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CONTROL SYSTEMS AND METHODS FOR
HVAC EQUIPMENT WITH FLUID LOOP
THERMAL ENERGY STORAGE

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED PATENT
APPLICATION

[This application claims the benefit of U.S. Provisional
Patent Application No. 62/538,282, filed Jul. 28, 2017,
which is incorporated herein by reference in its entirety.]
This application is an application for reissue of U.S. Pat.
No. 10,876,754, which issued on Dec. 29, 2020, from U.S.
application Ser. No. 16/048,165 filed Jul. 27, 2018, which
claims the benefit of and priority to U.S. Provisional Patent
Application No. 62/538,282, filed Jul. 28, 2017, all of which

are incorporated by reference herein in their entireties.

BACKGROUND

The present disclosure relates generally to the operation
of a central plant for serving building thermal energy loads.
The present disclosure relates more particularly to systems
and methods for optimizing the operation of one or more
subplants of a central plant.

A heating, ventilation and air conditioning (HVAC) sys-
tem may include various types of equipment configured to
serve the thermal energy loads of a building or building
campus. For example, a central plant may include HVAC
devices such as heaters, chillers, heat recovery chillers,
cooling towers, or other types of equipment configured to
provide heating or cooling for the building. Some central
plants include thermal energy storage configured to store the
thermal energy produced by the central plant for later use.

A central plant may consume resources from a utility
(e.g., electricity, water, natural gas, etc.) to heat or cool a
working fluid (e.g., water, glycol, etc.) that is circulated to
the building or stored for later use to provide heating or
cooling for the building. Fluid conduits typically deliver the
heated or chilled fluid to air handlers located on the rooftop
of the building or to individual floors or zones of the
building. The air handlers push air past heat exchangers
(e.g., heating coils or cooling coils) through which the
working fluid flows to provide heating or cooling for the air.
The working fluid then returns to the central plant to receive
further heating or cooling and the cycle continues.

During periods of low load, chillers may be cycled in
order to meet the cooling loads of the connected buildings.
In one approach, a chiller may be operated based on rules.
For example, once the chilled water temperature reaches a
turn-off temperature (e.g., 40° F.), a chiller may be shut off
or operate at a minimum load. The chiller may be left off
until the return water temperature reaches a turn-on tem-
perature (e.g., 55° F.).

However, turning on and off a chiller based on rules may
not be power efficient. For example, a chiller may operate at
a temperature below the turn-off temperature for a brief time
period (e.g., 20 seconds). Turning the chiller off for such
brief time period and turning it back on may be power
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2

inefficient compare to leaving the chiller on or operating the
chiller at a lower capacity for the brief time period.

SUMMARY

Various embodiments of a system including a controller
for an energy plant are disclosed herein. The energy plant
includes a loop formed by a plurality of devices. The
controller includes a processing circuit comprising a pro-
cessor and memory storing instructions executed by the
processor, the processing circuit configured to obtain load
data indicating a produced thermal energy load produced by
a supply device of the plurality of devices during a time
period. The processing circuit is configured to obtain a
temperature of gas or liquid in the loop during the time
period. The processing circuit is configured to predict an
induced thermal energy load at a consuming device of the
plurality of devices during a first portion of the time period
based on the produced thermal energy load during a second
portion of the time period. The processing circuit is config-
ured to generate a model indicating a relationship between
(1) the temperature of the gas or the liquid in the loop and (ii)
a difference between the induced thermal energy load and
the produced thermal energy load, based on the predicted
induced load, the produced thermal energy load, and the
temperature. The processing circuit is configured to operate
the plurality of devices of the energy plant using the model
to control the temperature of the gas or the liquid in the loop.

In one or more embodiments, the first portion of the time
period is a non-steady state portion, during which the
temperature of the gas or the liquid changes beyond a
predetermined range, and the second portion of the time
period is steady state time portion, during which the tem-
perature of the gas or the liquid remains within the prede-
termined range.

In one or more embodiments, the processing circuit is
configured to determine a thermal mass of the gas or the
liquid in the loop based on the predicted induced load during
the non-steady state portion, and generate the model based
on the thermal mass.

In one or more embodiments, the processing circuit is
configured to obtain another temperature of the gas or the
liquid in the loop during another time period after the time
period; and predict a deferred load in the loop during the
other time period based on the other temperature and the
thermal mass.

In one or more embodiments, the processing circuit is
configured to obtain additional load data indicating addi-
tional produced thermal energy load produced by the supply
device during the other time period, and predict an addi-
tional induced load at the consuming device during the other
time period based on the deferred load and the additional
produced thermal energy load during the other time period.

In one or more embodiments, the processing circuit is
configured to filter one of the produced thermal energy load
and the temperature of the gas or the liquid, and predict the
induced load during the non-steady state portion of the time
period based on the filtered one of the produced thermal
energy load and the temperature of the gas or the liquid.

In one or more embodiments, the processing circuit is
configured to assign thermal energy loads to the supply
device and the consuming device to maintain the tempera-
ture within an allowable temperature range based on the
model, and operate the energy plant according to the
assigned thermal energy loads.

Various embodiments disclosed herein are related to a
method for an energy plant including a loop formed by a
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plurality of devices. The method includes obtaining load
data indicating a produced thermal energy load produced by
a supply device of the plurality of devices during a time
period. The method includes obtaining a temperature of gas
or liquid in the loop during the time period. The method
includes predicting an induced thermal energy load at a
consuming device of the plurality of devices during a first
portion of the time period based on the produced thermal
energy load during a second portion of the time period. The
method includes generating a model indicating a relation-
ship between (i) the temperature of the gas or the liquid in
the loop and (i) a difference between the induced thermal
energy load and the produced thermal energy load, based on
the predicted induced load, the produced thermal energy
load, and the temperature. The method includes operating
the plurality of devices of the energy plant using the model
to control the temperature of the gas or the liquid in the loop.

In one or more embodiments, the first portion of the time
period is a non-steady state portion, during which the
temperature of the gas or the liquid changes beyond a
predetermined range, and the second portion of the time
period is steady state portion, during which the temperature
of the gas or the liquid remains within the predetermined
range.

In one or more embodiments, the method further includes
determining a thermal mass of the gas or the liquid in the
loop based on the predicted induced load during the non-
steady state portion; and generating the model based on the
thermal mass.

In one or more embodiments, the method further includes
obtaining another temperature of the gas or the liquid in the
loop during another time period after the time period; and
predicting a deferred load in the loop during the other time
period based on the other temperature and the thermal mass.

In one or more embodiments, the method further includes
obtaining additional load data indicating additional pro-
duced thermal energy load produced by the supply device
during the other time period; and predicting an additional
induced load at the consuming device during the other time
period based on the deferred load and the additional pro-
duced thermal energy load during the other time period.

In one or more embodiments, the method further includes
filtering one of the produced thermal energy load and the
temperature of the gas or the liquid; and predicting the
induced load during the non-steady state portion of the time
period based on the filtered one of the produced thermal
energy load and the temperature of the gas or the liquid.

In one or more embodiments, the method further includes
assigning thermal energy loads to the supply device and the
consuming device to maintain the temperature within an
allowable temperature range based on the model; and oper-
ating the energy plant according to the assigned thermal
energy loads.

Various embodiments disclosed herein are related to a
non-transitory computer readable medium storing instruc-
tions for an energy plant. The energy plant includes a loop
formed by a plurality of devices. The instructions when
executed by a processor cause the processor to obtain load
data indicating a produced thermal energy load produced by
a supply device of the plurality of devices during a time
period; obtain a temperature of gas or liquid in the loop
during the time period; predict an induced thermal energy
load at a consuming device of the plurality of devices during
a first portion of the time period based on the produced
thermal energy load during a second portion of the time
period; generate a model indicating a relationship between
(1) the temperature of the gas or the liquid in the loop and (ii)
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a difference between the induced thermal energy load and
the produced thermal energy load, based on the predicted
induced load, the produced thermal energy load, and the
temperature; and operate the plurality of devices of the
energy plant using the model to control the temperature of
the gas or the liquid in the loop. In one or more embodi-
ments, the first portion of the time period is a non-steady
state portion, during which the temperature of the gas or the
liquid changes beyond a predetermined range, and the
second portion of the time period is steady state portion,
during which the temperature of the gas or the liquid remains
within the predetermined range.

In one or more embodiments, the instructions when
executed by the processor further cause the processor to
determine a thermal mass of the gas or the liquid in the loop
based on the predicted induced load during the non-steady
state portion; and generate the model based on the thermal
mass.

In one or more embodiments, the instructions when
executed by the processor further cause the processor to
obtain another temperature of the gas or the liquid in the
loop during another time period after the time period; and
predict a deferred load in the loop during the other time
period based on the other temperature and the thermal mass.

In one or more embodiments, the instruction when
executed by the processor cause the processor to: obtain
additional load data indicating additional produced thermal
energy load produced by the supply device during the other
time period; and predict an additional induced load at the
consuming device during the other time period based on the
deferred load and the additional produced thermal energy
load during the other time period.

In one or more embodiments, the instruction when
executed by the processor cause the processor to: assign
thermal energy loads to the supply device and the consuming
device to maintain the temperature within an allowable
temperature range based on the model; and operate the
energy plant according to the assigned thermal energy loads.

Various embodiments of a system including a controller
for an energy plant are disclosed herein. The energy plant
includes a loop formed by a plurality of devices. The
controller includes a processing circuit comprising a pro-
cessor and memory storing instructions executed by the
processor. The processing circuit is configured to obtain a
maximum allowable temperature and a minimum allowable
temperature of gas or liquid in the loop. The processing
circuit is configured to generate a model indicating a rela-
tionship between (i) a temperature of the gas or the liquid in
the loop, and (ii) a difference between an induced thermal
energy load at a load device of the plurality of devices and
a produced thermal energy load produced by a supply device
of the plurality of devices. The processing circuit is config-
ured to generate a cost function with a constraint according
to the model. The processing circuit is configured to deter-
mine control decision values based on the cost function. The
processing circuit is configured to operate the energy plant
according to the control decision values.

In one or more embodiments, the constraint is to keep the
temperature of the gas or the liquid in the loop to be between
the maximum allowable temperature and the minimum
allowable temperature, when the energy plant operates
according to the control decision values.

In one or more embodiments, the control decision values
include when to defer the produced load by the supply
device and an amount of the produced load.

In one or more embodiments, the cost function corre-
sponds to a total energy consumed by the energy plant.
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In one or more embodiments, the control decision values
are determined to minimize the cost function, while com-
plying with the constraint.

In one or more embodiments, the processing circuit is
configured to generate a regression model of the produced
thermal energy load. The processing circuit may be config-
ured to predict the produced thermal energy load produced
by the supply device for a first time period based on the
regression model. The processing circuit may be configured
to determine a heat capacity of gas or liquid in the loop based
on the predicted produced thermal energy load. The model
may be generated based on the heat capacity.

In one or more embodiments, the processing circuit is
configured to obtain load data indicating the produced
thermal energy load during a second time period, the second
time period before the first time period. The processing
circuit may be configured to generate the regression model
based on the load data.

In one or more embodiments, the processing circuit is
configured to filter the produced thermal energy load during
the second time period. The processing circuit may be
configured to generate the regression model based on the
filtered thermal energy load.

Various embodiments of a method for an energy plant
including a loop formed by a plurality of devices are
disclosed herein. The method includes obtaining a maxi-
mum allowable temperature and a minimum allowable tem-
perature of gas or liquid in the loop. The method includes
generating a model indicating a relationship between (i) a
temperature of the gas or the liquid in the loop, and (ii) a
difference between an induced thermal energy load at a load
device of the plurality of devices and a produced thermal
energy load produced by a supply device of the plurality of
devices. The method includes generating a cost function
with a constraint according to the model. The method
includes determining control decision values based on the
cost function. The method includes operating the energy
plant according to the control decision values.

In one or more embodiments, the constraint is to keep the
temperature of the gas or the liquid in the loop to be between
the maximum allowable temperature and the minimum
allowable temperature, when the energy plant operates
according to the control decision values.

In one or more embodiments, the control decision values
include when to defer the produced load by the supply
device and an amount of the produced load.

In one or more embodiments, the cost function corre-
sponds to a total energy consumed by the energy plant.

In one or more embodiments, the control decision values
are determined to minimize the cost function, while com-
plying with the constraint.

In one or more embodiments, the method includes gen-
erating a regression model of the thermal energy load
produced by the supply device. The method may include
predicting the produced thermal energy load for a first time
period based on the regression model. The method may
include determining a heat capacity of gas or liquid in the
loop based on the predicted produced thermal energy load.
The model may be generated based on the heat capacity.

In one or more embodiments, the method includes obtain-
ing load data indicating the thermal energy load produced
during a second time period by the supply device, the second
time period before the first time period. The regression
model may be generated based on the load data.

30

40

45

6

In one or more embodiments, the method includes filter-
ing the produced thermal energy load during the second time
period. The regression model may be generated based on the
filtered thermal energy load.

Various embodiments of a non-transitory computer read-
able medium storing instructions for an energy plant includ-
ing a loop formed by a plurality of devices are disclosed
herein. The instructions when executed by a processor cause
the processor to: obtain a maximum allowable temperature
and a minimum allowable temperature of gas or liquid in the
loop; generate a model of mass storage, the model indicating
a relationship between (i) a temperature of the gas or the
liquid in the loop, and (ii) a difference between an induced
thermal energy load at a load device of the plurality of
devices and a produced thermal energy load produced by a
supply device of the plurality of devices; generate a cost
function with a constraint according to the model; determine
control decision values based on the cost function; and
operate the energy plant according to the control decision
values.

In one or more embodiments, the constraint is to keep the
temperature of the gas or the liquid in the loop to be between
the maximum allowable temperature and the minimum
allowable temperature, when the energy plant operates
according to the control decision values.

In one or more embodiments, the control decision values
include when to defer the produced load by the supply
device and an amount of the produced load.

In one or more embodiments, the cost function corre-
sponds to a total energy consumed by the energy plant, and
wherein the control decision values are determined to mini-
mize the cost function, while complying with the constraint.

Various embodiments of a system including a controller
for an energy plant are disclosed herein. The energy plant
includes a loop formed by a plurality of devices. The
controller includes a processing circuit comprising a pro-
cessor and memory storing instructions executed by the
processor. The processing circuit is configured to obtain load
data indicating thermal energy load supplied during a first
time period by a supply device of the plurality of devices.
The processing circuit is configured to predict a thermal
energy load consumption during the first time period by a
load device of the plurality of devices in the loop. The
processing circuit is configured to generate a model of a
mass storage of gas or liquid in the loop based on the
predicted thermal energy load consumption. The processing
circuit is configured to determine an amount of production
of the gas or the liquid by the supply device for a second
time period according to the model of the mass storage. The
second time period may be after the first time period. The
processing circuit is configured to operate the energy plant
according to the amount of production of the gas or the
liquid by the supply device during the second time period.

In one or more embodiments, the processing circuit is
configured to generate the model of the mass storage by
determining a charge fraction by determining a ratio
between: a first difference between a maximum allowable
temperature of the gas or the liquid and an operating
temperature of the gas or the liquid, and a second difference
between the maximum allowable temperature of the gas or
the liquid and a minimum allowable temperature of the gas
or the liquid.

In one or more embodiments, the processing circuit is
configured to receive the maximum allowable temperature
and the minimum allowable temperature through a user
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interface, and receive a sensed temperature of the gas or the
liquid in the loop as the operating temperature of the gas or
the liquid.

In one or more embodiments, the processing circuit is
configured to determine a heat capacity of the gas or the
liquid based on the predicted thermal energy load consump-
tion.

In one or more embodiments, the processing circuit is
configured to generate the model of the mass storage by
determining a charge rate by multiplying the heat capacity
by a rate of temperature increase of the gas or the liquid in
the loop.

In one or more embodiments, the processing circuit is
configured to generate the model of the mass storage by
determining an energy capacity of the model of the mass
storage by multiplying the heat capacity by an allowable
temperature range of the gas or the liquid in the loop.

In one or more embodiments, the processing circuit is
configured to filter the thermal energy load supplied by the
supply device, and predict a non-zero thermal energy load
supplied when the supply device is turned off in the first time
period based on the filtered thermal energy load.

In one or more embodiments, the thermal energy load
consumption during the first time period is a non-zero
thermal energy load consumption of the load device. The
processing circuit is configured to predict the non-zero
thermal energy load consumption of the load device when
the supply device is turned off based on the non-zero thermal
energy load supplied.

In one or more embodiments, the processing circuit is
configured to determine a third time period, during which
the supply device is tuned off. The third time period may be
within the first time period. The processing circuit may be
further configured to predict a non-zero thermal energy load
consumption of the load device during the third time period
by filtering the thermal energy load supplied by the supply
device during the third time period.

Various embodiments of a method for an energy plant are
disclosed herein. The energy plant includes a loop formed by
a plurality of devices. The method includes obtaining load
data indicating thermal energy load supplied during a first
time period by a supply device of the plurality of devices.
The method includes predicting a thermal energy load
consumption during the first time period by a load device of
the plurality of devices in the loop. The method includes
generating a model of a mass storage of gas or liquid in the
loop based on the predicted thermal energy load consump-
tion. The method includes determining an amount of pro-
duction of the gas or the liquid by the supply device for a
second time period according to the model of the mass
storage, the second time period after the first time period.
The method includes operating the energy plant according to
the amount of production of the gas or the liquid by the
supply device during the second time period.

In one or more embodiments, generating the model of the
mass storage includes determining a charge fraction of the
model of the mass storage by determining a ratio between:
a first difference between a maximum allowable temperature
of the gas or the liquid and an operating temperature of the
gas or the liquid, and a second difference between the
maximum allowable temperature of the gas or the liquid and
a minimum allowable temperature of the gas or the liquid.

In one or more embodiments, the method includes receiv-
ing the maximum allowable temperature and the minimum
allowable temperature through a user interface; and receiv-
ing a sensed temperature of the gas or the liquid in the loop
as the operating temperature of the gas or the liquid.
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In one or more embodiments, the method includes deter-
mining a heat capacity of the gas or the liquid based on the
predicted thermal energy load consumption.

In one or more embodiments, generating the model of the
mass storage includes determining a charge rate of the model
of'the mass storage by multiplying the heat capacity by a rate
of temperature increase of the gas or the liquid in the loop.

In one or more embodiments, generating the model of the
mass storage includes determining an energy capacity of the
model of the mass storage by multiplying the heat capacity
by an allowable temperature range of the gas or the liquid in
the loop.

In one or more embodiments, the method further includes
filtering the thermal energy load supplied by the supply
device, and predicting a non-zero thermal energy load
supplied when the supply device is turned off in the first time
period based on the filtered thermal energy load.

In one or more embodiments, the thermal energy load
consumption during the first time period is a non-zero
thermal energy load consumption of the load device. The
non-zero thermal energy load consumption of the load
device may be predicted based on the non-zero thermal
energy load supplied.

In one or more embodiments, the method includes deter-
mining a third time period, during which the supply device
is tuned off. The third time period may be within the first
time period. The method may further include predicting a
non-zero thermal energy load consumption of the load
device during the third time period by filtering the thermal
energy load supplied by the supply device during the third
time period.

Various embodiments of a non-transitory computer read-
able medium storing instructions for an energy plant are
disclosed herein. The energy plant includes a loop formed by
a plurality of devices. The instructions when executed by a
processor cause the processor to: obtain load data indicating
thermal energy load supplied during a first time period by a
supply device of the plurality of devices; predict a thermal
energy load consumption during the first time period by a
load device of the plurality of devices in the loop; generate
a model of a mass storage of gas or liquid in the loop based
on the predicted thermal energy load consumption; deter-
mine an amount of production of the gas or the liquid by the
supply device for a second time period according to the
model of the mass storage, the second time period after the
first time period; and operate the energy plant according to
the amount of production of the gas or the liquid by the
supply device during the second time period.

In one or more embodiments, the thermal load energy
load consumption of the load device during the first time
period is a non-zero thermal energy load consumption. The
instructions when executed by the processor may further
cause the processor to: filter the thermal energy load sup-
plied by the supply device, and predict the non-zero thermal
energy load consumption of the load device during the first
time period based on the filtered thermal energy load.

Various embodiments of a controller for an energy plant
are disclosed herein. The energy plant includes a loop
formed by a plurality of devices. The controller includes a
processing circuit comprising a processor and memory stor-
ing instructions executed by the processor, the processing
circuit configured to: obtain a charge rate, a discharge rate,
and an energy capacity of a water mass storage in the loop
during a first time period, predict a change in a temperature
of gas or liquid in the loop during a second time period based
on the charge rate, the discharge rate, and the energy
capacity of the water mass storage in the loop, the second
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time period after the first time period, and adjust a thermal
energy load consumed by a load device of the plurality of
devices during the second time period, according to the
predicted change in the temperature of the gas or the liquid.

In one or more embodiments, the processing circuit is
configured to adjust the thermal energy load consumed by
the load device to control the temperature of the gas or the
liquid in the loop to be within an allowable temperature
range.

In one or more embodiments, the processing circuit is
configured to determine an effective thermal mass of the gas
or the liquid in the loop during the first time period. The
processing circuit may be configured to obtain the charge
rate, the discharge rate, and the energy capacity of the water
mass storage based on the effective thermal mass.

In one or more embodiments, the processing circuit is
configured to determine the effective thermal mass of the gas
or the liquid in the loop by predicting a thermal energy load
consumption during the first time period by the load device,
and determining the effective thermal mass of the gas or the
liquid in the loop based on the thermal energy load con-
sumption.

In one or more embodiments, the processing circuit is
configured filter a thermal energy load supplied by a supply
device of the plurality of devices in the loop, and predict a
non-zero thermal energy load supplied when the supply
device is turned off in the first time period based on the
filtered thermal energy load.

In one or more embodiments, the thermal energy load
consumption during the first time period is a non-zero
thermal energy load consumption of the load device. The
processing circuit may be configured to predict the non-zero
thermal energy load consumption of the load device when
the supply device is turned off based on the non-zero thermal
energy load supplied.

In one or more embodiments, the processing circuit is
configured to predict an amount of production of the gas or
the liquid in the loop during the second time period based on
the effective thermal mass. The change in the temperature of
the gas or the liquid in the loop may be predicted based on
the predicted amount of production of the gas or the liquid
in the loop.

Various embodiments of a method for an energy plant are
disclosed herein. The energy plant includes a loop formed by
a plurality of devices. The method includes obtaining a
charge rate, a discharge rate, and an energy capacity of a
water mass storage in the loop during a first time period. The
method includes predicting a change in a temperature of gas
or liquid in the loop during a second time period based on
the charge rate, the discharge rate, and the energy capacity
of the water mass storage in the loop, the second time period
after the first time period. The method includes adjusting a
thermal energy load consumed by a load device of the
plurality of devices during the second time period, according
to the predicted change in the temperature of the gas or the
liquid.

In one or more embodiments, adjusting the thermal
energy load consumed by the load device includes control-
ling the temperature of the gas or the liquid in the loop to be
within an allowable temperature range.

In one or more embodiments, the method further includes
determining an effective thermal mass of the gas or the
liquid in the loop during the first time period. The charge
rate, the discharge rate, and the energy capacity of the water
mass storage may be obtained based on the effective thermal
mass.
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In one or more embodiments, determining the effective
thermal mass of the gas or the liquid in the loop includes
predicting a thermal energy load consumption during the
first time period by the load device, and determining the
effective thermal mass of the gas or the liquid in the loop
based on the thermal energy load consumption.

In one or more embodiments, the method further includes
filtering a thermal energy load supplied by a supply device
of the plurality of devices in the loop, and predicting a
non-zero thermal energy load supplied when the supply
device is turned off in the first time period based on the
filtered thermal energy load.

In one or more embodiments, the thermal energy load
consumption during the first time period is a non-zero
thermal energy load consumption of the load device. The
method may further include predicting the non-zero thermal
energy load consumption of the load device when the supply
device is turned off based on the non-zero thermal energy
load supplied.

In one or more embodiments, the method further includes
predicting an amount of production of the gas or the liquid
in the loop during the second time period based on the
effective thermal mass. The change in the temperature of the
gas or the liquid in the loop may be predicted based on the
predicted amount of production of the gas or the liquid in the
loop.

Various embodiments of a non-transitory computer read-
able medium comprising instructions for an energy plant are
disclosed herein. The energy plant includes a loop formed by
plurality of devices. The instructions when executed by a
processor cause the processor to: obtain a charge rate, a
discharge rate, and an energy capacity of a water mass
storage in the loop during a first time period; predict a
change in a temperature of gas or liquid in the loop during
a second time period based on the charge rate, the discharge
rate, and the energy capacity of the water mass storage in the
loop, the second time period after the first time period; and
adjust a thermal energy load consumed by a load device of
the plurality of devices during the second time period,
according to the predicted change in the temperature of the
gas or the liquid.

In one or more embodiments, the instructions when
executed by the processor to adjust the thermal energy load
consumed by the load device further cause the processor to
control the temperature of the gas or the liquid in the loop
to be within an allowable temperature range.

In one or more embodiments, the instructions when
executed by the processor further cause the processor to
determine an effective thermal mass of the gas or the liquid
in the loop during the first time period. The charge rate, the
discharge rate, and the energy capacity of the water mass
storage may be obtained based on the effective thermal
mass.

In one or more embodiments, the instructions when
executed by the processor to determine the effective thermal
mass of the gas or the liquid in the loop further cause the
processor to predict a thermal energy load consumption
during the first time period by the load device, and determine
the effective thermal mass of the gas or the liquid in the loop
based on the thermal energy load consumption.

In one or more embodiments, the instructions when
executed by the processor further cause the processor to
filter a thermal energy load supplied by a supply device of
the plurality of devices in the loop, and predict a non-zero
thermal energy load supplied when the supply device is
turned off in the first time period based on the filtered
thermal energy load.
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In one or more embodiments, the thermal energy load
consumption during the first time period is a non-zero
thermal energy load consumption of the load device. The
instructions when executed by the processor further cause
the processor to predict the non-zero thermal energy load
consumption of the load device when the supply device is
turned off based on the non-zero thermal energy load sup-
plied.

Various embodiments of a controller for an energy plant
are disclosed herein. The controller includes a processing
circuit configured to obtain load data indicating the thermal
energy load supplied by a supply device of the plurality of
devices during a first time period. The controller may be
configured to obtain the temperature of the liquid or gas in
the loop during a first time period. The controller may be
configured to use load supplied data when the temperature of
the liquid or gas remains constant during the first time period
to predict the induced load at a consuming device when the
temperature is not constant. The controller may be config-
ured to compare the predicted induced load, the supplied
load, and the temperature to develop a model that describes
how the difference between the induced load and the sup-
plied load affects the temperature. The controller may be
configured to use the model to control the equipment such
that the temperature stays between a max and min tempera-
ture.

In one or more embodiments, the model that describes
how the difference between the induced load and the sup-
plied load affects the temperature is represented by a single
thermal mass term.

In one or more embodiments, the controller is configured
to filter at least one of the thermal energy load supplied and
the temperature of the liquid or gas.

In one or more embodiments, the controller is configured
to estimate an induced load during the first time period by:
measuring the temperature, using the temperature to esti-
mate an induced load not supplied, and summing the sup-
plied load and the load not supplied.

In one or more embodiments, the estimates of the induced
load during the first time period may be used to develop a
prediction model of the induced load.

In one or more embodiments, the controller is configured
to predict the induced load during a second time period by:
measuring the temperature during a period prior to the
second time period, using the temperature to estimate a
current load not supplied, and summing the current supplied
load and the current load not supplied to calculate a current
induced load.

Various embodiments of a controller for an energy plant
are disclosed herein. The controller may be configured to
obtain a max/min temperature for the liquid or gas tempera-
ture. The controller may be configured to obtain a model for
how the temperature changes as function of the difference
between the induced load and the supplied load. The con-
troller may be configured to add a decision variable to the
optimization problem representing the temperature of the
gas or liquid. The controller may be configured to add a
constraint to the optimization problem such that the tem-
perature evolves over time following the model for how the
temperature changes as a function of the difference between
the induced load and supplied load. The controller may be
configured to minimize the cost function to obtain the
control decisions and the target temperature over the time
horizon. The controller may be configured to control the
equipment using the optimal control decisions.

Various embodiments disclosed herein are related to a
non-transitory computer readable medium storing instruc-
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tions when executed by a processor cause the processor to
perform any process or a method described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a drawing of a building equipped with an HVAC
system, according to some embodiments.

FIG. 2 is a schematic of a waterside system, which can be
used as part of the HVAC system of FIG. 1, according to
some embodiments.

FIG. 3 is a block diagram illustrating an airside system,
which can be used as part of the HVAC system of FIG. 1,
according to some embodiments.

FIG. 4 is a block diagram of a central plant controller
which can be used to control the HVAC system of FIG. 1,
the waterside system of FIG. 2, and/or the airside system of
FIG. 3, according to some embodiments.

FIG. 5 is a schematic representation of an HVAC system,
according to some embodiments.

FIG. 6 is an example timing diagram of predicting an
estimated load consumption by a load device of an HVAC
system, according to some embodiments.

FIG. 7 is a flow chart illustrating a process of operating an
energy plant based on a model of mass storage, according to
some embodiments.

FIG. 8 is a flow chart illustrating another process of
operating an energy plant based on a model of mass storage,
according to some embodiments.

DETAILED DESCRIPTION

Overview

Referring generally to the FIGURES, disclosed herein are
systems and methods for operating the HVAC system by
predicting load of a thermal energy storage of the HVAC
system.

Various embodiments of a system, a method, and a
non-transitory computer readable medium for operating an
energy plant are disclosed herein. The energy plant may
include a supply device and a load device forming a loop.
The supply device may provide water or gas to the load
device, and the load device may consume the provided water
or gas. In one aspect, the system obtains load data indicating
thermal energy load supplied during a first time period by a
supply device of the plurality of devices. The system pre-
dicts a thermal energy load consumption during the first time
period by the load device. The system generates a model of
a mass storage of gas or liquid in the loop based on the
predicted thermal energy load consumption. The system
determines an amount of production of the gas or the liquid
by the supply device for a second time period according to
the model of the mass storage. The second time period may
be after the first time period. The system operates the energy
plant according to the amount of production of the gas or the
liquid by the supply device during the second time period.

In some embodiments, the system obtains a charge rate, a
discharge rate, and an energy capacity of a water mass
storage in the loop during a first time period. The system
predicts a change in a temperature of gas or liquid in the loop
during a second time period based on the charge rate, the
discharge rate, and the energy capacity of the water mass
storage in the loop. The second time period may be after the
first time period. The system adjusts a thermal energy load
consumed by a load device of the plurality of devices during
the second time period, according to the predicted change in
the temperature of the gas or the liquid.
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Advantageously, the model of the mass storage (e.g.,
water mass storage) and identifying the heat capacity of the
water mass allow more accurate prediction of load. More-
over, the model of the mass storage may be employed as an
energy storage element, allowing the secondary return water
temperature to be controlled to reduce an electric demand
cost and other resources.

Building and HVAC System

Referring now to FIGS. 1-3, an exemplary HVAC system
in which the systems and methods of the present disclosure
can be implemented are shown, according to an exemplary
embodiment. While the systems and methods of the present
disclosure are described primarily in the context of a build-
ing HVAC system, it should be understood that the control
strategies described herein may be generally applicable to
any type of control system.

Referring particularly to FIG. 1, a perspective view of a
building 10 is shown. Building 10 is served by a building
management system (BMS). A BMS is, in general, a system
of devices configured to control, monitor, and manage
equipment in or around a building or building area. A BMS
can include, for example, an HVAC system, a security
system, a lighting system, a fire alerting system, any other
system that is capable of managing building functions or
devices, or any combination thereof.

The BMS that serves building 10 includes an HVAC
system 100. HVAC system 100 can include a plurality of
HVAC devices (e.g., heaters, chillers, air handling units,
pumps, fans, thermal energy storage, etc.) configured to
provide heating, cooling, ventilation, or other services for
building 10. For example, HVAC system 100 is shown to
include a waterside system 120 and an airside system 130.
Waterside system 120 can provide a heated or chilled fluid
to an air handling unit of airside system 130. Airside system
130 can use the heated or chilled fluid to heat or cool an
airflow provided to building 10. An exemplary waterside
system and airside system which can be used in HVAC
system 100 are described in greater detail with reference to
FIGS. 2-3.

HVAC system 100 is shown to include a chiller 102, a
boiler 104, and a rooftop air handling unit (AHU) 106.
Waterside system 120 can use boiler 104 and chiller 102 to
heat or cool a working fluid (e.g., water, glycol, etc.) and can
circulate the working fluid to AHU 106. In various embodi-
ments, the HVAC devices of waterside system 120 can be
located in or around building 10 (as shown in FIG. 1) or at
an offsite location such as a central plant (e.g., a chiller plant,
a steam plant, a heat plant, etc.). The working fluid can be
heated in boiler 104 or cooled in chiller 102, depending on
whether heating or cooling is required in building 10. Boiler
104 can add heat to the circulated fluid, for example, by
burning a combustible material (e.g., natural gas) or using an
electric heating element. Chiller 102 can place the circulated
fluid in a heat exchange relationship with another fluid (e.g.,
a refrigerant) in a heat exchanger (e.g., an evaporator) to
absorb heat from the circulated fluid. The working fluid from
chiller 102 and/or boiler 104 can be transported to AHU 106
via piping 108.

AHU 106 can place the working fluid in a heat exchange
relationship with an airflow passing through AHU 106 (e.g.,
via one or more stages of cooling coils and/or heating coils).
The airflow can be, for example, outside air, return air from
within building 10, or a combination of both. AHU 106 can
transfer heat between the airflow and the working fluid to
provide heating or cooling for the airflow. For example,
AHU 106 can include one or more fans or blowers config-
ured to pass the airflow over or through a heat exchanger
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containing the working fluid. The working fluid can then
return to chiller 102 or boiler 104 via piping 110.

Airside system 130 can deliver the airflow supplied by
AHU 106 (i.e., the supply airflow) to building 10 via air
supply ducts 112 and can provide return air from building 10
to AHU 106 via air return ducts 114. In some embodiments,
airside system 130 includes multiple variable air volume
(VAV) units 116. For example, airside system 130 is shown
to include a separate VAV unit 116 on each floor or zone of
building 10. VAV units 116 can include dampers or other
flow control elements that can be operated to control an
amount of the supply airflow provided to individual zones of
building 10. In other embodiments, airside system 130
delivers the supply airflow into one or more zones of
building 10 (e.g., via supply ducts 112) without using
intermediate VAV units 116 or other flow control elements.
AHU 106 can include various sensors (e.g., temperature
sensors, pressure sensors, etc.) configured to measure attri-
butes of the supply airflow. AHU 106 can receive input from
sensors located within AHU 106 and/or within the building
zone and can adjust the flow rate, temperature, or other
attributes of the supply airflow through AHU 106 to achieve
set-point conditions for the building zone.

Referring now to FIG. 2, a block diagram of a waterside
system 200 is shown, according to an exemplary embodi-
ment. In various embodiments, waterside system 200 can
supplement or replace waterside system 120 in HVAC
system 100 or can be implemented separate from HVAC
system 100. When implemented in HVAC system 100,
waterside system 200 can include a subset of the HVAC
devices in HVAC system 100 (e.g., boiler 104, chiller 102,
pumps, valves, etc.) and can operate to supply a heated or
chilled fluid to AHU 106. The HVAC devices of waterside
system 200 can be located within building 10 (e.g., as
components of waterside system 120) or at an offsite loca-
tion such as a central plant.

In FIG. 2, waterside system 200 is shown as a central
plant having a plurality of subplants 202-212. Subplants
202-212 are shown to include a heater subplant 202, a heat
recovery chiller subplant 204, a chiller subplant 206, a
cooling tower subplant 208, a hot thermal energy storage
(TES) subplant 210, and a cold thermal energy storage
(TES) subplant 212. Subplants 202-212 consume resources
(e.g., water, natural gas, electricity, etc.) from utilities to
serve the thermal energy loads (e.g., hot water, cold water,
heating, cooling, etc.) of a building or campus. For example,
heater subplant 202 can be configured to heat water in a hot
water loop 214 that circulates the hot water between heater
subplant 202 and building 10. Chiller subplant 206 can be
configured to chill water in a cold water loop 216 that
circulates the cold water between chiller subplant 206 and
the building 10. Heat recovery chiller subplant 204 can be
configured to transfer heat from cold water loop 216 to hot
water loop 214 to provide additional heating for the hot
water and additional cooling for the cold water. Condenser
water loop 218 can absorb heat from the cold water in chiller
subplant 206 and reject the absorbed heat in cooling tower
subplant 208 or transfer the absorbed heat to hot water loop
214. Hot TES subplant 210 and cold TES subplant 212 can
store hot and cold thermal energy, respectively, for subse-
quent use.

Hot water loop 214 and cold water loop 216 can deliver
the heated and/or chilled water to air handlers located on the
rooftop of building 10 (e.g., AHU 106) or to individual
floors or zones of building 10 (e.g., VAV units 116). The air
handlers push air past heat exchangers (e.g., heating coils or
cooling coils) through which the water flows to provide
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heating or cooling for the air. The heated or cooled air can
be delivered to individual zones of building 10 to serve the
thermal energy loads of building 10. The water then returns
to subplants 202-212 to receive further heating or cooling.

Although subplants 202-212 are shown and described as
heating and cooling water for circulation to a building, it is
understood that any other type of working fluid (e.g., glycol,
CO2, etc.) can be used in place of or in addition to water to
serve the thermal energy loads. In other embodiments,
subplants 202-212 can provide heating and/or cooling
directly to the building or campus without requiring an
intermediate heat transfer fluid. These and other variations to
waterside system 200 are within the teachings of the present
invention.

Each of subplants 202-212 can include a variety of
equipment’s configured to facilitate the functions of the
subplant. For example, heater subplant 202 is shown to
include a plurality of heating elements 220 (e.g., boilers,
electric heaters, etc.) configured to add heat to the hot water
in hot water loop 214. Heater subplant 202 is also shown to
include several pumps 222 and 224 configured to circulate
the hot water in hot water loop 214 and to control the flow
rate of the hot water through individual heating elements
220. Chiller subplant 206 is shown to include a plurality of
chillers 232 configured to remove heat from the cold water
in cold water loop 216. Chiller subplant 206 is also shown
to include several pumps 234 and 236 configured to circulate
the cold water in cold water loop 216 and to control the flow
rate of the cold water through individual chillers 232.

Heat recovery chiller subplant 204 is shown to include a
plurality of heat recovery heat exchangers 226 (e.g., refrig-
eration circuits) configured to transfer heat from cold water
loop 216 to hot water loop 214. Heat recovery chiller
subplant 204 is also shown to include several pumps 228 and
230 configured to circulate the hot water and/or cold water
through heat recovery heat exchangers 226 and to control
the flow rate of the water through individual heat recovery
heat exchangers 226. Cooling tower subplant 208 is shown
to include a plurality of cooling towers 238 configured to
remove heat from the condenser water in condenser water
loop 218. Cooling tower subplant 208 is also shown to
include several pumps 240 configured to circulate the con-
denser water in condenser water loop 218 and to control the
flow rate of the condenser water through individual cooling
towers 238.

Hot TES subplant 210 is shown to include a hot TES tank
242 configured to store the hot water for later use. Hot TES
subplant 210 can also include one or more pumps or valves
configured to control the flow rate of the hot water into or out
of hot TES tank 242. Cold TES subplant 212 is shown to
include cold TES tanks 244 configured to store the cold
water for later use. Cold TES subplant 212 can also include
one or more pumps or valves configured to control the flow
rate of the cold water into or out of cold TES tanks 244.

In some embodiments, one or more of the pumps in
waterside system 200 (e.g., pumps 222, 224, 228, 230, 234,
236, and/or 240) or pipelines in waterside system 200
include an isolation valve associated therewith. Isolation
valves can be integrated with the pumps or positioned
upstream or downstream of the pumps to control the fluid
flows in waterside system 200. In various embodiments,
waterside system 200 can include more, fewer, or different
types of devices and/or subplants based on the particular
configuration of waterside system 200 and the types of loads
served by waterside system 200.

Referring now to FIG. 3, a block diagram of an airside
system 300 is shown, according to an exemplary embodi-
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ment. In various embodiments, airside system 300 can
supplement or replace airside system 130 in HVAC system
100 or can be implemented separate from HVAC system
100. When implemented in HVAC system 100, airside
system 300 can include a subset of the HVAC devices in
HVAC system 100 (e.g., AHU 106, VAV units 116, ducts
112-114, fans, dampers, etc.) and can be located in or around
building 10. Airside system 300 can operate to heat or cool
an airflow provided to building 10 using a heated or chilled
fluid provided by waterside system 200.

In FIG. 3, airside system 300 is shown to include an
economizer-type air handling unit (AHU) 302. Economizer-
type AHUs vary the amount of outside air and return air used
by the air handling unit for heating or cooling. For example,
AHU 302 can receive return air 304 from building zone 306
via return air duct 308 and can deliver supply air 310 to
building zone 306 via supply air duct 312. In some embodi-
ments, AHU 302 is a rooftop unit located on the roof of
building 10 (e.g., AHU 106 as shown in FIG. 1) or otherwise
positioned to receive return air 304 and outside air 314.
AHU 302 can be configured to operate an exhaust air
damper 316, mixing damper 318, and outside air damper
320 to control an amount of outside air 314 and return air
304 that combine to form supply air 310. Any return air 304
that does not pass through mixing damper 318 can be
exhausted from AHU 302 through exhaust air damper 316 as
exhaust air 322.

Each of dampers 316-320 can be operated by an actuator.
For example, exhaust air damper 316 can be operated by
actuator 324, mixing damper 318 can be operated by actua-
tor 326, and outside air damper 320 can be operated by
actuator 328. Actuators 324-328 can communicate with an
AHU controller 330 via a communications link 332. Actua-
tors 324-328 can receive control signals from AHU control-
ler 330 and can provide feedback signals to AHU controller
330. Feedback signals can include, for example, an indica-
tion of a current actuator or damper position, an amount of
torque or force exerted by the actuator, diagnostic informa-
tion (e.g., results of diagnostic tests performed by actuators
324-328), status information, commissioning information,
configuration settings, calibration data, and/or other types of
information or data that can be collected, stored, or used by
actuators 324-328. AHU controller 330 can be an econo-
mizer controller configured to use one or more control
algorithms (e.g., state-based algorithms, extremum seeking
control (ESC) algorithms, proportional-integral (PI) control
algorithms, proportional-integral-derivative (PID) control
algorithms, model predictive control (MPC) algorithms,
feedback control algorithms, etc.) to control actuators 324-
328.

Still referring to FIG. 3, AHU 302 is shown to include a
cooling coil 334, a heating coil 336, and a fan 338 positioned
within supply air duct 312. Fan 338 can be configured to
force supply air 310 through cooling coil 334 and/or heating
coil 336 and provide supply air 310 to building zone 306.
AHU controller 330 can communicate with fan 338 via
communications link 340 to control a flow rate of supply air
310. In some embodiments, AHU controller 330 controls an
amount of heating or cooling applied to supply air 310 by
modulating a speed of fan 338.

Cooling coil 334 can receive a chilled fluid from water-
side system 200 (e.g., from cold water loop 216) via piping
342 and can return the chilled fluid to waterside system 200
via piping 344. Valve 346 can be positioned along piping
342 or piping 344 to control a flow rate of the chilled fluid
through cooling coil 334. In some embodiments, cooling
coil 334 includes multiple stages of cooling coils that can be
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independently activated and deactivated (e.g., by AHU con-
troller 330, by BMS controller 366, etc.) to modulate an
amount of cooling applied to supply air 310.

Heating coil 336 can receive a heated fluid from waterside
system 200 (e.g., from hot water loop 214) via piping 348
and can return the heated fluid to waterside system 200 via
piping 350. Valve 352 can be positioned along piping 348 or
piping 350 to control a flow rate of the heated fluid through
heating coil 336. In some embodiments, heating coil 336
includes multiple stages of heating coils that can be inde-
pendently activated and deactivated (e.g., by AHU controller
330, BMS controller 366, etc.) to modulate an amount of
heating applied to supply air 310.

Each of valves 346 and 352 can be controlled by an
actuator. For example, valve 346 can be controlled by
actuator 354 and valve 352 can be controlled by actuator
356. Actuators 354-356 can communicate with AHU con-
troller 330 via communications links 358-360. Actuators
354-356 can receive control signals from AHU controller
330 and can provide feedback signals to AHU controller
330. In some embodiments, AHU controller 330 receives a
measurement of the supply air temperature from a tempera-
ture sensor 362 positioned in supply air duct 312 (e.g.,
downstream of cooling coil 334 and/or heating coil 336).
AHU controller 330 can also receive a measurement of the
temperature of building zone 306 from a temperature sensor
364 located in building zone 306.

In some embodiments, AHU controller 330 operates
valves 346 and 352 via actuators 354-356 to modulate an
amount of heating or cooling provided to supply air 310
(e.g., to achieve a set-point temperature for supply air 310 or
to maintain the temperature of supply air 310 within a
set-point temperature range). The positions of valves 346
and 352 affect the amount of heating or cooling provided to
supply air 310 by heating coil 336 or cooling coil 334 and
may correlate with the amount of energy consumed to
achieve a desired supply air temperature. AHU controller
330 can control the temperature of supply air 310 and/or
building zone 306 by activating or deactivating coils 334-
336, adjusting a speed of fan 338, or a combination thereof.

Still referring to FIG. 3, airside system 300 is shown to
include a BMS controller 366 and a client device 368. BMS
controller 366 can include one or more computer systems
(e.g., servers, supervisory controllers, subsystem controllers,
etc.) that serve as system level controllers, application or
data servers, head nodes, or master controllers for airside
system 300, waterside system 200, HVAC system 100,
and/or other controllable systems that serve building 10.
BMS controller 366 can communicate with multiple down-
stream building systems or subsystems (e.g., HVAC system
100, a security system, a lighting system, waterside system
200, etc.) via a communications link 370 according to like
or disparate protocols (e.g., LON, BACnet, etc.). In various
embodiments, AHU controller 330 and BMS controller 366
can be separate (as shown in FIG. 3) or integrated. The AHU
controller 330 may be a hardware module, a software
module configured for execution by a processor of BMS
controller 366, or both.

In some embodiments, AHU controller 330 receives
information (e.g., commands, set points, operating bound-
aries, etc.) from BMS controller 366 and provides informa-
tion (e.g., temperature measurements, valve or actuator
positions, operating statuses, diagnostics, etc.) to BMS con-
troller 366. For example, AHU controller 330 can provide
BMS controller 366 with temperature measurements from
temperature sensors 362-364, equipment on/off states,
equipment operating capacities, and/or any other informa-
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tion that can be used by BMS controller 366 to monitor or
control a variable state or condition within building zone
306.

Client device 368 can include one or more human-
machine interfaces or client interfaces (e.g., graphical user
interfaces, reporting interfaces, text-based computer inter-
faces, client-facing web services, web servers that provide
pages to web clients, etc.) for controlling, viewing, or
otherwise interacting with HVAC system 100, its subsys-
tems, and/or devices. Client device 368 can be a computer
workstation, a client terminal, a remote or local interface, or
any other type of user interface device. Client device 368
can be a stationary terminal or a mobile device. For example,
client device 368 can be a desktop computer, a computer
server with a user interface, a laptop computer, a tablet, a
smartphone, a PDA, or any other type of mobile or non-
mobile device. Client device 368 can communicate with
BMS controller 366 and/or AHU controller 330 via com-
munications link 372.

Example Climate Control System

Referring to FIG. 4, illustrated is a block diagram of a
central plant controller 410, according to some embodi-
ments. In some embodiments, the central plant controller
410 is part of the HVAC system 100 of FIG. 1. Alternatively,
the central plant controller 410 is coupled to the HVAC
system 100 through a communication link. The central plant
controller 410 may be the AHU controller 330 of FIG. 3, or
a combination of the BMS controller 366 and the AHU
controller 330 of FIG. 3. In one configuration, the central
plant controller 410 includes a communication interface
415, and a processing circuit 420. These components operate
together to determine a set of operating parameters for
operating various HVAC devices of the HVAC system 100.
In some embodiments, the central plant controller 410
includes additional, fewer, or different components than
shown in FIG. 4.

The communication interface 415 facilitates communica-
tion of the central plant controller 410 with other HVAC
devices (e.g., heaters, chillers, air handling units, pumps,
fans, thermal energy storage, etc.). The communication
interface 415 can be or include wired or wireless commu-
nications interfaces (e.g., jacks, antennas, transmitters,
receivers, transceivers, wire terminals, etc.). In various
embodiments, communications via the communication
interface 415 can be direct (e.g., local wired or wireless
communications) or via a communications network (e.g., a
WAN, the Internet, a cellular network, etc.). For example,
the communication interface 415 can include an Ethernet/
USB/RS232/RS485 card and port for sending and receiving
data through a network. In another example, the communi-
cation interface 415 can include a Wi-Fi transceiver for
communicating via a wireless communications network. In
another example, the communication interface 415 can
include cellular or mobile phone communication transceiv-
ers.

The processing circuit 420 is a hardware circuit executing
instructions to determine a set of parameters for operating
HVAC devices of the HVAC system 100. In one embodi-
ment, the processing circuit 420 includes a processor 425,
and memory 430 storing instructions (or program code)
executable by the processor 425. The memory 430 may be
any non-transitory computer readable medium. In one
embodiment, the instructions executed by the processor 425
cause the processor 425 to form software modules including
a high level optimizer 440, and a low level optimizer 450.
The high level optimizer 440 may determine how to dis-
tribute thermal energy loads across HVAC devices (e.g.,
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subplants, chillers, heaters, valves, etc.) for each time step in
the prediction window, for example, to minimize the cost of
energy consumed by the HVAC devices. The low level
optimizer 450 may determine how to operate each subplant
according to the thermal energy loads determined by the
high level optimizer 440. In other embodiments, the pro-
cessor 425 and the memory 430 may be omitted, and the
high level optimizer 440 and the low level optimizer 450
may be implemented as hardware modules by a reconfig-
urable circuit (e.g., field programmable gate array (FPGA)),
an application specific integrated circuit (ASIC), or any
circuitries, or a combination of software modules and hard-
ware modules.

In one implementation, the high level optimizer 440
determines thermal energy loads of HVAC devices of the
HVAC system 100, and generates Q allocation data 442
indicating the determined thermal energy loads. The high
level optimizer 440 may provide the Q allocation data 442
to the low level optimizer 450. In return, the high level
optimizer 440 may receive, from the low level optimizer
450, operating parameter and power estimation data 448
indicating a set of operating parameters to operate HVAC
devices of the HVAC system 100, predicted power con-
sumptions when operating the HVAC system 100 according
to the set of operating parameters, or both. Based on the
operating parameter and power estimation data 448, the high
level optimizer 440 can operate the HVAC system 100
accordingly or generate different Q allocation data 442 for
further optimization. The high level optimizer 440 and the
low level optimizer 450 may operate together online in real
time, or offline at different times.

In one or more embodiments, the high level optimizer 440
includes a mass storage model generator 428, a load pre-
dictor 432, and an asset allocator 445. These components
operate together to generate a model of mass storage, and
distribute thermal energy load according to the model of
mass storage to operate the HAVC system accordingly. In
some embodiments, the high level optimizer 440 includes
additional, fewer, or different components than shown in
FIG. 4.

The mass storage model generator 428 is a component
that generates a model of mass storage (e.g., water mass
storage). A model of mass storage (e.g., water mass storage)
may correspond to a difference between a thermal energy
load of a supply device and a thermal energy load of a load
device in a loop. In one aspect, the model of mass storage
models cooling discharged. A model of the mass storage
may be generated according to characteristics such as a
charge fraction, energy capacity, a charge rate, and a dis-
charge rate. The mass storage model generator 428 may
automatically determine the model of the mass storage based
on heat capacity, a maximum allowable temperature and a
minimum allowable temperature. The heat capacity may be
automatically determined from a load data indicating ther-
mal energy load supplied by a supply device (e.g., chiller
device), and estimating a load consumption by a load device.
A maximum allowable temperature and a minimum allow-
able temperature may be predetermined or provided by a
user through a user interface. By automatically generating
the model of the mass storage as disclosed herein, a user may
enter a few values (e.g., a maximum allowable temperature
and a minimum allowable temperature) to obtain an accurate
model of mass storage, without manually determining com-
plex characteristics of a charge fraction, energy capacity, a
charge rate, and a discharge rate. Detailed example pro-
cesses of generating and applying the model of mass storage
are provided below with respect to FIGS. 5 through 8.
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The load predictor 432 is a component that determines a
thermal energy load of a mass storage of the HVAC system.
In one aspect, the load predictor 432 obtains load data
indicating thermal energy load supplied by a supply device
(e.g., chiller device). Such load data may be obtained by
sensors coupled to the AHU controller 330 and BMS con-
troller 366 of FIG. 3. The load predictor 432 generates
predicted load data indicating an estimated thermal energy
load consumption by a load device. In one aspect, the load
of mass storage corresponds to a difference between the
thermal energy load supplied by the supply device and the
estimated thermal energy load consumption by the load
device. According to the load of mass storage, characteris-
tics of a mass storage model can be determined. Detailed
example process of predicting load of a thermal energy
storage based on the water mass model is provided below
with respect to FIGS. 5 through 8.

The asset allocator 445 determines a distribution of ther-
mal energy loads of the HVAC devices of the HVAC system
100 based on a predicted thermal energy load of the HVAC
system 100. In some embodiments, the asset allocator 445
determines the optimal load distribution by minimizing the
total operating cost of HVAC system 100 over the prediction
time window. In one aspect, given a predicted thermal
energy load ik and utility rate information received through
a user input or automatically determined by a scheduler (not
shown), the asset allocator 445 may determine a distribution
of the predicted thermal energy load ik across subplants to
minimize the cost. The asset allocator 445 generates the Q
allocation data 442 indicating the predicted loads ik of
different HVAC devices of the HVAC system 100 and
provides the Q allocation data 442 to the low level optimizer
450.

In some embodiments, distributing thermal energy load
includes causing TES subplants to store thermal energy
during a first time step for use during a later time step.
Thermal energy storage may advantageously allow thermal
energy to be produced and stored during a first time period
when energy prices are relatively low and subsequently
retrieved and used during a second time period when energy
prices are relatively high. The high level optimization per-
formed by the high level optimizer 440 may be different
from the low level optimization performed by the low level
optimizer 450 in that the high level optimization has a longer
time constant due to the thermal energy storage provided by
TES subplants. The high level optimization may be
described by the following equation:

Eq. (1)

where 0%, contains the optimal high level decisions (e.g.,
the optimal load Q for each of subplants) for the entire
prediction period and J,; is the high level cost function.

To find the optimal high level decisions 0%, the asset
allocator 445 may minimize the high level cost function J ;.
The high level cost function J;; may be the sum of the
economic costs of each utility consumed by each of sub-
plants for the duration of the prediction time period. For
example, the high level cost function J,; may be described
using the following equation:

e*HL:argmiHeHLJHL(eHL)

Ter Or) =2 e [ Zm ™ Oz )] Eq. (2)
where n,, is the number of time steps k in the prediction time
period, n, is the number of subplants, t, is the duration of a
time step, ¢, is the economic cost of utility j at a time step
k of the prediction period, and uy, is the rate of use of utility
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j by subplant i at time step k. In some embodiments, the cost
function J,;, includes an additional demand charge term
such as:

Eq. (3)

where w,, is a weighting term, d ..., 1S the demand cost,
and the max( ) term selects the peak electricity use during
the applicable demand charge period.

In some embodiments, the high level optimization per-
formed by the high level optimizer 440 is the same or similar
to the high level optimization process described in U.S.
patent application Ser. No. 14/634,609 filed Feb. 27, 2015
and titled “High Level Central Plant Optimization,” which is
incorporated by reference herein.

The low level optimizer 450 receives the Q allocation data
442 from the high level optimizer 440, and determines
operating parameters (e.g., capacities) of the HVAC devices
of the HVAC system 100. In one or more embodiments, the
low level optimizer 450 includes an equipment allocator
460, a state predictor 470, and a power estimator 480.
Together, these components operate to determine a set of
operating parameters, for example, rendering reduced power
consumption of the HVAC system 100 for a given set of
thermal energy loads indicated by the Q allocation data 442,
and generate operating parameter data indicating the deter-
mined set of operating parameters. In some embodiments,
the low level optimizer 450 includes different, more, or
fewer components, or includes components in different
arrangements than shown in FIG. 4.

In one configuration, the equipment allocator 460 receives
the Q allocation data 442 from the high level optimizer 440,
and generates candidate operating parameter data 462 indi-
cating a set of candidate operating parameters of HVAC
devices of the HVAC system 100. The state predictor 470
receives the candidate operating parameter data 462 and
predicts thermodynamic states of the HVAC system 100 at
various locations for the set of candidate operating param-
eters. The state predictor 470 generates state data 474
indicating the predicted thermodynamic states, and provides
the state data 474 to the power estimator 480. The power
estimator 480 predicts, based on the state data 474, total
power consumed by the HVAC system 100 operating
according to the set of candidate operating parameters, and
generates the power estimation data 482 indicating the
predicted power consumption. The equipment allocator 460
may repeat the process with different sets of candidate
operating parameters to obtain predicted power consump-
tions of the HVAC system 100 operating according to
different sets of candidate operating parameters, and select a
set of operating parameters rendering lower power con-
sumption. The equipment allocator 460 may generate the
operating parameter and power estimation data 448 indicat-
ing (i) the selected set of operating parameters and (ii)
predicted power consumption of the power plant when
operating according to the selected set of operating param-
eters, and provide the operating parameter and power esti-
mation data 448 to the high level optimizer 440.

Referring to FIG. 5, illustrated is a schematic represen-
tation 500 of an HVAC systemn, according to some embodi-
ments. In FIG. 5, the supply device 510 (e.g., chiller) and the
load device 520 (e.g., load coil) may form a loop. In this
configuration, the supply device 510 supplies gas or liquid,
and the load device 520 consumes the gas or liquid for
controlling temperature of a space.

During periods of low load, thermal energy storages (e.g.,
chillers) are often cycled to meet the cooling loads of the
connected buildings. A chiller may be shut off once the

WaCdemand maxnh(uelec(eHL)’ Um,eze)
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chilled water temperature reaches set point or a low thresh-
old value (e.g., 40° F.) and the chiller may operate at the
minimum load. The chiller then may be left off until the
return water temperature reaches a high threshold value
(e.g.. 55° F.). Such fixed rule based system according to
fixed lower limit and upper limit of temperature thresholds
may be inefficient.

Instead of a fixed rule based method, the central plant
controller 410 may dynamically set bounds on the chilled
water temperature, determine the effective thermal mass of
the water in the loop, and predict the increase or decrease in
temperature based on the under or over production of chilled
water dynamically. The central plant controller 410 can then
keep the temperature within the bounds and use the storage
to produce a behavior similar to the chiller cycling based on
temperatures as well as use the additional storage for trim-
ming the demand to reduce the demand charge.

Looking at the temperature from bulk model point of
view, the bulk water temperature should follow a differential
equation,

mcpT:Q[—QC Eq. (4
where m is the aggregate mass (or an effective thermal mass)
of the water, and c,, is the specific heat capacity of water. In
the form of an energy balance, this can be rearranged as:

O:Q[—Qc—mcpT Eq. (5)

0=QQi~Qu.ss Eq. (6)
where Q,,, is the amount of “cooling discharged” from the
water mass storage by allowing the temperature to increase.
Q... may be also referred to as “a deferred load” or “an
induced load but not supplied.” From Eq. (6), the water mass
storage acts as a standard storage element from a high level
point of view.

The temperature T is meant to be an aggregate or bulk
average temperature of all the water in the loop. Because the
supply temperatures would change quickly when the chiller
is turned on, they cannot be used in the calculation of T.
Also, when the chiller and primary pumping is off, the
primary return temperature will not see significant flow and
should not also be used in the calculation of T. The tem-
perature that can be used is the secondary return water
temperature. This value is also filtered by the coils through-
out the loop. In the case where several chillers supply the
same loop, the aggregate temperature can be the weighted
average of all the secondary return temperatures in the loop.

The aggregate mass of the water in the loop may not be
known. Under the assumption of the water mass thermody-
namics shown in Eq. (4) and with the aggregate temperature
T=Tsr defined, the bulk mass or effective thermal mass m
can be found using historical data of secondary return
temperatures and chilled water production. In the case where
building load data is available, the water mass can be
estimated by approximating the derivative of the secondary
return temperature using a forward finite difference and
using linear regression to find the best fit of Eq. (7). The data
used is that where the return water temperature is in a
transient state,

Tk = Torp-1) Eq. D

mep At Q-Q
where T, , is the secondary return temperature at kth sample
(or kth time slot).
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Often, building load data may not available (no building
load meters), and only historical chiller production and
secondary return temperatures may be available. Transient
return water temperatures may be utilized for estimating the
water mass. During those periods, the chillers may be turned
off. Thus, the central plant controller 410 may predict the
load while the chillers are turned off.

During steady-state conditions, the contribution of the
water mass storage is zero and the measured production
(flow times AT) is equal to the load,

Q=Q1ie,(T,~T,)=Q, Eq. (3)

where T, is the primary supply temperature and T, is the
primary return temperature.

Using data from steady-state operation, the central plant
controller 410 (e.g., load predictor 432) develops a predictor
Q, of the load as a function of the time of day, day of week,
and outside air temperature (or enthalpy).

2 Eq. 9
&, = £(Tos 4O

In one aspect, the predictor Ql of the load determined
during the steady-state temperature condition may be
applied to determine deferred load Q,, ., and thermal mass m
during the non-steady state temperature condition. Instead of
using data steady-state temperature conditions, the central
plant controller 410 can apply a Golay filter to the produc-

tion data to smooth out any transients when the temperature

is changing, and determine the predictor Ql the filtered data.
At times when the secondary return temperature is not at a
steady-state, the chilled water production can be subtracted
from the estimated load to produce an estimate of the heat
flow from the water mass storage.

(Tsr = Torp-1) B Eq. (10)

mc, At =f(Tos, H-Q,

With the estimate of the load, the heat capacity mc, can be
estimated using linear regression by finding the best fit of
Eq. (10) when the return water temperature is not constant.

Referring to FIG. 6, illustrated is an example timing
diagram of predicting an estimated load consumption by a
load device of an HVAC system, according to some embodi-
ments. In FIG. 6, a plot 610 illustrates a thermal energy load
produced by a supply device (e.g., chiller). The plot 610 may
be generated based on load data from a sensor coupled to a
supply device. The plot 615 illustrates a filtered result of the
thermal energy load produced by the supply device. The
filtered result may be a regression model of the thermal
energy load produced by the supply device. In one aspect,
the supply device may be disabled or turned off during time
periods 618A, 618B, 618C . . . 618F. The load predictor 432
may apply filter to the load data such that a non-zero thermal
energy load produced can be predicted as indicated by the
plot 615 during the time periods 618A, 618B, 618C . . .
618F. The load predictor 432 may also obtain temperature of
secondary return water as indicated by the plot 620. The
temperature may be measured by a sensor coupled to the
supply device. Based on the filtered result and the tempera-
ture of the secondary return water, the load predictor 432
may obtain an estimated load consumption by a load device
as indicated by the plot 625.
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The mass storage model generator 428 generates a model
of mass storage (e.g., water mass storage). The estimate of
the water mass and the model of the dynamics of the water
mass allows generation of historical load data, even when
the load is not directly measured.

Furthermore, with the mass known, the water mass of the
loop can now be defined as energy storage element in the
optimization problem. The energy capacity of the water
mass storage can be found by taking the difference between
the maximum and minimum allowable return water tem-
perature and multiplying by the heat capacity mc,,

CoosmC (T T i) Eq. (11)
where C,,,, is an energy capacity of water mass storage. The
range of return water temperatures T, . ~T . may be

predetermined or manually entered by a user.

The state of charge of the water mass storage or the charge
fraction estimate is the amount of charge left in the storage
element divided by the total state of charge. For the case of
simple water mass storage, charge fraction may be deter-
mined as followed.

Eq. (12
charge fraction = q (12)
mMCp (Lo max = Toni) — (Lsrmax = Tor)

¢, (Tormax = Tormin) — (Tormax = Tornin)

Quss / Cuss =

The maximum charge and discharge rate of the water
mass storage would be dependent on several factors includ-
ing: the connected coils (and the resultant aggregate coil
model), the current water temperature, the supply air tem-
perature of the connected coils, etc. The maximum charge/
discharge rates of the coil may be difficult to measure. In one
aspect, the expected maximum and minimum change in
return water temperature may be predefined or manually
entered by a user through a user interface. The mass storage
model generator 428 may automatically determine the
charge and discharge rates based on the heat capacitance and
the expected maximum and minimum change in return water
temperature. Additionally, the maximum and minimum
charge fractions may be ‘1’ and ‘0,” respectively.

Given the calculated water mass storage element capacity,
charge and discharge rates, and the maximum and minimum
charge fractions, the central plant controller 410 can deter-
mine when to defer chiller production and when to over-
produce by considering the water mass storage. The dis-
patched charge and discharge rates and state-of-charge over
the horizon allows for the calculation of the estimate of the
return water temperature over the horizon.

Examples of the design characteristics of the water mass
storage include: Charge Fraction, Design Charge Rate,
Design Discharge Rate, Energy Capacity, Minimum Charge
Fraction, and Maximum Charge Fraction. The characteris-
tics may be determined from the following commissionable
input parameters with exemplary units: Heat Capacity,
(mc,), [kWh/degC], Maximum allowable Water Tempera-
ture, T,,,,. [degC], Minimum allowable Water Temperature,
T, nin» [degCl, Maximum allowable Rate Of Water Tempera-
ture Increase, TmaxT, [degC/s], Maximum allowable Rate Of
Water Temperature Decrease, Tmaxi[degC/s]. The charac-
teristics may be further determined based on the following
inputs from the BMS: Secondary Return Water Temperature,
T, [degC].

The design characteristics can be calculated as shown in
the following table:
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Chilled Water
Mass Storage

Hot Water
Mass Storage

Water Mass Storage
Design Characteristics

Charge Fraction (Tax — Tsr)

(Tmax = Tonin)

(T
(Tomax

= Tonin)
= Tonin)
Energy Capacity

)Ty = i) (Mg = Tri)

Design Charge Rate (me )T, (mc)T,,.,
Design Discharge Rate (mcp)T mT (mcp)"l",mui
MinimumCharge 0 0
Fraction
Maximum Charge 1 1
Fraction
Allocator (kernel) Chilled Water Hot Water
Output Mass Storage Mass Storage
Secondary Return Water T,,.. — X (T,nr — Trni) Tonin + S0 X (T, —
T,in)

Temperature Estimate

where SOT is a charge fraction.

Although the process described herein are provided with
respect to water mass storage, the principles disclosed herein
may be applicable to any mass storage of other liquid or gas.

FIG. 7 is a flow chart illustrating a process 700 of
operating an energy plant based on a model of mass storage,
according to some embodiments. The process 700 may be
performed by the high level optimizer 440 of FIG. 4. In
some embodiments, the process 700 may be performed by
other entities. [n some embodiments, the process 700 may
include additional, fewer, or different steps than shown in
FIG. 7.

The high level optimizer 440 obtains load data indicating
a produced thermal energy load produced by a supply device
in a loop (step 710). The supply device may be a chiller
producing gas or liquid for consumption by a load device in
the loop. The high level optimizer 440 obtains temperature
data indicating temperature of gas or liquid in the loop (step
720). The high level optimizer 440 obtains weather data
indicating history of weather, for example, near a building,
near an energy plant, or a place, at which a climate is
controlled by the energy plant (step 730).

The high level optimizer 440 generates a regression
model of the produced thermal energy load produced by the
supply device (step 740). The regression model may indicate
arelationship between a produced load by the supply device,
weather, and temperature of gas or liquid in the loop. The
high level optimizer 440 may filter the produced thermal
energy load to obtain the regression model. The high level
optimizer 440 predicts thermal energy load production by
the supply device for a training period based on the regres-
sion model (step 750).

The high level optimizer 440 determines heat capacity
mc,, based on the predicted thermal energy load production
(step 760). In one approach, the high level optimizer 440

generates the predictor Ql indicating a predicted load con-
sumed by the load device, and determines the heat capacity
mc, based as described above with respect to Eq. (9) and Eq.
(10). In one approach, the high level optimizer 440 deter-

mines the predictor Ql according to the produced load Q,
produced by the supply device during a steady-state tem-
perature condition, because the temperature difference is
zero during the steady-state temperature condition. More-
over, the heat capacity mc, during a non-steady state tem-
perature condition can be determined by applying the pro-
duced load Q, determined in the steady-state temperature
condition.
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The high level optimizer 440 generates the model of mass
storage based on the heat capacity (step 770). Characteristics
of the model of mass storage may be determined based on
the heat capacity. The characteristics of the model may be
also determined based on a user input of a limited number
of input parameters. For example, charge fraction, design
charge rate, design discharge rate, energy capacity may be
determined based on the heat capacity, maximum allowable
water temperature, T, . . minimum allowable water tem-
perature, T, . maximum allowable rate of water Tempera-
ture Increase, T, , and maximum allowable rate of water
temperature decrease, meci.

The high level optimizer 440 predicts induced load of the
load device based on the model of mass storage (step 780).
For example, the high level optimizer 440 can determine
when to defer chiller production and when to overproduce
by considering the water mass storage. In one aspect, the
high level optimizer 440 may obtain a temperature measure-
ment and a produced thermal energy load for a time period,
and apply the temperature measurement and a produced
thermal energy load to the Eq. (10) to predict the induced
load. In another aspect, the high level optimizer 440 may
obtain a predicted temperature measurement and a predicted
produced thermal energy load in the future, and apply the
predicted temperature measurement and the predicted pro-
duced thermal energy load to the Eq. (10) to predict the
induced load in the future. The high level optimizer 440 may
also predict the induced load of the load device based on a
weather forecast.

FIG. 8 is a flow chart illustrating another process 800 of
operating an energy plant, according to some embodiments.
The process 800 may be performed by the high level
optimizer 440 of FIG. 4. In some embodiments, the process
800 may be performed by other entities. In some embodi-
ments, the process 800 may include additional, fewer, or
different steps than shown in FIG. 8.

The high level optimizer 440 obtains a maximum allow-
able temperature and a minimum allowable temperature of
gas or liquid in a loop (step 810). The maximum allowable
temperature and the minimum allowable temperature of the
gas or the liquid may be obtained by a user through a user
interface. Alternatively, the maximum allowable tempera-
ture and the minimum allowable temperature of the gas or
the liquid may be predetermined.

The high level optimizer 440 generates a model indicating
how a difference between induced load at the load device
and produced load by a supply device affects a temperature
of the gas or the liquid in the loop (step 820). For example,
the high level optimizer obtains the model as the secondary
return water temperature estimate based on the charge
fraction SOC.

The high level optimizer 440 generates a cost function
with a constraint to conform to the model (step 830). The
constraints may be to maintain the temperature to be within
a predetermined range set by the maximum allowable tem-
perature and the minimum allowable temperature.

The high level optimizer 440 determines control decision
values based on the cost function (step 840). For example,
the high level optimizer 440 determines control decision
values by minimizing the cost function while satisfying the
constraint. Examples of the control decision values include
when to defer the produced load by the supply device and an
amount of the produced load. The high level optimizer 440
controls the energy plant according to the control decision
values (step 850).

In some embodiments, the high level optimizer 440
obtains load data indicating thermal energy load produced.
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The load data may be obtained by a sensor coupled to a
supply device supplying gas or liquid to a load device in a
loop.

In some embodiments the high level optimizer 440 pre-
dicts thermal energy load consumption for a first time period
by a load device based on the load data. The supply device
may be disabled or turned off during a time period within the
first time period. In one approach, the high level optimizer
440 applies filtering (e.g., Golay filtering) on the thermal
energy produced. The filtered result may render a non-zero
thermal energy load produced during the time period. The
high level optimizer 440 may obtain temperature data indi-
cating return temperature (e.g., secondary return tempera-
ture). Based on the filtered result and the returned tempera-
ture, the high level optimizer 440 may predict thermal
energy load consumption for the first time period. In some
embodiments, the high level optimizer 440 determines the
time period, during which supply device is turned off, and
applies filtering on the thermal energy produced for the time
period.

In some embodiments, the high level optimizer 440
generates a model of mass storage (e.g., water mass storage)
based on the predicted thermal energy load consumption.
The high level optimizer 440 may determine a heat capacity
of gas or liquid in the loop based on the predicted thermal
energy load consumption, for example, according to Eq.
(10). Based on the heat capacity, the high level optimizer
440 may determine other characteristics of the model of
mass storage. Examples of characteristics of the model of
mass storage include a charge rate, a discharge rate, and an
energy capacity. The high level optimizer 440 may also
determine the characteristics of the model of mass storage
based on a few number of input parameters. Examples of the
parameters include a maximum allowable temperature of the
gas or the liquid, a minimum allowable temperature of the
gas or the liquid, a maximum allowable rate of increase in
temperature of the gas or the liquid, and a minimum allow-
able rate of increase in temperature of the gas or the liquid.
The parameters may be predefined, and/or the high level
optimizer 440 may obtain the parameters from a user
through a user interface. Based on the characteristics of the
model of mass storage, the high level optimizer 440 may
automatically generate the model of mass storage.

In some embodiments, the high level optimizer 440
determines an amount of productions of gas or liquid by a
supply device based on the model of mass storage. The high
level optimizer 440 may determine an amount of production
of the gas or the liquid by the supply device for a second
time period according to the model of the mass storage. The
second time period may be after the first time period.

In some embodiments, the high level optimizer 440
operates the energy plant according to the determined
amount of production of gas or liquid.

In some embodiments, the high level optimizer 440
determines an effective thermal mass in a loop. The high
level optimizer 440 may obtain load data indicating thermal
energy load produced. The high level optimizer 440 may
predict thermal energy load consumption for a first time
period by a load device based on the load data. The high
level optimizer 440 may apply filtering (e.g., Golay filtering)
on the thermal energy produced. By filtering the thermal
energy load produced, a non-zero thermal energy load
produced when the supply device is turned off in the first
time period can be predicted. Moreover, the high level
optimizer 440 can predict a non-zero thermal energy load
consumption of the load device when the supply device is
turned off based on the non-zero thermal energy load pro-
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duced. The high level optimizer 440 may also obtain tem-
perature data indicating return temperature (e.g., secondary
return temperature). Based on the filtered result and the
returned temperature, the high level optimizer 440 may
predict thermal energy load consumption for the first time
period. The high level optimizer 440 may determine the
effective thermal mass based on the predicted thermal
energy load consumption, for example, according to Eq.
(10).

In some embodiments, the high level optimizer 440
obtains characteristics of a water mass storage based on the
effective thermal mass. The high level optimizer 440 may
determine a charge rate, a discharge rate, and an energy
capacity of a model of mass storage in the loop during the
first time period based on the effective thermal energy mass.

In some embodiments, the high level optimizer 440
predicts a change in temperature of gas or liquid in the loop.
In one approach, the high level optimizer 440 predicts an
amount of production of gas or liquid in the loop during a
second time period based on the effective thermal mass. The
second time period may be after the first time period. The
high level optimizer 440 may predict a change in tempera-
ture of gas or liquid in the loop based on the predicted
amount of production of gas or liquid in the loop.

In some embodiments, the high level optimizer 440
adjusts thermal energy load consumed by a load device
according to the predicted change in the temperature of gas
or liquid. For example, the high level optimizer 440 controls
the temperature of the gas or the liquid in the loop to be
within an allowable temperature range during the second
time period.

Configuration of Exemplary Embodiments

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 modifica-
tions are possible (e.g., variations in sizes, dimensions,
structures, shapes and proportions of the various elements,
values of parameters, mounting arrangements, use of mate-
rials, colors, orientations, etc.). For example, the position of
elements may be reversed or otherwise varied and the nature
or number of discrete elements or positions may 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 may be
varied or re-sequenced according to alternative embodi-
ments. Other substitutions, modifications, changes, and
omissions may be made in the design, operating conditions
and arrangement of the exemplary embodiments without
departing from the scope of the present disclosure.

The present disclosure contemplates methods, systems
and program products on any machine-readable media for
accomplishing various operations. The embodiments of the
present disclosure may be implemented using existing com-
puter 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 include
RAM, ROM, EPROM, EEPROM, CD-ROM or other opti-
cal disk storage, magnetic disk storage or other magnetic
storage devices, or any other medium which can be used to
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carry or store desired program code in 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.

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 may 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, processing steps, comparison steps and
decision steps.

What is claimed is:

1. A controller for an energy plant including a fluid loop
formed by a plurality of devices, the controller comprising:

a processing circuit comprising a processor and memory

storing instructions executed by the processor, the

processing circuit configured to:

obtain a maximum allowable temperature and a mini-
mum allowable temperature of gas or liquid in the
fluid loop;

generate a model indicating a relationship between (i)
a temperature of the gas or the liquid in the fluid
loop, and (ii) a difference between a first thermal
energy load removed from the fluid loop by a load
device of the plurality of devices and a second
thermal energy load supplied to the fluid loop by a
supply device of the plurality of devices;

generate a cost function with a constraint according to
the model;

determine control decision values based on the cost
function; and

operate the energy plant according to the control deci-
sion values to control the temperature of the gas or
liquid in the fluid loop by adjusting the second
thermal energy load supplied to the fluid loop by the
supply device.

2. The controller of claim 1, wherein the constraint is to
keep the temperature of the gas or the liquid in the fluid loop
to be between the maximum allowable temperature and the
minimum allowable temperature, when the energy plant
operates according to the control decision values.

3. The controller of claim 1, wherein the control decision
values include when to defer the second thermal energy load
supplied to the fluid loop by the supply device and an
amount of the second thermal energy load.

4. The controller of claim 1, wherein the cost function
corresponds to a total energy consumed by the energy plant.

5. The controller of claim 1, wherein the control decision
values are determined to minimize the cost function, while
complying with the constraint.

6. The controller of claim 1, wherein the processing
circuit is configured to:

generate a regression model of the second thermal energy

load;

predict the second thermal energy load supplied to the

fluid loop by the supply device for a first time period
based on the regression model;
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determine a heat capacity of the gas or the liquid in the
fluid loop based on the predicted second thermal energy
load; and

generate the model based on the heat capacity.

7. The controller of claim 6, wherein the processing
circuit is configured to:

obtain load data indicating the second thermal energy load

during a second time period, the second time period
before the first time period,

wherein the processing circuit is configured to generate

the regression model based on the load data.

8. The controller of claim 7, wherein the processing
circuit is configured to:

filter the second thermal energy load during the second

time period,

wherein the processing circuit is configured to generate

the regression model based on the filtered thermal
energy load.

9. A method for an energy plant including a fluid loop
formed by a plurality of devices, the method including:

obtaining a maximum allowable temperature and a mini-

mum allowable temperature of gas or liquid in the fluid
loop;

generating a model indicating a relationship between (i) a

temperature of the gas or the liquid in the fluid loop,
and (ii) a difference between a first thermal energy load
removed from the fluid loop by a load device of the
plurality of devices and a second thermal energy load
supplied to the fluid loop by a supply device of the
plurality of devices;

generating a cost function with a constraint according to

the model;

determining control decision values based on the cost

function; and

operating the energy plant according to the control deci-

sion values to control the temperature of the gas or
liquid in the fluid loop by adjusting the second thermal
energy load supplied to the fluid loop by the supply
device.

10. The method of claim 9, wherein the constraint is to
keep the temperature of the gas or the liquid in the fluid loop
to be between the maximum allowable temperature and the
minimum allowable temperature, when the energy plant
operates according to the control decision values.

11. The method of claim 9, wherein the control decision
values include when to defer the second thermal energy load
supplied to the fluid loop by the supply device and an
amount of the second thermal energy load.

12. The method of claim 9, wherein the cost function
corresponds to a total energy consumed by the energy plant.

13. The method of claim 9, wherein the control decision
values are determined to minimize the cost function, while
complying with the constraint.

14. The method of claim 9, further comprising:

generating a regression model of the second thermal

energy load;

predicting the second thermal energy load supplied to the

fluid loop by the supply device for a first time period
based on the regression model;

determining a heat capacity of the gas or the liquid in the

fluid loop based on the predicted second thermal energy
load; and

generate the model based on the heat capacity.

15. The method of claim 14, further comprising:

obtaining load data indicating the second thermal energy

load during a second time period by the supply device,
the second time period before the first time period,
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wherein the regression model is generated based on the
load data.
16. The method of claim 15, further comprising:
filtering the second thermal energy load during the second
time period,
wherein the regression model is generated based on the
filtered thermal energy load.
17. A non-transitory computer readable medium storing
instructions for an energy plant including a fluid loop formed
by a plurality of devices, the instructions when executed by
a processor cause the processor to:
obtain a maximum allowable temperature and a minimum
allowable temperature of gas or liquid in the fluid loop;
generate a model indicating a relationship between (i) a
temperature of the gas or the liquid in the fluid loop,
and (ii) a difference between a first thermal energy load
removed from the fluid loop by a load device of the
plurality of devices and a second thermal energy load
supplied to the fluid loop by a supply device of the
plurality of devices;
generate a cost function with a constraint according to the
model,;
determine control decision values based on the cost
function; and
operate the energy plant according to the control decision
values to control the temperature of the gas or liquid in
the fluid loop by adjusting the second thermal energy
load supplied to the fluid loop by the supply device.
18. The non-transitory computer readable medium of
claim 17, wherein the constraint is to keep the temperature
of the gas or the liquid in the fluid loop to be between the
maximum allowable temperature and the minimum allow-
able temperature, when the energy plant operates according
to the control decision values.
19. The non-transitory computer readable medium of
claim 17, wherein the control decision values include when
to defer the second thermal energy load supplied to the fluid
loop by the supply device and an amount of the second
thermal energy load.
20. The non-transitory computer readable medium of
claim 17, wherein the cost function corresponds to a total
energy consumed by the energy plant, and wherein the
control decision values are determined to minimize the cost
function, while complying with the constraint.
21. A controller for a fluid loop formed by a plurality of
devices, the controller comprising:
a processing circuit comprising a processor and memory
storing instructions executed by the processor, the
processing circuit configured to:
obtain a maximum allowable temperature and a mini-
mum allowable temperature of gas or liquid in the
fuid loop;

generate a model indicating a relationship between (i)
a temperature of gas or liquid in the fluid loop and
(ii) a difference between a first thermal energy load
removed from the fluid loop by a load device of the
plurality of devices and a second thermal energy
load supplied to the fluid loop by a supply device of
the plurality of devices;

generate a cost function with a constraint according to
the model;

determine control decision values based on the cost
function; and

operate the supply device according to the control
decision values to control the temperature of the gas
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or liquid in the fluid loop by adjusting the second
thermal energy load supplied to the fluid loop by the
supply device.

22. The controller of claim 21, wherein the control
decision values comprise a deferved thermal energy load
indicating an amount of thermal energy to discharge from
the fluid loop in excess of the second thermal energy load
supplied to the fluid loop by the supply device.

23. The controller of claim 21, wherein the control
decision values comprise a deferved thermal energy load
which causes the temperature of the gas or liquid in the fluid
loop to increase toward the maximum allowable tempera-
ture or decrease toward the minimum allowable temperature
when the deferved thermal energy load is discharged from
the fluid loop.

24. The controller of claim 21, wherein the control
decision values comprise when to defer the second thermal
energy load supplied to the fluid loop by the supply device
based on a thermal mass of the gas or liquid in the fluid loop.

25. The controller of claim 21, wherein the processing
circuit is configured to predict an increase or decrease in the
temperature of the gas or liquid in the fluid loop based on
an amount of underproduction or overproduction of the
second thermal energy load supplied to the fluid loop by the
supply device.

26. The controller of claim 21, wherein the processing
circuit is configured to determine a thermal mass of the gas
or liquid in the fluid loop using the model.

27. The controller of claim 26, wherein the processing
circuit is configured to determine an energy capacity of the
gas or liquid in the fluid loop based on the thermal mass of
the gas or liquid in the fluid loop.

28. A method for operating a fluid loop formed by a
plurality of devices, the method comprising:

obtaining a maximum allowable temperature and a mini-

mum allowable temperature of gas or liquid in the fluid
loop;

generating a model indicating a relationship between (i)

a temperature of gas or liquid in the fluid loop and (ii)
a difference between a first thermal energy load
removed from the fluid loop by a load device of the
plurality of devices and a second thermal energy load
supplied to the fluid loop by a supply device of the
plurality of devices;

generating a cost function with a constraint according to

the model;

determining control decision values based on the cost

function; and

operating the supply device according to the control

decision values to control the temperature of the gas or
liquid in the fluid loop by adjusting the second thermal
energy load supplied to the fluid loop by the supply
device.

29. The method of claim 28, wherein the control decision
values comprise a deferred thermal energy load indicating
an amount of thermal energy to discharge from the fluid loop
in excess of the second thermal energy load supplied to the
fuid loop by the supply device.

30. The method of claim 28, wherein the control decision
values comprise a deferred thermal energy load which
causes the temperature of the gas or liquid in the fluid loop
to increase toward the maximum allowable temperature or
decrease toward the minimum allowable temperature when
the deferred thermal energy load is discharged from the fluid
loop.

31. The method of claim 28, wherein the control decision
values comprise when to defer the second thermal energy
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load supplied to the fluid loop by the supply device based on
a thermal mass of the gas or liquid in the fluid loop.

32. The method of claim 28, comprising predicting an
increase or decrease in the temperature of the gas or liquid
in the fluid loop based on an amount of underproduction or
overproduction of the second thermal energy load supplied
to the fluid loop by the supply device.

33. The method of claim 28, comprising determining a
thermal mass of the gas or liquid in the fluid loop using the
model.

34. The method of claim 33, comprising determining an
energy capacity of the gas or liquid in the fluid loop based
on the thermal mass of the gas or liquid in the fluid loop.

35. One or more non-transitory computer readable media
storing instructions for operating a fluid loop formed by a
plurality of devices, wherein the instructions, when executed
by one or more processors, cause the one or more processors
to:

obtain a maximum allowable temperature and a minimum

allowable temperature of gas or liquid in the fluid loop;

generate a model indicating a relationship between (i) a

temperature of gas or liquid in the fluid loop and (ii) a
difference between a first thermal energy load removed
from the fluid loop by a load device of the plurality of
devices and a second thermal energy load supplied to
the fluid loop by a supply device of the plurality of
devices;

generate a cost function with a constraint according to the

model;

determine control decision values based on the cost

function; and

operate the supply device according to the control deci-

sion values to control the temperature of the gas or
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liquid in the fluid loop by adjusting the second thermal
energy load supplied to the fluid loop by the supply
device.

36. The non-transitory computer readable media of claim
35, wherein the control decision values comprise a deferred
thermal energy load indicating an amount of thermal energy
to discharge from the fluid loop in excess of the second
thermal energy load supplied to the fluid loop by the supply
device.

37. The non-transitory computer readable media of claim
35, wherein the control decision values comprise a deferred
thermal energy load which causes the temperature of the gas
or liquid in the fluid loop to increase toward the maximum
allowable temperature or decrease toward the minimum
allowable temperature when the deferred thermal energy
load is discharged from the fluid loop.

38. The non-transitory computer readable media of claim
35, wherein the control decision values comprise when to
defer the second thermal energy load supplied to the fluid
loop by the supply device based on a thermal mass of the gas
or liquid in the fluid loop.

39. The non-transitory computer readable media of claim
35, wherein the instructions cause the one or more proces-
sors to predict an increase or decrease in the temperature of
the gas or liquid in the fluid loop based on an amount of
underproduction or overproduction of the second thermal
energy load supplied to the fluid loop by the supply device.

40. The non-transitory computer readable media of claim
35, wherein the instructions cause the one or more proces-
sors to determine at least one of a thermal mass of the gas
or liquid in the fluid loop or an energy capacity of the gas
or liquid in the fluid loop using the model.
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