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ENERGY USAGE SUB-METERING SYSTEM UTILIZING INFRARED
THERMOGRAPHY

BACKGROUND

[0001] The present disclosure relates to an energy usage sub-metering system, and
more particularly, to an energy usage sub-metering system utilizing infrared thermography.

[0002] The ability to assess energy utilization on a zonal basis (i.e., sub-metering)
throughout, for example, a building system is attractive to a building owner because it
enables the owner to apportion HVAC heating and/or cooling loads on a per utilized joule
basis rather than proportional to the tenant’s occupied floor space. High HVAC loadings
arise in situations where personnel occupancy is high or when heat dissipation due to office
equipment (e.g., computers, servers, space heaters, etc.) becomes excessive. In such cases,
tenants that are assessed HVAC utilization based upon square footage are effectively
subsidized by other tenants with lower HVAC loading. Thus it would be desirable to an
owner of a building to know which tenants are most heavily loading their systems and
thereby charge a premium for higher than average use.

[0003] Unfortunately, traditional energy utilization sub-metering is generally cost
prohibitive since it would require instrumentation of all potential sources of, for example,
heat generation (including people and office equipment) with both temperature and air flow
measurement devices to assess caloric flux into the occupied area or zone. In addition, it may
be necessary to measure air mass flow and temperature both into and out of an occupied

zone.

SUMMARY

[0004] An energy usage sub-metering system according to one, non-limiting,
embodiment of the present disclosure includes a focal plane array including a plurality of
radiant energy sensors configured to monitor a predefined space and measure energy
radiating from a plurality of objects in the predefined space; and a computer-based processor
coupled to the focal plane array and configured to profile temperature throughout the
predefined space in concert with executing heat dissipation algorithms to provide an estimate
of energy load.

[0005] Additionally to the foregoing embodiment, the energy load comprises a
HVAC load.
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[0006] In the alternative or additionally thereto, in the foregoing embodiment, the
plurality of radiant energy sensors comprise a plurality of infrared sensors.

[0007] In the alternative or additionally thereto, in the foregoing embodiment, the
computer-based processor is configured to estimate surface area of each one of the plurality
of objects based at least in-part upon a number of energy sensors of the plurality of radiant
energy sensors mapped upon the surface area.

[0008] In the alternative or additionally thereto, in the foregoing embodiment, the
computer-based processor is configured to apply a temperature value of supply air flowing
into the predefined space.

[0009] In the alternative or additionally thereto, in the foregoing embodiment, the
energy usage sub-metering system includes a wireless communication module configured to
transmit and receive signals; and a substrate platform wherein the focal plane array, the
processor, and the wireless communication device are integrated onto the substrate platform.

[0010] A building management system according to another, non-limiting,
embodiment includes an ambient air temperature control system constructed and arranged to
control air temperature in a plurality of predefined spaces; an energy usage sub-metering
system including a plurality of infrared focal plane arrays, wherein each one of the plurality
of infrared focal plane arrays is configured to measure energy radiating from a plurality of
objects in a respective one of the plurality of predefined spaces; and a computer-based
processor coupled to the plurality of infrared focal plane arrays and configured to profile
respective temperatures throughout each one of the plurality of predefined spaces in concert
with executing heat dissipation algorithms to provide a plurality of energy load estimates,
wherein each one of the plurality of energy load estimates is associated with a respective one
of the plurality of predefined spaces.

[0011] Additionally to the foregoing embodiment, a totality of the plurality of energy
load estimates is proximate to an energy load expended by the ambient air temperature
control system.

[0012] In the alternative or additionally thereto, in the foregoing embodiment, the
ambient air temperature control system is a heating, ventilation and air conditioning system.

[0013] A method of operating an energy usage sub-metering system according to
another, non-limiting, embodiment includes establishing total energy expended associated
with air conditioning of a first and a second space; thermally mapping objects in the first
space by a first infrared focal plane array; thermally mapping objects in the second space by a

second infrared focal plane array; utilizing image processing by at least one computer-based
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processor to estimate surface area of the objects in the first and second spaces; determining
first and second heat load estimates associated with the respective first and second spaces
from the objects in the respective first and second spaces and based on a plurality of factors
and through the application of an algorithm by the computer-based processor; and
proportioning energy usage between the first and second spaces based on the first and second
heat load estimates and the total energy expended.

[0014] Additionally to the foregoing embodiment, the plurality of factors include first
and second supply air temperatures for the respective first and second spaces.

[0015] In the alternative or additionally thereto, in the foregoing embodiment, the
plurality of factors include calculating radiative heat using the Stephan-Boltzmann Law for
heat flux.

[0016] In the alternative or additionally thereto, in the foregoing embodiment, the
plurality of factors include convective heat transfer from the objects to surrounding air.

[0017] In the alternative or additionally thereto, in the foregoing embodiment, the
plurality of factors include a rise in ambient temperature as determined from IR
thermography of the surface areas.

[0018] In the alternative or additionally thereto, in the foregoing embodiment, the
plurality of factors include look-up tables for heat dissipation based upon image analytics that
identify the objects.

[0019] In the alternative or additionally thereto, in the foregoing embodiment, a
HVAC system expends the total energy.

[0020] In the alternative or additionally thereto, in the foregoing embodiment, the
objects include humans.

[0021] In the alternative or additionally thereto, in the foregoing embodiment, the
objects include computers.

[0022] The foregoing features and elements may be combined in various
combinations without exclusivity, unless expressly indicated otherwise. These features and
elements as well as the operation thereof will become more apparent in light of the following
description and the accompanying drawings. However, it should be understood that the

following description and drawings are intended to be exemplary in nature and non-limiting.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0023] Various features will become apparent to those skilled in the art from the
following detailed description of the disclosed non-limiting embodiments. The drawings that
accompany the detailed description can be briefly described as follows:

[0024] FIG. 1 is a schematic of a building management system of the present
disclosure;

[0025] FIG. 2 is a schematic of an ambient air temperature control system, coupled
with an energy usage sub-metering system of the building management system;

[0026] FIG. 3 is a schematic of the energy usage sub-metering system;

[0027] FIG. 4 is a plan view of a focal plan array of a remote unit of the energy usage
sub-metering system;

[0028] FIG. 5 is a perspective view of components of the remote unit of the energy
usage sub-metering system 5 integrated into a common substrate platform; and

[0029] FIG. 6 is a flow chart of a method of operating the building management

system.

DETAILED DESCRIPTION

[0030] Referring to FIG. 1, a building management system 20 of the present
disclosure is illustrated. The building management system 20 may include at least one of an
ambient air temperature control system 22, a security system 24, a lighting or illumination
system 26, a transportation system 28 a safety system 30 and others. Each system 22, 24, 26,
28, 30 may be associated with and/or contained within a building 32 having a plurality of
predefined spaces 34 that may generally be detached or substantially isolated from one-
another, may be accessible and/or interconnected via a door and/or through hallways (not
shown) and other means.

[0031] The ambient air temperature control system 22 may be a forced air system
such as a heating, ventilation, and air conditioning (HVAC) system, a radiant heat system and
others. The security system 24 may be configured to detect intruders and provide various
forms of alerts and notifications. The lighting system 26 may control and/or monitor lighting
in each one of the predefined spaces 34 based on any number of factors including natural
background lighting, occupancy and others. The transportation system 28 may include the
control and/or monitoring of elevators, escalators and other transportation devices associated

with and/or within the building 32. The safety system 30 may include the detection of
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conditions that may pose a risk or health hazard to occupants of the building 32. All of these
systems 22, 24, 26, 28, 30 may require a variety of devices to perform any variety of
functions including detection, monitoring communication, data referencing and collection,
user control and others. Many devices may be shared between systems.

[0032] The building management system 20 may further include a computing device
36 that controls and/or supports each system 22, 24, 26, 28, 30. The computing device 36
may include a processor 38 (e.g., microprocessor) and a computer readable storage medium
40. It is further contemplated and understood that the building management system 20 may
include more than one computing device 36 with any one computing device being dedicated
to any one of the systems 22, 24, 26, 28, 30.

[0033] In one embodiment, the building management system 20 may include a forced
air HVAC system 22 that includes a common supply duct plenum 42 that flows heated or
cooled air into a plurality of ducts 44 routed to respective spaces 34 of the building 32. A
temperature thermostat 46 may be located in each space 34 for controlling and monitoring
ambient air temperature. In operation, the thermostat 46 may send a signal over pathway 48
to the computing device 36 when a demand for heating and/or cooling is needed. In-turn, the
computing device 36 may initiate the HVAC system 22 that may include the control and/or
energization of a damper 48 located in each duct 44. The control and/or energization of the
dampers 48 is conducted over pathways 50, and enables the controlled flow of heated or
cooled air (see arrows 52) from the supply plenum 42 and into the respective spaces 34. The
energy expended to heat and/or cool air that is then supplied to all of the predefined spaces 34
as part of the HVAC system 22 may be supplied and measured through a metering system 54
that may generally be controlled by, for example, a public utility company for invoicing. In
the configuration of the present example, the public utility metering system 54 may not be
configured to determine the amount of energy expended in each individual space 34. The
total energy expended, however, may be received and stored by the computing device 36.
The energy, itself, may be in the form of natural gas (e.g., for heating air via a furnace
application) and/or may be electrical power (e.g., for cooling air via an air conditioning unit).
It is further contemplated and understood that many other forms and configuration of an
ambient air temperature control system 22 may apply where the total energy expended and
relative costs is determined through a central metering system, but may not be directly known
on a per space basis. Pathways 48, 50 may be wired or wireless pathways.

[0034] Referring to FIGS. 2 and 3, the building management system 20 includes an

energy usage sub-metering system 54 that may be constructed and arranged to profile
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temperature throughout each space 34 in concert with heat generation and dissipation
algorithms to provide data-based estimates of occupant HVAC loads in each space as well as
joule release by various systems in the area 34, including: laptops, servers, copiers, desktop
computers, and appliances. The HVAC load estimates may be used to proportion the actual
total energy expended between spaces 34, and thereby enable the building management
system 20 to proportionally charge each occupant of each space 34 for the energy expended.
Such proportions may be executed by the computing device 36 and expressed as a ratio of the
total energy usage and/or financial charges.

[0035] The algorithms may include an identification subroutine together with a look-
up table to identify the subsystem through its thermal profile, to assist in the estimation of the
local energy generation.

[0036] The energy usage sub-metering system 54 may include a local unit 56 located
in each space 34 that may be configured to communicate with the computing device 36 over
wired or wireless pathways (see arrow 58). The local unit 56 is configured to monitor a pre-
scribed scene in each space 34 (e.g., the entire space) for thermally profiling objects 60 in
each space 34. The objects 60 may include anything that emits heat such as computers,
servers, humans, portable electric heaters, windows (i.e., in summer months), motor driven
systems, vending with cooling and dispensing, and others. Similarly, the objects 60 may
include heat sinks such as windows (i.e., in winter months). The local unit 56 may include a
focal plane array (FPA) 62, a memory module 64, a sensor data compression block 66, a
processor 68, a communication module 70, a power management module 72, and a power
source 74.

[0037] Referring to FIGS. 3 and 4, the FPA 62 may be an infrared focal plane array
configured to sense and detect heat emitted by the objects (e.g., humans, computers, servers,
and others) in a scene 76. More particularly, the FPA 62 may be calibrated to provide the
ability to do thermography (absolute local temperature measurements); either relative or
absolute. The FPA 62 includes a row decoder 78, a column decoder 80, which are part of the
Read-Out Integrated Circuit (ROIC), and a plurality of sensors 82 that may be infrared
sensors arranged in a series of rows and columns (i.e., six rows and nine columns illustrated
in FIG. 2). The row and column decoders 78, 80 are electrically coupled to the respective
rows and columns of sensors 82, and are configured to receive intensity information (e.g.,
heat intensity) recorded over a time interval. As one example, the sensors 82 may be
configured to sense radiated energy having an infrared, long, wavelength that may be within a

range of about three (3) to fifteen (15) micrometers. This range is a thermal imaging region,
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in which the sensors 82 may obtain a passive image of the objects 60 only slightly higher
than, for example, room temperature. This image may be based on thermal emissions only
and requires no visible illumination.

[0038] The memory module 64 is generally a computer readable and writable storage
medium and is configured to communicate with the processor 68 and generally stores
intensity data from the sensors 82 for later processing, stores executable programs and their
associated permanent data as well as intermediate data from their computation. The memory
module 64 may be a random-access memory (RAM) that may be a ferroelectric RAM
(FRAM) having relatively low power consumption with relatively fast write performance,
and a high number of write-erase cycles.

[0039] The radiant energy intensity information received by the decoders 78, 80 may
be conditioned via a signal conditioning circuit (not shown) and then sent to the processor 68.
The signal conditioning circuit may be part of the ROIC. Signal conditioning may include
analog-to-digital converters and other circuitry to compensate for noise that may be
introduced by the sensors 82. The processor 68 may be configured to provide focal plane
scaling of the intensity value data received from the signal condition circuit and may further
provide interpolation techniques generally known in the art. The processor 68 is generally
computer-based and examples may include a post-processor, a microprocessor and/or a
digital signal processor.

[0040] A local calibrated temperature sensor (not shown) may also be part of the sub-
metering system 54 that serves as a thermal reference.

[0041] The sensor data compression block 66 is known to one having skill in the art
and is generally optional with regard to the present disclosure.

[0042] The communication module 70 is configured to send and receive information
and commands relative to the operation of the remote unit 56. The communication module
70 may include a network coding engine block 84, an ADC 86, a receiver 88 (e.g. wireless),
and a transmitter 90 (e.g., wireless). As is well-known in the art, the transmitter and receiver
may be implemented as a transceiver or could be replaced by a well-known wired
communication link (not shown). The network coding engine block 84 is configured to
interface the input and output of the processor 68 to transmitter 90, receiver 88 (through ADC
86), provide encoding (e.g., for error detection and correction), security via encryption or

authentication, and other features.



WO 2017/139214 PCT/US2017/016648

[0043] The ADC 86 is configured to convert analog received information to digital
information for eventual use by the processor 68. The network coding engine 84 provides
any decoding necessary for error detection and correction, and/or security.

[0044] The receiver 88 and the transmitter 90 are configured to respectively receive
and transmit communications to and from other systems or components such as the
computing device 36 of the building management system 20 and/or the HVAC system 22.
Such communications may be conducted over pathways that may be wired or wireless.

[0045] The power management module 72 is configured to control the power
acquisition and power consumption of the remote unit 56 by controlling both the power
source 74 and power consuming components. Such power consuming components may
include the processor 68, the optional data compression block 66, the memory 64, the FPA 62
and the communication module 70 (e.g., transmitter 90, receiver 88, and ADC 86). It is
contemplated and understood that other energy consuming components of the remote unit 56
may be controlled. Such control may simultaneously maintain the remote unit 56
functionality while maximizing life (i.e., the length of time the remote unit 56 can remain
functional). In one embodiment, this control is achieved by receding horizon control
(optimization). In alternative embodiments other control strategies such as model predictive
control may be used.

[0046] The power source 74 provides power to the remote unit 56 and may include at
least one of a super capacitor 96, a battery 98 and a solar cell 100. The power management
module 72 is configured to draw power from any one of the power sources as dictated by the
needs of the system. The power management module 72 may also facilitate a power
scheduling function that controls the simultaneous use of the various on-chip component
functions to minimize unwanted current spikes. It is contemplated and understood that other
short-term energy storage devices may be used in place of the super capacitor 100, other
long-term energy storage devices may be used in place of the battery 98, and other energy
harvesting or recharging devices may be used in place of the solar cell 100 including power
from a power grid.

[0047] Referring to FIG. 5, the FPA 62 (including the ROIC), the memory module
64, the processor 68, the power management module 72 and the communication module 70
may generally be integrated together on a single substrate platform or chip 100 that may be
silicon-based. More specifically, the components may generally share the focal plane of the
FPA 62. Together, the integrated components may be aimed toward minimal power

consumption, small overall size/weight and low cost. Integration of these components may
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be further enhanced via a power scheduling function conducted by the power management
module 72 as well as coordinated design of the individual functions of each component to
work harmoniously. That is, the power scheduling function may, for example, minimize
unwanted current spikes by controlling the simultaneous use of the various on-chip
components functions.

[0048] By placing individual subsystem components on the same die or chip, signal
integrity, resistive losses and security is generally improved through elimination of
interconnects and sources of extraneous electrical and radiative noise typically present in
systems with similar functionality but that use several individually packaged integrated
circuits (IC’s). Moreover, by placing all components on the same substrate platform,
economy of scale is achieved that enables chip-scale cost reduction. Yet further, power
management and consumption may be optimized potentially achieving long life battery
operation, and facilitating packaging of various circuitry components on a single chip. The
detector unit 56 may be built upon a ferroelectric memory platform using either active or
passive detection; and, may be built upon a thermal isolator rather than a MEMS bridge,
thereby improving yield, reducing across device response variations, and may be compatible
with wafer production having small feature sizes.

[0049] In operation, the FPA 62 thermally maps the more substantial caloric emitters
in a space 36. Referring to FIG. 6, as block 110, the FPA 62 thermally maps the objects 60.
As block 112, image processing by the processor 68 (and based upon the number of sensors
82 mapped onto the thermally profiled objects 60 in the space 36) may be used to estimate
object surface area. As block 114, the temperature of air 52 flowing into a given space 36 is
retrieved and/or estimated (e.g., retrieved from the computer readable storage medium 40 of
the computing device 36). As block 116, the heat load from the various objects 60 in the
space 36 is determined by a combination of the following factors:

* Radiative heat using the Stephan-Boltzmann Law for heat flux.

® Forced or natural convective heat transfer from the temperature of the emitter
to the surrounding air related to the surface area of the object 60, difference in
temperature between the object 60 and forced or naturally convective air, and
the surface area.

¢ The rise in ambient temperature as determined from IR thermography of the

various surfaces (e.g., walls, furniture, and others).



WO 2017/139214 PCT/US2017/016648

¢ Look-up tables for heat dissipation based upon image analytics that identify
sources/objects (e.g., computers, servers, space heaters, lamps, kitchen
appliances, and others).
The processor 68 may be configured to apply an algorithm to these factors. As block 118, the
processor 68 and/or the processor 38 may, through algorithms that related image data to heat
load such as calculated ratios and the known total energy expended, establish an energy usage
proportion (i.e., energy load estimate) for each space 36.

[0050] Benefits of the present disclosure include a low cost means of estimating, for
example, HVAC loading for energy sub-metering.

[0051] While the present disclosure is described with reference to exemplary
embodiments, it will be understood by those skilled in the art that various changes may be
made and equivalents may be substituted without departing from the scope of the present
disclosure. In addition, various modifications may be applied to adapt the teachings of the
present disclosure to particular situations, applications, and/or materials, without departing
from the essential scope thereof. The present disclosure is thus not limited to the particular
examples disclosed herein, but includes all embodiments falling within the scope of the

appended claims.
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CLAIMS
What is claimed is:
1. An energy usage sub-metering system comprising:

a focal plane array including a plurality of radiant energy sensors configured to
monitor a predefined space and measure energy radiating from a plurality of objects in the
predefined space; and

a computer-based processor coupled to the focal plane array and configured to profile
temperature throughout the predefined space in concert with executing heat dissipation
algorithms to provide an estimate of energy load.

2. The energy usage sub-metering system set forth in claim 1, wherein the energy load
comprises a HVAC load.

3. The energy usage sub-metering system set forth in claim 1, wherein the plurality of
radiant energy sensors comprise a plurality of infrared sensors.

4. The energy usage sub-metering system set forth in claim 1, wherein the computer-
based processor is configured to estimate surface area of each one of the plurality of objects
based at least in-part upon a number of energy sensors of the plurality of radiant energy
sensors mapped upon the surface area.

5. The energy usage sub-metering system set forth in claim 4, wherein the computer-
based processor is configured to apply a temperature value of supply air flowing into the
predefined space.

6. The energy usage sub-metering system set forth in claim 5 further comprising:

a wireless communication module configured to transmit and receive signals; and

a substrate platform wherein the focal plane array, the processor, and the wireless
communication device are integrated onto the substrate platform.

7. A building management system comprising:

an ambient air temperature control system constructed and arranged to control air
temperature in a plurality of predefined spaces;

an energy usage sub-metering system including a plurality of infrared focal plane
arrays, wherein each one of the plurality of infrared focal plane arrays is configured to
measure energy radiating from a plurality of objects in a respective one of the plurality of
predefined spaces; and

a computer-based processor coupled to the plurality of infrared focal plane arrays and
configured to profile respective temperatures throughout each one of the plurality of

predefined spaces in concert with executing heat dissipation algorithms to provide a plurality

11
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of energy load estimates, wherein each one of the plurality of energy load estimates is
associated with a respective one of the plurality of predefined spaces.
8. The building management system set forth in claim 7, wherein a totality of the
plurality of energy load estimates is proximate to an energy load expended by the ambient air
temperature control system.
9. The building management system set forth in claim 7, wherein the ambient air
temperature control system is a heating, ventilation and air conditioning system.
10. A method of operating an energy usage sub-metering system comprising:

establishing total energy expended associated with air conditioning of a first
and a second space;

thermally mapping objects in the first space by a first infrared focal plane
array;

thermally mapping objects in the second space by a second infrared focal
plane array;

utilizing image processing by at least one computer-based processor to
estimate surface area of the objects in the first and second spaces;

determining first and second heat load estimates associated with the respective
first and second spaces from the objects in the respective first and second spaces and based
on a plurality of factors and through the application of an algorithm by the computer-based
processor; and

proportioning energy usage between the first and second spaces based on the
first and second heat load estimates and the total energy expended.
11. The method set forth in claim 10, wherein the plurality of factors include first and
second supply air temperatures for the respective first and second spaces.
12. The method set forth in claim 11, wherein the plurality of factors include calculating
radiative heat using the Stephan-Boltzmann Law for heat flux.
13. The method set forth in claim 12, wherein the plurality of factors include convective
heat transfer from the objects to surrounding air.
14. The method set forth in claim 13, wherein the plurality of factors include a rise in
ambient temperature as determined from IR thermography of the surface areas.
15. The method set forth in claim 14, wherein the plurality of factors include look-up
tables for heat dissipation based upon image analytics that identify the objects.

16. The method set forth in claim 10, wherein a HVAC system expends the total energy.

12
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17. The method set forth in claim 16, wherein the objects include humans.

18. The method set forth in claim 17, wherein the objects include computers.

13
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