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VARIABLE REFRIGERANT FLOW SYSTEM WITH ELECTRICITY
CONSUMPTION APPORTIONMENT

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of and priority to U.S. Patent Application
15/920,077, filed March 13, 2018, the entire disclosure of which is incorporated by

reference herein.
BACKGROUND

[0002] The present disclosure relates generally to the field of variable refrigerant flow
systems, and more particularly to a method and system for apportioning electricity costs
among multiple tenants of a facility served by a variable refrigerant flow system. In a
variable refrigerant flow system, a refrigerant is conditioned by an outdoor condensing unit
and circulated within a building to multiple indoor units, with a large portion of the

electrical power consumption of the system attributable to the outdoor condensing unit.

[0003] Variable refrigerant flow systems are popular in multi-tenant buildings, such as
apartment buildings, office buildings, or mixed-use facilities. For many multi-tenant
buildings, electrical utility costs are billed to each tenant based on that tenant’s electricity
consumption, for example as determined by a meter that measures electricity consumption
attributable to a tenant’s unit in the building. However, because electricity consumption in
a variable refrigerant flow system is largely due to the outdoor condensing unit that serves
multiple tenants, a challenge exists to accurately apportion the costs of electricity

consumption of the outdoor condensing unit among the tenants that it serves.
SUMMARY

[0004] One implementation of the present disclosure is a variable refrigerant flow system
for a building. The variable refrigerant flow system includes a plurality of indoor units, a
first outdoor unit, an outdoor meter, and a variable refrigerant flow management system.
The plurality of indoor units are configured to generate activation requests. The first
outdoor unit is configured to receive the activation requests and, in response to the

activation requests, provide a refrigerant to the plurality of indoor units. The outdoor meter
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is configured to provide an outdoor unit electricity consumption measurement. The variable
refrigerant flow management system is configured to receive the outdoor unit electricity
consumption measurement and activation data indicating the activation requests and
apportion an outdoor share of the outdoor electricity consumption measurement to each of

the plurality of indoor units based on the activation data.

[0005] In some embodiments, the first outdoor unit includes a compressor and the
activation data includes a compressor request frequency for each of the plurality of indoor
units. In some embodiments, the variable refrigerant management system apportion each
outdoor share of the outdoor electricity consumption by calculating an outdoor consumption
factor for each indoor unit based on the compressor request frequency corresponding to the
indoor unit, calculating a power proportional index for each indoor unit by dividing the
outdoor consumption factor corresponding to the indoor unit by a sum of the outdoor
consumption factors for each of the plurality of indoor units, and multiplying the power
proportional index for each indoor unit by the outdoor electricity consumption

measurement.

[0006] In some embodiments, the variable refrigerant flow system also includes one or
more additional outdoor units configured to receive activation request. The outdoor meter
measures electricity consumption for the first outdoor unit and the one or more additional
outdoor units to generate the outdoor unit consumption measurement. The variable
refrigerant flow management system is further configured to apportion a share of the
outdoor unit consumption measurement to the first outdoor unit based on the activation

requests.

[0007] In some embodiments, the first outdoor unit includes a compressor and the
activation data includes compressor requests frequencies. The variable refrigerant flow
management system is further configured to apportion a share of the outdoor unit
consumption measurement to the first outdoor unit based on the activation requests by
determining a compressor run time of the first outdoor unit, determining a compressor total
frequency based on the compressor request frequencies of the activation requests received
by the first outdoor unit, calculating a consumption factor of the first outdoor unit based on
the average compressor total frequency and the compressor run time, calculating a power
proportional index for the first outdoor unit by dividing the consumption factor of the first

outdoor unit by a sum of consumption factors of the one or more additional outdoor units
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and the consumption factor of the first outdoor unit, and multiplying the outdoor unit

consumption measurement by the power proportional index.

[0008] In some embodiments, the variable refrigerant flow system also includes an indoor
meter that measures electricity consumption of the plurality of indoor units to generate an
indoor electricity consumption measurement. The variable refrigerant flow management
system is further configured to apportion the indoor electricity consumption measurement

among the plurality of indoor units.

[0009] Another implementation of the present disclosure is a method for operating a
variable refrigerant flow system for a building. The method includes generating,

generating, by a plurality of indoor units, activation requests and receiving, by a first
outdoor unit, the activation requests. In response to the activation requests, the first outdoor
unit provides refrigerant to the plurality of indoor units. The method also includes obtaining
an outdoor unit electricity consumption measurement and activation data indicating the
activation requests and apportioning an outdoor share of the outdoor electricity consumption

measurement to each of the plurality of indoor units based on the activation data.

[0010] In some embodiments, the first outdoor unit includes a compressor and the
activation data includes a compressor request frequency for each of the plurality of indoor
units. In some embodiments, apportioning an outdoor share of the outdoor electricity
consumption measurement to each of the plurality of indoor units based on the activation
data includes calculating an outdoor consumption factor for each indoor unit based on the
compressor request frequency, calculating a power proportional index for each indoor unit
by dividing the outdoor consumption factor corresponding to the indoor unit by a sum of the
outdoor consumption factors for each of the plurality of indoor units, and multiplying the
power proportional index for each indoor unit by the outdoor electricity consumption

measurement.

[0011] In some embodiments, obtaining the outdoor electricity consumption measurement
includes measuring electricity consumption for the first outdoor unit and one or more
additional outdoor units to generate a total outdoor unit consumption measurement and
apportioning the outdoor unit consumption measurement to the first outdoor unit as a
portion of the total outdoor unit consumption measurement based on the activation data. In

some embodiments, the first outdoor unit includes a compressor and the activation data
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includes compressor request frequencies. Apportioning the outdoor unit consumption
measurement to the first outdoor unit includes determining a compressor run time of the
first outdoor unit, determining a compressor total frequency based on the compressor
request frequencies of the activation requests received by the first outdoor unit, calculating a
consumption factor of the first outdoor unit based on the compressor total frequency and the
compressor run time, calculating a power proportional index for the first outdoor unit by
dividing the consumption factor of the first outdoor unit by a sum of consumption factors of
the one or more additional outdoor units and the consumption factor of the first outdoor
unit, and multiplying the total outdoor unit consumption measurement by the power

proportional index.

[0012] In some embodiments, the method also includes obtaining an indoor electricity
consumption measurement of the plurality of indoor units and apportion an indoor share of
the indoor electricity consumption measurement among the plurality of indoor units. In
some embodiments, attributing each indoor share of the indoor electricity consumption
measurement among the plurality of indoor units includes calculating an indoor
consumption factor for each indoor unit based on a runtime and a capacity corresponding to
the indoor unit, calculating an indoor power proportional index for each indoor unit by
dividing the indoor consumption factor corresponding to the indoor unit by the sum of the
indoor consumption factors for each of the plurality of indoor units, and multiplying the
power proportional index for each indoor unit by the indoor electricity consumption

measurement.

[0013] In some embodiments, the method also includes determining an indoor unit total
consumption by adding the indoor share corresponding to the indoor unit and the outdoor
share corresponding to the indoor unit. The method also includes generating a total indoor
unit charge for each indoor unit by multiplying the indoor unit total consumption
corresponding to the indoor unit by an electricity tariff rate. In some embodiments, the
method also includes generating an electricity bill for each of a plurality of tenants. Each

tenant corresponds to one or more of the plurality of indoor units.

[0014] Another implementation of the present disclosure is a system. The system includes
an outdoor meter and a management system. The outdoor meter is configured to provide an
outdoor electricity consumption measurement of an outdoor unit of a variable refrigerant

flow system. The outdoor unit is configured to provide refrigerant to a plurality of indoor
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units in response to activation requests from the plurality of indoor units. The management
system includes a processing system that has a memory and processor. The memory is
structured to store instructions that are executable by the processor and cause the processing
circuit to receive the outdoor electricity consumption measurement from the outdoor meter,
receive activation data relating to the activation requests, and apportion the outdoor
electricity consumption measurement among the plurality of indoor units based on the

activation data.

[0015] In some embodiments, the activation data includes at least one of a compressor
request frequency, an average compressor request frequency, a thermo-on time, an indoor
unit model number, or an indoor unit capacity. In some embodiments, the processing circuit
is caused to apportion the outdoor electricity consumption measurement among the plurality
of indoor units based on the activation data by determining an outdoor consumption factor
for each the plurality of indoor units based on the activation data, determining a power
proportional index for each of the plurality of indoor units based on the outdoor
consumption factors, and multiplying each power proportional index by the outdoor

electricity consumption measurement.

[0016] In some embodiments, the system also includes an indoor meter that provides an
indoor electricity consumption measurement of the plurality of indoor units. The indoor
units are configured to provide runtime data. The processing circuit is further caused to
receive the indoor electricity consumption measurement, receive runtime data relating to the
runtimes of the plurality of indoor units, look up a capacity for each of the plurality of
indoor units in a database, and apportion the indoor electricity consumption measurement

among the plurality of indoor units based on the runtime data and the capacities.

[0017] In some embodiments, the plurality of indoor units are operable to regulate the
temperature in various building zones corresponding to various tenants. The processing
circuit is further caused to generate electricity bills for various tenants based on the

apportioned outdoor electricity consumption measurements.
BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1A is a drawing of a variable refrigerant flow (VRF) system including an
outdoor VRF unit and a plurality of indoor VRF units, according to an exemplary

embodiment.
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[0019] FIG. 1B is another drawing of the VRF system of FIG. 1 illustrating some of the
indoor VRF units operating in a cooling mode while other of the indoor VRF units operate

in a heating mode, according to an exemplary embodiment.

[0020] FIG. 2 is a block diagram of a VRF system with electricity meters, according to an

exemplary embodiment.

[0021] FIG. 3Ais a block diagram of a first outdoor unit metering scenario, according to

an exemplary embodiment.

[0022] FIG. 3B is a block diagram of a second outdoor unit metering scenario, according

to an exemplary embodiment.

[0023] FIG. 4A is a block diagram of a first indoor unit metering scenario, according to an

exemplary embodiment.

[0024] FIG. 4B is a block diagram of a second indoor unit metering scenario, according to

an exemplary embodiment.

[0025] FIG. 5 is a block diagram of a VRF system with electricity cost apportionment,

according to an exemplary embodiment.

[0026] FIG. 6 is a flowchart of a process for grouping indoor units and outdoor units,

according to an exemplary embodiment.

[0027] FIG. 7A is a first part of a flowchart of a process for apportioning electricity
consumption of outdoor units that share a meter among the outdoor units, according to an

exemplary embodiment.

[0028] FIG. 7B is a second part of the flowchart of the process of FIG. 7A for
apportioning electricity consumption of outdoor units that share a meter among the outdoor

units, according to an exemplary embodiment.

[0029] FIG. 8 is a flowchart of a process for apportioning electricity consumption of an
outdoor unit among indoor units served by the outdoor unit, according to an exemplary

embodiment.
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[0030] FIG. 9 is a flowchart of a process for apportioning electricity consumption of
indoor units that share a meter among the indoor units, according to an exemplary

embodiment.

[0031] FIG. 10 is a flowchart of a process for calculating a tenant charge based on the

apportionments of FIGS. 7-9, according to an exemplary embodiment.
DETAILED DESCRIPTION
Variable Refrigerant Flow Systems

[0032] Referring now to FIGS. 1A-B, a variable refrigerant flow (VRF) system 100 is
shown, according to some embodiments. VRF system 100 is shown to include one or more
outdoor VRF units 102 and a plurality of indoor VRF units 104. Outdoor VRF units 102
can be located outside a building and can operate to heat or cool a refrigerant. OQutdoor
VREF units 102 can consume electricity to convert refrigerant between liquid, gas, and/or
super-heated gas phases. Indoor VRF units 104 can be distributed throughout various
building zones within a building and can receive the heated or cooled refrigerant from
outdoor VRF units 102. Each indoor VRF unit 104 can provide temperature control for the
particular building zone in which the indoor VRF unit 104 is located. Although the term
“indoor” is used to denote that the indoor VRF units 104 are typically located inside of
buildings, in some cases one or more indoor VRF units are located “outdoors™ (i.e., outside

of a building) for example to heat/cool a patio, entryway, walkway, etc.

[0033] One advantage of VRF system 100 is that some indoor VRF units 104 can operate
in a cooling mode while other indoor VRF units 104 operate in a heating mode. For
example, each of outdoor VRF units 102 and indoor VRF units 104 can operate in a heating
mode, a cooling mode, or an off mode. Each building zone can be controlled independently
and can have different temperature setpoints. In some embodiments, each building has up
to three outdoor VRF units 102 located outside the building (e.g., on a rooftop) and up to
128 indoor VRF units 104 distributed throughout the building (e.g., in various building
zones). Building zones may include, among other possibilities, apartment units, offices,
retail spaces, and common areas. In some cases, various building zones are owned, leased,

or otherwise occupied by a variety of tenants, all served by the VRF system 100.
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[0034] Many different configurations exist for VRF system 100. In some embodiments,
VREF system 100 is a two-pipe system in which each outdoor VRF unit 102 connects to a
single refrigerant return line and a single refrigerant outlet line. In a two-pipe system, all of
outdoor VRF units 102 may operate in the same mode since only one of a heated or chilled
refrigerant can be provided via the single refrigerant outlet line. In other embodiments,
VREF system 100 is a three-pipe system in which each outdoor VRF unit 102 connects to a
refrigerant return line, a hot refrigerant outlet line, and a cold refrigerant outlet line. In a
three-pipe system, both heating and cooling can be provided simultaneously via the dual
refrigerant outlet lines. An example of a three-pipe VRF system is described in detail with

reference to FIG. 2.

[0035] Referring now to FIG. 2, a block diagram illustrating a VRF system 200 is shown,
according to some embodiments. VRF system 200 is shown to include outdoor VRF unit
202, several heat recovery units 206, and several indoor VRF units 204. Outdoor VRF unit
202 may include a compressor 208, a fan 210, or other power-consuming refrigeration
components configured convert a refrigerant between liquid, gas, and/or super-heated gas
phases. Indoor VRF units 204 can be distributed throughout various building zones within
a building and can receive the heated or cooled refrigerant from outdoor VRF unit 202.
Each indoor VRF unit 204 can provide temperature control for the particular building zone
in which the indoor VRF unit 204 is located. Heat recovery units 206 can control the flow
of a refrigerant between outdoor VRF unit 202 and indoor VRF units 204 (e.g., by opening
or closing valves) and can minimize the heating or cooling load to be served by outdoor

VREF unit 202.

[0036] Outdoor VRF unit 202 is shown to include a compressor 208 and a heat exchanger
212. Compressor 208 circulates a refrigerant between heat exchanger 212 and indoor VRF
units 204. The compressor 208 operates at a variable frequency as controlled by outdoor
unit controls circuit 214. At higher frequencies, the compressor 208 provides the indoor
VREF units 204 with greater heat transfer capacity. Electrical power consumption of

compressor 208 increases proportionally with compressor frequency.

[0037] Heat exchanger 212 can function as a condenser (allowing the refrigerant to reject
heat to the outside air) when VRF system 200 operates in a cooling mode or as an
evaporator (allowing the refrigerant to absorb heat from the outside air) when VRF system

200 operates in a heating mode. Fan 210 provides airflow through heat exchanger 212. The
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speed of fan 210 can be adjusted (e.g., by outdoor unit controls circuit 214) to modulate the

rate of heat transfer into or out of the refrigerant in heat exchanger 212.

[0038] Each indoor VRF unit 204 is shown to include a heat exchanger 216 and an
expansion valve 218. Each of heat exchangers 216 can function as a condenser (allowing
the refrigerant to reject heat to the air within the room or zone) when the indoor VRF unit
204 operates in a heating mode or as an evaporator (allowing the refrigerant to absorb heat
from the air within the room or zone) when the indoor VRF unit 204 operates in a cooling
mode. Fans 220 provide airflow through heat exchangers 216. The speeds of fans 220 can
be adjusted (e.g., by indoor unit controls circuits 222) to modulate the rate of heat transfer

into or out of the refrigerant in heat exchangers 216.

[0039] In FIG. 2, indoor VRF units 204 are shown operating in the cooling mode. In the
cooling mode, the refrigerant is provided to indoor VRF units 204 via cooling line 224. The
refrigerant is expanded by expansion valves 218 to a cold, low pressure state and flows
through heat exchangers 216 (functioning as evaporators) to absorb heat from the room or
zone within the building. The heated refrigerant then flows back to outdoor VRF unit 202
via return line 226 and is compressed by compressor 208 to a hot, high pressure state. The
compressed refrigerant flows through heat exchanger 212 (functioning as a condenser) and
rejects heat to the outside air. The cooled refrigerant can then be provided back to indoor
VREF units 204 via cooling line 224. In the cooling mode, flow control valves 228 can be

closed and expansion valve 230 can be completely open.

[0040] In the heating mode, the refrigerant is provided to indoor VRF units 204 in a hot
state via heating line 232. The hot refrigerant flows through heat exchangers 216
(functioning as condensers) and rejects heat to the air within the room or zone of the
building. The refrigerant then flows back to outdoor VRF unit via cooling line 224
(opposite the flow direction shown in FIG. 4). The refrigerant can be expanded by
expansion valve 230 to a colder, lower pressure state. The expanded refrigerant flows
through heat exchanger 212 (functioning as an evaporator) and absorbs heat from the
outside air. The heated refrigerant can be compressed by compressor 208 and provided
back to indoor VRF units 204 via heating line 232 in a hot, compressed state. In the heating
mode, flow control valves 228 can be completely open to allow the refrigerant from

compressor 208 to flow into heating line 232.
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[0041] As shown in FIG. 2, each indoor VRF unit 204 includes an indoor unit controls
circuit 222. Indoor unit controls circuit 222 controls the operation of components of the
indoor VRF unit 204, including the fan 220 and the expansion valve 218, in response to a
building zone temperature setpoint or other request to provide heating/cooling to the
building zone. For example, the indoor unit controls circuit 222 can generate a signal to
turn the fan 220 on and off. Indoor unit controls circuit 222 also determines a heat transfer
capacity required by the indoor VRF unit 204 and a frequency of compressor 208 that
corresponds to that capacity. When the indoor unit controls circuit 222 determines that the
indoor VRF unit 204 must provide heating or cooling of a certain capacity, the indoor unit
controls circuit 222 then generates and transmits a compressor frequency request to the
outdoor unit controls circuit 214 including the compressor frequency corresponding to the

required capacity.

[0042] Outdoor unit controls circuit 214 receives compressor frequency requests from one
or more indoor unit controls circuits 222 and aggregates the requests, for example by
summing the compressor frequency requests into a compressor total frequency. In some
embodiments, the compressor frequency has an upper limit, such that the compressor total
frequency cannot exceed the upper limit. The outdoor unit controls circuit 214 supplies the
compressor total frequency to the compressor, for example as an input frequency given to a
DC inverter compressor motor of the compressor. The indoor unit controls circuits 222 and
the outdoor unit controls circuit 214 thereby combine to modulate the compressor frequency
to match heating/cooling demand. The outdoor unit controls circuit 214 may also generate
signals to control valve positions of the flow control valves 228 and expansion valve 230, a
compressor power setpoint, a refrigerant flow setpoint, a refrigerant pressure setpoint (e.g.,
a differential pressure setpoint for the pressure measured by pressure sensors 236), on/off
commands, staging commands, or other signals that affect the operation of compressor 208,
as well as control signals provided to fan 210 including a fan speed setpoint, a fan power
setpoint, an airflow setpoint, on/off commands, or other signals that affect the operation of

fan 210.

[0043] Indoor unit controls circuits 222 and outdoor unit controls circuit 214 further store
and/or provide a data history of one or more control signals generated by or provided to the
controls circuits 214, 222. For example, indoor unit controls circuits 222 may store and/or

provide a log of generated compressor request frequencies, fan on/off times, and indoor
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VREF unit 204 on/off times. Outdoor unit controls circuit 214 may store and/or provide a
log of compressor request frequencies and/or compressor total frequencies and compressor
runtimes. Data points are provided to a VRF management system 502 as shown in FIG. 5

and discussed in detail in reference thereto.

[0044] The VRF system 200 is shown as running on electrical power provided by an
energy grid 250 via an outdoor meter 252 and an indoor meter 254. According to various
embodiments, the energy grid 250 is any supply of electricity, for example an electrical grid
maintained by a utility company and supplied with power by one or more power plants.

The outdoor meter 252 measures the electrical power consumption over time of the outdoor
VREF unit 202, for example in kilowatt-hours (kWh). The indoor meter 254 measures the
electrical power consumption over time of the indoor VRF units 204, for example in kWh.
As shown in FIGS. 3A-4B and discussed in detail below, a variety of metering
configurations are possible for VRF systems. The outdoor meter 252 and the indoor meter
254 are communicable with the VRF management system 502 shown in FIG. 5 to provide

power consumption measurements to the VRF management system 502.
Electricity Metering Configurations for VRF Systems

[0045] Referring now to FIGS. 3A-4B, a variety of metering configurations are shown for
VREF systems (e.g., VRF system 100, VRF system 200) with one or more outdoor VRF
units (ODUs) and multiple indoor VRF units (IDUs). The systems and methods for
electricity cost apportionment in VRF systems described herein contemplate each
configuration shown in FIGS. 3A-4B, as well as any combination of the four configurations
shown. The cost apportionment systems and methods described herein are thus suited for
use with a variety of existing or future metering configurations without the need for
rewiring of existing meters and systems or installation of new meters. FIGS. 3A-B show
metering configurations for ODUs, and FIGS. 4A-B show metering configurations for

IDUs.

[0046] Referring particularly to FIG. 3A, a first metering configuration 300 is shown,
according to an exemplary embodiment. The first metering configuration 300 includes one
ODU 302 powered by electricity from energy grid 306 provided via outdoor meter 308.
Outdoor meter 308 measures the electrical power consumption of the ODU 302, for

example in units of kWh. The ODU 302 serves multiple indoor units 304 (shown as IDU1
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through IDUN), located in a variety of building zones and corresponding respectively to
multiple tenants 310, namely Tenant 1 through Tenant N. In some cases, one tenant may
correspond to two or more IDUs 304. Each building zone may have a different size,
temperature setpoint, or other differing temperature-regulation feature such as insulation,

such that the demand placed on the ODU 302 varies between the multiple IDUs 304.

[0047] In many cases, each building zone is leased or otherwise corresponds to a
particular tenant 310 (e.g., Tenant_2) responsible for the electrical utility costs for that
building zone. In the first metering configuration 300, each of the multiple tenants 310 is
responsible for the portion of the power consumption of the ODU 302 as measured by the
outdoor meter 308 that corresponds to that tenant’s IDU 304. Because the electrical power
consumption of ODU 302 measured by the outdoor meter 308 corresponds to
cooling/heating provided to all IDUs 304, a challenge exists to accurately apportion the
measured electrical power consumption among the multiple IDUs 304. FIG. 8, described in
detail below, shows a process 800 of accurately apportioning the measured electrical power

consumption among the multiple IDUs 304.

[0048] Referring now to FIG. 3B, a second metering configuration 350 is shown,
according to an exemplary embodiment. The second metering configuration 350 includes
multiple ODUs 352 (1.e., ODUa through ODUg) that draw electrical power from an energy
grid 356 via a single outdoor meter 358. The single outdoor meter 358 measures, in one

total kWh reading, the electrical power consumption of the multiple ODUs 352.

[0049] As in the first metering configuration 300, each ODU 352 serves multiple IDUs
354 located in a variety of building zones that correspond to a variety of tenants 355. For
example, ODUa serves IDUa1 through IDUan, which are located in building zones
corresponding to Tenant A1l through Tenant AN respectively. In the second metering
configuration 350, building zones and tenants also correspond to a variety of system
managers 360. According to various embodiments, the system managers 360 are landlord,
building owners, or property management companies. For example, in a mixed-use facility,
System Manager A may be an apartment management company that manages apartments
leased by Tenant A1 through Tenant AN, System Manager B may be a condominium
association that manages condo owners Tenant B1 through Tenant BN, and System
Manager Q may be a commercial leasing firm that manages commercial tenants, including

Tenant Q1 through Tenant OQN.
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[0050] Each ODU 352 typically consumes a different amount of electrical power, based
on the demand on each ODU 352 from the IDUs 354 that the ODU 352 serves. Thus, in
order to apportion electrical utility costs for the facility among the system managers 360, a
challenge exists to accurately apportion the total electricity consumption measurement of
the outdoor meter 358 among the multiple ODUs 352. A process 700 for apportioning
electricity consumption among multiple ODUs is shown in FIGS. 7A-B. Once each ODU
352 (i.e., ODU4 through ODUg) is attributed with a portion of the consumption measured
by the outdoor meter 358, for example using process 700, each system manager 560 is left
with a set-up that can be handled in a similar manner as the first metering configuration 300

of FIG. 3A, for example according to process 800 of FIG. 8.

[0051] Referring now to FIG. 4A, a third metering configuration 400 is shown, according
to an exemplary embodiment. The third metering configuration 400 shows multiple IDUs
402 and multiple tenant meters 404. Each IDU 402 corresponds to a tenant 408 and is
connected to a corresponding tenant meter 404. Each IDU 402 consumes power from
energy grid 406 delivered through the tenant meter 404 corresponding to that IDU 402,
such that tenant meter 404 measures the electrical power consumption of a corresponding
IDU 402 and does not measure the electrical power consumption of IDUs 402
corresponding to other tenants. In some cases, multiple IDUs 402 correspond to a single
tenant 408 and may be metered together in a tenant meter 404. Each tenant meter 404 may
also measure non-VRF-related electrical power consumption of the corresponding tenant,
for example of lights, appliances, and other electrical devices located in a building zone
occupied by the tenant. In such a case, electrical power consumption associated with the
operation of an IDU 402 (e.g., power for running the fan 220 and controls circuit 222 of
indoor VRF unit 204 shown in FIG. 2) in a tenant’s building zone is included with other
electricity consumption in that building zone. A utility bill for this consumption can thus be

generated without VRF-specific considerations.

[0052] Referring now to FIG. 4B, a fourth metering configuration 450 is shown,
according to an exemplary embodiment. Multiple IDUs 452 consume electrical power from
energy grid 454 delivered via a single, shared indoor meter 456. The indoor meter 456
measures, in one total kWh reading, the electrical power consumption of the multiple IDUs
354. As shown if FIG. 4B, each IDU 452 corresponds to a different tenant 458 (i.e.,

Tenant 1 through Tenant N). In order to accurately generate utility bills for each tenant’s
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electrical power consumption, a challenge exists to accurately apportion the total
consumption measured by the indoor meter 456 among the multiple IDUs 452. FIG. 9
shows a process 900 of accurately apportion the total consumption measured by a shared

indoor meter among multiple IDUs.

[0053] According to various embodiments, the third metering configuration 400 and/or
the fourth metering configuration 450 is used with the first metering configuration 300
and/or the second metering configuration 350 to yield a wide variety of possible metering
configurations. For example, the VRF system 200 shown in FIG. 2 has a metering
configuration according to both the first metering configuration 300 (outdoor VRF unit 202
is metered alone by outdoor meter 252) and the fourth metering configuration 450 (the three
indoor VRF units 204 shown in FIG. 2 are metered together by indoor meter 254). In other
examples of metered VRF systems, some IDUs are metered together as in the fourth
metering configuration 450 and some IDUs are metered separately as in the third metering
configuration 400, while some ODUs are metered together as in the second metering
configuration 350 and other ODUs are metered alone as in the first metering configuration
300, such that all four metering configurations 300, 350, 400, 450 are represented. The
systems and methods shown in FIGS. 5-10 and described in the following address any such

variety of metering configuration.
VRF Systems and Methods with Cost Apportionment

[0054] Referring now to FIG. 5, a variable refrigerant flow (VRF) system 500 is shown,
according to an exemplary embodiment. In general, VRF system 500 transforms electricity
into heating and/or cooling of building zones occupied by various tenants and accurately
apportions the cost of the electricity among the tenants. VRF system 500 includes VRF
management system 502, indoor VRF units (IDUs) 506, outdoor VRF units (ODUs) 504,

outdoor meters 508, indoor meters 510, and energy grid 512.

[0055] Energy grid 512 supplies electrical power to the VRF system 500. Energy grid
512 is any supply of electrical power, for example a regional electrical grid maintained by a
utility company and supplied by one or more power plants that generate electrical power
from nuclear, hydro-electric, geothermal, solar, wind, fossil fuel, or other energy sources.
In some embodiments, energy grid 512 is a local energy supply, for example a system of

building solar panels or another local power system.
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[0056] ODUs 504 can be located outside a building and can operate to heat or cool a
refrigerant, for example by consuming electricity to convert refrigerant between liquid, gas,
and/or super-heated gas phases. Each ODU serves a plurality of IDUs 506 by providing the
refrigerant to the IDUs 506. Each ODU 504 includes one or more compressors (e.g.,
compressor 208 shown in FIG. 2) which operate at a compressor frequency that determines
the capacity of heat transfer provided to the IDUs by the ODU. Compressor frequency is
proportional to electricity consumption. Compressor frequency is based on a compressor
total frequency summed from compressor frequency requests received by the ODU 504
from the IDUs 506, and may be controlled by an ODU controls circuit (e.g., outdoor unit
controls circuit 214 of FIG. 2). The ODU 504 (e.g., in an ODU control circuit) also collects
data relating to the operation of the ODU 504 and shares that data with the VRF
management system 502, including, for example, compressor runtimes, received
compressor frequency requests with timestamps, compressor total frequency over time, and
an average compressor total frequency over a calculation cycle time. In some embodiments,
some or all of this data is additionally or alternatively collected and stored by a building
management system or building control server located external to ODU 504. According to
various embodiments, VRF system 500 includes any number of ODUs 504 of various

brands, manufacturers, models, etc.

[0057] IDUs 506 can be distributed throughout various building zones within a building
and can receive the heated or cooled refrigerant from the ODUs 504. Each IDU 506 can
provide temperature control for the particular building zone in which the IDU 506 is
located. For example, as shown in FIG. 2, an IDU 506 may include an electrically-powered
fan that blows air across a heat exchanger to heat or cool the particular building zone. The

refrigerant then cycles back to the corresponding ODU 504 to be re-cooled/reheated.

[0058] Each IDU 506, for example using an IDU controls circuit (e.g., indoor unit
controls circuit 222), determines a heat transfer capacity required by the IDU 506 and a
frequency of compressor 208 that corresponds to that capacity. The heat transfer capacity
required by the IDU 506 may be based on a building zone temperature setpoint, a current
building zone temperature reading, and/or some other settings or measurements. When the
IDU 506 determines that the IDU 506 must provide heating or cooling of a certain capacity,
the IDU 506 then generates and transmits a compressor frequency request to the ODU 504

including the compressor frequency corresponding to the required capacity. In some
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embodiments, the determination of a required capacity and generation of a compressor

frequency request are done by a building management server external to the IDU 506.

[0059] IDUs 506 are also configured to collect, store, and provide data relating to the
operation of the IDUs. IDU data includes, for example, IDU runtimes (e.g., fan runtimes),
thermo-on times (i.e., times when heated/cooled refrigerant is requested/received),
compressor request frequencies, and/or other data. The IDUs 506 provide this IDU data to
the VRF management system 502. According to various embodiments, VRF system 500

includes any number of IDUs 506 of various brands, manufacturers, models, etc.

[0060] Outdoor meters 508 measure electrical power consumption of the ODUs 504, for
example in units of kWh (kilowatt hours). According to various embodiments, the outdoor
meters 508 may be of various brands, types, manufacturers, models of any electricity meter
suitable for measuring electrical power consumption. The outdoor meters 508 may be
linked to ODUs 504 in various metering configurations as shown in FIGS. 3A-B and
described in detail in reference thereto. The outdoor meters 508 provide the electricity
consumption measurements of ODUs 504 to the VRF management system 502,
Consumption measurements may be transmitted continuously as consumption is measured,
or may be provided in set time intervals (e.g., total consumption over one week, one month,
etc.). In some embodiments, consumption measurements are transferred from outdoor
meters 508 to the VRF management system 502 via a utility company server or some other

computing system for managing electricity meters.

[0061] Indoor meters 510 measure electrical power consumption of the IDUs 506, for
example in units of kWh. According to various embodiments, the indoor meters 510 may
be of various brands, types, manufacturers, models of any electricity meter suitable for
measuring electrical power consumption. The indoor meters 510 may be linked to IDUs
506 in various metering configurations as shown in FIGS. 4A-B and described in detail in
reference thereto. The indoor meters 510 provide the electricity consumption measurements
of IDUs 506 to the VRF management system 502. Consumption measurements may be
transmitted continuously as consumption is measured, or may be provided in set time
intervals (e.g., total consumption over one week, one month, etc.). In some embodiments,
consumption measurements are transferred from indoor meters 510 to the VRF management
system 502 via a utility company server or some other computing system for managing

electricity meters.
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[0062] VRF management system 502 collects consumption measurements from outdoor
meters 508 and indoor meters 510, ODU data from ODUs 504, and IDU data from IDUs
506, and uses that information with stored VRF-system information to apportion electricity
costs among tenants. VRF Management System 502 includes a processing circuit 520, a
data collection circuit 526, a VRF database 528, a cost-apportionment circuit 530, and an

input/output circuit 532.

[0063] Processing circuit 520 is configured to carry out one or more functions of the VRF
management system 502 described here. Processing circuit 520 includes a memory 522 and
a processor 524. The processor 524 may be implemented as a general-purpose processor,
an application specific integrated circuit (ASIC), one or more field programmable gate
arrays (FPGAs), a digital signal processor (DSP), a group of processing components that
may be distributed over various geographic locations or housed in a single location, or other
suitable electronic processing components. The one or more memory devices that comprise
memory 522 (e.g., RAM, NVRAM, ROM, Flash Memory, hard disk storage, etc.) may store
data and/or computer code for facilitating the various processes described herein.

Moreover, the one or more memory devices that comprise memory 522 may be or include
tangible, non-transient volatile memory or non-volatile memory. Accordingly, memory 522
may include database components, object code components, script components, or any other
type of information structure for supporting the various activities and information structures

described herein.

[0064] Data collection circuit 526 is configured to receive and categorize data from ODUs
504, IDUs 506, outdoor meters 508, and indoor meters 510. Data received by the data
collection circuit 526 includes, but is not necessarily limited to, compressor runtimes,
compressor requested frequencies, compressor total frequencies (and/or an average
compressor total frequency over a period of time), thermo-on times, IDU runtimes, outdoor
meter electricity consumption measurements, and indoor meter electricity consumption
measurements. The data collection circuit 526 sorts the received data and stores it in the

VREF database 528.

[0065] VRF database 528 receives and stores data from the data collection circuit 526 and
stores other VRF-related information. The other VRF-related information in the VRF
database 528 includes a directory of meters 508-510, IDUs 506, and ODUs 504 that

includes relationship information defining the associations between meters 508-510, IDUs
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506, and ODUs 504 (i.e., that show which IDUs 506 are served by which ODUs 504, and
which meters 508-510 measure consumption of which IDUs and ODUs), as well as links
between system managers, tenants, and ODUs 504 and IDUs 506 (e.g., that shows which
IDUs 506 operate to heat/cool a building zone leased be a particular tenant). The VRF
database 528 thereby stores the information necessary for determining the metering/VRF
configuration of the VRF system 500 from among the various possible configurations

explained with reference to FIGS. 3A-4B.

[0066] For each ODU 504, the VRF database 528 stores a set of ODU characteristics,
including, but not limited to, a model number, a number of compressors included in the
ODU 504, a standby power consumption quantity, and an ODU capacity (e.g., as provided
by the manufacturer and provided in a product bulletin or manual). For each IDU 506, the
VREF database 528 stores a set of IDU characteristics, including, but not limited to, a model
number and an IDU capacity (e.g., as provided by the manufacturer and provided in a
product bulletin or manual). The VRF database 528 may also store electricity rate
information, for example a set amount of money per kWh, or some other schedule of
electricity rates (e.g., a variable electricity cost rate such that a kWh unit costs more at
certain times of day than at other times), and contact information or payment information
for tenants to facilitate the provision and/or payment of electricity bills corresponding to

electricity consumption of the VRF system 500.

[0067] The cost-apportionment circuit 530 is configured to access information stored in
the VRF database 528 and use that information to accurately apportion the electricity
consumption of the VRF system 500 among multiple tenants and determine an amount of
money to charge to each tenant to cover the cost of the power consumption. Accordingly,
the cost-apportionment circuit 530 carries out one or more of a series of processes for the
accurate apportionment of electricity consumption and assignment of monetary charges
shown in FIGS. 6-10 and described in detail with reference thereto. In general, the cost-
apportionment circuit 530 apportions electricity consumption using the following

approaches:

[0068] The cost-apportionment circuit 530 apportions consumption measurements from
an outdoor meter 508 shared by multiple ODUs 504 (i.e., for the second metering
configuration 350 of FIG. 3B) among the ODUs by accessing an average compressor total

frequency for each ODU 504, the compressor runtime for the ODU, and the number of
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compressors in the ODU 504 in the VRF database 528 to generate a ODU consumption
factor for each ODU 504, and apportioning the consumption measurement based on a
proportional index defined by a particular ODU’s consumption factor over the sum of the
ODU consumption factors for all ODU’s measured by that meter. In some cases,
consumption measurements may be apportioned based on ODU standby consumption or

some other standby calculation.

[0069] The cost-apportionment circuit 530 apportions consumption measurements
attributed to an ODU 504 among the multiple IDUs 506 that it serves (i.e., the first metering
configuration 300 of FIG. 3A) by accessing, for each IDU 506, thermo-on time, compressor
request frequencies, a model number, and an IDU capacity in the VRF database 528 to
generate an IDU outdoor consumption factor for each IDU 506, and apportioning the
consumption measurement based on a proportional index defined by a particular IDU’s
outdoor consumption factor over the sum of outdoor consumption factors for the other IDUs

506 served by the ODU 504,

[0070] The cost-apportionment circuit 530 apportions a consumption measurement of an
indoor meter 510 shared by multiple IDUs 506 (i.e., the fourth metering configuration 450
of FIG. 4B) by accessing, for each IDU 506, an IDU capacity and an IDU runtime in the
VRF database 528 to generate an indoor consumption factor for each IDU 506, and
apportioning the consumption measure among the multiple IDUs 506 based on a
proportional index defined by a particular IDU’s indoor consumption factor over the sum of

indoor consumption factors for the other IDUs 506 that share the indoor meter 510.

[0071] The cost-apportionment circuit 530 assigns monetary charges to tenants by
determining which IDUs correspond to which tenants based on information stored in the
VRF database 528, accessing a tariff rate in the VRF database 528, and calculating a charge
by multiplying the tariff rate by the total electricity consumption apportioned to IDUs

corresponding to each tenant.

[0072] The input/output circuit 532 is configured to generate notifications, bills, user
interfaces, and/or other communications to a user of the VRF system 500 and to accept user
input to the VRF management system 502 regarding set-up, settings, options, or other
information a user desires to provide to the VRF management system 502. For example, in

some embodiments the input/output circuit 532 generates an email containing an indication
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of the monetary charges owed by a tenant to cover the tenant’s share of the electricity
consumption of VRF system 500 and transmits the email to the tenant’s email inbox, mobile
device, or other electronic device. In some embodiments, the input/output circuit 532
generates a user interface that a system manager can access using a computing device (e.g.,
a laptop, tablet, mobile device, desktop computer) to view VRF electricity apportionments
and edit tenant information or other settings. The input/output circuit 532 thereby facilitates
the communication of the electricity consumption apportionment of the cost-apportionment

circuit 530 to one or more users.

[0073] Referring now to FIG. 6, a process 600 for grouping outdoor units and indoor units
for use in apportioning electricity charges is shown, according to an exemplary
embodiment. Process 600 may be carried out by cost-apportionment circuit 530 in
communication with VRF database 528. At step 602, the cost-apportionment circuit 530
accesses a list of all IDUs and ODUs of VRF system 500 in the VRF database 528. At step
604, the cost-apportionment circuit 530 accesses a list of outdoor meters 508 corresponding
to ODUs 504 and list of indoor meters 510 corresponding to IDUs 506 in the VRF database
528. According to various embodiments, these lists are automatically generated by the VRF
management system 502, input by a user via input/output circuit 532, or some combination
of the two. At step 606, the ODUs corresponding to the same meter are grouped in a virtual
outdoor power group. The virtual outdoor power group determinations may be stored in the
VREF database 528. At step 608, the IDUs corresponding to the same meter are grouped in a
virtual indoor power group. The virtual indoor power group determinations may be stored
in the VRF database 528. Virtual outdoor power groups and virtual indoor power groups
may be useful for apportioning electricity costs among ODUs and IDUs in the virtual power

groups.

[0074] Referring now to FIGS. 7A-B, a process 700 for apportioning an electricity
consumption measurement among multiple ODUs 504 metered by a single outdoor meter
508 is shown, according to an exemplary embodiment. FIG. 7A shows a first part of the
process 700, with FIG. 7B showing a second part of the process 700. Process 700 may be
carried out by the VRF management system 502 of FIG. 5, and more particularly by the
cost-apportionment circuit 530 in communication with the VRF database 528. Process 700

addresses the challenge posed by the second metering configuration 350 of FIG. 3B, namely
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the need to accurately split electricity consumption among multiple ODUs when the

electricity consumption for the multiple ODUs is measured by a shared meter.

[0075] At step 702, the number of tenants for each outdoor power group is determined.
As described with reference to FIG. 6, an outdoor power group includes all ODUs
connected to one outdoor meter. To carry out step 702, the cost-apportionment circuit 530
may access the VRF database 528 to access a directory of tenant to ODU relationships and

count the number of tenants associated with ODUs in the outdoor power group.

[0076] At step 704, the cost-apportionment circuit 530 asks if the number of tenants in the
outdoor power group is greater than one. If not, the process 700 proceeds to step 706,
where the electricity consumption reading is taken from the outdoor meter and assigned the
label “kWh_Outdoor.” Because only one tenant is served by the outdoor power group, the
total kWh_Outdoor can be attributed to that tenant for purposes of electricity cost

apportionment, and the process 700 can end at step 706.

[0077] If the number of tenants served by the outdoor power group is greater than one, at
step 708 the cost-apportionment circuit 530 access the electricity consumption measurement
from the outdoor meter and labels it “kWh_Outdoor Overall.” The measurement
kWh_Outdoor Overall includes electricity consumption corresponding to multiple tenants
that can be apportioned among the multiple ODUs according to the remaining steps of

process 700.

[0078] At step 710, the cost-apportionment circuit 530 identifies all ODUs in the outdoor
power group, among which kWh_Outdoor Overall is to be apportioned. The process 700

continues from step 710 in FIG. 7A to step 712 in FIG. 7B. The following steps (i.e., steps
shown in FIG. 7B) occur for each ODU in the outdoor power group, with any one ODU of

the outdoor power group referred to using the notation ODUL. in the following discussion.

[0079] At step 712, the VRF management system 502 determines whether all IDUs served
by ODU. are in standby. Standby may refer to a status in which none of the IDUs served by
ODU  operate to heat/cool corresponding building zones during the sample time period. If
all IDUs serve by ODUn are in standby, at step 714 the VRF management system 502
determines whether the IDUs are in standby or in absolute standby. If the IDUs are in
standby, at step 716 the cost-apportionment circuit 530 accesses the VRF database 528 to
look up a standby consumption for ODUx (“Standby kWhobpun™), which may be stored in
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the VRF database 528 based on a standby consumption rate quoted in a product manual or
information sheet. At step 718, the cost-apportionment circuit 530 defines the outdoor
power consumption attributable to ODUx (“kWh_outdooropun™) to be equal to

Standby kWhobun.

[0080] If the IDUs are in absolute standby, at step 720 the total consumption measurement
measured by the outdoor meter (“kWh_outdoor overall”) and ODU capacity for each ODU
in the outdoor power group are accessed by the cost-apportionment circuit 530. ODU
capacity may be stored and accessed in the VRF database 528 based on capacity
information found in a product manual or information sheet. The kWh_outdoor overall
measurement may be provided to the cost-apportionment circuit by the data collection

circuit 526 or may be stored and accessed in the VRF database 528.

[0081] At step 722, the cost-apportionment circuit 530 calculates kWh_outdooropun as
equal to kWh_outdoor_overall multiplied by the capacity of ODUn and divided by the sum
of the capacities of all ODUs in the outdoor power group. That is, kWh_outdooropun=
kWh_outdoor overall * (capacity of ODUy) / (X capacity of ODUk forall k in power group). In
other words, kWh_outdoor_overall is apportioned proportionally based on manufacturer-

defined capacities of the ODUs.

[0082] Ifnot all of the IDUs are on standby (i.e., one or more IDUs serving ODUy are not
on standby), the process 700 proceeds from step 712 to step 724 where, for each ODUy, the
cost-apportionment circuit 530 acquires an average ODUx compressor total frequency
(*“AVG _ODU,_ TOT FREQ”) over a sample time period, the compressor runtime for each
compressor in ODUy, and the number of compressors in ODUn. For example, the cost-
apportionment circuit 530 may access this data in the VRF database 528. In some
embodiments, the cost-apportionment circuit 530 acquires the average ODUn compressor
total frequency by getting a series of ODUn compressor total frequencies for the sample time
period and running an averaging calculation to determine the average ODUx compressor

total frequency over the time period.

[0083] At step 726, an ODUn compressor runtime factor is defined as the sum of
compressor runtimes divided by the multiple of the calculation cycle time and the number
of compressors in ODUn. That is, the ODUn compressor runtime factor = (Sum of

Compressor Runtimes) / (number of compressors in ODUn * calculation cycle time). In
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some embodiments, for example, the calculation cycle time is thirty minutes. At step 728,
an ODUjactual capacity factor is defined as the average ODUn compressor total frequency
divided by the multiple of the calculation cycle time and the number of compressors in
ODUn. That is, ODUnactual capacity factor = AVG_ODUn TOT FREQ / (number of
compressors in ODUn x calculation cycle time). At step 730, an ODUn consumption factor
(*OdCFopun”) is defined as the ODUn compressor runtime factor multiplied by the ODUx
actual capacity factor. That is, OdCFopun= (ODUn Compressor Runtime Factor) * (ODUn
Actual Capacity Factor).

[0084] At step 732, an outdoor ODUn power proportional index (“PPloutdoor 0DUR”) 18
defined as the ODUy consumption factor divided by the sum of ODU consumption factors

for all ODUs in the outdoor power group. That is, PPloutdoor opun = OdCFopun/ XOdCFopuk,

for all ODUKk in the power group.

[0085] At step 734, PPloutdoor 0DUR 1S used to apportion kWh_outdoor overall among the
ODUs in the outdoor power group to get a consumption measurement for each ODUn
(“kWh_outdooropbun™). The cost-apportionment circuit 530 calculates kWh_outdooropun =
PPIoutdoor opun * kWh_outdoor overall. Process 700 thereby results in an accurately

apportioned electricity consumption quantity for each ODU 504 in VRF system 500.

[0086] Referring now to FIG. 8, a flowchart of a process 800 for apportioning the
electricity consumption of an ODU among the IDUs that the ODU serves is shown,
according to an exemplary embodiment. Process 800 may be carried out by the cost-
apportionment circuit 530 in communication with the VRF database 528 of the VRF
management system 502 of FIG. 5. Process 800 is directed towards the challenge of
apportioning the consumption of one ODU among the multiple IDUS that it serves, as

shown in the first metering configuration 300 of FIG. 3A.

[0087] At step 802, the cost-apportionment circuit 530 starts process 800 by getting the
electricity consumption for the ODU of interest, for example by taking kWh_Outdoor from
step 706 of process 700, or kWh_Outdoor ODUnx from step 718, step 722, or step 734 of
process 700.

[0088] At step 804, the cost-apportionment circuit 530 identifies all IDUs served by the
ODU, and asks whether all IDUs are on standby. If all IDUs are on standby, at step 806 the

cost-apportionment circuit 530 counts the IDUs to determine the number of IDUs served by
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the ODU. In some embodiments, the cost-apportionment circuit 530 looks up the number
of IDUs served by the ODU in the VRF database 528. At step 808, the ODU’s electricity
consumption attributable to each IDU (“kWh_outdoor IDUy”) is calculated as
kWh_outdoor ODUx divided by the number of IDUs served by ODUn. That is,
kWh_outdoor_IDUn =kWh_outdoor ODUn/ (number of IDUs).

[0089] If the IDUs are not all on standby as determined in step 804, the process 800
proceeds to step 810. At step 810, for each IDU; served by ODUy, the cost-apportionment
circuit 530 acquires a thermo-on time (“THER_ON _IDUy”) for a sample time period,
compressor request frequencies (“COMP_REQ FREQ IDUy”) over the sample time
period, and the model number of IDUn. For example, the cost-apportionment circuit 530
may look up this data in the VRF database 528. At step 812, an IDUnthermo-on time factor
is calculated as equal to THER ON_IDUn divided by the duration of the sample time

period.

[0090] At step 814, the cost-apportionment circuit 530 looks up the IDUx capacity
(“IDUy_cap™) based on the model number in the VRF database 528. IDUn_cap is a value
stored in the VRF database 528 and included by the manufacturer of IDUy in a product
information sheet for the model of IDUn. At step 816, an average zone load

(*AVG _ZN LOAD IDUy”) is defined as the average of COMP_REQ FREQ IDU. over
the sample time period. At step 820, an IDUn actual capacity factor is defined as

AVG ZN LOAD IDU.multiplied by IDUx cap.

[0091] At step 822, an IDUx outdoor consumption factor (“OCFmpun”) is defined as the
IDUn thermo-on time factor multiplied by the IDUn actual capacity factor. At step 824, an
IDUn outdoor power proportional index (“PPloutdoor 1pUn”) 1s defined as OCFipun divided by
the sum of outdoor consumption factors for all IDUs in the indoor power group (i.e., all
IDUs served by the ODU). That is, PPloutdoor mUn = OCFmun/ ZOCFIDUK, k for all IDUs served by

one ODU.

[0092] At step 826, the electricity consumption attributable to IDUx

(“kWh_outdoor IDUn") is calculated as PPloutdoor mun multiplied by the total electricity
consumption attributed to the ODU, i.e., kWh_outdoor ODUs. That is,

kWH_ outdoor IDUn = PPloutdoor Ibun * kWh_outdoor ODUn. Process 800 thereby
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apportions electricity consumption of one ODU (e.g., ODUy) among the IDUs that the ODU

SErves.

[0093] Referring now to FIG. 9, a process 900 for apportioning electricity consumption
among multiple IDUs with indoor electricity consumption meter by a shared indoor meter.
Process 900 thereby addresses the fourth metering configuration 450 of FIG. 4B. Process
900 may be carried out by the cost-apportionment circuit 530 in communication with VRF

database 538 in the VRF management system 502.

[0094] At step 902, the cost-apportionment circuit 530 acquires an electricity consumption
measurement (“kWh_indoor”) from an indoor meter 510 that measures the indoor
consumption of multiple IDUs 506 (e.g., indoor meter 456 of FIG. 4B). As described in
reference to FIG. 6, all IDUs corresponding to that meter may be grouped in an indoor
power group. According to various embodiments, the cost-apportionment circuit 530 looks
up kWh_indoor in the VRF database 528 and/or receives kWh_indoor from the data

collection circuit 526.

[0095] At step 904, for each IDU (e.g., IDUy) in the indoor power group, the cost-
apportionment circuit 530 looks up the IDUx capacity (“IDUn_cap™) based on IDUx’s model
number in the VRF database 528 and acquires an IDUn_runtime (“RT _IDUx”). In some
cases, RT IDUjcorresponds to a duration of time that a fan in IDUn was powered-on and
rotating during a calculation cycle time. RT IDUnmay be collected by the data collection

circuit 526 and stored in the VRF database 528.

[0096] At step 906, an IDUy runtime factor is defined as RT IDUn divided by the duration
of the calculation cycle time. That is, the IDUn runtime factor is the proportion of the total
calculation cycle time for which the IDU was running. At step 908, an IDUn capacity factor
is defined as equal to IDUx_cap. At step 910, an IDUnindoor consumption factor
(“ICFmun”) is defined as the IDUn runtime factor multiplied by the IDUn capacity factor.

[0097] Atstep 912, an IDUxnindoor power proportional index (“PPlindoor bun”) is defined
as equal to ICFmun divided by the sum of indoor consumption factors for all IDUs in the
indoor power group. That is, PPlindoor_1pun = ICFUn/ ZICFIDUK, k for all IDUs measured by the same

indoor meter.

25



WO 2019/178117 PCT/US2019/021878

[0098] At step 914, the cost-apportionment circuit 530 determines an indoor power
consumption attributable to each IDU (“kWh_indoor IDUy) based on the indoor power
proportional indexes and kWh_indoor. More particularly, the cost-apportionment circuit
530 calculates kWh_indoor IDUn = PPlindoor_ipun * kWh_indoor. Process 900 thereby

results in an indoor power consumption attributable to each IDU in an indoor power group.

[0099] Referring now to FIG. 10, a process 1000 for determining an electricity charges for
various tenants is shown, according to an exemplary embodiment. Process 1000 may be
carried out by the VRF management system 502 to address any combination of metering
configurations as described with reference to FIGS. 3A-4B. Process 1000 may be carried
out once per billing cycle (e.g., monthly), on demand from a user, or with some other

frequency.

[0100] At step 1002, the cost-apportionment circuit 530 takes kWh_outdoor IDUn for all
n from the end of process 800 (i.e., from step 808 and/or step 826). At step 1004, the cost-
apportionment circuit 530 takes kWh_indoor IDUn for all n from the end of process 900
(i.e., from step 914).

[0101] Atstep 1006, a total IDUn electricity consumption (“kWh_IDUy”) is defined as
kWh_IDUn=kWh_outdoor IDUn+ kWh indoor IDUn. That is, the outdoor consumption
attributable to each IDU is summed with the indoor consumption attributable to that IDU to

get a total electricity consumption for that IDU.

[0102] At step 1008, the cost-apportionment circuit 530 gets a tariff rate for each unit of
electricity (e.g., dollars per kWh). The tariff rate can be in any currency (e.g., dollars,
Euros, rupees) rated per unit of electricity consumption. The tariff rate may be stored in the
VRF database 528, for example as supplied by an electrical utility company. At step 1010 a
charge per IDUn for a sample time period (“Charge IDUx”) is defined as the tariff rate
multiplied by kWh_IDUn.

[0103] At step 1012, the cost-apportionment circuit 530 calculates a charge for each
tenant as the sum of Charge IDUx for all IDUs assigned to a tenant. The cost-
apportionment may access a list of tenants and IDUs in the VRF database 528 to determine
which IDUs correspond to which tenants. Process 1000 thereby results in an amount of
currency that can be billed to tenants that accurately reflects the tenants’ contribution to the

power consumption of the VRF system 500. In some embodiments, the input/output circuit
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532 generates bills, transmits bills to tenants, receives payment information from tenants,

and otherwise facilitates tenant’s fulfillment of the calculated charges.
Configuration of Exemplary Embodiments

[0104] The construction and arrangement of the systems and methods as shown in the
various exemplary embodiments are illustrative only. Although only a few embodiments
have been described in detail in this disclosure, many modifications are possible (e.g.,
variations in sizes, dimensions, structures, shapes and proportions of the various elements,
values of parameters, mounting arrangements, use of materials, colors, orientations, etc.).
For example, the position of elements can be reversed or otherwise varied and the nature or
number of discrete elements or positions can be altered or varied. Accordingly, all such
modifications are intended to be included within the scope of the present disclosure. The
order or sequence of any process or method steps can be varied or re-sequenced according
to alternative embodiments. Other substitutions, modifications, changes, and omissions can
be made in the design, operating conditions and arrangement of the exemplary embodiments

without departing from the scope of the present disclosure.

[0105] As used herein, the term “circuit” may include hardware structured to execute the
functions described herein. In some embodiments, each respective “circuit” may include
machine-readable media for configuring the hardware to execute the functions described
herein. The circuit may be embodied as one or more circuitry components including, but
not limited to, processing circuitry, network interfaces, peripheral devices, input devices,
output devices, sensors, etc. In some embodiments, a circuit may take the form of one or
more analog circuits, electronic circuits (e.g., integrated circuits (IC), discrete circuits,
system on a chip (SOCs) circuits, etc.), telecommunication circuits, hybrid circuits, and any
other type of “circuit.” In this regard, the “circuit” may include any type of component for
accomplishing or facilitating achievement of the operations described herein. For example,
a circuit as described herein may include one or more transistors, logic gates (e.g., NAND,
AND, NOR, OR, XOR, NOT, XNOR, etc.), resistors, multiplexers, registers, capacitors,

inductors, diodes, wiring, and so on).

[0106] The “circuit” may also include one or more processors communicably coupled to
one or more memory or memory devices. In this regard, the one or more processors may

execute instructions stored in the memory or may execute instructions otherwise accessible
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to the one or more processors. In some embodiments, the one or more processors may be
embodied in various ways. The one or more processors may be constructed in a manner
sufficient to perform at least the operations described herein. In some embodiments, the
one or more processors may be shared by multiple circuits (e.g., circuit A and circuit B may
comprise or otherwise share the same processor which, in some example embodiments, may
execute instructions stored, or otherwise accessed, via different areas of memory).
Alternatively or additionally, the one or more processors may be structured to perform or
otherwise execute certain operations independent of one or more co-processors. In other
example embodiments, two or more processors may be coupled via a bus to enable
independent, parallel, pipelined, or multi-threaded instruction execution. Each processor
may be implemented as one or more general-purpose processors, application specific
integrated circuits (ASICs), field programmable gate arrays (FPGAs), digital signal
processors (DSPs), or other suitable electronic data processing components structured to
execute instructions provided by memory. The one or more processors may take the form
of a single core processor, multi-core processor (e.g., a dual core processor, triple core
processor, quad core processor, etc.), microprocessor, etc. In some embodiments, the one or
more processors may be external to the apparatus, for example the one or more processors
may be a remote processor (e.g., a cloud based processor). Alternatively or additionally, the
one or more processors may be internal and/or local to the apparatus. In this regard, a given
circuit or components thereof may be disposed locally (e.g., as part of alocal server, a local
computing system, etc.) or remotely (e.g., as part of a remote server such as a cloud based
server). To that end, a “circuit” as described herein may include components that are
distributed across one or more locations. The present disclosure contemplates methods,
systems and program products on any machine-readable media for accomplishing various
operations. The embodiments of the present disclosure can be implemented using existing
computer processors, or by a special purpose computer processor for an appropriate system,
incorporated for this or another purpose, or by a hardwired system. Embodiments within
the scope of the present disclosure include program products comprising machine-readable
media for carrying or having machine-executable instructions or data structures stored
thereon. Such machine-readable media can be any available media that can be accessed by
a general purpose or special purpose computer or other machine with a processor. By way
of example, such machine-readable media can comprise RAM, ROM, EPROM, EEPROM,
CD-ROM or other optical disk storage, magnetic disk storage or other magnetic storage
devices, or any other medium which can be used to carry or store desired program code in
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the form of machine-executable instructions or data structures and which can be accessed by
a general purpose or special purpose computer or other machine with a processor.
Combinations of the above are also included within the scope of machine-readable media.
Machine-executable instructions include, for example, instructions and data which cause a
general purpose computer, special purpose computer, or special purpose processing

machines to perform a certain function or group of functions.

[0107] Although the figures show a specific order of method steps, the order of the steps
may differ from what is depicted. Also two or more steps can be performed concurrently or
with partial concurrence. Such variation will depend on the software and hardware systems
chosen and on designer choice. All such variations are within the scope of the disclosure.
Likewise, software implementations could be accomplished with standard programming
techniques with rule based logic and other logic to accomplish the various connection steps,

calculation steps, processing steps, comparison steps, and decision steps.
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WHAT IS CLAIMED IS:

1. A variable refrigerant flow system for a building, the variable refrigerant flow
system comprising:
a plurality of indoor units for the building configured to generate activation requests;
a first outdoor unit configured to receive the activation requests and, in response to
the activation requests, provide a refrigerant to the plurality of indoor units;
an outdoor meter configured to provide an outdoor unit electricity consumption
measurement; and
a variable refrigerant flow management system configured to:
receive the outdoor unit electricity consumption measurement and activation
data indicating the activation requests; and
apportion an outdoor share of the outdoor electricity consumption

measurement to each of the plurality of indoor units based at least on the activation data.

2. The variable refrigerant flow system of claim 1, wherein the first outdoor unit
comprises a compressor and the activation data comprises a compressor request frequency

for each of the plurality of indoor units.

3. The variable refrigerant flow system of claim 2, wherein the variable refrigerant
flow management system is configured to apportion each outdoor share of the outdoor
electricity consumption by:

calculating an outdoor consumption factor for each indoor unit based at least on the
compressor request frequency corresponding to the indoor unit;

calculating a power proportional index for each indoor unit by dividing the outdoor
consumption factor corresponding to the indoor unit by a sum of the outdoor consumption
factors for each of the plurality of indoor units; and

multiplying the power proportional index for each indoor unit by the outdoor

electricity consumption measurement.
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4. The variable refrigerant flow system of claim 1, further comprising one or more
additional outdoor units configured to receive activation requests;

wherein the outdoor meter measures electricity consumption for the first outdoor
unit and the one or more additional outdoor units to generate the outdoor unit consumption
measurement; and

wherein the variable refrigerant flow management system is further configured to
apportion a share of the outdoor unit consumption measurement to the first outdoor unit

based at least on the activation requests.

5. The variable refrigerant flow system of claim 4, wherein the first outdoor unit
comprises a compressor and the activation data comprise compressor request frequencies;
and
wherein the variable refrigerant flow management system is further configured to

apportion a share of the outdoor unit consumption measurement to the first outdoor unit
based at least on the activation requests by:

determining a compressor run time of the first outdoor unit;

determining a compressor total frequency based at least on the compressor
request frequencies of the activation requests received by the first outdoor unit;

calculating a consumption factor of the first outdoor unit based at least on the
average compressor total frequency and the compressor run time;

calculating a power proportional index for the first outdoor unit by dividing
the consumption factor of the first outdoor unit by a sum of consumption factors of the one
or more additional outdoor units and the consumption factor of the first outdoor unit; and

multiplying the outdoor unit consumption measurement by the power

proportional index.

6. The variable refrigerant flow system of claim 1, further comprising an indoor meter
configured to measure electricity consumption of the plurality of indoor units to generate an
indoor electricity consumption measurement; and

wherein the variable refrigerant flow management system is further configured to
apportion the indoor electricity consumption measurement among the plurality of indoor

units.
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7. A method for operating a variable refrigerant flow system for a building,
comprising:

generating, by a plurality of indoor units for the building, activation requests;

receiving, by a first outdoor unit, the activation requests;

providing, by the first outdoor unit in response to the activation requests, refrigerant
to the plurality of indoor units;

obtaining an outdoor unit electricity consumption measurement and activation data
indicating the activation requests; and

apportioning an outdoor share of the outdoor electricity consumption measurement

to each of the plurality of indoor units based at least on the activation data.

8. The method of claim 7, wherein the first outdoor unit comprises a compressor and
the activation data comprises a compressor request frequency for each of the plurality of

indoor units.

9. The method of claim 8, wherein apportioning an outdoor share of the outdoor
electricity consumption measurement to each of the plurality of indoor units based at least
on the activation data comprises:

calculating an outdoor consumption factor for each indoor unit based at least on the
compressor request frequency:;

calculating a power proportional index for each indoor unit by dividing the outdoor
consumption factor corresponding to the indoor unit by a sum of the outdoor consumption
factors for each of the plurality of indoor units; and

multiplying the power proportional index for each indoor unit by the outdoor

electricity consumption measurement.

10. The method of claim 7, wherein obtaining the outdoor unit electricity consumption
measurement comprises:
measuring electricity consumption for the first outdoor unit and one or more

additional outdoor units to generate a total outdoor unit consumption measurement; and
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apportioning the outdoor unit consumption measurement to the first outdoor unit as
a portion of the total outdoor unit consumption measurement based at least on the activation

data.

11. The method of claim 10, wherein the first outdoor unit comprises a compressor and
the activation data comprise compressor request frequencies; and
wherein apportioning the outdoor unit consumption measurement to the first outdoor

unit comprises:

determining a compressor run time of the first outdoor unit;

determining a compressor total frequency based at least on the compressor
request frequencies of the activation requests received by the first outdoor unit;

calculating a consumption factor of the first outdoor unit based at least on the
compressor total frequency and the compressor run time;

calculating a power proportional index for the first outdoor unit by dividing
the consumption factor of the first outdoor unit by a sum of consumption factors of the one
or more additional outdoor units and the consumption factor of the first outdoor unit; and

multiplying the total outdoor unit consumption measurement by the power

proportional index.

12.  The method of claim 7, further comprising obtaining an indoor electricity
consumption measurement of the plurality of indoor units; and
apportioning an indoor share of the indoor electricity consumption measurement

among the plurality of indoor units.

13. The method of claim 12, wherein attributing each indoor share of the indoor
electricity consumption measurement among the plurality of indoor units comprises:

calculating an indoor consumption factor for each indoor unit based at least on a
runtime and a capacity corresponding to the indoor unit;

calculating an indoor power proportional index for each indoor unit by dividing the
indoor consumption factor corresponding to the indoor unit by the sum of the indoor
consumption factors for each of the plurality of indoor units; and

multiplying the power proportional index for each indoor unit by the indoor

electricity consumption measurement.
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14. The method of claim 12, further comprising:

determining an indoor unit total consumption for each indoor unit by adding the
indoor share corresponding to the indoor unit and the outdoor share corresponding to the
indoor unit; and

generating a total indoor unit charge for each indoor unit by multiplying the indoor

unit total consumption corresponding to the indoor unit by an electricity tariff rate.

15. The method of claim 14, further comprising generating an electricity bill for each of
a plurality of tenants, each tenant corresponding to one or more of the plurality of indoor

units.

16. A system, comprising:

an outdoor meter configured to provide an outdoor electricity consumption
measurement of an outdoor unit of a variable refrigerant flow system, the outdoor unit
configured to provide refrigerant to a plurality of indoor units in response to activation
requests from the plurality of indoor units; and

a management system comprising a processing circuit having a memory and
processor, the memory structured to store instructions that are executable by the processor
and cause the processing circuit to:

receive the outdoor electricity consumption measurement from the outdoor meter;

receive activation data relating to the activation requests; and

apportion the outdoor electricity consumption measurement among the plurality of

mndoor units based at least on the activation data.

17.  The system of claim 16, wherein the activation data comprises at least one of a
compressor request frequency, an average compressor request frequency, a thermo-on time,

an indoor unit model number, or an indoor unit capacity.

18. The system of claim 16, wherein the processing circuit is caused to apportion the
outdoor electricity consumption measurement among the plurality of indoor units based at

least on the activation data by:
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determining an outdoor consumption factor for each the plurality of indoor units
based at least on the activation data;

determining a power proportional index for each of the plurality of indoor units
based at least on the outdoor consumption factors; and

multiplying each power proportional index by the outdoor electricity consumption

measurement.

19. The system of claim 16, further comprising an indoor meter configured to provide
an indoor electricity consumption measurement of the plurality of indoor units, the indoor
units further configured to provide runtime data; and wherein the processing circuit is
further caused to:

receive the indoor electricity consumption measurement;

receive runtime data relating to the runtimes of the plurality of indoor units;

look up a capacity for each of the plurality of indoor units in a database; and

apportion the indoor electricity consumption measurement among the plurality of

indoor units based at least on the runtime data and the capacities.

20. The system of claim 16, wherein the plurality of indoor units are operable to regulate
the temperature in various building zones corresponding to various tenants; and wherein the
processing system is further caused to generate electricity bills for the various tenants based

at least on the apportioned outdoor electricity consumption measurements.
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