Comparisons of the non-optimal and optimal operational schedules of Case-0 and Case-1 for
lighting and the dishwasher are shown in Figures 14 and 15, respectively.

In Case-1, the energy optimization engine minimizes the total costs of energy from all devices
and maximizes the revenue from energy production/storage devices operation. Table 2, further
below, presents a summary of the results in Case-1, compared with respect to the results of
Case-0.

These results show that in Case-1 the total energy costs, total energy consumption, and total
emissions are respectively reduced by 20.9%, 14.7%, and 21.6%, as compared to Case-0. AC
has a major effect on these reductions. The stove, dishwasher, washer, and dryer show no
reduction in energy consumption; however, their energy costs are reduced due to the
differences in their operational schedules. In general, the individual energy costs of all devices
are reduced in Case-1 as compared to Case-0. Peak demand of the household in Case-1 is
more than in Case-0.
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Table 2
S g Case 0 : 3
,Item Case:] Programmable ‘The mmostat - Change (4) “Fixed Temperature o Change (98
Energy Cost in § 5.03 6.24 193 637 209
[Energy Consumption in KWh 4996 56.91 122 58.56 147
Gas Costin § 1.35 144 6.0 144 6.0
Gas Consumption in cu.m 4.60 4.90 6.1 490 61
ESD Revenuein § 19.85 16.84 16.34
ESD Eneigy Supply in kWh 2475 21.00 2100
[Ermnission Costin § 0.40 0.50 051
Ersission in B 3.98 496 19.8 507 216
Peak Demandin KW 7.45 7.10 6.05
G e EW 1 Cost mry Cost Exegv EreyCot E“ag’ C&ﬁi mw Ene Cost
: . ’I’)e?icc Cmos:‘z;%mn Eurgg’ Corsa\:n“gm me%a) ,’ C(m;:;\ Chfge ) Cuuatnm‘x:gﬂon Enzgé = C;x:gp;;;x Chi o

Fumace Electncity 0 0 0 0 . 0 0
(75 KBtu/hr)  Gasincum 0 0 0 0 0 0
Air Conditioner (2.2 kW) 1815 186 2090 228 132 18.6 22.55 2.45 195 241
Watetheater Electncity 2.30 023 | 245 0.26 61 1 91 | 245 0.26 6.1 91
{42 KBtu/hr) Gas in cu.m 4.60 135 4.90 144 6.0 61 4.90 144 6.0 6.1
Fridge (0.6 kW) 3.45 035 3.53 0.36 21 26 353 0.36: 21 26
Lighting (0.15 kW) 8.44 088 1204 132 299 32.9 12.04 132 299 32.9
Stove (1.5 kW) 4.50 0.46 4.50 0.50 0.0 74 4.50 049 1200 65
Dishwasher (0.7 kW) 1.40 011 1.40 0.16 00 316 1.40 0.16 00 31.6
Washer (0.45 kW) 0.90 0.10 0.90 0.10 0.0 00 0.90 1 010 0.0 0.0
Dryer (1.1 kW) 220 017 220 0.18 0.0 55 220 0.18 0.0 5.5
TubWatethester (1 5 k%) 113 0.09 1.50 0.17 250 48.7 150 2015 250 42.9.
P oolpump (0.75 K¥) 7.50 0.78 7.50 0.91 0.0 14.9 7.50 0.90 0.0 13.2

In Case-2, the energy optimization engine minimizes energy consumption of all energy

consuming devices and maximizes the operation hours of energy production/storage devices.

Table 3, below, presents a summary comparison of Case-2 versus Case-0.

The results show that in Case-2 the total energy consumption, total energy costs, and emissions

are respectively reduced by 15.6%, 14.2%, and 15.9%, as compared to Case-0. Observe that

the peak demand in Case-2 is less than in Case-0. There is no change in energy consumption

of the stove, dishwasher, washer, and dryer, but their energy costs are increased, because the

objective function is to minimize total energy consumption, and hence energy costs have no

effect on the optimal schedule.
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Table 3
SRR Case-0 {
Item Case-2 P1og tammable The timostat Change £4) Fixed Temperature Changs /9
[Enerpy Costin § 546 6.24 125 6.37 142
Energy Consumption in kWh"" 49.41 56.91 132 58.56 15.6
Gas Costin § 135 144 6.0 144 6.0
Gas Consumption ih ¢um 460 4.90 6.0 490 6.0
ESD Revenue in § 19.85 16.84 16.84
ESD Energy Supply in KWh 24775 21.00 21.00
Emission Costin § 0.43 0.50 0.51 )
Emissioninkg 427 4.96 139 507 15.9
Peak Demandin KW 6.05 7.10 6.05
| Dévice Cw?:;fﬁon ErexgyCest Cmﬁon !'Lm'tg'y‘Co’sit & EmRy Exerss Cost CmE:nam Qgrg:Cosx : Cnmn | ErexyCost
s . iy ® o C‘“mgﬁ"“";;‘ Cluige (%) v 8 Clures iy | e 08
Fumace Electncity 0 0 ) 0 B
(75 KBtu/hr) Gas in cum 0 0 0 )
Air Conditioner (22 kW) 17.60 207 20.90 228 158 9.0 2255 2.45 220 152
Watethedter Electricity 230 024 1 24 | 026 | 61 1 59 | 245 | 02 61 29
(42 kBtu/hr) Gas in cum 4.60 135 4.90 1.44 60 6.1 490 14 6.0 61
Bridge (0.6 KW 345 0.36 3.53 0.36 241 16 353 0.36 21 16
Lighting (0.15 kW0 8.44 0.88 12.04 132 299 32.9 12.04 122 299 329
Stove (1.5 kW) 4.50 051 4.50 0.50 00 -2.0 450 0:49 0.0 23,0
Dishwrasher (0.7 KO 1.40 0.17 140 0.16 0.0 -57 140 0.16 0.0 -5.7
[Washer (0.45 kW) 0.90 011 0.9 0.10 00 -5.7 090 040 0.0 =57
Dryer (1.1 kW) 220 025 220 0.18 0.0 -38.2 220 0.18 0.0 -382
TubWatetheater (15 kW) 113 0.09 1.50 0.17 250 48.7 150 015 {250 429
Poolpump (0.75 K% 7.50 0.78 7.50 0.91 0.0 14.4 7.50 0.90 0.0 12.7
Table 4
Hfmm Casa:d L Case-0 . - L
s R Froorarmmable Thawriostat Clange (%) Fied Tavwpernue ' i Cunge Py
[Ene oy Costin § 505 6.24 191 637 20.7
sty Consumption in XWh 49.96 56.91 122 58.56 4.7
GasCostin§ 1.35 144 6.0 144 6.0
G 15 C orsuemption in cum 460 4.90 50 490 60
[Emssions Costin § 038 0.50 233 051 25.0
visions in kg 380 49 233 507 250
[ESD Revenue in § 19.85 16.84 16.84
ESD Eriesgy Sipplyin kWh 475 2100 21.00
ESD Eenission Savings in kg 260 215 208
Peak Demandia KW 700 715 7.10 685
B E . et | Emiscors | e | Emigaen | TOTV fBeCatfp | Ly at] Ewmiggy j Ty | EwmyCoy
'D’ex,"ice | 7w Rz o e Mt | o 20 ey | e s e Yy :—n;@'c;'::x‘ o
Fumace Electricity 0 0 0 0 e . 1] 0
(75 kBtu/ht) Gaincum| 0 0 i a 0 0
Air Conditioner (2.2 kWO ‘138 1815 186 1.77 2090 2.28 218 132 18.2 192 22.55 245 280 195 238
Wateheater Bleotrcity 018 1230 1 024 1 021 | 245 | 026 | 137 | 61 | 80 | 021 | 245 | 026 | 131 6.1 80
42 kBtu/hr) Gas in1 cu.m] 4.60 1.35 490 144 6.0 61 490 144 6.0 6.1
Fridge (0.6 k%) 0271345 035 0.28 353 L34 3.9 21 24 028 353 8.36 4p 2 24
Lighting (0.15 kW) 0.69 844 088 1.05 12.04 132 343 299 329 1.05 12.04 1.32 3 29.9 329
Stove (1.5 kW) 034 4.50 046 0.40 4 50 0.50 145 00 74 040 4.50 04951146 0.0 6.5
Dishwasher (0.7 kW) 008 140 011 0.13 140 B.16 395 0o 31.6 013 14 0.16 389 0.0 316
[Washey (045 kW) 008 09p 016 0.08 090 010 11 on 0.0 0.08 096 0.10 1.1 a0 0.0
Dryer (1.1 kW) 012 2.20 017 0.13 220 018 553 ali] 55 013 220 0.18 53 0.0 55
I Tub W ate theater 5k 0.04 113 0.09 0.15 150 017 714 250 487 013 150 0,15 66.4 250 %29
Poolpumyp (0.75 kW) 0.62 7.50 0.78 0.76 7.50 0.91 19.2 0.0 14.7 0.75 7.50 0.90 17.5 0.0 129

In Case-3, the energy optimization engine minimizes CO, emissions based on Ontario’s

emissions profile. The results of Case-3 versus Case-0 are presented in Table 4, above.
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Note that operational hours of the energy generation/storage device is maximized to reduce the
consumer’s contribution to CO, emissions; hence, a 25% emissions reduction is achieved in
Case-3 as compared to Case-0. The total energy costs in Case-3 is less than its value in Case-
1; this might not always he true, since the devices in Case-3 are scheduled to operate during
low-emissions hours which are not necessarily the same as low-price hours. Notice that the

peak demand in Case-3 is higher as compared to Case-0.

In Case-4, the energy optimization engine minimizes the total energy costs with a cap on peak
power consumption at each time interval. In this case the operational schedules of all devices
are inter-dependent. Table 5, below, presents the results obtained for this case with no peak
power cap (which is the same as Case-1), intermediate peak power cap, and the maximum

peak power cap that results in a feasible solution.

Table §
Effect of Peak Power Limit - Obj: minimization of Cost {S TOU)

fem o No peak power cap Intermediate peak power cap Maximum peak power cap
Energy Cost, $ $5.03 $5.07 $5.32
Energy Consumption, kWh 49.96 s 4596 50.51
Gas Cost, $ $1.35 $1.35 $1.35
Gas Consumption, cu.m 4,60 4.60 , 4.60
ESD Revenue, $ $19.85 o $19.85 $19.85
£SD Energy Supply, kWh | 2475 o 2475 24.75
Peak Demand, kW 14.90 10.70 7.10

Device s £ngrgv Consumption Energy Cost inergy Consumption Energy Cost Energy Consumption Energy Cost
. (K00} Ll G0 i3] LK 31

Furnace Electricity 0 0 0
{CC: 75 kBtu/hr)  iGas o 0 ) 0
Air Conditioner {CC: 2.2 kW) : 18.15 $1.86 18.15 $1.88 18.70 $1.99
Waterheater Electricity 2 | 2 0 ) ) 2 0
CC: 42 kBtu/br) _1Gas {cu.m) 5 1 s 1 1 5 1
Fridge {CC:06kW) - 3.45 $0.35 ) 3.45 $0.35 345 50.36
Lighting (0.15 kW) 844 $0.88 844 $0.88 8.44 $0.88
Stove (L5 ®W) 430 $0.46 ) $0.47 450 $0.49
Dishwasher (CC: 0.7 kW) 1.40 $0.11 1.40 $0.11 1.40 $0.17
Washer (0.45 kW) 4.90 %010 b os0 $0.10 090 $0.10
Dryer (1.1 kW) 330 8017 230 $0.17 220 5018
TubWaterheater {1.5 kW) 113 $0.09 B 113 $0.09 113 $0.09
Poolpump (0.75 kW) 7.50 $0.78 7.50 $0.78 7.50 $0.83

—— S

Notice that the peak demand is reduced significantly without any major increase in total energy
costs and energy consumption. Figure 14 illustrates the effects of peak power constraints on
power consumption profile of the household.

In Case 5, the energy optimization engine minimizes the total energy costs, energy

consumption, and emissions at the same time. Table 6, below, presents the results of Case-5
with respect to Case-0.
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Table 6
Obj: Minimization of Cost, Energy and Emission {Summer TOU}
Rem Case-5 k& - o
L Prograrmmable Thermcstat Change [%} Fixed Tempersture £ Change 1%
Energy Cast, $ $5.04 $6.24 19.3% $6.37 209%
Enerey Consumption, Kwh 4996 56.91 12.2% 5856 i 147%
Gas cost, 5 51.352 $1.44 6.0% $144 6.0%
Gas consumption, kwh 1 460 4.90 6.0% 490 : . 60%
Emissions cost, $038 ] 5050 23.0% $0.51 24.7%
Emissions. ke o ' 382 . 456 BO% 507 : 247%
€50 Revenve, § 519 85 B $16.84 $16.84
£S5 Energy Supply, Kiwh 2475 210 20
Powar Demand, kw 15.49 1420 S 12.10
SR Lo y gt L L e i Coat i i i i St Eni ot
" Dewics i o il B i A Pt i | ot e | e -t s i | e
o (e fowny ] owngen 1 ot I crangent |
Furnace Electricity o 0 [) o 0 0
icc7s ketuthsy  {od o ) ) o - o 0
air Conditioner {CC- 2.2 k) 141 | 1815 | s18 | 177 | 2000 | S228 | 305 132 182 192 | 2255 | s2a5 | 168 195 LR
Waterheater  Hiectacity | 0.18 230 | s023 | o2 245 | <026 | 129 61 101 | 021 245 | 5026 | 122 6.1 101
ioc: a2kBty)  lgas feum} 460 | si3% 450 | si1a4 6.0 6.1 450 | s144 5.0 6.1
Fridge (cc 0.6 kw) 027 345 | s035 | 028 353 | $036.1 32 21 26 028 353°1 %036 | 33 21 26
ighting 015 kw} 0,69 849 | soge | 105 | 1zoa | s132 | 343 293 329 | 105 | 1204 | s132 | 343 209 329 |
Stove (15 kW] . 1 om 450 15046 | 040 450 ] $050 | 145 00 74 040 | 450 | 5049 | 146 00 | &5
pishwasher [CC: 0.7 k] 0.08 140 $011 | 013 140 | s016 | 393 0.0 316 | 013 140 | 5016 | 389 0.0 316
washer (0.45 kW) 008017] 080 ] s010°| ‘008 030 | s030 | 11 | 00 0.0 008 | 030 | s030 | 1% 1 00 | oo
oryer (1.1 k) 012 220 | s017 | 013 220 | s018 | 53 0.0 55 013 230 | S018 | 53 00 55
rubwaterheater (1.5 kw) 004 1 113 | spos | 015 150 | 017 | 714 250 1 487 | 013 150 | so15 | e6d4 | 250 | 429
boctpurnp (0,75 kw) 0.61 750 | s078 | o676 750 | S081 | 203 0.0 148 | 075 750 | 5090 | 187 0.0 132

Observe the reductions in total energy costs, energy consumption and emissions as compared
to Case-0. However, expectedly, the total energy costs, energy consumption, and emissions
obtained in this case are higher as compared to the corresponding values in Case-1, Case-2,
and Case-3, respectively. The peak demand of the household is increased since there is no

peak power limit on total power consumption.

A summary comparison of the results for all cases is presented in Table 7, further below.
Observe that Case-0 has the highest energy costs, energy consumption and emissions among
all cases. In terms of total energy costs, Case-1 and Case-5 have almost the same amount of
savings as compared to Case-0. In Case-2, the total emission is the highest among all cases,
whereas energy consumption is the least. Case-3 and Case-5 have approximately the same
amount of total emissions, which are the lowest emissions among all cases. Case-4 with a
maximum feasible peak power constraint shows 50% less peak demand as compared to Case-
0, while the total energy costs is also less as compared to Case-0. The revenue obtained from
supplying energy to the grid is larger in all cases with respect to Case-0, since the optimization

model maximizes revenue from the ESD operation.

36



WO 2012/129675 PCT/CA2012/000319

Table 7
Comparison of Al Cases {Summer TOU)
Rem: o Case Case-1 Case2 Case3 . feasible pesk power Cases
ITm—— $6.24 —Ss03 3546 55.05 532 $5.04
Eoergy Consumption, ki . 5691 R 45,41 49.96 S051 -} 4906
G2c Com § $144 TTTTRIEBRTT $138 §i35 $135 $135
Gz Cansumption, cim 400 - 460 o 480 450 - - 450 - 4,60
52 Reverue, $16.84 %1985 | $15.85 $19.85 $18.85 $19.85
EsoEnecsySoppydwh oo L 10 2475 : 275 75 : 475 248
Emissions Cost § 5038 3040 $0.42 $0.38 $0.42 5038
Jerissions. 5 i o 380375 398 L 4.25 380 423 38
pest Demane. kW 14.20 14.90 12.09 14.30 7.10 15.49
i 3 . End i e ok s
Device ww‘ e "“‘;’;"" co:;gw e "’f:';"‘ (m::g'm oS E”;”" Eorisumption - g "';;’" coreumpion |t ""{f;"" | comsmston it ‘t:::“ E"‘t:}""
. - gy | 15 w1y wanp | R el IR = | ) DT :
Furnace iElectricity 3] o [+] 0 [+ o
16C: 75 kBtwhe} ‘Gas ) o N [+ [+ [ [}
i conditioner [cc: 2.2 kW) 2030 |sa28) 177 | 1e1s |sisel 150 | 1760 {sieri Tis | Taais |d1me] 1as | ae7e {sisel w7s | isas lsisel 1t
[waterheater tElectricity 245 |s026] 021 | 230 |S023| o1s 230 | sv24] 019 230 {3024 0.8 230 |so24] 019 230 [4%023] o018
(cc:azkBtu/he}  loas feum) 490 |s14a 460 15135 4.60 135 460 15135 460 15135 460 15135
Fridge {€C 0.6 kW) ‘353 036l 028 | 345 Jso3st 028 | 345 Jeo3s| 028 ) 345 |op3s| 027 | 545 fsods| 028 | 345 [so3s| 037
Uighting {0.15 kv 1204 [$132] 105 | “8as |5088| 065 | 844 |soss| 06s | 543 |s0es| 665 | mes |sosal oes | sa3  |soesl 0ss
Stove (15 AWI. ) %50 Isaboy oae | %0 "ieoasl 036 | 4E6 {suxil 040 | Tasp Vsods) 638| a56 isoas| 038|956 |s04el o34
fcc.o7kw) 140 |so1e] 013 140 |so11] ooe 140 lso17] 044 14 ['s011| oo8 130 s017] 0.08 140 15011 0.08
(Washer (0,45 kw} 080 {so10] oo8 | 050 Is0io vos | o0 o1 005 | oo 15010 008 | osd fsuiol vos | wso  |soxel ove
oryer {13 kw) 220 $0.18§ 0.13 2.20 50.17 012 220 50.25] 020 22 $0.17§ 012 228 50.18] 012 2.20 $0.17; 012
rubwaterheater (15w - | 180 " ¥So17} 0 § 133 " 1coeel 067 | I3 Isoos| 005 | 133 |soos] 004 | Ti37T{5o0s| 606 | 115 Tio0s] ood
Pocipump {0.75 kw) 750 $051] 076 7.50 5078] 061 750 $0.78] 0.65 7.50 50.78; 062 7.50 50.83] 0.61 7.50 40.78! 061

Note in Table 7 that total energy costs in Case-1, Case-3, and Case-5 are very close to each
other, and all of them are less than the energy costs in Case-0. Gas consumption in all cases
remains almost the same but slightly lower than in Case-0, while electricity consumption is
considerably less. Case-3 has the lowest amount of emissions, and it is significantly less as
compared to Case-0.

The effects of TOU, RTP, and FRP pricing schemes on the operational schedules of the devices

are shown in Table 8, below, for Case-1.
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Table 8
Comparison of effect of different energy prices in Case-1
Obi: Minimzation of cost {Summer)
ftem Time Of Use Flat Rate Real Time Price
LS SR (TOU) & {FR} {RTP)
Energy Cost, $ 5503 9493 $3.00
Energy Consumption, kWh 49.96 e . 53.56 o o 52.59
Gas Cost, $ s135 $13, 5135
Gas Consumption, kWh - 480 460 - i 4.60
ESD Revenue, $ o s1985 ‘ $1985 $19.85
ESD Energy Supply, kWh s ' 20475 2475
Emissions Cost, $ 5040 $0.47 ‘ 50.41
Emissions, kg - 398 ] 4.69 o 411
Peak Demand, kW ‘ 14.90 11.30 14.50
' e . Energy - i Energy Emission . Energy Energy Emission . Energy Enerev b fonission
“Device o Consumption . [ Cost tke) | ‘Consumption | Cost (ke} Consumption | Cost we)
' s {xvh) I - fkwh { _gwn e
Furnace Electricity 0 0 - 0
(cC: 75 Kbturhr) [Gas o I - B I e
Air Conditioner {CC: 2.2 kW) 1815 | 1.86 1.50 18.15 1671 1868 1815 11.00 1.40
Waterheater Electricity 2.30 0.23 018 | 230 021] 019 2.30 0.13 0.18
{CC: 42 kBtu/hr)  (Gas (cu.m) 460 1135 4.60 135} 4.60 135
Fridge [CC: 0.6 kW) 345 lo3s| 028 345 1032| 028 § 353 1o20]| 028
Lighting {0.15 kW) 8.44 088 069 12.04 1.11 1.05 10.99 0.66 0.94
Stove (1.5 kW) 4.50 0.46 0.36 450 0.41 0.40 - A50 026 037 .
Dishwasher (CC: 0.7 kw) 1.40 0.11 0.08 1.40 0.13 0.13 1.40 0.08 0.08
Washer (0.45kw) : 0.90 0.10 0.08 0.90 0087 0.09 090 0.05 0.08
Dryer {1.1kw} 2.20 0.17 0.12 2.20 0.20 0.20 2.20 0.13 0.12
TubWaterheater {1.5 kW) 113 0.09 0.07 113 1010 005 - 113 - {004 0.04
Poolpump {0.75 kW) 7.50 0.78 0.61 7.50 0.69 0.62 7.50 0.45 0.61

The results show that, for TOU, the total energy costs increases, although the energy
consumption is lower as compared to RTP and FRP cases. Note that the peak demand of the
household is reduced significantly in the case of FRP as compared to TOU and RTP.

Therefore, by choosing appropriate objective functions, the energy optimization engine has the
capability of generating an energy model that provides operational schedules of devices to
minimize total energy costs, energy consumption and emissions, while taking into account the
end-user preferences. Also the developed model can reduce the peak load of the household
significantly without major increase in total energy costs, which is of interest to utilities. Finally, it
is demonstrated that the developed mode! can lead to considerable reductions in household
emissions.

Thus, in an aspect, there is provided a computer-implemented energy hub management
system, comprising: a micro energy hub configured to communicate with two or more energy
components at a premises; and an energy optimization engine having an energy component
model for each energy component based on each energy components operating
characteristics, the energy optimization engine adapted to receive at least one input from the
two or more energy components and an input from an external data source on any external

energy utilization restrictions for the micro energy hub; whereby, in response to the at least one
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input from the two or more energy components and any external energy utilization restrictions
on the micro energy hub, the energy optimization engine is adapted to issue one or more control
signals to at least one of the energy components at the premises to optimize energy utilization

(consumption, generation, storage) based on one or more optimization criteria.

In an embodiment, the computer-implemented energy hub management system further
comprises: a macro energy hub embodied in a computing device and adapted to control two or
more micro energy hubs, the macro energy hub adapted to aggregate energy management
information from the two or more micro energy hubs; and in response to load and capacity
information for an energy grid obtained from a central controller, enable dynamic management
of energy utilization by each of the micro energy hubs by communicating any external energy

utilization restrictions to each micro energy hub.

In another embodiment, the macro energy hub is adapted to calculate a peak load based on the
aggregated energy management information from the two or more micro energy hubs, and if
necessary to maintain the peak load within available capacity of the energy grid, communicate
additional external energy utilization restrictions to each micro energy hub.

In another embodiment, the macro energy hub is adapted to communicate additional external

energy utilization restrictions to each micro energy hub based on a rolling schedule.

In another embodiment, the energy hub management system is further adapted to hierarchically
optimize the macro energy hub and the two or more micro energy hubs to optimize energy

utilization on the energy grid.

In another embodiment, the one or more macro energy hubs are adapted to temporarily
override a schedule for operation of energy components established by the micro energy hubs

in order to prevent a brown-out or black-out on the energy grid.

In another embodiment, micro energy hub is adapted to access the energy optimization engine
remotely via a cloud network.

In another embodiment, the energy components are one or more of energy consuming
components, energy generating components, and energy storing components, and the micro
energy hub is further adapted to communicate bidirectionally with at least some of the energy
components.
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In another embodiment, the premises is a residence, a commercial premises, an institutional

premises, an industrial premises, or an agricultural premises.

In another embodiment, a plurality of micro energy hubs are grouped for control by a macro
energy hub based on an analysis of aggregate energy information for the grouped micro energy
hubs.

In another embodiment, each energy component model is based on one or more of measured
past behaviour of the operation of the energy component and predicted operational information

supplied by a manufacturer or reseller of the energy component.

In another embodiment, the micro energy hub is adapted to receive external and environmental

data, including energy market prices and weather forecasts.

In another embodiment, the computer-implemented energy hub management system further
comprises: a user interface provided by each micro energy hub and adapted to enable a
premises manager to indicate one or more user preferences to generate one or more energy

component models.

In another embodiment, the micro energy hub is further adapted to communicate to a macro

energy hub via an internet web-based interface.

In another embodiment, the micro energy hub is operatively connected to one or more smart

meters for obtaining energy usage information for the premises.

In another embodiment, the energy optimization engine is adapted to optimize energy utilization
at each energy micro hub, and to optimize peak load and capacity requirements for an external
energy grid.

In another embodiment, the energy optimization engine is adapted to operate the energy

components based on an established schedule to optimize energy utilization.

In another aspect, there is provided a computer-implemented method for managing an energy
hub, comprising: configuring a micro energy hub to communicate with two or more energy
components at a premises; providing an energy optimization engine having an energy
component model for each energy component based on each energy component’s operating
characteristics, the energy optimization engine adapted to receive at least one input from the
two or more energy components and an input from an external data source on any external

energy utilization restrictions for the micro energy hub; and in response to the at least one input
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from the two or more energy components and any external energy utilization restrictions on the
micro energy hub, issuing one or more control signals from the energy optimization engine to at
least one of the energy components at the premises to optimize energy utilization based on one

or more optimization criteria.

fn an embodiment, the computer-implemented method further comprises: providing a macro
energy hub embodied in a computing device and adapted to control two or more micro energy
hubs, the macro energy hub adapted to aggregate energy management information from the
two or more micro energy hubs; and in response to load and capacity information for an energy
grid obtained from a central controller, enabling dynamic management of energy utilization by
each of the micro energy hubs by communicating any external energy utilization restrictions to

each micro energy hub.

In another embodiment, the computer-implemented method further comprises adapting the
macro energy hub to calculate a peak load based on the aggregated energy management
information from the two or more micro energy hubs, and if necessary to maintain the peak load
within available capacity of the energy grid, communicate additional external energy utilization

restrictions to each micro energy hub.

In another embodiment, the computer-implemented method further comprises adapting the
macro energy hub to communicate additional external energy utilization restrictions to each

micro energy hub based on a rolling schedule.

In another embodiment, the computer-implemented method further comprises hierarchically
optimizing the macro energy hub and the two or more micro energy hubs to optimize energy

utilization on the energy grid.

In another embodiment, the computer-implemented method further comprises adapting one or
more macro energy hubs to temporarily override a schedule for operation of energy components
established by the micro energy hubs in order to prevent a brown-out or black-out on the energy
grid.

In another embodiment, the computer-implemented method further comprises adapting the

micro energy hub to access the energy optimization engine remotely via a cloud network.

In another embodiment, the energy components are one or more of energy consuming

components, energy generating components, and energy storing components, and the micro
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energy hub is further adapted to communicate bidirectionally with at least some of the energy

components.

In another embodiment, the premises is a residence, a commercial premises, an institutional

premises, an industrial premises, or an agricultural premises.

In another embodiment, the computer-implemented method further comprises grouping a
plurality of micro energy hubs for control by a macro energy hub based on an analysis of
aggregate energy information for the grouped micro energy hubs.

In another embodiment, each energy component model is based on one or more of measured
past behaviour of the operation of the energy component and predicted operational information

supplied by a manufacturer or reseller of the energy component.

In another embodiment, the micro energy hub is adapted to receive external and environmental

data, including energy market prices and weather forecasts.

In another embodiment, a user interface is provided by each micro energy hub and adapted to
enable a premises manager to indicate one or more user preferences to generate one or more

energy component models.

In another embodiment, the micro energy hub is further adapted to communicate to a macro

energy hub via an internet web-based interface.

In another embodiment, the micro energy hub is operatively connected to one or more smart

meters for obtaining energy usage information for the premises.

In another embodiment, the energy optimization engine is adapted to optimize energy utilization
at each energy micro hub, and to optimize peak load and capacity requirements for an external
energy grid.

In another embodiment, the energy optimization engine is adapted to operate the energy

components based on an established schedule to optimize energy utilization.

While various illustrative embodiments have been described by way of example, it will be
appreciated that various changes and modifications may be made without departing from the
scope of the invention, which is defined by the following claims.
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CLAIMS:
We claim:
1. A computer-implemented energy hub management system, comprising:

a micro energy hub configured to communicate with two or more energy components at

a premises; and

an energy optimization engine having an energy component model for each energy
component based on each energy component’s operating characteristics, the energy
optimization engine adapted to receive at least one input from the two or more energy
components and an input from an external data source on any external energy utilization

restrictions for the micro energy hub;

whereby, in response to the at least one input from the two or more energy components
and any external energy utilization restrictions on the micro energy hub, the energy optimization
engine is adapted to issue one or more control signals to at least one of the energy components

at the premises to optimize energy utilization based on one or more optimization criteria.

2. The computer-implemented energy hub management system of claim 1, further
comprising:

a macro energy hub embodied in a computing device and adapted to control two or
more micro energy hubs, the macro energy hub adapted to aggregate energy management

information from the two or more micro energy hubs; and

in response to load and capacity information for an energy grid obtained from a central
controller, enable dynamic management of energy utilization by each of the micro energy hubs

by communicating any external energy utilization restrictions to each micro energy hub.

3. The computer-implemented energy hub management system of claim 2, wherein the
macro energy hub is adapted to calculate a peak load based on the aggregated energy
management information from the two or more micro energy hubs, and if necessary to maintain
the peak load within available capacity of the energy grid, communicate additional external
energy utilization restrictions to each micro energy hub.
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4, The computer-implemented energy hub management system of claim 3, wherein the
macro energy hub is adapted to communicate additional external energy utilization restrictions

to each micro energy hub based on a rolling schedule.

5. The computer-implemented energy hub management system of claim 2, wherein the
energy hub management system is further adapted to hierarchically optimize the macro energy

hub and the two or more micro energy hubs to optimize energy utilization on the energy grid.

6. The computer-implemented energy hub management system of claim 5, wherein the
one or more macro energy hubs are adapted to temporarily override a schedule for operation of
energy components established by the micro energy hubs in order to prevent a brown-out or

black-out on the energy grid.

7. The computer-implemented energy hub management system of claim 1, wherein the
micro energy hub is adapted to access the energy optimization engine remotely via a cloud

network.

8. The computer-implemented energy hub management system of claim 1, wherein the
energy components are one or more of energy consuming components, energy generating
components, and energy storing components, and the micro energy hub is further adapted to

communicate bidirectionally with at least some of the energy components.

9. The computer-implemented energy hub management system of claim 1, wherein the
premises is a residence, a commercial premises, an institutional premises, an industrial

premises, or an agricultural premises.

10. The computer-implemented energy hub management system of claim 9, wherein a
plurality of micro energy hubs are grouped for control by a macro energy hub based on an

analysis of aggregate energy information for the grouped micro energy hubs.

11. The computer-implemented energy hub management system of claim 1, wherein each
energy component model is based on one or more of measured past behaviour of the operation
of the energy component and predicted operational information supplied by a manufacturer or
reseller of the energy component.

12. The computer-implemented energy hub management system of claim 1, wherein the
micro energy hub is adapted to receive external and environmental data, including energy
market prices and weather forecasts.
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13. The computer-implemented energy hub management system of claim 1, further
comprising a user interface provided by each micro energy hub and adapted to enable a
premises manager to indicate one or more user preferences to generate one or more energy

component models.

14. The computer-implemented energy hub management system of claim 1, wherein the
micro energy hub is further adapted to communicate to a macro energy hub via an internet web-

based interface.

15. The computer-implemented energy hub management system of claim 1, wherein the
micro energy hub is operatively connected to one or more smart meters for obtaining energy

usage information for the premises.

16. The computer-implemented energy hub management system of claim 1, wherein the
energy optimization engine is adapted to optimize energy utilization at each energy micro hub,
and to optimize peak load and capacity requirements for an external energy grid.

17. The computer-implemented energy hub management system of claim 1, wherein the
energy optimization engine is adapted to operate the energy components based on an
established schedule to optimize energy utilization.

18. A computer-implemented method for managing an energy hub, comprising:

configuring a micro energy hub to communicate with two or more energy components at

a premises;

providing an energy optimization engine having an energy component model for each
energy component based on each energy component’s operating characteristics, the energy
optimization engine adapted to receive at least one input from the two or more energy
components and an input from an external data source on any external energy utilization
restrictions for the micro energy hub; and

in response to the at least one input from the two or more energy components and any
external energy utilization restrictions on the micro energy hub, issuing one or more control
signals from the energy optimization engine to at least one of the energy components at the
premises to optimize energy utilization based on one or more optimization criteria.

19. The computer-implemented method of claim 18, further comprising:
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providing a macro energy hub embodied in a computing device and adapted to control
two or more micro energy hubs, the macro energy hub adapted to aggregate energy

management information from the two or more micro energy hubs; and

in response to load and capacity information for an energy grid obtained from a central
controller, enabling dynamic management of energy utilization by each of the micro energy hubs

by communicating any external energy utilization restrictions to each micro energy hub.

20. The computer-implemented method of claim 19, further comprising adapting the macro
energy hub to calculate a peak load based on the aggregated energy management information
from the two or more micro energy hubs, and if necessary to maintain the peak load within
available capacity of the energy grid, communicate additional external energy utilization

restrictions to each micro energy hub.

21. The computer-implemented method of claim 19, further comprising adapting the macro
energy hub to communicate additional external energy utilization restrictions to each micro

energy hub based on a rolling schedule.

22. The computer-implemented method of claim 19, further comprising hierarchically
optimizing the macro energy hub and the two or more micro energy hubs to optimize energy
utilization on the energy grid.

23. The computer-implemented method of claim 22, further comprising adapting one or
more macro energy hubs to temporarily override a schedule for operation of energy components
established by the micro energy hubs in order to prevent a brown-out or black-out on the energy
grid.

24, The computer-implemented method of claim 18, further comprising adapting the micro

energy hub to access the energy optimization engine remotely via a cloud network.

25. The computer-implemented method of claim 18, wherein the energy components are
one or more of energy consuming components, energy generating components, and energy
storing components, and the micro energy hub is further adapted to communicate bidirectionally

with at least some of the energy components.

26. The computer-implemented method of claim 18, wherein the premises is a residence, a
commercial premises, an institutional premises, an industrial premises, or an agricultural
premises.
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27. The computer-implemented method of claim 27, further comprising grouping a plurality
of micro energy hubs for control by a macro energy hub based on an analysis of aggregate

energy information for the grouped micro energy hubs.

28. The computer-implemented method of claim 18, wherein each energy component model
is based on one or more of measured past behaviour of the operation of the energy component
and predicted operational information supplied by a manufacturer or reseller of the energy

component.

29. The computer-implemented method of claim 18, wherein the micro energy hub is
adapted to receive external and environmental data, including energy market prices and

weather forecasts.

30. The computer-implemented method of claim 18, further comprising a user interface
provided by each micro energy hub and adapted to enable a premises manager to indicate one

or more user preferences to generate one or more energy component models.

31. The computer-implemented method of claim 18, wherein the micro energy hub is further

adapted to communicate to a macro energy hub via an internet web-based interface.

32. The computer-implemented method of claim 18, wherein the micro energy hub is
operatively connected to one or more smart meters for obtaining energy usage information for

the premises.

33. The computer-implemented method of claim 18, wherein the energy optimization engine
is adapted to optimize energy utilization at each energy micro hub, and to optimize peak load

and capacity requirements for an external energy grid.

34. The computer-implemented method of claim 18, wherein the energy optimization engine
is adapted to operate the energy components based on an established schedule to optimize
energy utilization.
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AMENDED CLAIMS
received by the International Bureau on 10 September 2012 (10.09.2012)

We claim:
1. A computer-implemented energy hub management system, comprising:

a micro energy hub configured to communicate with two or more energy components at
a premises; and

an energy optimization engine having an energy component model for each energy
component based on each energy component's operating characteristics, the energy
optimization engine adapted to receive at least one input from the two or more energy
components and an input from an external data source on any external energy utilization
restrictions for the micro energy hub;

whereby, in response to the at least one input from the two or more energy components
and any external energy utilization restrictions on the micro energy hub, the energy optimization
engine is adapted to issue one or more control signals to at least one of the energy components
at the premises to optimize energy utilization based on tne or more optimization criteria.

2. The computer-implemented energy hub management system of claim 1, further
comprising:

a macro energy hub embodied in a computing device and adapted to control two or
more micro energy hubs, the macro energy hub adapted to aggregate energy management
information from the two or more micro energy hubs; and

in response to load and capacity information far an energy grid abtained from a central
controller, enable dynamic management of energy utllization by each of the micro energy hubs
by communicating any external energy utilization restrictions to each micro energy hub.

3. The computer-implemented energy hub management systerh of claim 2, wherein the
macro energy hub is adapted to calculate a peak load based on the aggregated energy
management information from the two or more micro energy hubs, and if necessary to maintain
the peak load within available capacity of the energy grid, communicate additional external
energy utilization restrictions to each micro energy hub.
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4, The computer-implemented energy hub management system of claim 3, wherein the
macro energy hub is adapted to communicate additional external energy utilization restrictions
to each micro energy hub based on a rolling schedule.

5. The computer-implemented energy hub management system of claim 2, wherein the
energy hub management system is further adapted to hiera_rchically optimize the macro energy
hub and the two or more micro energy hubs to optimize energy utilization on the energy grid.

6. The computer-implemented energy hub management system of claim 5, wherein the
one or mare macro energy hubs are adapted to temporarily override a schedule for operation of
energy components established by the micro energy hubs in order to prevent a brown-out or
black-out on the energy grid.

7. The computer-implemented energy hub management system of claim 1, wherein the
micro energy hub is adapted to access the energy optimization engine remotely via a cloud
network.

8. The computer-implemented energy hub management system of claim 1, wherein the
energy components are one or more of energy consuming components, energy generating
components, and energy storing components, and the micro energy hub Is further adapted to
communicate bidirectionally with at least some of the energy compaonents.

9. The computer-implemented energy hub management system of claim 1, wherein the
premises is a residence, a commercial premises, an institutional premises, an industrial
premises, or an agricultural premises.

10.  The computer-implemented energy hub management system of claim 9, wherein a
plurality of micro energy hubs are grouped for control by a macro energy hub based on an
analysis of aggregate energy information for the grouped micro energy hubs.

11.  The computer-implemented energy hub management system of claim 1, wherein each
energy component model is based on one or more of measured past behaviour of the operation
of the energy component and predicted operational information supplied by a manufacturer or
reseller of the energy component.

12.  The computer-implemented energy hub management system of claim 1, wherein the
micro energy hub is adapted to receive external and environmental data, including energy
market prices and weather forecasts.
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13. The computer-implemented energy hub management system of claim 1, further
comprising a user interface provided by each micro energy hub and adapted to enable a
premises manager to indicate one or more user preferences to generate one or more energy
component models.

14.  The computer-implemented energy hub management system of claim 1, wherein the
micro energy hub is further adapted to communicate to a macro energy hub via an internet web-
based interface.

15.  The computer-implemented energy hub management system of claim 1, wherein the
micro energy hub is operatively connected to one or more smart meters for obtaining energy
usage information for the premises.

16.  The computer-implemented energy hub management system of claim 1, wherein the
energy optimization engine is adapted to optimize energy utilization at each energy micro hub,
and to optimize peak load and capacity requirements for an external energy grid.

17.  The computer-implemented energy hub management system of élaim 1, wherein the
~energy optimization engine is adapted to operate the energy components based on an
established schedule to optimize energy utilization.

18. A computer-implemented method for managing an energy hub, comprising:

configuring a micro energy hub to communicate with two or more energy components at
a premises;

providing an energy optimization engine having an energy component model for each
energy component based on each energy component's operating characteristics, the energy
optimization engine adapted to recelve at least one input from the two or more energy
components and an input from an external data source on any external energy utilization
restrictions for the micro energy hub; and ’ '

in response to the at least one input from the two or more energy components and any
external energy utilization restrictions on the micro energy hub, issuing one or more control
signals from the energy optimization engine to at least one of the energy components at the
premises to optimize energy utilization based on one or more optimization criteria.

19.  The computer-implemented method of claim 18, further comprising:
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providing a macro energy hub embodied in a computing device and adapted to control
two or more micro energy hubs, the macro energy hub adapted to aggregate energy
management information from the two or more micro energy hubs; and

in response to load and capacity information for an energy grid obtained from a central
controlier, enabling dynamic management of energy utilization by each of the micro energy hubs
by communicating any external energy utilization restrictions to each micro energy hub.

20.  The computer-implemented method of claim 19, further comprising adapting the macro
energy hub to calculate a peak load based on the aggregated energy management information
from the two or more micro energy hubs, and if necessary to maintain the peak load within
available capacity of the energy grid, communicate additional external energy utilization
restrictions to each micro energy hub.

21.  The computer-implemented method of claim 19, further comprising adapting the macro
energy hub to communicate additional external energy utilization restrictions to each micro
energy hub based on a rolling schedule.

22, The computer-implemented method of claim 19, further comprising hierarchically
optimizing the macro energy hub and the two or mare micro energy hubs to optimize energy
utilization on the energy grid.

23.  The computer-implemented method of claim 22, further comprising adapting one or
more macro energy hubs to temporarily override a schedule for aperation of energy components
established by the micro energy hubs in order to prevent a brown-out or black-out on the energy
grid.

24,  The computer-implemented method of claim 18, further comprising adapting the micro
energy hub to access the energy optimization engine remotely via a cloud network.

25. The computer-implemented method of claim 18, wherein the energy components are
one or more of energy consuming components, energy generating components, and energy
storing components, and the micro energy hub is further adapted to communicate bidirectionally
with at least some of the energy components. '

26. The computer-implemented method of claim 18, wherein the premises is a residence, a
commercial premises, an institutional premises, an industrial premises, or an agricultural
premises.
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27.  The computer-implemented method of claim 18, further comprising grouping a plurality
of micro energy hubs for control by a macro energy hub based on an analysis of aggregate
energy information for the grouped micro energy hubs.

28.  The computer-implemented method of claim 18, wherein each energy component model
is based on one or more of measured past behaviour of the operation of the energy component
and predicted operational information supplied by a manufacturer or reseller of the energy
component.

29.  The computer-implemented method of claim 18, wherein the micro energy hub is
adapted to receive external and environmental data, including energy market prices and
weather forecasts.

30. The éomputer-implemented method of claim 18, further comprising a user interface
provided by each micro energy hub and adapted to enable a premises manager to indicate one
or more user preferences to generate one or more energy component models.

31.  The computer-implemented method of claim 18, wherein the micro energy hub is further
adapted to communicate to a macro energy hub via an internet web-based interface.

32. The computer-implemented method of claim 18, wherein the micro energy hub is
operatively connected to one or more smart meters for obtaining energy usage information for
the premises.

33.  The computer-implemented method of claim 18, wherein the energy optimization engine
is adapted to optimize energy utilization at each energy micro hub, and to optimize peak load
and capaci{y requirements for an external energy grid.

34.  The computer-implemented method of claim 18, wherein the energy optimization engine
is adapted to operate the energy components based on an established schedule to optimize
energy utilization. '
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