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(54) SYSTEM AND METHOD FOR MONITORING AND OPERATING GROUND‑SOURCE HEAT
PUMPS

(57) A method of operating a thermal system (100)
implementing a ground-source heat pump (102) includes
receiving design parameters associated with a design of
the thermal system (100) and receiving one or more
measurement inputs associated with a flow of a thermal
fluid throughaborefield (108)of agroundheat exchanger
(110). The method further includes, based on the mea-
surement inputs and the design parameters, predicting
oneormorepredicted thermal values (162)of the thermal
fluid using a forward model (146). The method further
includes predicting one ormore predicted borefield para-
meters (160) of the borefield (108) based on inverting the
forward model (162). The method further includes mon-
itoring the thermal system (100) based on the predicted
borefield parameters (160).
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Description

BACKGROUND OF THE DISCLOSURE

[0001] Ground-source or geothermal heat pump sys-
tems offer energy-efficient heating and cooling solutions
by leveraging the relatively stable temperature of the
Earth’s subsurface. Understanding and accurately mod-
eling heat transfer between the ground and the heat
pump can be important for optimal operation of such
systems. In many cases, however, it may be difficult to
accurately determine one or more properties of the heat
pump system, such as the thermal conductivities and
temperaturesof various in-groundcomponents.Conven-
tional methods typically involve a combination of labora-
tory testing, in situmeasurements, empirical correlations,
and/or geophysical techniques for determining these
propertieswhichmay imposepractical limits on theability
to determine these properties frequently and/or during
operation of the heat pump system. Thus, systems and
methods for accurately determining system properties in
real time and based on easily and commonly measured
values during operation of the heat pump systemmay be
desirable.

SUMMARY

[0002] In some embodiments, a method of operating a
thermal system implementing a ground-source heat
pump includes receiving design parameters associated
with a design of the thermal system and receiving one or
more measurement inputs associated with a flow of a
thermal fluid through a borefield of a ground heat ex-
changer. The method further includes, based on the
measurement inputs and thedesignparameters, predict-
ing one or more predicted thermal values of the thermal
fluid using a forward model. The method further includes
predicting one or more predicted borefield parameters of
the borefield based on inverting the forward model. The
method further includes monitoring the thermal system
based on the predicted borefield parameters. In some
embodiments, the method is performed by a system. In
some embodiments, the method is implemented as in-
structions stored on a computer-readable storage med-
ium.
[0003] This summary is provided to introduce a selec-
tion of concepts that are further described in the detailed
description. This summary is not intended to identify key
or essential features of the claimed subject matter, nor is
it intended to be used as an aid in limiting the scope of the
claimed subject matter. Additional features and aspects
of embodiments of the disclosure will be set forth herein,
and in part will be obvious from the description, ormay be
learned by the practice of such embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] In order to describe the manner in which the

above-recited and other features of the disclosure canbe
obtained, a more particular description will be rendered
by reference to specific embodiments thereof which are
illustrated in the appended drawings. For better under-
standing, the like elements have been designated by like
reference numbers throughout the various accompany-
ing figures. While some of the drawings may be sche-
matic or exaggerated representations of concepts, at
least some of the drawings may be drawn to scale.
Understanding that the drawings depict some example
embodiments, the embodiments will be described and
explained with additional specificity and detail through
the use of the accompanying drawings in which:

FIG. 1 is an example of a thermal system, according
to at least oneembodiment of thepresent disclosure;
FIG. 2 illustrates an example environment in which a
thermal management system is implemented in ac-
cordance with at least one embodiment of the pre-
sent disclosure;
FIG. 3 illustrates an example implementation of the
thermal management system, according to at least
one embodiment of the present disclosure;
FIG. 4 illustrates an example implementation of the
thermal management system, according to at least
one embodiment of the present disclosure;
FIG. 5 illustrates an example implementation of the
thermal management system, according to at least
one embodiment of the present disclosure;
FIG. 6 illustrates an example implementation of a
thermal model, according to at least one embodi-
ment of the present disclosure;
FIG. 7 is an example of a borefield digital twin,
according to at least one embodiment of the present
disclosure;
FIG. 8 is an example validation of a thermal model,
according to at least one embodiment of the present
disclosure;
FIG.9, is anexampleof anapplicationof adigital twin
to monitor a borefield temperature, according to at
least one embodiment of the present disclosure;
FIG. 10 illustrates a flow diagram for a method of
operating a thermal system as described herein,
according to at least one embodiment of the present
disclosure; and
FIG. 11 illustrates certain components that may be
included within a computer system.

DETAILED DESCRIPTION

[0005] This disclosure generally relates to systems,
methods, and computer readable storagemedia for ana-
lyzing, monitoring, and controlling thermal systems im-
plementingground-sourceheatpumps.Forexample, the
ground source heat pumpmay be a heat pump in thermal
communicationwithagroundheatexchangerhavingone
or more ground loops running through a series of bore-
holes in a borefield. Based on the relatively constant
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temperature of the ground, the ground-source heat pump
may extract heat from, or reject heat to, the ground in
order to provide heating and cooling to a facility. The
thermal system may include one or more supplemental
thermal devices tomeet a (e.g., peak) thermal load of the
facility above that which the ground source heat pump
can provide.
[0006] In some embodiments, a thermal management
system is implemented on or across one or more client
devices. The thermal management system may be in
data communication with one or more of the ground-
source heat pump, the facility, the ground heat exchan-
ger, the supplemental thermal devices, or any other
component associated with the thermal system. The
thermal management system may implement a thermal
model to facilitate predicting and analyzing one or more
values of the thermal system. For example, the thermal
model may include a forward model. The forward model
may be a physical model for simulating the thermody-
namic response of the ground heat exchanger based on
heat transfer to/from the ground-source heat pump. The
forward model may be based on one or more physical
design parameters (e.g., geometry, etc.) of the boreholes
and of a completion of the boreholes. The forward model
may also be based on one or more initial conditions, or
initial borefield parameters, such as initial ground and
grout thermal conductivities, and an initial ground aver-
age (or far-field) temperature. The forward model may
receive one or more measurements as inputs, such as a
thermal flux to/from the ground and/or the flow rate of a
thermal fluid through the ground heat exchanger. Based
on the inputs and parameters, the forward model may
predict one or more thermal values of the thermal fluid,
such as an inlet temperature, an outlet temperature, a
pressure drop, etc. and/or one or more temperature
associated with the borefield (e.g., temperature of the
ground).
[0007] In some embodiments, the thermal model in-
cludes an inverted model, or in inversion of the thermal
model. The inverted model may facilitate predicting the
actual borefield parameters by adjusting the initial bore-
field parameters as part of the inversion of the forward
model. For example, the inverted model may receive
measured thermal values corresponding to the predicted
thermal values output by the forward model. Based on
comparing the measured and predicted thermal values,
the inverted model may adjust one or more (or combina-
tions) of the initial borefield parameters to find a best-fit
set of borefield parameters that minimizes a target dif-
ference between the measured and predicted thermal
values. In this way, the inverted model may predict the
actual ground and grout thermal conductivities and the
average ground temperature.
[0008] In some embodiments, the thermal model is
calibrated or trained to ensure that the borefield para-
meter predictions are accurate. For example, once pre-
dicted, the thermal model may hold the set of borefield
parameters constant for a validation period, while con-

tinuing to predict the thermal values with the forward
model. During the validation period, the thermalmanage-
ment systemmay compare the predicted thermal values
(e.g., based on the predicted borefield parameters) to the
corresponding actual, measured thermal values to de-
termine a degree of error between the predicted and
actual values. In this way, and based on an error within
a threshold range, the thermal model may be relied on
with confidence to accurately predict the predicted bore-
field parameters.
[0009] The thermal management system may utilize
the predicted borefield parameters in a variety of ways to
monitor and/or control the thermal system. For example,
the thermal management system may generate a digital
twin of the borefield for inferring the temperature at one or
more (or all) locations of the borefield. Based on the
temperature field of the digital twin, the thermal manage-
ment systemmaymonitor aminimum temperature at any
location of the borefield to prevent or mitigate freezing of
the ground. The thermal management system may ac-
cordingly implement a control strategy for the thermal
system to raise, or maintain, the ground temperature
above freezing at one or more locations. The predicted
borefield parameters may facilitate a variety of other
monitoring and/or controlling functionalities of the ther-
malmanagement system, such as detecting and predict-
ing failures of the thermal system, determining a thermal
state of charge of the ground battery, and forecasting
future values for the thermal system, among other ex-
amples.
[0010] As will be discussed in further detail below, the
present disclosure includes a number of practical appli-
cations having features described herein that provide
benefits and/or solveproblemsassociatedwithoperating
a thermal system. Some example benefits are discussed
herein in connection with various features and function-
alities provided by a thermal management system im-
plemented on one or more computing devices. It will be
appreciated that benefits explicitly discussed in connec-
tion with one or more embodiments described herein are
providedbywayof example andarenot intended tobean
exhaustive list of all possible benefits of the thermal
management system.
[0011] For example, the thermal management system
described herein may be implemented to determine one
or more borefield parameters that conventional methods
may not be equipped to determine. For example, as
described herein, the thermal management system
may determine thermal conductivities of the ground
and grout, as well as an average ground temperature
for the borefield. Conventional methods may implement
sensors and other measurement devices to measure
these values by using wire-line tools lowered into one
or more of the boreholes (e.g., as part of in situ thermal
response tests). Thus, by measuring these parameters,
conventional methods have practical limits on what can
be measured and how often measurements can be up-
dated or validated. For example, after completion of the
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boreholes, it may not be possible to measure these
parameters through downhole tools, or at the very least
it may require putting the thermal system offline. In con-
trast, the thermal management system described herein
predicts or infers the borefield parameters based on
actual, real-world values that are commonly and easily
measured, such as heat flux and flow rate. These pre-
diction techniques are validated based on real-world,
measured values to ensure that the predictions are ac-
curate. By inferring, as opposed to measuring, the ther-
mal management system may iteratively determine and
update the borefield parameters to provide a real-time
overview of these important borefield properties. As de-
scribed herein, the thermal management system may
monitor and control the thermal system in a variety of
ways based on the active tracking of the borehole para-
meters.
[0012] Further, the thermal management system may
determine the borefield parameters in this way during
operation of the ground-source heat pump. For example,
the thermal management system may make its predic-
tions based on values such as flow rates, including flow
rate of the thermal fluid, which are commonly and easily
measured as part of the operation of a ground-source
heat pump. Thus,while the thermalmanagement system
may determine the borefield parameters in real-time, it
also inherentlymay do so during operation of the ground-
source heat pump. This may be advantageous over
conventional methods, which, as described, either can-
not determine (measure) the borefield properties after
completion of the boreholes, or else cannot do sowithout
taking the thermal system offline. Thus, the features and
functionalities of the thermal management system may
be implemented without the practical limits that conven-
tional techniques face.
[0013] In addition to determining the ground and grout
thermal conductivities and ground average temperature
generally, the thermal management system may be im-
plemented in some embodiments to generate a digital
twin for providing ground temperatures of the borefield.
The digital twinmay infer the ground temperatures based
on the predicted borefield parameters andmay include a
detailed temperaturemap giving a spatial overviewof the
ground temperature at any location in the ground. Ad-
ditionally, the digital twinmay offer these functionalities in
real-time and during operation of the ground-source heat
pump. This may be in contrast to conventional methods,
which may rely on temperatures sensors and/or mea-
surements in order to characterize temperatures of the
borefield. For example, it may be prohibitively difficult to
measure a temperature at one or more locations in the
borefield, such as temperatures at great depths and/or
temperatures within the ground that are not near to a
borehole. Indeed, it may be realistically impossible to
measure a temperature at every location in the borefield,
especially all at once. Indeed, conventional techniques
may be limited in their ability to take suchmeasurements
during operation of the thermal system as mentioned

above. In this way, the digital twin may provide valuable
temperature data which may facilitate monitoring and
operating the thermal system effectively and efficiently,
as described herein.
[0014] Additional details will now be provided regard-
ing systems described herein in relation to illustrative
figures portraying example implementations. For exam-
ple, FIG. 1 shows one example of a thermal system 100
for facilitating transferring heat between one or more
components. The thermal system 100 may include a
ground-source heat pump (GSHP) 102. The GSHP
102 may be in thermal communication with a ground
(or borehole) heat exchanger 110. The ground heat ex-
changer 110 may include a borefield 108 having one or
more boreholes within a volume of ground 109 defining
the borefield 108. One or more ground loops 107may be
positioned within the one or more boreholes, and the
boreholes may be at least partially filled with a grout, for
example, tomaintain theground loops107 inplaceand to
facilitate heat transfer between the ground loops 107 and
the ground 109. The ground loops have a fluid inlet and a
fluid outlet but may have any configuration in the well-
bore, for instance coaxial or U-shaped. The ground loops
107 may be operatively coupled to the GSHP 102, and a
thermal fluid may flow through the ground loops 107 to
facilitate transferring heat between the ground heat ex-
changer 110 and the GSHP 102. The GSHP 102 may be
in thermal communication with a facility heat exchanger
of the facility 106. The GSHP 102 may include a com-
pressor and an evaporator (e.g., expansion valve) for
implementing a refrigerant cycle between the facility heat
exchanger 106 and a second heat exchanger in which
both the refrigerant and the thermal fluid circulate. The
heat from the facility 106 may then be transferred to the
borefield 108, using the thermal fluid for cooling the
facility, as well as to transfer heat from the borefield
108 to the facility 106, using the thermal fluid, to heat
the facility 106. In this way, the GSHP 102 may be a
geothermal heat pump for leveraging the thermal proper-
ties and conditions within the ground 109 for providing
heating and cooling to the facility 106.
[0015] In some embodiments, the thermal system 100
includes one ormore supplemental thermal devices 104.
The supplemental thermal devices 104 may be config-
ured to provide heating and cooling to the facility 106. For
example, the supplemental thermal devices 104 may
include one or more heating devices such as a boiler,
furnace, or any other heating device. The supplemental
thermal devices 104 may include one or more cooling
devices such as a chiller, cooling tower, fin-fan cooler, or
any other cooling device. The supplemental thermal
devices 104may be configured to provide heating and/or
cooling to the facility 106 in addition to (e.g., in parallel
with), or as an alternative to theGSHP102. For example,
in some embodiments, a capacity of the GSHP is not
sufficient tomeet a load or demandof the facility 106, and
the supplemental thermal devices 104 supplement the
GSHP102 tomeet the thermal load. In another example,
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the supplemental thermal devices 104 may serve as a
backup or failsafe for providing heating and/or cooling to
the facility 106 if the GSHP 102 fails or is put offline (e.g.,
formaintenance). In thisway, heating and coolingmaybe
provided by both the GSHP 102 and the supplemental
thermal devices 104. In some embodiments, the thermal
system 100 does not include the supplemental thermal
devices 104, and the thermal loads of the facility 106 are
provided to the facility 106 by the GSHP 102 without the
supplemental thermal devices 104.
[0016] In some embodiments, the thermal system 100
includes a thermal management system 120 implemen-
ted on one or more computing devices, such as one or
more client devices 112. As shown, the thermal manage-
ment system 120 may be in communication with one or
morecomponents of the thermal system100 (e.g., via the
network 116 as describe in connection with FIG. 2). In
some embodiments, the thermal management system
120 is in communication with one or more of the ground
heat exchanger 110, the GSHP 102, the supplemental
thermal devices 104, and the facility 106. The thermal
management system 120may be in communication with
any other component or system associated with the
thermal system 100 consistent with that described here-
in. In some embodiments, the thermal management sys-
tem 120monitors one or more values, parameters, func-
tions, and/or features of the thermal system 100. For
example, the thermal management system 120 may
be in communication with one or more sensors for re-
ceiving measurements of the thermal system 100. In
another example, the thermal management system
120 may record and/or track one or more parameters
over time. In some embodiments, the thermal manage-
ment system 120 analyzes one or more values, para-
meters, functions, and/or features of the thermal system
100. For example, the thermal management system 120
may estimate or infer one ormore values associatedwith
the thermal system 100. In another example, the thermal
management system120may characterize a behavior of
the thermal system 100 and/or may predict future beha-
viors (e.g., faults) of the thermal system 100. In some
embodiments, the thermal management system 120
controls one or more features and/or functions of the
thermal system 100. For example, the thermal manage-
ment system 120may control one or more aspects of the
GSHP 102, the ground heat exchanger 110, the facility
106, or any other component. In this way, the thermal
management system 120 may perform one or more
functions related to the thermal system 100 as described
herein.
[0017] FIG. 2 illustrates an example environment 200
in which a thermal management system 120 is imple-
mented in accordance with one or more embodiments
described herein. As shown in FIG. 2, the environment
200 includes one or more server device(s) 114. The
server device(s) 114may include one ormore computing
devices (e.g., including processing units, data storage,
etc.) organized in an architecture with various network

interfaces for connecting to and providing data manage-
ment and distribution across one or more client systems.
As shown in FIG. 2, the server devices 114 may be
connected to and may communicate with (either directly
or indirectly) one or more client devices 112 through a
network 116. The network 116 may include one or multi-
ple networks and may use one or more communication
platforms or technologies suitable for transmitting data.
The network 116 may refer to any data link that enables
transport of electronic data between devices of the en-
vironment 200. The network 116may refer to a hardwired
network, a wireless network, or a combination of a hard-
wired network and a wireless network. In one or more
embodiments, the network 116 includes the internet. The
network 116 may be configured to facilitate communica-
tion between the various computing devices via any
protocol or form of communication.
[0018] The client device 112may refer to various types
of computing devices. For example, one or more client
devices 112 may include a mobile device such as a
mobile telephone, a smartphone, a personal digital as-
sistant (PDA), a tablet, a laptop, or any other portable
device. Additionally, or alternatively, the client devices
112may includeoneormorenon-mobile devices suchas
a desktop computer, server device, surface or downhole
processor or computer (e.g., associated with a sensor,
system, function, etc., of the thermal system), or other
non-portabledevice. Inoneormore implementations, the
client devices 112 includegraphical user interfaces (GUI)
thereon (e.g., a screen of amobile device). In addition, or
as an alternative, one or more of the client devices 112
may be communicatively coupled (e.g., wired or wire-
lessly) to a display device having a graphical user inter-
face thereon for providing a display of system content.
The server devices(s) 114 may similarly refer to various
types of computing devices. Each of the devices of the
environment 200 may include features and functional-
ities described below in connection with FIG. 7.
[0019] As shown in FIG. 2, the environment 200 may
includea thermalmanagement system120 implemented
ononeormorecomputingdevices.The thermalmanage-
ment system 120 may be implemented on one or more
client device 112, server devices 114, and combinations
thereof. Additionally, or alternatively, the thermal man-
agement system 120 may be implemented across the
client devices 112 and the server devices 114 such that
different portions or components of the thermal manage-
ment system 120 are implemented on different comput-
ing devices in the environment 200. In this way, the
environment 200 may be a cloud computing environ-
ment, and the thermal management system 120 may
be implemented across one or more devices of the cloud
computing environment in order to leverage the proces-
sing capabilities, memory capabilities, connectivity,
speed, etc., that such cloud computing environments
offer in order to facilitate the features and functionalities
described herein.
[0020] FIG. 3 illustrates an example implementation of
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the thermalmanagement system 120 as described here-
in, according to at least one embodiment of the present
disclosure. The thermal management system 120 may
include a data manager 122, a model engine 124, a
validation manager 126, and a thermal system controller
128. The thermal management system 120 may also
include a data storage 130 having thermal system attri-
bute data 132 and predicted parameter data 134 stored
thereon. While one or more embodiments described
herein describe features and functionalities performed
by specific components 122‑128 of the thermal manage-
ment system 120, it will be appreciated that specific
features described in connection with one component
of the thermal management system 120 may, in some
examples, be performed by one or more of the other
components of the thermal management system 120.
[0021] By way of example, one or more of the data
receiving, gathering, and/or storing features of the data
manager 122 may be delegated to other components of
the thermal management system 120. As another exam-
ple, whilemodelsmay be generated and/or implemented
by the model engine 124, in some instances, some or all
of these features may be performed by the validation
manager 126, data manager 122, or any other compo-
nent of the thermal management system 120. Indeed, it
will be appreciated that some or all of the specific com-
ponents may be combined into other components and
specific functions may be performed by one or across
multiple of the components 122‑128 of the thermal man-
agement system 120.
[0022] Additionally, while FIG. 1, for example, depicts
the thermal management system 120 implemented on a
client device 112 of the thermal system, it should be
understood that some or all of the features and function-
alities of the thermal management system 120 may be
implemented on or across multiple client devices 112
and/or server devices 114. For example, data may be
received by the datamanager 122 on a (e.g., local) client
device, and the datamay be input to one or moremodels
implemented by the model engine 124 on a remote,
server, and/or cloud device. Indeed, it will be appreciated
that some or all of the specific components 122‑128may
be implemented on or across multiple client devices 112
and/or server devices 114, including individual functions
of a specific component being performed acrossmultiple
devices.
[0023] Asmentioned above, the thermal management
system 120 includes a data manager 122. As shown in
FIG. 4, the datamanager 122may receive andmanage a
variety of types of data of the thermal management
system 120. For example, the data manager 122 may
receive design data 136. The design data 136 may
include information relating to a design, configuration,
size, and/or capability of the thermal system100. In some
embodiments, the design data 136 includes information
relating to a design of the borefield 108. For example, the
design data 136 may identify a size, length, depth, tra-
jectory, diameter, geometry, orientation, and/or location,

of one ormore boreholes of the borefield 108. The design
data 136 may identify a quantity, arrangement, and/or
configuration of the boreholes in the borefield 108. The
design data 136 may include and/or identify any other
features of the boreholes. The design data 136 may
identify one or more underground features of the ground
109, such as a material makeup, composition, lithology,
facies, physical and/or chemical properties, formation,
and/or underground resource of the ground 109. In some
embodiments, the design data 136 includes information
related to the design of the ground heat exchanger 110.
For example, the design data 136 may identify a geome-
try of the ground heat exchanger 110 such as a size,
length, diameter, trajectory, shank spacing etc., of one or
moreground loops107.Thedesigndata136may identify
a configuration or completion of the ground loops 107,
such as a single tube, double (U) tube, or coaxial con-
figuration. The design data 136 may identify one or more
thermal properties of the ground heat exchanger 110,
such as a thermal conductivity, thermal resistivity, heat
flux, temperature (e.g., average) of the ground loops 107,
thegrout, and/or the ground109 (e.g.,measuredduringa
thermal response test). The design data 136may identify
a coolant, antifreeze, glycol, water, brine, or any other
thermal fluid (e.g., heat transfer fluid) flowing through the
ground heat exchanger 110 and/or implemented in the
thermal system 100, including the properties of the ther-
mal fluid.
[0024] In some embodiments, the design data 136
includes information relating to the GSHP 102. For ex-
ample, the design data 136 may identify a size, capacity,
efficiency, or any other configuration of the GSHP 102.
For instance, the design data 136 may identify one or
more values (e.g., maximum, minimum, average, and/or
predicted values) for one or more of an electrical power
rating and/or consumption, a thermal power rating and/or
output, a heating and/or cooling capacity, an efficiency, a
flow rate (e.g., of the GSHP, ground heat exchanger 110,
or facility heat exchanger), a temperature (e.g., input,
output, and/or operating temperature), or any other re-
levant information relating to the configuration of the
GSHP 102 (and combinations thereof).
[0025] In some embodiments, the design data 136
includes information relating to the facility 106. For ex-
ample, the design data 136 may identify a size of the
facility 106 including a heating and/or cooling draw or
load (e.g., average,expected,maximum,minimum,etc.).
The design data 136may identify a location of the facility
106 including seasonal and/or climate information about
the location. The design data 136 may identify informa-
tion about the heating, ventilation, and air-conditioning
(HVAC) configuration of the facility 106. For example, in
some embodiments, the facility 106 implements one or
more devices such as the supplemental thermal devices
104 in addition to the GSHP 102 to provide heating and
cooling. In another example, the design data 136 may
include information about the facility heat exchanger of
the facility 106. The design data 136 may include infor-
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mation relating to the facility heat exchanger, such as
similar features to that described above in connection
with the ground heat exchanger 110. In this way, the data
manager 122 may receive design data 136 related to a
design of the thermal system 100.
[0026] In some embodiments, the data manager 122
receives sensor data 138. The sensor data 138 may
include measurements from any number of sensors in-
cluded or associated with the thermal system 100. For
example, the sensor data 138 may include measure-
ments associated with an operation of the thermal sys-
tem100. For instance, the sensor data 138may include a
flow rate (e.g., volumetric flow rate,mass flow rate) of one
or more thermal fluids in the ground heat exchanger 110,
GSHP 102, and/or the facility heat exchanger. The sen-
sor data 138 may include one or more temperature
measurements including one or more of a fluid tempera-
ture of thermal fluid(s) at one or more locations in the
thermal system 100 (e.g., flowing into, through, and/or
out of one or more components, such as the refrigerant,
the thermal fluid flowing in the borefield, etc.), a borehole
temperature of one or more boreholes in the borefield
108, a ground temperature at one ormore locations in the
ground of the borefield 108, and any other temperature of
anyother component. Thesensordata138may includea
fluid pressure and/or pressure differential of one or more
thermal fluids at or across one or more locations in the
thermal system 100 (e.g., flowing into, through, and/or
out of one or more components). The sensor data 138
may include a measure of a thermal flux of one or more
components of the thermal system 100, such as a ther-
mal flux of the ground heat exchanger 110, the GSHP
102, the facility heat exchanger, or any other component.
The thermal fluxmaybeaheat flux, heat fluxdensity, heat
flow rate intensity, or any similar measure of thermal
energy flow rate.
[0027] In some embodiments, the sensor data 138
includes a measure of an electrical power usage or
consumption by one or more components of the thermal
system 100, such as a power usage of the GSHP 102
and/or the supplemental thermal devices 104. The sen-
sor data 138 may include one or more measurements
associated with a thermal power output of the thermal
system 100, such as a heating power and/or cooling
power (e.g., kW) of one or more components of the
thermal system 100.
[0028] In some embodiments, the sensor data 138
includes measurements associated with the borefield
108. For example, the sensor data 138 may include
measurements from reservoir mapping tools, formation
evaluation tools, loggingwhiledrilling (LWD) tools, and/or
measurement while drilling (MWD) tools. The sensor
data 138 may include measurements from downhole
sensors and surfaces sensors. For example, the sensor
data 138 may include measurements associated with a
thermal response test of one or more boreholes in the
borefield 108. The sensor data 138 may include mea-
surements associated with an inclinometer survey, such

as measurements from accelerometers, magnet-
ometers, gyroscopes, etc. The sensor data 138 may
include measurements from gamma ray sensors, resis-
tivity sensors, neutron density sensors, porosity sensors,
acoustic sensors, temperature sensors, pressure sen-
sors, depth sensors, wireline tools, any other sensor, and
combinations thereof. The sensor data 138 may include
data from one or more surveying tools. In some embodi-
ments, some of the design data 136 is received and/or is
based on one or more measurements from the sensor
data 138. In this way, the data manager 122 may receive
measurements from one or more sensors. The data
manager 122 may receive the sensor data 138 from
any sensor in communication with the thermal system.
[0029] In some embodiments, the data manager 122
receives model data 140 associated with one or more
computer and/or software implemented models for per-
formingoneormore featuresof the thermalmanagement
system 120. For example, as described herein, the ther-
mal management system 120 may implement one or
more models to predict, estimate, and/or determine
one or more thermal parameters of the thermal system
100. One or more models may estimate one or more
measured values (e.g., sensor data 138) as described
herein. A model may be implemented to infer the tem-
perature at one or more (or all) locations in the borefield
108 (e.g., a borefield digital twin as described herein).
The model data 140 may include one or more machine
learning models, deep learning models, and/or artificial
intelligence (AI) models. The model data 140 may in-
clude, forward models, inverse or reverse models, arti-
ficial neural networks, algorithms, regression models, or
any other model or type of model, and combinations
thereof. In someembodiments, the thermalmanagement
system 120 implements one or more models or algo-
rithms of themodel data 140 by inputting data or informa-
tion into the models. In some embodiments, the thermal
management system 120 calibrates, train, or tune one or
more models or algorithms of the model data 140.
[0030] In some embodiments, the data manager 122
receives user input 142. The data manager 122 may
receive the user input 142, for example, via any of the
client devices 112 and/or server devices 114. Any of the
data described hereinmay be input or augmented via the
user input 142. For example, in some instances, some or
all of the sensor data 138 may be received by the data
manager 122 as user input. In some instances, some or
all of the design data 136 may be received by the data
manager 122 as user input 142. As will be described
herein, one or more functions or features of the thermal
management system 120may be facilitated by receiving
user input 142.
[0031] The data manager 122 may save and/or store
any of the data it receives to the data storage 130. For
example, the data manager 122 may store data asso-
ciated with the design, operation, modelling, etc., of the
thermal system100as thermal systemattributedata132.
The data manager 122 may store data associated with
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one or more predicted values, parameters, properties,
models, etc., as predicted parameter data 134.Anyof the
data in the data storage 130 may include data received,
manipulated, generated, and/or augmented by the data
manager 122 as described herein.
[0032] As mentioned above, and as shown in FIG. 5,
the thermal management system 120 includes a model
engine 124. The model engine 124 may implement a
thermal model 125 including a forwardmodel 146 and an
inverted model 148. In some embodiments, the model
engine 124 receives the thermal model 125, such as by
accessing the model data 140. In some embodiments,
themodel engine124generates, calibrates, and/or trains
the thermal model 125.
[0033] FIG. 6 is an example implementation of the
thermal model 125 as described herein, according to
at least one embodiment of the present disclosure. As
shown, the thermal model 125 may include a forward
model 146. The forward model 146 may be a physical
model of the ground heat exchanger 110. For example,
the forward model 146 may be a computational tool that
simulates and/or predicts the thermal behavior of the
borefield 108, the ground 109, the boreholes, etc. The
forwardmodel 146may receive (ormaybebasedon)one
ormore parameters, and based on receiving one ormore
inputs, the forward model 146 may predict or estimate
one ormore output values. In this way, the forwardmodel
146may provide a detailed representation of the thermal
response of the ground heat exchanger 110 due to heat
transfer.
[0034] In some embodiments, the forward model 146
receives (or is based on) one or more borefield design
parameters 152. The borefield design parameters 152
may include information related to the one or more bore-
holes of the borefield 108, such as a trajectory, length,
diameter, location, position, layout, configuration, etc., of
the boreholes. The borefield design parameters 152may
include any of the design data 136 related to the borefield
as described herein.
[0035] In some embodiments, the forward model 146
receives (or is based on) one or more completion design
parameters 154. The completion design parameters 154
may include information related to the completion of the
boreholes of the borefield 108, such as a diameter, con-
figuration, length, arrangement, shank spacing, etc., of
theground loops107.Thecompletiondesignparameters
154 may include thermal properties of the ground loops
107 and/or of the thermal fluid circulated in the ground
loops 107.
[0036] In some embodiments, the forward model 146
receives (or is based on) one or more initial conditions,
such as initial borefield parameters 164. The initial bore-
field parameters 164 may include information related to
one or more properties of the borefield 108, such as an
initial thermal conductivity of the ground 109, an initial
thermal conductivity of thegrout, and/or an initial average
(or far-field) temperature of the ground 109. One or more
of the initial borefield parameters 164 may be initial

conditions in that they may be initial starting points or
estimates of the borefield parameters for use in simulat-
ing the thermal response with the forward model 146
(e.g., to output the predicted thermal values 162). As
described below, one or more of the initial borefield
parameters 164 may be variables that may be manipu-
lated or changed through implementation of the inverted
model 148 in order to determine one or more of the
predicted borefield parameters 160.
[0037] The forwardmodel 146may receive (or may be
basedon) anyother parameter. For example, the forward
model 146may receive one ormore boundary conditions
such as an ambient air temperature, heat pump condition
(e.g., compressor and/or evaporator temperature), heat
pump state (e.g., on/off), or any other factor that may
influence the heat transfer process. The borefield design
parameters 152 and/or the completion design para-
meters 154 may include information from the thermal
system attribute data 132. In some embodiments, the
borefield design parameters 152 and/or the completion
design parameters 154 may be static inputs and, as just
mentioned, oneormoreof the initial borefieldparameters
164 may be variables.
[0038] In some embodiments, the forward model 146
receives one or more dynamic inputs, or measurement
inputs. Themeasurement inputs may be associated with
a flow of the thermal fluid through the ground heat ex-
changer 110. For example, the forward model 146 may
receive a thermal flux input 156. The thermal flux input
156 may be a measure of a rate of energy transferred
between the thermal fluid and the ground 109 as a result
of the thermal fluid flowing through the ground loops 107
(e.g., energy per unit area per unit time, W/m2). The
thermal flux input 156 may be measured at one or more
locations of the ground heat exchanger 110, and may be
part of the sensor data 138.
[0039] In some embodiments, the measurement in-
puts include a flowrate input 158. The flowrate input
158 may include a volumetric flow rate and/or a mass
flow rate of the thermal fluid flowing through the ground
heat exchanger 110. The flowrate input 158 may be
measured at one or more locations of the ground heat
exchanger 110, and may be part of the sensor data 138.
[0040] The forward model 146 being based on the
borefield design parameters 152, the completion design
parameters 154, and the initial borefield parameters 164
in this way may facilitate accurately simulating the heat
transferprocessesof the thermal system100 (e.g., due to
the inputs 156 and/or 158). For example, the forward
model 146 may account for factors such as geophysical
properties of the ground 109, the configuration of the
borefield 108, and operational parameters of the GSHP
102. The forward model 146 may implement numerical
techniques for capturing the interplay between one or
more of the inputs and/or parameters in order to accu-
rately characterize the thermal response of the ground
heat exchanger 110. For example, the forwardmodel 146
may incorporate mathematical heat transfer equations,
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such as a g-function, that describe conductive, convec-
tive, radiative, and/or advective heat transfer within the
thermal system 100, as well as the transient nature of
heat transfer at changing temperatures. The forward
model 146 may implement numerical calculations, finite
element analyses, or any other techniques for modeling
and solving the heat transfer of the thermal system 100.
[0041] In this way, the forward model 146 may model
the temperature distribution and variation within the
ground 109 over one or more discrete time intervals in
response to a thermal rejection to (or thermal extraction
from) the ground 109 by the thermal fluid and/or the
ground loops 107. For example, the forward model 146
may include or may be based on robust heat transfer
dynamics and/or equations that capture faster transients
within the thermal system 100. In these situations, the
forwardmodel146may implement time intervals, suchas
every 1‑5 minutes to simulate a more detailed or faster
thermal response of the thermal system 100. In another
example, the forward model 146 may include or may be
basedonmoregeneral or balanced thermodynamicsand
mayaccordingly implement longer time intervals, suchas
every 1‑5 hours to simulate a more general thermal
response or equilibrium of the thermal system 100 over
a longer time period.
[0042] In some embodiments, the forward model 146
outputs or predicts one or more predicted thermal values
162. The predicted thermal values 162 may include pre-
dicted values associated with the thermal fluid, such as a
predicted inlet temperature of the thermal fluid flowing
into the ground heat exchanger 110, a predicted outlet
temperature of the thermal fluid flowing out of the ground
heat exchanger 110, a predicted pressure drop of the
thermal fluid at or across one or more locations of the
ground heat exchanger 110. The predicted thermal va-
lues 162 may include predicted values associated with
the ground 109, such as a predicted temperature at one
or more locations of the ground 109. In some embodi-
ments, the predicted thermal values 162 are values or
parameters of the thermal system 100 that will or can be
measured or observed. For example, the predicted ther-
mal values 162 output by the forward model 146 may
correspond andmay be compared to one ormore actual,
measured thermal values 166, such as a measured fluid
inlet temperature, measured fluid outlet temperature,
measured fluid pressured drop, etc. This may facilitate
calibrating, tuning, or training the thermal model 125, as
described herein. The predicted thermal values 162may
include any other value that may be predicted by the
forwardmodel 146 consistent with that described herein.
In this way, the forward model 146 may characterize the
thermal behavior of the ground heat exchanger 110 in
order to predict one or more observable values of the
thermal system 100. The model engine 124 may store
any of the predicted thermal values 162 to the data
storage 130 as predicted parameter data 134.
[0043] As mentioned, the thermal model 125 may in-
clude an inverted model 148. The inverted model 148

may facilitate estimating or predicting one or more of the
parameters upon which the forward model 146 is based.
In thisway, the invertedmodel 148maybean inversionor
a reversal of the forward model 146. For example, the
forward model 146 may predict, based on the model
parameters, one or more values of the thermal system
100, and the invertedmodel 148may facilitate finding the
set of model parameters (e.g., in particular borefield
parameters) that result in predicted values that best
match actual measured values of the thermal system
100.
[0044] For example, as mentioned, the forward model
146maydetermineoneormorepredicted thermal values
162 associated with the thermal system 100 based on a
set of initial borefield parameters 164 (among other fac-
tors). As described, the data manager 122 may receive
sensor data 138 including the measured thermal values
166. In some embodiments, the inverted model 148
compares the predicted thermal values 162 to the mea-
sured thermal values 166. For example, the inverted
model 148 may include or may define an objective func-
tion or cost function that quantifies a target difference
between one ormore of the predicted thermal values 162
and the measured thermal values 166 for the set of
parameters used by the forward model 146 (e.g., used
for a given iteration performed by the forward model). In
some embodiments, the invertedmodel 148 finds the set
of parameters that minimizes this target difference. For
example, the invertedmodel 148may iteratively adjust or
modify one or more (or all) of the initial borefield para-
meters 164 in order to iteratively change or modify the
predicted thermal values 162 that the forward model 146
outputs.
[0045] In some embodiments, the inverted model 148
includes or defines an optimization algorithmor engine in
order to find the best-fit values for the initial borefield
parameters.For example, the invertedmodel 148may try
and/or modify different combinations of the initial bore-
field parameters 164 to yield a sufficient or desirable
target difference. In some embodiments, the inverted
model 148 functions iteratively in this way until a con-
vergence occurs for the target difference. For example,
the inverted model 148 may iterate until the target differ-
ence is within a predetermined threshold, such as sub-
stantially 0. In another example, the inverted model 148
may iterate until a change in the target difference iswithin
a predetermined threshold (e.g., for a threshold quantity
of consecutive iterations). In another example, the in-
verted model 148 may iterate until a minimum (or least)
target difference is found, such as by iterating through a
predetermined quantity of (or all) iterations.
[0046] In this way, the inverted model 148 may itera-
tively generate the predicted thermal values 162 and
compare those values to the measured thermal values
166 in order to determine a set of best-fit borefield para-
meters. The invertedmodel 148mayoutput thesebest-fit
parameters as predicted borefield parameters 160. For
example, the predicted borefield parameters 160 may
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include a ground thermal conductivity (k) and a grout
thermal conductivity (kg). The predicted borefield para-
meters 160 may include an average temperature (T0) of
the ground 109 and/or a current temperature (T) of the
ground in one or more locations of the ground in the
neighborhood of the borefield. The average temperature
T0 may be an average far-field or undisturbed ground
temperature. The borefield parameters 160 may be as-
sociated with one or more depths within the ground 109,
or may be associated with the ground heat exchanger
110generally (e.g., anaverage). In thisway, thepredicted
borefield parameters 160 may represent an inference of
one or more properties or parameters of the ground heat
exchanger 110. In some embodiments, determining
(e.g., measuring) an actual value of one or more of the
predicted borefield parameters 160may not be possible,
may be prohibitively difficult or not feasible, or may be
cumbersome in practice. By inferring the predicted bore-
field parameters 160 in this way, the thermal model 125
may facilitate understanding a state, change, condition,
etc., of one or more of the thermal properties of the
thermal system 100 which may otherwise not be known.
As discussed herein, generating the predicted borefield
parameters 160 may facilitate monitoring, analyzing,
and/or controlling one or more aspects of the thermal
system 100. The model engine 124 may store any of the
predicted borefield parameters 160 to the data storage
130 as predicted parameter data 134.
[0047] The thermal model 125 may be implemented in
order to determine the predicted borefield parameters
160. In some embodiments, the thermal model 125 itera-
tively and/or continuously determines thepredictedbore-
field parameters 160. For example, the thermal model
125 may update the predicted borefield parameters 160
oneormore timesoverapredetermined time interval. For
instance, the thermal model 125 may receive the inputs
(e.g., thermal flux input 156 and/or flowrate input 158) at
discrete time intervals such as every 1minute, 2minutes,
3 minutes, 4 minutes, 5 minutes, or up to every 1 hour, 2
hours 3 hours, or more. The inputsmay include an actual
measured value and/or may include a statistical value
such as an average, mean, median, mode, maximum,
minimum, etc., calculated over several time intervals. In
thisway, the thermalmodel 125may receive the inputsas
live or real-time data inputs. The thermal model 125 may
accordingly update the predicted borefield parameters
160 in real time based on the live data inputs. In this way,
the thermal model 125 may facilitate a real-time estima-
tion or inference of the predicted borefield parameters
160 to simulate changes in the thermal response over
predetermined time intervals based on heat extracted or
injected by the GSHP 102.
[0048] The thermal model 125 functioning based on
the inputs and parameters discussed above, in this way,
may facilitate determining the predicted borefield para-
meters 160 during operation of the thermal system 100
and/or the GSHP 102. For example, the borefield design
parameters 152 and the completion design parameters

154 may include static values that may be known or
calculated, for example, based on the design, construc-
tion, etc., of the thermal system 100. Additionally, the
thermal flux input 156 and the flowrate input 158 may
include values and/ormay be calculated from values that
are received and/or measured by the data manager 122
during operation of the thermal system 100, such as with
temperature sensors, flow sensors, pressure sensors,
etc. The predicted borefield parameters 160may accord-
ingly be determined during operation of the thermal sys-
tem 100 based on this information that is known and/or
collected during operations. In this way, the thermal
management system 120 may provide the features
and functionalities discussed herein without having to
put the thermal system 100 offline.
[0049] In some embodiments, the model engine 124
utilizes the predicted borefield parameters 160 to gen-
erate and/or implement a digital twin 150, as shown in
FIG. 5 and in FIG. 7. The digital twin 150 may be a digital
representation of one ormore aspects of the ground heat
exchanger 110 and/or the borefield 108. For example,
based on the predicted borefield parameters 160, the
digital twin may infer one or more other parameters,
properties, and/or states of the thermal system 100.
[0050] In some embodiments, the digital twin 150 in-
dicates a temperature of the borefield 108 and/or the
ground 109 at one or more locations. For example, given
the knowngeometry and configuration of the groundheat
exchanger 110, as well as the flow measurements of the
thermal fluid, and by incorporating the thermal properties
of the ground 109 (e.g., the predicted borefield para-
meters 160) the model engine 124 may generate a
detailed temperaturemapof theborefield108.Thedigital
twin 150 may indicate one or more temperatures with
respect to a (e.g., 2‑or 3-dimensional) spatial coordinate.
For example, themodel engine 124may generate a 2‑ or
3-dimensional grid consisting of individual cells asso-
ciated with a specific location in the borefield 108. The
size and/or quantity of cells may vary depending on a
desired level of detail for the digital twin 150. For each cell
in the grid, the model engine 124 may determine a
temperature based on a physical modelling of the heat
transfer to that location by implementing heat transfer
equations and/or numerical methods (e.g., similar to that
used in connection with the forward model 146). The
model engine 124 may incorporate lithology data for
the ground 109, data from thermal response tests, la-
boratory testing, or any other data such as data from the
thermal systemattribute data 132. In someembodiments
the model engine 124 implements one or more methods
of interpolation for estimating temperatures at the bound-
ariesof cellsof thegridand/orbetweencells. In thisway,a
continuous temperature field may be generated for an
area of interest (or all of) the borefield 108 via the digital
twin 150.
[0051] In some embodiments, the model engine 124
generates a plot, or a visual representation of the digital
twin 150. For example, the model engine 124 may im-
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plement color mapping or shading to represent different
temperaturesof the temperaturefield inorder togenerate
a 2‑ or 3-dimensional temperature map of the borefield
108. In some embodiments, the model engine 124 dis-
plays the digital twin 150 via a graphical user interface. In
this way, the digital twin 150may be visually represented
and presented in order that a user may analyze and/or
interpret the inferred temperatures of the borefield 108.
[0052] In this way, the thermal management system
120may facilitate inferring the temperature at anypoint in
the ground 109 based on the digital twin 150. This de-
tailed and real-time overview of the ground temperature
may facilitate efficiently and/or effectively operating the
thermal system 100. For example, as will be discussed
herein in detail, the thermal management system 120
may monitor the digital twin 150 to maintain the ground
temperature at or abovea threshold level. Thedigital twin
150may be especially advantageous in situations where
the ground heat exchanger 110 has a complex config-
uration or geometry, such as having one or more inclined
boreholes as shown in FIG. 7. Such geometries may
result in temperature gradients and/or heat transfer that
is not uniformover different depthswithin the ground109,
making it especially difficult to discern the temperature at
one or more locations. The digital twin 150 may incorpo-
rate the design (e.g., geometry) of the ground heat ex-
changer 110 in order to accurately infer the temperature
at every location in the ground 109 irrespective of the
complexity of the design. In this way, the model engine
124may facilitate inferring valuable temperature data for
the ground heat exchanger via the digital twin 150. The
model engine 124 may store and/or update the digital
twin 150 to the data storage 130 as the predicted para-
meter data 134.
[0053] Asmentioned above, the thermal management
system 120 includes a validation manager 126. The
validationmanager 126may facilitate validating the ther-
mal model 125 (and the digital twin 150) by validating the
predicted borefield parameters 160 generated by the
thermal model 125. FIG. 8 illustrates an example valida-
tion 800.
[0054] As mentioned, the thermal model 125 may pre-
dict one or more thermal values 162 as an intermediate
for predicting the borefield parameters 160. The valida-
tion manager 126 may validate the accuracy of the bore-
field parameters 160, and therefore the thermal model
125, by comparing the predicted thermal values 162 to
equivalent real-world measurements for the thermal va-
lues. The example validation 800 illustrates an example
comparison 802 of a predicted and measured outlet
temperature.
[0055] In some embodiments, a set of predicted bore-
field parameters 160 are applied to the forward model
146 after being determined by the inverted model 148.
For example, the model engine 124 may hold the pre-
dicted borefield parameters 160 constant over a valida-
tion period of operation of the thermal system 100, and
the forward model 146 may determine the predicted

thermal values 162 based on those (constant) predicted
borefield parameters for the duration of the validation
period. In some embodiments, the validation manager
126 monitors the predicted thermal values 162 (e.g.,
outlet temperature) over the validation period and com-
pares the predicted thermal values 162 (e.g., predicted
outlet temperature) to the associated measured values
over the validation period. For example, the comparison
802 illustrates thepredicted vsmeasuredoutlet tempera-
ture over the course of several days and months. As
shown in the example validation 800, the predicted outlet
temperature tracks closely with the measured outlet
temperature indicating theprecision of the thermalmodel
125.
[0056] In some embodiments, the validation manager
126determinesanerror 804between thepredicted value
and the measured values for one or more time periods
(e.g., hours) over the course of the validation period.
Based on the error 804, the validation manager 126
may determine a statistical distribution (e.g., normal dis-
tribution) including one or more statistical values such as
a mean, median, mode, average, maximum, minimum,
standard deviation, variance, etc. The validation man-
ager 126 may accordingly determine whether the pre-
dicted borefield parameters 160 are accurate and/or
precise based on this comparison and analysis.
[0057] Based on the accuracy of the predicted bore-
field parameters 160 (e.g., held constant over the mea-
surement period), the validation manager 126 may ac-
cordingly determine whether the thermal model 125 is
accurate and/or precise. For example, as shown in FIG.
8, the error 804 for the outlet temperature has an average
close to 0.0 °C with a standard deviation grouping the
data tightly therewith. This may indicate that the thermal
model 125 is accordingly calibrated or trained to a high
degree of accuracy, and that the predicted borefield
parameters 160 determined by the thermal model 125
may be relied on with a high confidence. In some embo-
diments, the validation manager 126 indicates this de-
termination (and/or the error 804) to a user of the thermal
management system 120, such as through a graphical
user interface.
[0058] In some embodiments, the validation manager
126 determines that the thermal model 125 is not accu-
rate to a sufficient degree, such as based on determined
that the error 804 has an average and/or standard devia-
tion that is not within a threshold range. The validation
manager 126 may accordingly provide an indication of
the error of the thermal model 125. For example, the
validation manager 126 may provide an alarm or other
indication to a user of the error 804. In another example,
the validation manager 126 may provide an indication of
which value(s) (e.g., outlet temperature, inlet tempera-
ture, etc.) are associatedwith theerror 804, includingone
or more instances of departure between the measured
and predicted values.
[0059] In this way, the validation manager 126 may
facilitate validating that the thermal model 125 properly
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functions to accurately determine the predicted borefield
parameters 160 to a threshold degree. While the pre-
dicted borefield parameters 160 have been described as
being applied and/or held constant, it should be under-
stood that this may be as part of the validation process of
the thermal model 125, and that, once validated, the
thermal model 125 may again be implemented to adjust
the predicted borefield parameters 160 in order to accu-
rately determine (e.g., infer) the best-fit parameters in
real-time, as described herein.
[0060] Asmentioned above, the thermal management
system 120 includes a thermal system controller 128.
The thermal system controller 128 may facilitate imple-
menting the thermal model 125 (more specifically the
outputs of the thermal model 125) and/or the digital twin
150 in a variety of advantageous ways in connection with
the thermal system100.Forexample, the thermal system
controller 128 may monitor and/or analyze one or more
aspects of the thermal system 100 to provide valuable
insights and/or overviews of the one or more aspects of
the thermal system 100. In some embodiments, the
thermal system controller 128 facilitates controlling or
operating the thermal system100, for example, based on
one or more of these observations.
[0061] In someembodiments, the thermal systemcon-
troller 128 monitors and tracks the thermal properties of
the borefield 108 and/or the ground 109 by monitoring
and tracking the predicted borefield parameters 160 over
time.Forexample, the thermal systemcontroller 128may
identify and/or trackoneormore changes in thepredicted
borefield parameters 160 over time corresponding to a
change in the thermal properties of the ground 109. For
instance, a decrease or degradation of the ground ther-
mal conductivity (k) may correspond with a decreased
water level of anundergroundaquifer (or vice versa for an
increase or improvement in the ground thermal conduc-
tivity (k)). In other examples, a decrease in the grout
thermal conductivity (kg) may correspond with a degra-
dation (e.g., due toaging, borehole conditions, etc.) of the
grout.
[0062] Similarly, the thermal systemcontroller 128may
monitor and track any of the measured values (e.g.,
sensor data) and/or the predicted values over time. For
example, the thermal system controller 128 may track
and/or detect a decrease in the flow rate (and/or an
increase in the pressure drop) of the thermal fluid over
time, which may indicate that the ground loops have
become damaged or blocked. In some embodiments,
the thermal system controller 128 monitors and tracks
one or more measured values against the predicted
thermal values 162over time. For example, as discussed
above in connectionwith the validationmanager 126, the
thermal system controller 128 may determine and moni-
tor the difference between one or more measured and
predicted values of the thermal system 100. As dis-
cussed above, once calibrated, the thermal model 125
may be relied upon with confidence to accurately predict
one or more values, and the thermal system controller

128 may monitor the difference for any significant devia-
tion of the measured values. For example, a measured
outlet temperature that deviates from that which is pre-
dicted or expected may indicate a fault (or future fault)
with one or more components in the thermal system 100.
The thermal system controller 128may accordingly gen-
erate an alert or otherwise indicate that a fault has oc-
curred or will occur in the future. In this way, the thermal
system controller 128 may facilitate preventing or miti-
gating failures of the thermal system 100.
[0063] In someembodiments, the thermal systemcon-
troller 128 determines and monitors a state of charge of
the ground thermal battery over time. For example,
based on the temperatures indicated by the digital twin
150, and based on the measured thermal flux of the
ground heat exchanger, the thermal system controller
128 may determine an amount of heat energy that the
thermal system 100 is injecting into, or extracting from,
the borefield 108 and the ground 109. The thermal sys-
tem controller 128 may accordingly determine a heat
energy capacity for the borefield 108 to transfer heat to
or from the GSHP 102 (e.g., via the thermal fluid). In this
way, the thermal system controller 128 may monitor the
state of thermal charge of the ground 109, for example,
between seasons, in order to forecast a capacity for the
thermal system 100 to provide heating and/or cooling
during warmer or cooler (respectively) times of the year.
[0064] In someembodiments, the thermal systemcon-
troller 128monitors the digital twin 150. For example, the
thermal system controller 128 may determine and track
the lowest temperature at any point in the ground 109
based on the inferences of the digital twin 150. This may
facilitate controlling and/or operating the thermal system
100. For example, in many cases it may be undesirable
for the ground 109 to freeze. Freezing may reduce the
thermal conductivity of the ground 109 and therefore
reduce theefficiency of theGSHP102. Similarly, freezing
may increase energy consumption for the GSHP 102 to
attempt to keep upwith the decreased efficiency. Further,
freezing and thawing cycles may risk damage or block-
age to one or more components of the thermal system
100. Thus, itmay be advantageous to prevent the ground
109 from freezing at one or more locations.
[0065] As shown in FIG. 9, the thermal system con-
troller 128 may track the minimum ground temperature
(Tgmin) over time. When it is determined that the mini-
mum ground temperature Tgmin is at or below 0 °C, the
thermal system controller 128 may implement one or
more measures to attempt to raise the minimum ground
temperature Tgmin up to above freezing. For example,
the thermal system controller 128 may reduce a thermal
power (e.g., reduce a flowrate or implement any other
measure) of the GSHP 102 in order to slow the rate at
which the GSHP 102 removes heat from the ground 109.
In another example, the thermal system controller 128
may generate an alert, indication, or otherwise prompt a
user to takeoneormoremitigatingactionswith respect to
the minimum ground temperature Tgmin. The thermal
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systemcontroller 128may act reactively in thisway to the
minimum ground temperature Tgmin in order to prevent
damage, inefficiencies, or other undesirable affects re-
sulting from the ground 109 freezing.
[0066] In someembodiments, the thermal systemcon-
troller 128 acts proactively to prevent freezing. For ex-
ample, the thermal system controller 128 may identify
one or more patterns, trajectories, or trends in the data
that it monitors in order to forecast or project how the
minimum ground temperature Tgmin will change in the
future. For example, the thermal system controller 128
may monitor and/or compare one or more (measured
and/or predicted) values against the minimum ground
temperature Tgmin in order to identify how changes in
theseother values (or combinations of values)mayaffect
the minimum ground temperature Tgmin. Based on a
forecast that the minimum ground temperature Tgmin
will fall below 0 °C, the thermal system controller 128
may implement one or more of the mitigating measures
discussed above.
[0067] While freezingmay generally be undesirable, in
some embodiments, freezing at one or more locations in
the ground 109 is acceptable within a threshold amount.
For example, in some embodiments, the minimum
ground temperature Tgmin occurs at a borehole wall of
one or more of the boreholes of the borefield 108. Ac-
cordingly, theminimum ground temperature Tgmin at the
borehole wall may fall below freezing, but the freezing
may be relatively localized to an area immediately ad-
jacent the borehole(s). In some embodiments, the ther-
mal system controller 128 monitors one or more addi-
tional minimum temperatures, such as a minimum tem-
perature at a threshold distance (e.g., radius) from or
around the borehole(s). For example, as shown in FIG. 9,
a minimum temperature within a 25 cm radius (Tg25min
from the borehole(s) may be monitored (e.g., in addition
to the minimum ground temperature Tgmin). As shown,
while theminimumground temperatureTgmin falls below
0 °C, the 25 cm radius temperature Tg25min may remain
well above 0 °C, indicating that the freezing does not
extend or permeate far from the borehole(s). The thermal
system controller 128 may accordingly facilitate imple-
mentingacontrol strategy for the thermal system100 that
allows the minimum ground temperature Tgmin to fall
below freezing while maintaining the 25 cm radius tem-
peratureTg25min (or anyother thresholddistance)above
freezing.
[0068] The thermal system controller 128 may save
data from any of its monitoring functions to the data
storage 130 as predicted parameter data 134. In some
embodiments, the thermal system controller 128 plots
one or more of the values, parameters, and/or properties
that itmonitorsand/ormaypresentoneormoreplots viaa
graphical user interface.
[0069] FIG. 10 is a flow diagram illustrating a method
1000 or a series of acts for operating a thermal system
implementing a ground-source heat pump as described
herein, according to at least one embodiment of the

present disclosure.While FIG. 10 illustrates acts accord-
ing to one embodiment, alternative embodiments may
add to, omit,modify, and/or reorder any of the acts of FIG.
10.
[0070] In some embodiments, the method 1000 in-
cludes an act 1010 of receiving design parameters as-
sociated with a design of the thermal system. For exam-
ple, the design parameters may include borehole geo-
metry data for one ormore boreholes of the borefield and
completion geometry data for a completion of the one or
more boreholes.
[0071] In some embodiments, the method 1000 in-
cludes an act 1020 of receiving one or more measure-
ment inputs associated with a flow of thermal fluid
through a borefield of a ground heat exchanger. For
example, themeasurement inputsmay includeaflowrate
of the thermal fluid through the ground heat exchanger
and/or a thermal flux between the thermal fluid and the
borefield.
[0072] In some embodiments, the method 1000 in-
cludes and act 1030 of, based on the measurement
inputs and thedesignparameters, predictingoneormore
predicted thermal values of the thermal fluid using a
forward model. For example, the predicted thermal va-
lues may include one or more of a predicted inlet tem-
perature of the thermal fluid flowing into the ground heat
exchanger, a predicted outlet temperature of the thermal
fluid flowing out of the ground heat exchanger, a pre-
dicted flow rate of the thermal fluid flowing through the
ground heat exchanger, and a predicted fluid pressure
drop of the thermal fluid. The predicted borefield para-
meters may include one or more of a predicted ground
thermal conductivity, a predicted grout thermal conduc-
tivity, and a predicted far-field ground temperature.
[0073] In some embodiments, the method 1000 in-
cludes an act 1040 of predicting one or more predicted
borefield parameters of the borefield based on inverting
the forward model. Inverting the forward model may
include minimizing a target difference between the pre-
dicted thermal valuesandoneormoremeasured thermal
values (suchas the temperature of the thermal fluid at the
outlet of the borefield). In some embodiments, predicting
theoneormorepredicted thermal valueswith the forward
model and inverting the forward model to predict the one
or more predicted borefield parameters are each per-
formed in real-timeduringoperationof theground-source
heat pump. In some embodiments, the forward model
and the inversion of the forward model are validated
based on predicting the one or more predicted thermal
values while holding the predicted borefield parameters
constant.
[0074] In some embodiments, the method 1000 in-
cludes an act 1050 of monitoring the thermal system
based on the predicted borefield parameters. For exam-
ple, a thermal management system may monitor the
health of the thermal system based on tracking the pre-
dicted borefield parameters over time. In another exam-
ple, the method 1000 may include generating a digital
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twin of the borefield by inferring a temperature at one or
more locations in the borefield based on the predicted
borefield parameters. Inferring the temperature may
further be based on lithology data of the borefield. The
thermal management system may monitor a minimum
inferred temperature for any location in the borefield
based on the digital twin. In another example, the thermal
management system may determine a fault of the ther-
mal system based on a deviation of one or more mea-
sured thermal values from the one or more predicted
thermal values. In another example, the thermal man-
agement system may determine a thermal state of
charge of the borefield. In another example, the thermal
management system may predict one or more future
thermal values. In some embodiments, the method
1000 includes using the predicted borefield parameters
for controlling an operation of a ground source heat
pump, in particular controlling an operation of the ground
source heat pump based on the predicted borefield para-
meters. Alternatively, a non-transitory computer-read-
able storagemediummay include instructions that, when
executed by one ormore processors, cause a computing
device to perform the acts of FIG. 10. In still further
implementations, a system can perform the acts of
FIG. 10.
[0075] Turning now to FIG. 11, this figure illustrates
certain components that may be included within a com-
puter system 1100. One ormore computer systems 1100
may be used to implement the various devices, compo-
nents, and systems described herein.
[0076] The computer system 1100 includes a proces-
sor 1101. The processor 1101may be a general-purpose
single‑ or multi-chip microprocessor (e.g., an Advanced
RISC (Reduced Instruction Set Computer) Machine
(ARM)), a special purposemicroprocessor (e.g., a digital
signal processor (DSP)), a microcontroller, a program-
mable gate array, etc. The processor 1101 may be re-
ferred toasacentral processingunit (CPU).Although just
a single processor 1101 is shown in the computer system
1100 of FIG. 11, in an alternative configuration, a combi-
nation of processors (e.g., an ARM and DSP) could be
used.
[0077] The computer system 1100 also includesmem-
ory 1103 in electronic communication with the processor
1101. Thememory 1103may include computer-readable
storage media and can be any available media that can
be accessed by a general purpose or special purpose
computer system. Computer-readable media that store
computer-executable instructions are non-transitory
computer-readable media (device). Computer-readable
media that carry computer-executable instructions are
transmission media. Thus, by way of example and not
limitations, embodiment of the present disclosure can
comprise at least two distinctly different kinds of compu-
ter-readable media: non-transitory computer-readable
media (devices) and transmission media.
[0078] Both non-transitory computer-readable media
(devices) and transmissionmediamay be used tempora-

rily to store or carry software instructions in the form of
computer readable program code that allows perfor-
mance of embodiments of the present disclosure. Non-
transitory computer-readablemediamay further be used
to persistently or permanently store such software in-
structions. Examples of non-transitory computer-read-
able storagemedia include physical memory (e.g., RAM,
ROM, EPROM, EEPROM, etc.), optical disk storage
(e.g., CD, DVD, HDDVD, Blu-ray, etc.), storage devices
(e.g.,magnetic disk storage, tape storage, diskette, etc.),
flash or other solid-state storage or memory, or any other
non-transmission medium which can be used to store
program code in the form of computer-executable in-
structions or data structures and which can be accessed
by a general purpose or special purpose computer,
whether such program code is stored or in software,
hardware, firmware, or combinations thereof.
[0079] Instructions 1105 and data 1107 may be stored
in the memory 1103. The instructions 1105 may be ex-
ecutable by the processor 1101 to implement some or all
of the functionality disclosed herein. Executing the in-
structions 1105may involve the use of the data 1107 that
is stored in the memory 1103. Any of the various exam-
ples of modules and components described herein may
be implemented, partially or wholly, as instructions 1105
stored in memory 1103 and executed by the processor
1101. Any of the various examples of data described
herein may be among the data 1107 that is stored in
memory 1103 and used during execution of the instruc-
tions 1105 by the processor 1101.
[0080] A computer system 1100 may also include one
ormore communication interfaces 1109 for communicat-
ing with other electronic devices. The communication
interface(s) 1109may be based on wired communication
technology, wireless communication technology, or both.
Some examples of communication interfaces 1109 in-
clude a Universal Serial Bus (USB), an Ethernet adapter,
a wireless adapter that operates in accordance with an
Institute of Electrical and Electronics Engineers (IEEE)
802.11 wireless communication protocol, a Bluetooth®
wireless communication adapter, and an infrared (IR)
communication port.
[0081] The communication interfaces 1109 may con-
nect the computer system1100 to a network. A "network"
or "communications network" may generally be defined
as one or more data links that enable the transport of
electronic data between computer systems and/or mod-
ules, engines, and/or other electronic devices. When
information is transferred or provided over a communica-
tion network or another communications connection
(either hardwired, wireless, or a combination of hard-
wired or wireless) to a computing device, the computing
device properly views the connection as a transmission
medium. Transmissionmedia can include a communica-
tion network and/or data links, carrier waves, wireless
signals, and the like, which can be used to carry desired
program or template code means or instructions in the
form of computer-executable instruction or data struc-

5

10

15

20

25

30

35

40

45

50

55



15

27 EP 4 556 813 A1 28

tures andwhich canbeaccessedbyageneral purposeor
special purpose computer.
[0082] A computer system 1100 may also include one
or more input devices 1111 and one or more output
devices 1113. Some examples of input devices 1111
include a keyboard, mouse, microphone, remote control
device, button, joystick, trackball, touchpad, and light-
pen. Some examples of output devices 1113 include a
speaker and a printer. One specific type of output device
that is typically included in a computer system 1100 is a
display device 1115. Display devices 1115 used with
embodiments disclosed herein may utilize any suitable
image projection technology, such as liquid crystal dis-
play (LCD), light-emitting diode (LED), gas plasma, elec-
troluminescence, or the like. A display controller 1117
may also be provided, for converting data 1107 stored in
the memory 1103 into text, graphics, and/or moving
images (as appropriate) shown on the display device
1115.
[0083] The various components of the computer sys-
tem1100maybe coupled together byoneormorebuses,
which may include a power bus, a control signal bus, a
status signal bus, a data bus, etc. For the sake of clarity,
the various buses are illustrated in FIG. 11 as a bus
system 1119.
[0084] The techniques described herein may be im-
plemented in hardware, software, firmware, or any com-
bination thereof, unless specifically described as being
implemented in a specific manner. Any features de-
scribed as modules, components, or the like may also
be implemented together in an integrated logic device or
separately as discrete but interoperable logic devices. If
implemented in software, the techniquesmaybe realized
at least in part by a non-transitory processor-readable
storage medium comprising instructions that, when exe-
cuted by at least one processor, perform one or more of
the methods described herein. The instructions may be
organized into routines, programs, objects, components,
data structures, etc., which may perform particular tasks
and/or implement particular data types, and which may
be combined or distributed as desired in various embodi-
ments.
[0085] Further, upon reaching various computer sys-
tem components, program code in the form of computer-
executable instructions or data structures can be trans-
ferred automatically or manually from transmissionmed-
ia to non-transitory computer-readable storagemedia (or
vice versa). For example, computer executable instruc-
tions or data structures received over a network or data
link can be buffered in memory (e.g., RAM) within a
network interface module (NIC), and then eventually
transferred to computer system RAM and/or to less vo-
latile non-transitory computer-readable storagemedia at
a computer system. Thus, it should be understood that
non-transitory computer-readable storage media can be
included in computer system components that also (or
even primarily) utilize transmission media.

INDUSTRIAL APPLICABILITY

[0086] In some embodiments, a thermal system may
include a ground-source heat pump (GSHP). The GSHP
may be in thermal communication with a ground heat
exchanger. The ground heat exchanger may include a
borefield having one or more boreholes within a volume
of ground defining the borefield. One or more ground
loops may be positioned within the one or more bore-
holes, and the boreholes may be at least partially filled
with a grout, for example, to maintain the ground loops in
place and to facilitate heat transfer between the ground
loops and the ground. The ground loopsmay have a fluid
inlet and a fluid outlet but may have any configuration in
the wellbore, for instance coaxial or U-shaped. The
ground loops may be operatively coupled to the GSHP,
and a thermal fluid may flow through the ground loops to
facilitate transferring heat between the ground (or bore-
hole) heat exchanger and the GSHP. The GSHPmay be
in thermal communication with a facility heat exchanger
of the facility. The GSHP may include a compressor and
an evaporator (e.g., expansion valve) for implementing a
refrigerant cycle between the facility heat exchanger and
another heat exchanger in which flows a thermal fluid
circulating into the ground heat exchanger to transfer
heat from the facility to the borefield (e.g., cooling) via
the thermal fluid, as well as to transfer heat from the
borefield to the facility (e.g., heating), via the thermal fluid.
In thisway, theGSHPmaybeageothermalheat pump for
leveraging the thermal properties and conditions within
theground for providingheatingandcooling to the facility.
[0087] In some embodiments, the thermal system in-
cludes one or more supplemental thermal devices. The
supplemental thermal devices may be configured to pro-
vide heating and cooling to the facility. For example, the
supplemental thermal devices may include one or more
heating devices such as a boiler, furnace, or any other
heating device. The supplemental thermal devices may
include one or more cooling devices such as a chiller,
cooling tower, fin-fan cooler, or any other cooling device.
The supplemental thermal devices may be configured to
provide heating and/or cooling to the facility in addition to
(e.g., in parallel with), or as an alternative to the GSHP.
For example, in some embodiments, a capacity of the
GSHP is not sufficient to meet a load or demand of the
facility, and the supplemental thermal devices supple-
ment the GSHP to meet the thermal load. In another
example, the supplemental thermal devices may serve
as a backup or failsafe for providing heating and/or cool-
ing to the facility if the GSHP fails or is put offline (e.g., for
maintenance). In this way, heating and cooling may be
provided by both the GSHP and the supplemental ther-
mal devices. In some embodiments, the thermal system
does not include the supplemental thermal devices, and
the thermal loads of the facility are provided to the facility
by the GSHP without the supplemental thermal devices.
[0088] In some embodiments, the thermal system in-
cludes a thermal management system implemented on
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one or more computing devices, such as one or more
client devices. The thermal management systemmay be
in communication with one or more components of the
thermal system (e.g., via thenetworkasdescribeherein).
In some embodiments, the thermal management system
is in communication with one or more of the ground heat
exchanger, the GSHP, the supplemental thermal de-
vices, and the facility. The thermal management system
may be in communication with any other component or
system associated with the thermal system consistent
with that described herein. In some embodiments, the
thermal management system monitors one or more va-
lues, parameters, functions, and/or features of the ther-
mal system. For example, the thermal management sys-
tem may be in communication with one or more sensors
for receiving measurements of the thermal system. In
another example, the thermal management systemmay
record and/or track one or more parameters over time. In
some embodiments, the thermal management system
analyzes one or more values, parameters, functions,
and/or features of the thermal system. For example,
the thermal management system may estimate or infer
one or more values associated with the thermal system.
In another example, the thermal management system
maycharacterizeabehaviorof the thermal systemand/or
may predict future behaviors (e.g., faults) of the thermal
system. Insomeembodiments, the thermalmanagement
system controls one or more features and/or functions of
the thermal system. For example, the thermal manage-
ment system may control one or more aspects of the
GSHP, the ground heat exchanger, the facility, or any
other component. In this way, the thermal management
systemmay perform one or more functions related to the
thermal system as described herein.
[0089] In some embodiments, a thermal management
system is implemented in an environment in accordance
with one or more embodiments described herein. In
some embodiments, the environment includes one or
more server device(s). The server device(s) may include
one or more computing devices (e.g., including proces-
singunits, datastorage, etc.) organized inanarchitecture
with various network interfaces for connecting to and
providing data management and distribution across
one or more client systems. The server devices may
be connected to and may communicate with (either di-
rectly or indirectly) one or more client devices through a
network. The network may include one or multiple net-
works and may use one or more communication plat-
forms or technologies suitable for transmitting data. The
network may refer to any data link that enables transport
of electronic data between devices of the environment.
The networkmay refer to a hardwired network, awireless
network, or a combination of a hardwired network and a
wireless network. In one or more embodiments, the net-
work includes the internet. The network may be config-
ured to facilitate communication between the various
computing devices via any protocol or form of commu-
nication.

[0090] The client device may refer to various types of
computing devices. For example, one or more client
devices may include a mobile device such as a mobile
telephone, a smartphone, a personal digital assistant
(PDA), a tablet, a laptop, or any other portable device.
Additionally, or alternatively, the client devices may in-
clude one ormore non-mobile devices such as a desktop
computer, server device, surface or downhole processor
or computer (e.g., associated with a sensor, system,
function, etc., of the thermal system), or other non-por-
table device. In one or more implementations, the client
devices include graphical user interfaces (GUI) thereon
(e.g., a screen of a mobile device). In addition, or as an
alternative, one or more of the client devices may be
communicatively coupled (e.g., wired or wirelessly) to a
display device having a graphical user interface thereon
for providing a display of system content. The server
devices(s)may similarly refer to various types of comput-
ing devices. Each of the devices of the environment may
include features and functionalities described below.
[0091] The environment may include a thermal man-
agement system implementedononeormore computing
devices. The thermal management system may be im-
plemented on one or more client device, server devices,
and combinations thereof. Additionally, or alternatively,
the thermal management system may be implemented
across the client devicesand the serverdevices such that
different portions or components of the thermal manage-
ment system are implemented on different computing
devices in the environment. In this way, the environment
may be a cloud computing environment, and the thermal
management systemmaybe implemented across one or
more devices of the cloud computing environment in
order to leverage the processing capabilities, memory
capabilities, connectivity, speed, etc., that such cloud
computing environments offer in order to facilitate the
features and functionalities described herein.
[0092] The thermal management system may include
a data manager, a model engine, a validation manager,
and a thermal system controller. The thermal manage-
ment system may also include a data storage having
thermal system attribute data and predicted parameter
data stored thereon. While one or more embodiments
described herein describe features and functionalities
performed by specific components of the thermal man-
agement system, it will be appreciated that specific fea-
tures described in connection with one component of the
thermalmanagement systemmay, in someexamples, be
performed by one ormore of the other components of the
thermal management system.
[0093] By way of example, one or more of the data
receiving, gathering, and/or storing features of the data
manager may be delegated to other components of the
thermalmanagement system.Asanother example,while
models may be generated and/or implemented by the
model engine, in some instances, some or all of these
features may be performed by the validation manager,
data manager, or any other component of the thermal
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management system. Indeed, it will be appreciated that
some or all of the specific componentsmay be combined
into other components and specific functions may be
performed by one or across multiple of the components
of the thermal management system.
[0094] Additionally, while the thermal management
system has been described as being implemented on
a client device of the thermal system, it should be under-
stood that someor all of the featuresand functionalities of
the thermal management system may be implemented
on or across multiple client devices and/or server de-
vices. For example, data may be received by the data
manager on a (e.g., local) client device, and the datamay
be input to one or more models implemented by the
model engine on a remote, server, and/or cloud device.
Indeed, it will be appreciated that some or all of the
specific components may be implemented on or across
multiple client devices and/or server devices, including
individual functions of a specific component being per-
formed across multiple devices.
[0095] Asmentioned above, the thermal management
system includes a datamanager. The datamanagermay
receive and manage a variety of types of data of the
thermal management system. For example, the data
manager may receive design data. The design data
may include information relating to a design, configura-
tion, size, and/or capability of the thermal system. In
some embodiments, the design data includes informa-
tion relating to a design of the borefield. For example, the
design data may identify a size, length, depth, trajectory,
diameter, geometry, orientation, and/or location, of oneor
more boreholes of the borefield. The design data may
identify a quantity, arrangement, and/or configuration of
the boreholes in the borefield. The design data may
include and/or identify any other features of the bore-
holes. The design data may identify one or more under-
ground features of the ground, such as a material make-
up, composition, lithology, facies, physical and/or chemi-
cal properties,, formation, and/or underground resource
of the ground. In some embodiments, the design data
includes information related to the design of the ground
heat exchanger. For example, the design data may iden-
tify a geometry of the ground heat exchanger such as a
size, length, diameter, trajectory, shank spacing etc., of
oneormoreground loops. Thedesigndatamay identify a
configuration or completion of the ground loops, such as
a single tube, double (U) tube, or coaxial configuration.
Thedesigndatamay identify oneormore thermal proper-
ties of the ground heat exchanger, such as a thermal
conductivity, thermal resistivity, heat flux, temperature
(e.g., average) of the ground loops, the grout, and/or
the ground (e.g., measured during a thermal response
test). The design data may identify a coolant, antifreeze,
glycol, water, brine, or any other thermal fluid (e.g., heat
transfer fluid) flowing through the ground heat exchanger
and/or implemented in the thermal system, including the
properties of the thermal fluid.
[0096] In someembodiments, thedesigndata includes

information relating to the GSHP. For example, the de-
sign data may identify a size, capacity, efficiency, or any
other configuration of theGSHP. For instance, the design
data may identify one or more values (e.g., maximum,
minimum, average, and/or predicted values) for one or
more of an electrical power rating and/or consumption, a
thermal power rating and/or output, a heating and/or
cooling capacity, an efficiency, a flow rate (e.g., of the
GSHP, ground heat exchanger, or facility heat exchan-
ger), a temperature (e.g., input, output, and/or operating
temperature), or anyother relevant information relating to
the configuration of the GSHP (and combinations there-
of).
[0097] In someembodiments, thedesigndata includes
information relating to the facility. For example, the de-
sign data may identify a size of the facility including a
heating and/or cooling draw or load (e.g., average, ex-
pected, maximum, minimum, etc.). The design data may
identify a location of the facility including seasonal and/or
climate information about the location. The design data
may identify information about the heating, ventilation,
and air-conditioning (HVAC) configuration of the facility.
For example, in some embodiments, the facility imple-
ments one or more devices such as the supplemental
thermal devices in addition to the GSHP to provide heat-
ing and cooling. In another example, the design datamay
include information about the facility heat exchanger of
the facility. The design data may include information
relating to the facility heat exchanger, such as similar
features to that described above in connection with the
ground heat exchanger. In this way, the data manager
may receivedesigndata related toadesignof the thermal
system.
[0098] In some embodiments, the data manager re-
ceives sensor data. The sensor data may include mea-
surements from any number of sensors included or as-
sociated with the thermal system. For example, the sen-
sor data may include measurements associated with an
operation of the thermal system. For instance, the sensor
data may include a flow rate (e.g., volumetric flow rate,
massflowrate)of oneormore thermal fluids in theground
heat exchanger, GSHP, and/or the facility heat exchan-
ger. The sensor data may include one or more tempera-
ture measurements including one or more of a fluid
temperature of thermal fluid(s) at one or more locations
in the thermal system (e.g., flowing into, through, and/or
out of one or more components, such as the refrigerant,
the thermal fluid flowing into the borefield, etc.), a bore-
hole temperature of one or more boreholes in the bore-
field, aground temperatureatoneormore locations in the
ground of the borefield, and any other temperature of any
other component. The sensor data may include a fluid
pressure and/or pressure differential of one or more
thermal fluids at or across one or more locations in the
thermal system (e.g., flowing into, through, and/or out of
one or more components). The sensor data may include
ameasure of a thermal fluxof oneormore components of
the thermal system, such as a thermal flux of the ground
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heat exchanger, theGSHP, the facility heat exchanger, or
any other component. The thermal flux may be a heat
flux, heat flux density, heat flow rate intensity, or any
similar measure of thermal energy flow rate.
[0099] In someembodiments, thesensordata includes
a measure of an electrical power usage or consumption
by one or more components of the thermal system, such
as a power usage of the GSHP and/or the supplemental
thermal devices. The sensor data may include one or
more measurements associated with a thermal power
output of the thermal system, such as a heating power
and/or cooling power (e.g., kW) of one or more compo-
nents of the thermal system.
[0100] In someembodiments, thesensordata includes
measurements associated with the borefield. For exam-
ple, the sensor data may include measurements from
reservoir mapping tools, formation evaluation tools, log-
ging while drilling (LWD) tools, and/or measurement
while drilling (MWD) tools. The sensor data may include
measurements from downhole sensors and surfaces
sensors. For example, the sensor data may include
measurements associated with a thermal response test
of one or more boreholes in the borefield. The sensor
data may include measurements associated with an
inclinometer survey, such as measurements from accel-
erometers, magnetometers, gyroscopes, etc. The sen-
sor data may include measurements from gamma ray
sensors, resistivity sensors, neutron density sensors,
porosity sensors, acoustic sensors, temperature sen-
sors, pressure sensors, depth sensors, wireline tools,
any other sensor, and combinations thereof. The sensor
data may include data from one or more surveying tools.
In some embodiments, some of the design data is re-
ceived and/or is based on one or more measurements
from the sensor data. In this way, the data manager may
receive measurements from one or more sensors. The
data manager may receive the sensor data from any
sensor in communication with the thermal system.
[0101] In some embodiments, the data manager re-
ceivesmodel data associatedwith one ormore computer
and/or software implemented models for performing one
ormore features of the thermalmanagement system. For
example, as described herein, the thermal management
system may implement one or more models to predict,
estimate, and/or determine one or more thermal para-
meters of the thermal system. One or more models may
estimate one or more measured values (e.g., sensor
data) as described herein. Amodel may be implemented
to infer the temperature at one ormore (or all) locations in
the borefield (e.g., a borefield digital twin as described
herein). The model data may include one or more ma-
chine learning models, deep learning models, and/or
artificial intelligence (AI) models. The model data may
include, forward models, inverse or reverse models,
artificial neural networks, algorithms, regressionmodels,
or any other model or type of model, and combinations
thereof. In someembodiments, the thermalmanagement
system implements one or more models or algorithms of

the model data by inputting data or information into the
models. In some embodiments, the thermal manage-
ment systemcalibrates, train, or tuneoneormoremodels
or algorithms of the model data.
[0102] In some embodiments, the data manager re-
ceives user input. The data manager may receive the
user input, for example, via any of the client devices
and/or server devices. Any of the data described herein
may be input or augmented via the user input. For ex-
ample, in some instances, some or all of the sensor data
may be received by the data manager as user input. In
some instances, some or all of the design data may be
received by the data manager as user input. As will be
described herein, oneormore functions or features of the
thermal management system may be facilitated by re-
ceiving user input.
[0103] Thedatamanagermay saveand/or store any of
the data it receives to the data storage 130. For example,
the data manager may store data associated with the
design, operation, modelling, etc., of the thermal system
as thermal system attribute data. The datamanagermay
store data associated with one or more predicted values,
parameters, properties, models, etc., as predicted para-
meter data. Any of the data in the data storage may
include data received, manipulated, generated, and/or
augmented by the data manager as described herein.
[0104] Asmentioned above, the thermal management
system includes a model engine. The model engine may
implement a thermal model including a forward model
and an invertedmodel. In someembodiments, themodel
engine receives the thermalmodel, suchasbyaccessing
themodel data. In someembodiments, themodel engine
generates, calibrates, and/or trains the thermal model.
[0105] The thermal model may include a forwardmod-
el. The forward model may be a physical model of the
ground heat exchanger. For example, the forward model
may be a computational tool that simulates and/or pre-
dicts the thermalbehavior of theborefield, theground, the
boreholes, etc. The forward model may receive (or may
be based on) one or more parameters, and based on
receiving one or more inputs, the forward model may
predict or estimate oneormoreoutput values. In thisway,
the forwardmodel may provide a detailed representation
of the thermal response of the ground heat exchanger
due to heat transfer.
[0106] In some embodiments, the forward model re-
ceives (or is based on) one or more borefield design
parameters. The borefield design parameters may in-
clude information related to the one or more boreholes of
the borefield, such as a trajectory, length, diameter, loca-
tion, position, layout, configuration, etc., of theboreholes.
The borefield design parameters may include any of the
design data related to the borefield as described herein.
[0107] In some embodiments, the forward model re-
ceives (or is based on) one or more completion design
parameters. The completion design parameters may
include information related to the completion of the bore-
holes of the borefield, such as a diameter, configuration,
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length, arrangement, shank spacing, etc., of the ground
loops. The completion design parameters may include
thermal properties of the ground loops and/or of the
thermal fluid circulated in the ground loops.
[0108] In some embodiments, the forward model re-
ceives (or is basedon)oneormore initial conditions, such
as initial borefield parameters. The initial borefield para-
meters may include information related to one or more
properties of the borefield, such as an initial thermal
conductivity of the ground, an initial thermal conductivity
of the grout, and/or an initial average temperature of the
ground. One or more of the initial borefield parameters
may be initial conditions in that theymay be initial starting
points or estimates of the borefield parameters for use in
simulating the thermal response with the forward model
(e.g., to output the predicted thermal values). As de-
scribed below, one or more of the initial borefield para-
meters may be variables that may be manipulated or
changed through implementation of the invertedmodel in
order to determine one or more of the predicted borefield
parameters.
[0109] The forward model may receive (or may be
basedon) anyother parameter. For example, the forward
model may receive one or more boundary conditions
such as an ambient air temperature, heat pump condition
(e.g., compressor and/or evaporator temperature), heat
pump state (e.g., on/off), or any other factor that may
influence the heat transfer process. The borefield design
parameters and/or the completion design parameters
may include information from the thermal system attri-
bute data. In some embodiments, the borefield design
parameters and/or the completion design parameters
may be static inputs and, as just mentioned, one or more
of the initial borefield parameters may be variables.
[0110] In some embodiments, the forward model re-
ceives one or more dynamic inputs, or measurement
inputs. Themeasurement inputs may be associated with
a flow of the thermal fluid through the ground heat ex-
changer. For example, the forward model may receive a
thermal flux input. The thermal flux input may be a mea-
sure of a rate of energy transferred between the thermal
fluid and the ground as a result of the thermal fluid flowing
through the ground loops (e.g., energy per unit area per
unit time,W/m2).The thermal flux inputmaybemeasured
at one or more locations of the ground heat exchanger,
and may be part of the sensor data.
[0111] In someembodiments, themeasurement inputs
include a flowrate input. The flowrate input may include a
volumetric flow rateand/or amassflow rateof the thermal
fluid flowing through the ground heat exchanger. The
flowrate input may bemeasured at one ormore locations
of the ground heat exchanger, and may be part of the
sensor data.
[0112] The forwardmodel being based on the borefield
design parameters, the completion design parameters,
and the initial borefield parameters in this way may facil-
itate accurately simulating the heat transfer processes of
the thermal system (e.g., due to the inputs). For example,

the forward model may account for factors such as geo-
physical properties of the ground, the configuration of the
borefield, and operational parameters of the GSHP. The
forward model may implement numerical techniques for
capturing the interplay between one ormore of the inputs
and/or parameters in order to accurately characterize the
thermal response of the ground heat exchanger. For
example, the forward model may incorporate mathema-
tical heat transfer equations, such as a g-function, that
describe conductive, convective, radiative, and/or ad-
vective heat transfer within the thermal system, as well
as the transient nature of heat transfer at changing tem-
peratures. The forward model may implement numerical
calculations, finite element analyses, or any other tech-
niques for modeling and solving the heat transfer of the
thermal system.
[0113] In this way, the forward model may model the
temperature distribution and variation within the ground
over one or more discrete time intervals in response to a
thermal rejection to (or thermal extraction from) the
ground by the thermal fluid and/or the ground loops.
For example, the forward model may include or may
be based on robust heat transfer dynamics and/or equa-
tions that capture faster transients within the thermal
system. In these situations, the forward model may im-
plement time intervals, such as every 1‑5 minutes to
simulate a more detailed or faster thermal response of
the thermal system. In another example, the forward
model may include or may be based on more general
or balanced thermodynamics and may accordingly im-
plement longer time intervals, such as every 1‑5 hours to
simulate amore general thermal response or equilibrium
of the thermal system over a longer time period.
[0114] In some embodiments, the forward model out-
puts or predicts one or more predicted thermal values.
The predicted thermal values may include predicted
values associated with the thermal fluid, such as a pre-
dicted inlet temperature of the thermal fluid flowing into
the ground heat exchanger, a predicted outlet tempera-
ture of the thermal fluid flowing out of the ground heat
exchanger, a predicted pressure drop of the thermal fluid
at or across one or more locations of the ground heat
exchanger. The predicted thermal values may include
predicted values associated with the ground, such as a
predicted temperature at one or more locations of the
ground. In some embodiments, the predicted thermal
values are values or parameters of the thermal system
that will or can be measured or observed. For example,
the predicted thermal values output by the forwardmodel
may correspond and may be compared to one or more
actual, measured thermal values, such as a measured
fluid inlet temperature, measured fluid outlet tempera-
ture, measured fluid pressure drop, etc.. This may facil-
itate calibrating, tuning, or training the thermal model, as
described herein. The predicted thermal values may
include any other value that may be predicted by the
forward model consistent with that described herein. In
thisway, the forwardmodelmay characterize the thermal
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behavior of the ground heat exchanger in order to predict
one or more observable values of the thermal system.
Themodel enginemay store any of the predicted thermal
values to the data storage as predicted parameter data.
[0115] As mentioned, the thermal model may include
an inverted model. The inverted model may facilitate
estimating or predicting one or more of the parameters
upon which the forward model is based. In this way, the
inverted model may be an inversion or a reversal of the
forward model. For example, the forward model may
predict, based on the model parameters, one or more
valuesof the thermal system,and the invertedmodelmay
facilitate finding the set of model parameters (e.g., in
particular borefield parameters) that result in predicted
values that best match actual measured values of the
thermal system.
[0116] For example, as mentioned, the forward model
may determine one or more predicted thermal values
associated with the thermal system based on a set of
initial borefield parameters (among other factors). As
described, the data manager may receive sensor data
including themeasured thermal values. In someembodi-
ments, the inverted model compares the predicted ther-
mal values to themeasured thermal values.For example,
the inverted model may include or may define an objec-
tive function or cost function that quantifies a target
difference between one or more of the predicted thermal
values and the measured thermal values for the set of
parameters used by the forward model (e.g., used for a
given iteration performed by the forwardmodel). In some
embodiments, the inverted model finds the set of para-
meters that minimizes this target difference. For exam-
ple, the inverted model may iteratively adjust or modify
one or more (or all) of the initial borefield parameters in
order to iteratively change or modify the predicted ther-
mal values that the forward model outputs.
[0117] In some embodiments, the inverted model in-
cludes or defines an optimization algorithm or engine in
order to find the best-fit values for the initial borefield
parameters. For example, the inverted model may try
and/or modify different combinations of the initial bore-
field parameters to yield a sufficient or desirable target
difference. In some embodiments, the inverted model
functions iteratively in this way until a convergence oc-
curs for the target difference. For example, the inverted
model may iterate until the target difference is within a
predetermined threshold, such as substantially 0. In an-
other example, the inverted model may iterate until a
change in the target difference is within a predetermined
threshold (e.g., for a threshold quantity of consecutive
iterations). In another example, the inverted model may
iterate until a minimum (or least) target difference is
found, such as by iterating through a predetermined
quantity of (or all) iterations.
[0118] In this way, the inverted model may iteratively
generate the predicted thermal values and compare
those values to the measured thermal values in order
to determine a set of best-fit borefield parameters. The

inverted model may output these best-fit parameters as
predicted borefield parameters. For example, the pre-
dicted borefield parameters may include a ground ther-
mal conductivity (k) and a grout thermal conductivity (kg).
The predicted borefield parametersmay include an aver-
age temperature (T0) of the ground and/or a current
temperature (T) of the ground in one or more locations
of the ground in the neighborhood of the borefield. The
average temperature T0 may be an average far-field or
undisturbed ground temperature. The borefield para-
metersmaybeassociatedwith oneormoredepthswithin
the ground, or may be associated with the ground heat
exchanger generally (e.g., an average). In this way, the
predicted borefield parameters may represent an infer-
ence of one or more properties or parameters of the
ground heat exchanger. In some embodiments, deter-
mining (e.g.,measuring) anactual valueof oneormoreof
the predicted borefield parameters may not be possible,
may be prohibitively difficult or not feasible, or may be
cumbersome in practice. By inferring the predicted bore-
field parameters in this way, the thermal model may
facilitate understanding a state, change, condition,
etc., of one or more of the thermal properties of the
thermal system which may otherwise not be known. As
discussed herein, generating the predicted borefield
parameters may facilitate monitoring, analyzing, and/or
controlling one or more aspects of the thermal system.
The model engine may store any of the predicted bore-
field parameters to the data storage as predicted para-
meter data.
[0119] The thermal model may be implemented in
order to determine the predicted borefield parameters.
In some embodiments, the thermal model iteratively
and/or continuously determines the predicted borefield
parameters. For example, the thermalmodelmayupdate
the predicted borefield parameters one or more times
over a predetermined time interval. For instance, the
thermal model may receive the inputs (e.g., thermal flux
input and/or flowrate input) at discrete time intervals such
as every 1 minute, 2 minutes, 3 minutes, 4 minutes, 5
minutes, or up to every 1 hour, 2 hours 3 hours, or more.
The inputsmay include an actual measured value and/or
may includeastatistical valuesuchasanaverage,mean,
median, mode, maximum, minimum, etc., calculated
over several time intervals. In thisway, the thermalmodel
may receive the inputs as live or real-time data inputs.
The thermalmodelmayaccordingly update thepredicted
borefield parameters in real time based on the live data
inputs. In thisway, the thermalmodelmay facilitate a real-
time estimation or inference of the predicted borefield
parameters to simulate changes in the thermal response
over predetermined time intervals based on heat ex-
tracted or injected by the GSHP.
[0120] The thermal model functioning based on the
inputs and parameters discussed above, in this way,
may facilitate determining the predicted borefield para-
meters during operation of the thermal systemand/or the
GSHP. For example, the borefield design parameters
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and the completion design parametersmay include static
values that may be known or calculated, for example,
based on the design, construction, etc., of the thermal
system. Additionally, the thermal flux input and the flow-
rate input may include values and/or may be calculated
from values that are received and/or measured by the
data manager during operation of the thermal system,
such as with temperature sensors, flow sensors, pres-
sure sensors, etc. The predicted borefield parameters
may accordingly be determined during operation of the
thermal system based on this information that is known
and/or collected during operations. In this way, the ther-
mal management system may provide the features and
functionalities discussed herein without having to put the
thermal system offline.
[0121] In some embodiments, the model engine uti-
lizes the predicted borefield parameters to generate an-
d/or implement a digital twin. The digital twin may be a
digital representation of one or more aspects of the
ground heat exchanger and/or the borefield. For exam-
ple, based on the predicted borefield parameters, the
digital twin may infer one or more other parameters,
properties, and/or states of the thermal system.
[0122] In some embodiments, the digital twin indicates
a temperature of the borefield and/or the ground at one or
more locations. For example, given the known geometry
and configuration of the ground heat exchanger, as well
as the flow measurements of the thermal fluid, and by
incorporating the thermal properties of the ground (e.g.,
the predicted borefield parameters) the model engine
may generate a detailed temperature map of the bore-
field. The digital twin may indicate one or more tempera-
tures with respect to a (e.g., 2‑ or 3-dimensional) spatial
coordinate. For example, the model engine may gener-
atea2‑or 3-dimensional grid consistingof individual cells
associated with a specific location in the borefield. The
size and/or quantity of cells may vary depending on a
desired level of detail for the digital twin. For each cell in
the grid, the model engine may determine a temperature
based on a physical modelling of the heat transfer to that
location by implementing heat transfer equations and/or
numerical methods (e.g., similar to that used in connec-
tion with the forward model). The model engine may
incorporate lithology data for the ground, data from ther-
mal response tests, laboratory testing, or any other data
such as data from the thermal system attribute data. In
someembodiments themodel engine implements one or
more methods of interpolation for estimating tempera-
tures at the boundaries of cells of the grid and/or between
cells. In this way, a continuous temperature field may be
generated for anareaof interest (or all of) theborefield via
the digital twin.
[0123] In some embodiments, the model engine gen-
erates a plot, or a visual representation of the digital twin.
For example, the model engine may implement color
mapping or shading to represent different temperatures
of the temperature field in order to generate a 2‑ or 3-
dimensional temperature map of the borefield. In some

embodiments, the model engine displays the digital twin
via a graphical user interface. In this way, the digital twin
maybevisually representedandpresented inorder that a
user may analyze and/or interpret the inferred tempera-
tures of the borefield.
[0124] In this way, the thermal management system
may facilitate inferring the temperature at any point in the
ground based on the digital twin. This detailed and real-
time overview of the ground temperature may facilitate
efficiently and/or effectively operating the thermal sys-
tem. For example, as will be discussed herein in detail,
the thermal management systemmaymonitor the digital
twin to maintain the ground temperature at or above a
threshold level. The digital twin may be especially ad-
vantageous in situations where the ground heat exchan-
ger has a complex configuration or geometry, such as
having one or more inclined boreholes. Such geometries
may result in temperature gradients and/or heat transfer
that is not uniformover different depthswithin the ground,
making it especially difficult to discern the temperature at
one or more locations. The digital twin may incorporate
the design (e.g., geometry) of the ground heat exchanger
in order to accurately infer the temperature at every
location in the ground irrespective of the complexity of
the design. In this way, the model engine may facilitate
inferring valuable temperature data for the ground heat
exchanger via the digital twin. The model engine may
store and/or update the digital twin to the data storage as
the predicted parameter data.
[0125] Asmentioned above, the thermal management
system includes a validation manager. The validation
manager may facilitate validating the thermal model
(and the digital twin) by validating the predicted borefield
parameters generated by the thermal model.
[0126] As mentioned, the thermal model may predict
one or more thermal values as an intermediate for pre-
dicting the borefield parameters. The validationmanager
may validate the accuracy of the borefield parameters,
and therefore the thermal model, by comparing the pre-
dicted thermal values to equivalent real-world measure-
ments for the thermal values. The example validation
illustrates an example comparison of a predicted and
measured outlet temperature.
[0127] In some embodiments, a set of predicted bore-
field parameters are applied to the forward model after
being determined by the inverted model. For example,
the model engine may hold the predicted borefield para-
meters constant over a validation period of operation of
the thermal system, and the forward model may deter-
mine the predicted thermal values based on those (con-
stant) predicted borefield parameters for the duration of
the validation period. In some embodiments, the valida-
tionmanagermonitors thepredicted thermal values (e.g.,
outlet temperature) over the validation period and com-
pares the predicted thermal values (e.g., predicted outlet
temperature) to theassociatedmeasuredvaluesover the
validation period. For example, the comparison illus-
trates the predicted vsmeasured outlet temperature over
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the course of several days and months.
[0128] In some embodiments, the validation manager
determines an error between the predicted value and the
measured values for one or more time periods (e.g.,
hours) over the course of the validation period. Based
on the error, the validation manager may determine a
statistical distribution (e.g., normal distribution) including
one or more statistical values such as a mean, median,
mode, average, maximum, minimum, standard devia-
tion, variance, etc. The validation manager may accord-
ingly determine whether the predicted borefield para-
meters are accurate and/or precise based on this com-
parison and analysis.
[0129] Based on the accuracy of the predicted bore-
field parameters (e.g., held constant over the measure-
ment period), the validation manager may accordingly
determine whether the thermal model is accurate and/or
precise. For example, the error for the outlet temperature
may have an average close to 0.0 °C with a standard
deviation grouping the data tightly therewith. This may
indicate that the thermal model is accordingly calibrated
or trained to a high degree of accuracy, and that the
predicted borefield parameters determined by the ther-
mal model may be relied on with a high confidence. In
some embodiments, the validation manager indicates
this determination (and/or the error) to a user of the
thermal management system, such as through a graphi-
cal user interface.
[0130] In some embodiments, the validation manager
determines that the thermal model is not accurate to a
sufficient degree, such as based on determined that the
error hasanaverage and/or standard deviation that is not
within a threshold range. The validation manager may
accordingly provide an indication of the error of the
thermal model. For example, the validation manager
may provide an alarm or other indication to a user of
the error. In another example, the validation manager
may provide an indication of which value(s) (e.g., outlet
temperature, inlet temperature, etc.) are associated with
the error, including one or more instances of departure
between the measured and predicted values.
[0131] In this way, the validation manager may facil-
itate validating that the thermal model properly functions
to accurately determine the predicted borefield para-
meters to a threshold degree. While the predicted bore-
field parameters have been described as being applied
and/or held constant, it should be understood that this
may be as part of the validation process of the thermal
model, and that, once validated, the thermal model may
again be implemented to adjust the predicted borefield
parameters in order to accurately determine (e.g., infer)
the best-fit parameters in real-time, as described herein.
[0132] Asmentioned above, the thermal management
system includes a thermal systemcontroller. The thermal
systemcontrollermay facilitate implementing the thermal
model (more specifically the outputs of the thermal mod-
el) and/or the digital twin in a variety of advantageous
ways in connection with the thermal system. For exam-

ple, the thermal system controller may monitor and/or
analyze one or more aspects of the thermal system to
provide valuable insights and/or overviews of the one or
more aspects of the thermal system. In some embodi-
ments, the thermal system controller facilitates control-
ling or operating the thermal system, for example, based
on one or more of these observations.
[0133] In someembodiments, the thermal systemcon-
troller monitors and tracks the thermal properties of the
borefield and/or the ground by monitoring and tracking
the predicted borefield parameters over time. For exam-
ple, the thermal system controller may identify and/or
track one or more changes in the predicted borefield
parameters over time corresponding to a change in the
thermal properties of the ground. For instance, a de-
crease or degradation of the ground thermal conductivity
(k) may correspond with a decreased water level of an
underground aquifer (or vice versa for an increase or
improvement in the ground thermal conductivity (k)). In
other examples, a decrease in the grout thermal con-
ductivity (kg) may correspond with a degradation (e.g.,
due to aging, borehole conditions, etc.) of the grout.
[0134] Similarly, the thermal system controller may
monitor and track any of the measured values (e.g.,
sensor data) and/or the predicted values over time. For
example, the thermal system controller may track and/or
detect a decrease in the flow rate (and/or an increase in
the pressure drop) of the thermal fluid over time, which
may indicate that the ground loops have become da-
maged or blocked. In some embodiments, the thermal
system controller monitors and tracks one or more mea-
sured values against the predicted thermal values over
time. For example, as discussed above in connection
with the validation manager, the thermal system control-
ler may determine and monitor the difference between
one or more measured and predicted values of the ther-
mal system. As discussed above, once calibrated, the
thermal model may be relied upon with confidence to
accurately predict one or more values, and the thermal
system controller may monitor the difference for any
significant deviation of the measured values. For exam-
ple, a measured outlet temperature that deviates from
that which is predicted or expected may indicate a fault
(or future fault) with one or more components in the
thermal system. The thermal system controller may ac-
cordingly generate an alert or otherwise indicate that a
fault has occurred or will occur in the future. In this way,
the thermal system controller may facilitate preventing or
mitigating failures of the thermal system.
[0135] In someembodiments, the thermal systemcon-
troller determines and monitors a state of charge of the
ground thermal battery over time. For example, based on
the temperatures indicated by the digital twin, and based
on themeasured thermal flux of the ground heat exchan-
ger, the thermal system controller may determine an
amountof heat energy that the thermal system is injecting
into, or extracting from, the borefield and the ground. The
thermal system controller may accordingly determine a
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heatenergycapacity for theborefield to transfer heat toor
from theGSHP(e.g., via the thermal fluid). In thisway, the
thermal system controller may monitor the state of ther-
mal charge of the ground, for example, between sea-
sons, in order to forecast a capacity for the thermal
system to provide heating and/or cooling during warmer
or cooler (respectively) times of the year.
[0136] In someembodiments, the thermal systemcon-
troller monitors the digital twin. For example, the thermal
system controller may determine and track the lowest
temperature at any point in the ground based on the
inferences of the digital twin. This may facilitate control-
ling and/or operating the thermal system. For example, in
many cases it may be undesirable for the ground to
freeze. Freezing may reduce the thermal conductivity
of the ground and therefore reduce the efficiency of the
GSHP. Similarly, freezing may increase energy con-
sumption for the GSHP to attempt to keep up with the
decreased efficiency. Further, freezing and thawing cy-
cles may risk damage or blockage to one or more com-
ponents of the thermal system. Thus, it may be advanta-
geous to prevent the ground from freezing at one ormore
locations.
[0137] The thermal system controller may track the
minimum ground temperature (Tgmin) over time. When
it is determined that the minimum ground temperature
Tgmin is at or below 0 °C, the thermal system controller
may implement one ormoremeasures to attempt to raise
the minimum ground temperature Tgmin up to above
freezing. For example, the thermal system controller
may reduce a thermal power (e.g., reduce a flowrate or
implement any other measure) of the GSHP 102 in order
to slow the rate atwhich theGSHP removesheat from the
ground. In another example, the thermal system control-
lermay generate an alert, indication, or otherwise prompt
a user to take one ormoremitigating actions with respect
to the minimum ground temperature Tgmin. The thermal
system controller may act reactively in this way to the
minimum ground temperature Tgmin in order to prevent
damage, inefficiencies, or other undesirable affects re-
sulting from the ground freezing.
[0138] In someembodiments, the thermal systemcon-
troller acts proactively to prevent freezing. For example,
the thermal system controller may identify one or more
patterns, trajectories, or trends in the data that it monitors
in order to forecast or project how the minimum ground
temperatureTgminwill change in the future.Forexample,
the thermal system controller may monitor and/or com-
pare one or more (measured and/or predicted) values
against the minimum ground temperature Tgmin in order
to identify how changes in these other values (or combi-
nations of values) may affect the minimum ground tem-
perature Tgmin. Based on a forecast that the minimum
ground temperatureTgminwill fall below0°C, the thermal
system controller may implement one or more of the
mitigating measures discussed above.
[0139] While freezingmay generally be undesirable, in
some embodiments, freezing at one or more locations in

the ground is acceptable within a threshold amount. For
example, in some embodiments, the minimum ground
temperature Tgmin occurs at a borehole wall of one or
more of the boreholes of the borefield. Accordingly, the
minimum ground temperature Tgmin at the borehole wall
may fall below freezing, but the freezingmaybe relatively
localized to an area immediately adj acent the bore-
hole(s). In some embodiments, the thermal system con-
troller monitors one or more additional minimum tem-
peratures, suchasaminimum temperatureat a threshold
distance (e.g., radius) fromoraround theborehole(s).For
example, a minimum temperature within a 25 cm radius
(Tg25min from the borehole(s) may bemonitored (e.g., in
addition to the minimum ground temperature Tgmin).
While the minimum ground temperature Tgmin falls be-
low 0 °C, the 25 cm radius temperature Tg25min may
remain well above 0 °C, indicating that the freezing does
not extend or permeate far from the borehole(s). The
thermal system controller may accordingly facilitate im-
plementing a control strategy for the thermal system that
allows the minimum ground temperature Tgmin to fall
below freezing while maintaining the 25 cm radius tem-
peratureTg25min (or anyother thresholddistance)above
freezing.
[0140] The thermal system controller may save data
fromany of itsmonitoring functions to the data storage as
predicted parameter data. In some embodiments, the
thermal systemcontroller plots oneormore of the values,
parameters, and/or properties that itmonitors and/ormay
present one or more plots via a graphical user interface.
[0141] In some embodiments, a method or a series of
acts is disclosed for operating a thermal system imple-
menting a ground-source heat pump as described here-
in, according to at least one embodiment of the present
disclosure.
[0142] In some embodiments, the method includes an
act of receiving design parameters associated with a
design of the thermal system. For example, the design
parameters may include borehole geometry data for one
or more boreholes of the borefield and completion geo-
metry data for a completion of the one ormore boreholes.
[0143] In some embodiments, the method includes an
act of receiving one or more measurement inputs asso-
ciated with a flow of thermal fluid through a borefield of a
ground heat exchanger. For example, the measurement
inputs may include a flowrate of the thermal fluid through
thegroundheat exchanger and/or a thermal fluxbetween
the thermal fluid and the borefield.
[0144] In some embodiments, the method includes an
act of, based on the measurement inputs and the design
parameters, predicting one or more predicted thermal
values of the thermal fluid using a forward model. For
example, the predicted thermal values may include one
or more of a predicted inlet temperature of the thermal
fluid flowing into the ground heat exchanger, a predicted
outlet temperature of the thermal fluid flowing out of the
ground heat exchanger, a predicted flow rate of the
thermal fluid flowing through the ground heat exchanger,
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and a predicted fluid pressure drop of the thermal fluid.
[0145] In some embodiments, the method includes an
act of predicting one or more predicted borefield para-
meters of the borefield based on inverting the forward
model. Inverting the forwardmodel may includeminimiz-
ing a target difference between the predicted thermal
values and one or more measured thermal values (such
as the temperature of the thermal fluid at the outlet of the
borefield). In some embodiments, predicting the one or
more predicted thermal values with the forward model
and inverting the forwardmodel topredict theoneormore
predicted borefield parameters are each performed in
real-time during operation of the ground-source heat
pump. In some embodiments, the forward model and
the inversion of the forward model are validated based
on predicting the one or more predicted thermal values
while holding the predicted borefield parameters con-
stant. The predicted borefield parameters may include
one ormore of a predicted ground thermal conductivity, a
predicted grout thermal conductivity, and a predicted far-
field ground temperature.
[0146] In some embodiments, the method includes an
act of monitoring the thermal system based on the pre-
dicted borefield parameters. For example, a thermal
management systemmay monitor the health of the ther-
mal system based on tracking the predicted borefield
parameters over time. In another example, the method
may include generating a digital twin of the borefield by
inferring a temperature at one or more locations in the
borefield based on the predicted borefield parameters.
Inferring the temperature may further be based on lithol-
ogy data of the borefield. The thermal management
system may monitor a minimum inferred temperature
for any location in the borefield based on the digital twin.
In another example, the thermal management system
may determine a fault of the thermal system based on a
deviation of one or more measured thermal values from
the one or more predicted thermal values. In another
example, the thermal management system may deter-
mine a thermal state of charge of the borefield. In another
example, the thermal management system may predict
one ormore future thermal values. In some embodiment,
the method includes controlling an operation of the
ground source heat pump based on the predicted bore-
field parameters. Alternatively, a non-transitory compu-
ter-readable storage medium may include instructions
that, when executed by one ormore processors, cause a
computing device to perform the acts of the method. In
still further implementations, a system can perform the
acts of the method.
[0147] The following are non-limiting examples of em-
bodiments of the present disclosure:

1. A method of operating a thermal system imple-
menting a ground-source heat pump, comprising:

receiving design parameters associated with a
design of the thermal system;

receiving one or more measurement inputs as-
sociated with a flow of a thermal fluid through a
borefield of a ground heat exchanger;
based on the measurement inputs and the de-
sign parameters, predicting one or more pre-
dicted thermal values of the thermal fluid using a
forward model;
predicting one or more predicted borefield para-
meters of the borefield based on inverting the
forward model; and
monitoring the thermal system based on the
predicted borefield parameters.

2. The method of 1, wherein the design parameters
include borehole geometry data for one or more
boreholes of the borefield, and/or completion geo-
metry data for a completion of the one or more bore-
holes.
3. The method of 1 or 2, wherein the measurement
inputs include a flowrate of the thermal fluid through
the ground heat exchanger and/or a thermal flux
between the thermal fluid and the borefield.
4. The method of any of 1‑3, wherein inverting the
forward model includes minimizing a target differ-
ence between the predicted thermal values and one
or more measured thermal values.
5. The method of any of 1‑4, wherein the predicted
thermal values include one or more of a predicted
inlet temperature of the thermal fluid flowing into the
ground heat exchanger, a predicted outlet tempera-
ture of the thermal fluid flowingout of the groundheat
exchanger, a predicted flow rate of the thermal fluid
through the ground heat exchanger, and a predicted
fluid pressure drop of the thermal fluid.
6. The method of any of 1‑5, wherein predicting the
one or more predicted thermal values with the for-
ward model and inverting the forward model to pre-
dict the one or more predicted borefield parameters
are each performed during operation of the ground-
source heat pump, for instance in real-time.
7. The method of any of 1‑6, further comprising
validating the forward model and the inversion of
the forward model based on predicting the one or
more predicted thermal values while holding the
predicted borefield parameters constant.
8. The method of any of 1‑7, wherein monitoring the
thermal system includes monitoring a health of the
thermal system based on tracking the predicted
borefield parameters over time.
9. The method of any of 1‑8, further comprising
generating a digital twin of the borefield by inferring
a temperature at one or more locations in the bore-
field based on the predicted borefield parameters.
10. Themethod of 9, whereinmonitoring the thermal
system includesmonitoring aminimum inferred tem-
perature for any location in theborefieldbasedon the
digital twin.
11. The method of 9 or 10, wherein inferring the
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temperature is further based on lithology data of the
borefield.
12. The method of any of 9‑11, wherein the digital
twin illustrates a temperature map of the borefield.
13. Themethodof 12,wherein it comprisesproviding
a visualization of the temperature map of the bore-
field to a user.
14. The method of any of 1‑13, wherein monitoring
the thermal system includes determining a fault of
the thermal system based on a deviation of one or
moremeasured thermal values from the one ormore
predicted thermal values.
15. The method of any of 1‑14, wherein monitoring
the thermal system includes determining a thermal
state of charge of the borefield.
16. The method of any of 1‑15, wherein monitoring
the thermal system includes predicting one or more
future thermal values.
17. The method of any of 1‑16, further comprising
controlling an operation of the ground-source heat
pump based on the predicted borefield parameters.
18. The method of any of 1‑17, wherein the one or
more predicted borefield parameters include one or
more of a predicted ground thermal conductivity, a
predicted grout thermal conductivity, and a predicted
far-field ground temperature.
19. A system, comprising:

at least one processor;

memory in electronic communication with the at
least one processor; and

instructions stored in the memory, the instruc-
tions being executable by the at least one pro-
cessor to:

receive design parameters associated with
a design of the thermal system;

receive one or more measurement inputs
associated with a flow of a thermal fluid
through a borefield of a ground heat ex-
changer;

based on the measurement inputs and the
design parameters, predict one or more
predicted thermal values of the thermal fluid
using a forward model;

predict one or more predicted borefield
parameters of the borefield based on invert-
ing the forward model; and

monitor the thermal system based on the
predicted borefield parameters.

20. A computer-readable storage medium including

instructions that, when executed by at least one
processor, cause the processor to:

receive design parameters associated with a
design of the thermal system;
receive one or more measurement inputs asso-
ciated with a flow of a thermal fluid through a
borefield of a ground heat exchanger;
based on the measurement inputs and the de-
sign parameters, predict one or more predicted
thermal values of the thermal fluid using a for-
ward model;
predict one or more predicted borefield para-
meters of the borefield based on inverting the
forward model; and
monitor the thermal system based on the pre-
dicted borefield parameters.

[0148] The embodiments of the thermal management
system have been primarily described with reference to
wellbore and/or borefield applications. The thermal man-
agement system described herein may be used in appli-
cations other than in association with one or more well-
bores. In other embodiments, the thermal management
system according to the present disclosure may be used
outside of a wellbore and/or downhole environment. For
instance, the thermalmanagement systemof the present
disclosure may be used in connection with air-source
heat pumps, water-source heat pumps, or any other
thermal system, heat transfer engine, or thermal cycle.
Accordingly, the terms "wellbore," "borehole" and the like
should not be interpreted to limit tools, systems, assem-
blies, or methods of the present disclosure to any parti-
cular industry, field, or environment.
[0149] One or more specific embodiments of the pre-
sent disclosure are described herein. These described
embodiments are examples of the presently disclosed
techniques. Additionally, in an effort to provide a concise
description of these embodiments, not all features of an
actual embodiment may be described in the specifica-
tion. It should be appreciated that in the development of
any such actual implementation, as in any engineering or
design project, numerous embodiment-specific deci-
sions will be made to achieve the developers’ specific
goals, such as compliance with system-related and busi-
ness-related constraints, which may vary from one em-
bodiment to another. Moreover, it should be appreciated
that such a development effort might be complex and
time consuming, but would nevertheless be a routine
undertaking of design, fabrication, and manufacture for
thoseof ordinary skill having thebenefit of thisdisclosure.
[0150] Additionally, it should be understood that refer-
ences to "one embodiment" or "an embodiment" of the
present disclosure are not intended to be interpreted as
excluding the existence of additional embodiments that
also incorporate the recited features. For example, any
element described in relation to an embodiment herein
may be combinable with any element of any other em-
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bodiment described herein. Numbers, percentages, ra-
tios, or other values stated herein are intended to include
that value, and also other values that are "about" or
"approximately" the stated value, as would be appre-
ciated by one of ordinary skill in the art encompassed
byembodimentsof thepresent disclosure.A stated value
should therefore be interpreted broadly enough to en-
compass values that are at least close enough to the
stated value to perform a desired function or achieve a
desired result. The stated values include at least the
variation to be expected in a suitable manufacturing or
production process, and may include values that are
within 5%, within 1%, within 0.1%, or within 0.01% of a
stated value.
[0151] A person having ordinary skill in the art should
realize in view of the present disclosure that equivalent
constructions do not depart from the spirit and scope of
the present disclosure, and that various changes, sub-
stitutions, and alterations may be made to embodiments
disclosed herein without departing from the spirit and
scope of the present disclosure. Equivalent construc-
tions, including functional "means-plus-function" clauses
are intended to cover the structures described herein as
performing the recited function, including both structural
equivalents that operate in the same manner, and
equivalent structures that provide the same function. It
is the express intention of the applicant not to invoke
means-plus-function or other functional claiming for any
claim except for those in which the words ’means for’
appear together with an associated function. Each addi-
tion, deletion, and modification to the embodiments that
falls within the meaning and scope of the claims is to be
embraced by the claims.
[0152] The terms "approximately," "about," and "sub-
stantially" as used herein represent an amount close to
the stated amount that is within standard manufacturing
or process tolerances, or which still performs a desired
function or achieves a desired result. For example, the
terms "approximately," "about," and "substantially" may
refer to an amount that is within less than 5% of, within
less than 1% of, within less than 0.1% of, and within less
than 0.01% of a stated amount. Further, it should be
understood that any directions or reference frames in
the preceding description are merely relative directions
or movements. For example, any references to "up" and
"down"or "above" or "below"aremerelydescriptiveof the
relative position or movement of the related elements.
[0153] The present disclosure may be embodied in
other specific forms without departing from its spirit or
characteristics. The described embodiments are to be
consideredas illustrativeandnot restrictive. Thescopeof
the disclosure is, therefore, indicated by the appended
claims rather than by the foregoing description. Changes
that comewithin themeaningand rangeof equivalencyof
the claims are to be embraced within their scope.

Claims

1. A method of operating a thermal system (100) im-
plementing a ground-source heat pump (102), com-
prising:

receiving design parameters associated with a
design of the thermal system (100);
receiving one or more measurement inputs as-
sociated with a flow of a thermal fluid through a
borefield (108) of a ground heat exchanger
(110);
based on the measurement inputs and the de-
sign parameters, predicting one or more pre-
dicted thermal values (162) of the thermal fluid
using a forward model (146);
predicting one or more predicted borefield para-
meters (160) of the borefield (108) based on
inverting the forward model (162); and
monitoring the thermal system (100) based on
the predicted borefield parameters (160).

2. The method of claim 1, wherein the design para-
meters include borehole geometry data for one or
more boreholes of the borefield, and/or completion
geometry data for a completion of the one or more
boreholes.

3. The method of claim 1 or 2, wherein the measure-
ment inputs include a flowrate of the thermal fluid
through the ground heat exchanger and/or a thermal
flux between the thermal fluid and the borefield.

4. The method of any of claims 1‑3, wherein inverting
the forward model includes minimizing a target dif-
ference between the predicted thermal values and
one or more measured thermal values.

5. The method of any of claim 1‑4, wherein the pre-
dicted thermal values include one or more of a pre-
dicted inlet temperature of the thermal fluid flowing
into the ground heat exchanger, a predicted outlet
temperature of the thermal fluid flowing out of the
ground heat exchanger, a predicted flow rate of the
thermal fluid through the ground heat exchanger,
and a predicted fluid pressure drop of the thermal
fluid.

6. The method of any of claims 1‑5, wherein predicting
the one or more predicted thermal values with the
forward model and inverting the forward model to
predict the one or more predicted borefield para-
meters are each performed during operation of the
ground-source heat pump.

7. The method of any of claims 1‑6, wherein the one or
more predicted borefield parameters includes one or
more of a predicted ground thermal conductivity, a
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predicted grout thermal conductivity, and a predicted
far-field ground temperature.

8. Themethod of any of claims 1‑7, whereinmonitoring
the thermal system includes monitoring a health of
the thermal system based on tracking the predicted
borefield parameters over time.

9. The method of any of claims 1‑8, further comprising
generating a digital twin of the borefield by inferring a
temperature at one ormore locations in the borefield
based on the predicted borefield parameters.

10. The method of claim 9, wherein monitoring the ther-
mal system includes monitoring a minimum inferred
temperature for any location in the borefield based
on the digital twin.

11. The method of claim 9 or 10, wherein inferring the
temperature is further based on lithology data of the
borefield.

12. The method of any of claims 1‑11, wherein monitor-
ing the thermal system includes determining a fault
of the thermal system based on a deviation of one or
moremeasured thermal values from the one ormore
predicted thermal values.

13. The method of any of claims 1‑12, wherein monitor-
ing the thermal system includes predicting one or
more future thermal values.

14. Themethod of any of claims 1‑13, further comprising
controlling an operation of the ground-source heat
pump based on the predicted borefield parameters.

15. A system, comprising:

at least one processor;
memory in electronic communication with the at
least one processor; and
instructions stored in the memory, the instruc-
tions being executable by the at least one pro-
cessor to:

receive design parameters associated with
a design of the thermal system;
receive one or more measurement inputs
associated with a flow of a thermal fluid
through a borefield of a ground heat ex-
changer;
based on the measurement inputs and the
design parameters, predict one or more
predicted thermal values of the thermal fluid
using a forward model;
predict one or more predicted borefield
parameters of the borefield based on invert-
ing the forward model; and

monitor the thermal system based on the
predicted borefield parameters.
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