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METHOD AND APPARATUS FOR PREDICTING DEPLETION OF
DEIONIZATION TANKS AND OPTIMIZING DELIVERY SCHEDULES

CROSS-REFERENCE
[0001] This application is a continuation of U.S. Patent Application No. 15/262.832, filed

September 12, 2016, the entire contents of which are incorporated herein by reference.

BACKGROUND

[0002] Deionization (DI) tank systems comprising one or more deionization tanks are
commonly used for fluid pretreatment in a variety of fluid flow processes. Some DI tank
systems comprise one or more tanks including various combinations of resins that are
deployed to filter impurities or other undesired constituents from a process fluid. As the
quality of fluid and the rate of fluid consumption dynamically changes, the depletion rate of
the resin within this tank is unpredictable. Sensors are available such that they will indicate
the depletion of the tank after the fact. For example, a sensor at the output of the deionization
tank system can sense properties of the fluid flowing from the deionization tank system
toward a use device. The sensor at the output of the deionization tank system can be used to
determine that the deionization tank system is no longer sufficiently deionizing the fluid for
use with the use device.

[0003] For instance, once a deionization tank system has filtered its capacity of grains from
the fluid, the deionization tank system becomes exhausted. Once the deionization tank
system is exhausted, it becomes ineffective for deionizing the fluid or providing deionized
fluid to the use device, and must be serviced or replaced. In some systems, an exhausted
deionization tank system can result in a temporarily unusable use device until the
deionization tank system is serviced or replaced. This can be costly to the user of the system.
Additionally, scheduling a provider to service or replace the deionization tank system after it
is determined that the deionization tank system is exhausted can take undesirably long to
service.

[0004] Additionally, from a deionization tank system servicing perspective, contractual or
other obligations with operators of deionization tank systems can require deionization tank
system service within a specified time of deionization tank system exhaustion. However,

observing exhaustion of the deionization tank system after the fact can place undesirable
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strain on the servicing entity to meet such commitments and deadlines. This can lead to

inefficiencies and excess costs in adequately servicing clients’ deionization tank systems.

SUMMARY

[0005] Some aspects of this disclosure are directed toward systems and methods for
generating delivery schedules for servicing deionization tanks at a plurality of service
locations. In some examples, systems can include, at each of the plurality of service
locations, a fluid flow system comprising a deionization tank system, a fluid flow meter, and
a conductivity sensor. In some such examples, the conductivity sensor is positioned upstream
from the deionization tank system and in fluid communication with a fluid inlet of the
deionization tank system.

[0006] The system can further include a central server in communication with each of the
plurality of service locations. The central server can be configured to receive, from each
service location, data corresponding to the amount of the conductivity of the fluid flowing
through the deionization tank system over time. The central server can be further configured
to determine, for each of the fluid flow systems, a predicted remaining capacity for the
corresponding deionization tank system. In some examples, the predicted remaining capacity
can be an amount of dissolved solids the system can subsequently remove from fluid flowing
therethrough. Additionally or alternatively, the predicted remaining capacity can include a
predicted time to exhaustion for the deionization tank system. This can be based, for
example, on historic or predicted use data for the fluid flow system.

[0007] Based on the predicted remaining capacity for each of the deionization tank systems,
the central server can generate a delivery schedule for servicing the deionization tank system
for each of the plurality of service locations. In some examples, the delivery schedule can be
generated based on a variety of additional parameters in addition to the predicted remaining
capacity for each deionization tank system, such as delivery logistics. The delivery schedule
can be optimized so that the delivery service expends the fewest resources while meeting the
needs of each client.

[0008] In some embodiments, factors other than the predicted remaining capacity can
contribute to a service location being placed on a delivery schedule. In some examples, a
service location can request delivery, for example, using a network interface. In some
examples, data corresponding to the amount and conductivity of the fluid such as

conductivity data, fluid flow data, predicted remaining capacity of the deionization tank
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system, and the like are accessible by the user. A user may wish to manually request tank
delivery based on observing such parameters. In some systems, additional sensors, such as a
resistivity sensor positioned downstream of the deionization tank system, can provide
information regarding the efficacy of the deionization tank system. In various such
embodiments, if the deionization tank system is not operating sufficiently effectively (e.g.,
based on the data from such a sensor), tank delivery can be requested automatically and/or
manually.

[0009] In some examples, the central server receives data corresponding to the amount and
conductivity of the fluid flowing through the deionization tank system over time directly
from network-connected fluid flow meters and conductivity sensors. Additionally or
alternatively, one or more service locations can include a local controller in communication
with the fluid flow meter and conductivity sensor at that service location. The local
controller can receive fluid flow and conductivity data from the sensors and communicate the
data to the central server and/or analyze the data, such as determine a predicted remaining
capacity for the deionization tank system. Thus, in some such examples, the central server
receives data corresponding to the amount and conductivity of fluid flowing through the
system from the local controller. This can include fluid flow and conductivity data and/or a
predicted remaining capacity of the deionization tank system corresponding to the amount
and conductivity of the fluid flowing through the deionization tank system. Accordingly, in
some such examples, determining a predicted remaining capacity for a deionization tank
system by the central server comprises receiving the predicted remaining capacity for the
deionization tank system from a corresponding local controller.

[0010] After generating a delivery schedule, the central server can communicate the delivery
schedule to a distribution center, which can implement the delivery schedule and service the
service locations. In some examples, the central server is in communication with a plurality
of distribution centers, each distribution center being configured to service a different set of
service locations. Thus, in some examples, the central server can generate a plurality of
delivery schedules to provide service to different sets of service locations, for example, using

different distribution centers.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a schematic diagram illustrating aspects of an exemplary fluid pre-treatment

system at a single location.
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[0012] FIG. 2 is a schematic illustration of a central server in communication with a plurality
of service locations.

[0013] FIG. 3 is a process flow diagram illustrating an exemplary method for generating a
delivery schedule for a plurality of service locations.

[0014] FIG. 4 is a schematic illustration of a central server in communication with a plurality
of regions.

[0015] FIG. 5 is a flow diagram illustrating a process for generating a delivery schedule.

DETAILED DESCRIPTION

[0016] FIG. 1 is a schematic diagram illustrating aspects of an exemplary fluid pre-treatment
system at a single location. The system includes a fluid input source 102 from which fluid
enters the system for pre-treatment. The fluid flows to a deionization tank system 106 in
order to treat the fluid to make the fluid suitable for an intended use. The deionized fluid is
directed toward a use device 112 where the pre-treated fluid is suitable for use.

[0017] In various systems, a deionization tank system 106 includes one or more deionization
tanks. Each tank can be one of a variety of types of tanks, including but not limited to strong
based anion, weak based anion, cation, and mixed-bed tanks. Similarly, tanks can be a
variety of sizes, for example, including different physical sizes, different amounts of
deionizing material, and the like. A deionization tank system 106 can include one or more
types of tanks within the system. The deionization tank system 106 is configured to deionize
and/or perform an ion-exchange process on the fluid from the fluid input source 102 to render
the fluid suitable for the end process of the use device 112.

[0018] In some exemplary systems, the deionization tank system 106 is configured to
eliminate particulates or dissolved solids measured as TDS (total dissolved solids) from the
fluid. In some instances, the service capacity of the deionization tank system 106 is
measured in grains, which is approximately equal to the number of particles removed from
the fluid by the deionization tank system 106. In some examples, the service capacity of the
deionization tank system 106 is dependent upon the quality of the fluid flowing through the
system and the consumption rate of the system, the type of tanks used in the system, the size
of the tanks in the system, and the number of tanks in the system. In some such examples, the
service capacity of a deionization tank system 106 can be known a priori based on various
factors, such as a manufacturing process, quality of materials used, and historical utilization

statistics.



WO 2018/049374 PCT/US2017/051101

[0019] Often, once a deionization tank system 106 has filtered its capacity of grains from the
fluid, the deionization tank system 106 becomes exhausted. Once the deionization tank
system 106 is exhausted, it is ineffective for deionizing the fluid or providing deionized fluid
to the use device 112, and must be serviced or replaced. In some systems such as system
100, an exhausted deionization tank system 106 can result in a temporarily unusable use
device 112 until the deionization tank system 106 is serviced or replaced.

[0020] In some embodiments, a fluid flow system can include a plurality of deionization tank
systems (e.g., 106). Such a plurality of deionization tank systems can be arranged in series,
parallel, or combination thereof. In some examples, two or more deionization tank systems
are arranged in parallel and the fluid flow system further comprises a valve configured to
selectively direct fluid through one of the deionization tank systems. Thus, in some such
embodiments, when a deionization tank system (e.g., 106) is exhausted (or nearly exhausted),
the valve can be actuated in order to divert the fluid flow to a different, less exhausted
deionization tank system for continued operation of the fluid flow system. Additionally or
alternatively, deionization tanks and/or deionization tank systems can be arranged in series.
In some such examples, the most upstream deionization tank and/or tank system upstream
will generally be subject to the largest deionization load, and may exhaust the soonest. In
some such examples, the order of the serial deionization tanks and/or tank systems can be
switched upon exhaustion (or near exhaustion) of one of the tanks and/or tank systems to
reduce the load on the exhausted tank and/or system.

[0021] The system 100 of FIG. 1 includes a conductivity sensor 104 disposed upstream of the
deionization tank system 106. The conductivity sensor is configured to generate a signal
representative of the conductivity of the fluid flowing toward the deionization system. Any
known types of conductivity sensor can be used, such as a toroidal sensor, a contact sensor,
or the like. Additionally or alternatively, sensors from which a fluid conductivity can be
determined and/or inferred may be used, such as resistivity sensors, total dissolved solid
(TDS) sensors, or the like. For instance, in some examples, the conductivity sensor 104 is
configured to determine the TDS content and/or the resistivity of the fluid flowing into the
deionization tank system 106. In some such embodiments, such a sensor can be in
communication with a processor (e.g., part of the central server 114 and/or the local
controller 116) for determining a conductivity value based on a measured resistivity, TDS, or
other associated value. Thus, as used herein, “conductivity sensor” can refer to any such
sensors capable of providing measurement data from which a conductivity value can be

determined. Exemplary conductivity sensors are described in U.S. Patent Application Nos.

-5-
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14/166, 513 and 14/535,523, each of which are assigned to the assignee of the instant
application and are herein incorporated by reference in its entirety. Additionally or
alternatively, in some embodiments, a “conductivity sensor” can comprise access to a
database of data from which conductivity values can be determined. For example, in some
embodiments in which the fluid flow system comprises using city water, published water
quality data (e.g., including a concentration of a constituent) can be accessed and used to
determine the conductivity of the water flowing into the system 100. A conductivity
measurement of the fluid flowing into the deionization tank system 106 will provide
knowledge regarding the load on the deionization tank system 106 to effectively deionize the
fluid.

[0022] The system 100 of FIG. 1 further includes a flow meter 108 disposed between the
output of the deionization tank system 106 and the use device 112. The flow meter 108 can
be configured to output a signal representative of the rate of fluid flow through the
deionization tank system 106 and to the use device 112. Data representative of the rate of
flow over time can be analyzed to determine the total flow of fluid volume through the
deionization tank system 106. Additionally or alternatively to measuring the flow rate of
fluid, the flow meter 108 can be configured to directly measure the volumetric flow of fluid
through the system. Exemplary flow meters are described in U.S. Patent Application No.
13/833,582, filed March 15, 2013 and entitled FLUID FLOW METER, which is assigned to
the assignee of the instant application and is hereby incorporated by reference in its entirety,
though a variety of flow meters may be used. In some embodiments, the type of flow meter
used may be selected based upon the fluid flowing through the fluid flow system to ensure
that the flow meter is compatible with the fluid. Thus, in various embodiments, the total
volume of the fluid flowing through the deionization tank system 106 can be determined via
direct volumetric measurements and/or calculated via flow rate measurements.

[0023] While shown as being positioned downstream of the deionization tank system 106, in
systems in which fluid from the fluid input source 102 flows continuously through the
deionization tank system 106 and to the use device 112, the flow meter 108 could be
positioned anywhere in the flow system 100. For instance, in some examples, the system can
include a flow meter such as 108a positioned between the fluid input source 102 and the
conductivity sensor 104 and/or such as 108b positioned between the conductivity sensor 104
and the deionization tank system 106. In various embodiments, one or more flow meters
(e.g.. 108, 108a, 108b) can be positioned at any of a variety of locations in the fluid flow

system 100 at which the fluid will be flowing at approximately the same rate.

-6 -
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[0024] In some embodiments, a plurality of flow meters of different types can be positioned
throughout the system (e.g., at 108, 108a, 108b). In some such embodiments, if a fluid
flowing through the system 100 is incompatible with one of the flow meters (e.g., 108), a
different flow meter (e.g., 108a) can be used to measure the flow rate of the fluid through the
system 100. Different types of flow meters may be positioned at locations in the fluid flow
system 100 based upon the type of flow meter. For example, certain flow meters may work
better when positioned upstream of the deionization tank system 106 (e.g., at 108a or 108b)
while other flow meters may work better when positioned downstream of the deionization
tank system 106 (e.g., at 108).

[0025] In the illustrated embodiment the system 100 includes a resistivity sensor 110
positioned downstream of the deionization tank system 106. The resistivity sensor 110 can
be configured to output a signal representative of the resistivity of the fluid flowing from the
deionization tank system. The resistivity signal can be an indication of the quality of the
fluid flowing from the deionization tank system 106 and/or of the operating quality of the
deionization tank system 106. For example, a decrease in the resistivity of the fluid measured
by the resistivity sensor 110 over time can be an indication of decreased deionization from
the deionization tank system 106, as more ions in the fluid downstream of the deionization
tank system 106 lowers the resistivity. In some examples, the resistivity sensor 110 can be
used to ensure that the fluid flowing to the use device 112 is of sufficient quality. For
instance, in some examples, a measured resistivity that is too low can indicate that the
deionization tank system 106 needs repair or replacement.

[0026] As shown, the conductivity sensor 104, the flow meter 108, and the resistivity sensor
110 of the system 100 are in communication with a central server 114. The central server
114 can include a server in communication with components from a plurality of systems such
as system 100. In some examples, the central server 114 can include the internet or other
appropriate network for communicating data between a plurality of locations. For instance,
in some embodiments, the central server 114 can be implemented as a cloud server or a
distributed cloud computing environment.

[0027] In some embodiments, one or more sensors, (e.g., conductivity sensor 104, flow meter
108, and resistivity sensor 110) of the system 100 are capable of interfacing directly with the
central server 114. Additionally or alternatively, one or more such sensors are in
communication with a local controller 116. In various embodiments, local controller 116 can

be configured to communicate data received from the one or more sensors to the central
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server 114, locally analyze data from the one or more sensors, and/or communicate results of
local data analysis to the central server 114,

[0028] During exemplary operation, the outputs of various sensors can be analyzed to
determine the number of grains filtered by the deionization tank system 106. For example, in
some embodiments, the number of grains filtered by the tank system 106 is the product of the
input water quality and the volumetric flow of the fluid through the system. For example, if
the input water quality is measured in grains per volume, the product discussed above has the
units [grains/volume] x [volume] = [grains], resulting in a calculation of total grains. In some
examples, a dynamic determination of the filtered grains can be performed using an integral
for accounting for variations in the flow rate and/or input fluid quality.

[0029] The number of grains filtered using the deionization tank system 106 can be used with
the initial capacity of the deionization tank system 106 to determine the remaining capacity of
the system. For instance, in an exemplary implementation, the remaining capacity of the

deionization tank system 106 can be calculated using equation (1) below

cty =) — I K@) - F(t)dt (1)
where:
C(t) is the capacity of the tank system at a given time (t")
C(0) is the initial capacity of the tank system
K(t) is the conductivity of the fluid at the inlet of the tank system as a function of time

F(1) is the flow rate of the water on the inlet or outlet of the tank system as a function of time.

[0030] In some examples, C(t) is a measure of capacity in grains or other units of solids
dissolved in the fluid and filtered by the system. In some examples, the remaining capacity
can be used to predict a time to exhaustion for the deionization tank system 106. For
example, the average amount of TDS removed from the fluid stream over a given time period
(e.g., week, day, hour, etc.) can be used to determine the number of such discrete time
periods remaining until the deionization tank system 106 is exhausted. For instance, in an
exemplary calculation, a deionization tank system 106 has a remaining capacity of X grains,
and on average, the deionization tank system 106 filters Y grains per day from the fluid
flowing through the system 100. Then the predicted time until exhaustion (t.) in days for the

deionization tank system 106 can be calculated using equation (2) below
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X grains remaining

te =

)

Y grains/day

[0031] It will be appreciated that similar calculations are possible using different units, such
as different measurements of TDS and/or different time intervals. In some examples, historic
data for TDS filtering over periods of time can be used to predict the time until exhaustion.

In various examples, historic data can include one or more calculations of an amount of TDS
filtered from a deionization tank system. For instance, the amount of TDS filtered from the
fluid over a time t' can be calculated using the integral term from equation 1 above. One or
more such calculated times can be averaged to determine an average TDS filtering rate.
Additionally or alternatively, historic data can include time of use statistics, such as time of
day, day of the week, etc. Thus, for instance, some such systems that typically run on
weekdays and calculate a time to exhaustion in days may exclude weekends from the
predicted number of days until exhaustion or in determining a predicted exhaustion date.
[0032] In some examples, calculations such as those described can be performed locally, for
example, by the local controller 116 in wired or wireless communication with the variety of
sensors. Additionally or alternatively, the sensors can be in wired or wireless communication
with the central server 114, which can facilitate remote or cloud-based calculations and
analysis. In some examples, one or more calculations can be performed at the local controller
116 and the results of such calculations be communicated to the central server 114. In still
further examples, raw data from system sensors (e.g., conductivity sensor 104, flow meter
108, etc.) can be communicated to the local controller 116 via wired or wireless
communication. The local controller can be configured to communicate the data to the
central server 114 for analysis/calculations. Accordingly, in any such embodiment, the central
server 114 can receive and/or determine a remaining capacity and/or a predicted exhaustion
time of a deionization tank system 106 in a fluid flow system 100.

[0033] In some embodiments, data that is measured and/or determined can be accessible by a
system operator/technician via an interface. For example, conductivity data, flow data,
remaining tank capacity, predicted time to exhaustion or exhaustion date, and the like can be
accessed via a system operator for performing system analysis. In various examples, such
data may be accessible via a network such as the internet using a computer, smartphone,
tablet, or the like. The interface by which the user observes the data can include a website, an
application (“app”) or the like. Such data provides the system operator with detailed

information regarding the fluid flow system 100. Such data can be made accessible locally,



WO 2018/049374 PCT/US2017/051101

for example, via a local controller 116 publishing data regarding the local data. Additionally
or alternatively, such data can be made accessible by the central server 114. In some such
examples, a system operator can log in to the central server 114 in order to view data specific
to that user.

[0034] Additionally or alternatively, in some examples, data can be communicated to a user
(e.g., from the local controller 116 and/or the central server 114) in the form of an alert. For
example, in various embodiments, if one or more parameters (e.g., the remaining tank
capacity, the predicted time to exhaustion, conductivity data, flow data, resistivity data, etc.)
satisfy a predetermined condition, a user can be alerted of such condition(s). Alerts can be
communicated in a variety of ways, such as through a dedicated flow-system alert device
(e.g.. an audible and/or visible alarm) and/or a system operator’s device (e.g., computer,
phone, etc.). In some embodiments, an alert comprises an indication that the tank system
(e.g., 106) requires servicing.

[0035] In some examples, the central server can be in communication with a plurality of fluid
flow systems, for example, at a plurality of locations. FIG. 2 is a schematic illustration of a
central server in communication with a plurality of service locations. As shown, central
server 2014 is in communication with a plurality of service locations 218. In the illustrated
example, the central server 214 is in communication with N service locations 218. In various
embodiments, each service location 218 can include one or more fluid flow systems such as
the system 100 shown in FIG. 1. As described with respect to FIG. 1, sensors of such fluid
flow systems, such as conductivity sensors, flow meters, and the like, can be in
communication with the central server 214 via any of a variety of ways, such as via wired or
wireless communication or via a local controller at the service location 218. For each fluid
flow system at each of the service locations 218, the central server 214 can receive or
otherwise determine a predicted remaining capacity and/or time to exhaustion for
deionization tank systems associated with such fluid flow systems.

[0036] In the illustrated embodiment, central server 214 is additionally in communication
with a distribution center 220. The distribution center 220 can be equipped to service or
replace deionization tank systems at the service locations 218. In some such examples,
distribution center 220 can receive information from the central server 214 regarding the
status of deionization tank systems at service locations 218. For instance, in some examples,
the distribution center 220 can receive information regarding the remaining capacity or
predicted time to exhaustion for deionization tank systems at the service locations 218. In

some embodiments, the distribution center 220 receives such information from the central

-10 -
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server 214. Additionally or alternatively, the distribution center 220 can receive sensor and
location data from each of the service locations 218 via the central server 214, and
subsequently determine deionization tank system information, such as remaining capacity or
predicted time to exhaustion. For instance, the distribution center 220 receives data from a
conductivity sensor and a flow meter from service location 1 via central server 214, as well as
location identification information to indicate to the distribution center 220 that the
information is associated with sensors at service location 1. In some such examples, the
distribution center 220 is capable of performing calculations to determine, for instance, the
remaining capacity or predicted time until exhaustion for a deionization tank system at
service location 1.

[0037] Whether deionization tank system information (e.g., remaining capacity, predicted
time until exhaustion, etc.) is determined via a local controller at a service location 218,
determined via the central server 214 (e.g., via cloud-based computing), or at the distribution
center 220, such information can be used to determine actions to be taken by the distribution
center 220. For example, information regarding predicted times until exhaustion for a
plurality of service locations 218 can be used to prioritize delivery and/or service to such
locations 218 from the distribution center 220.

[0038] In an exemplary embodiment, the central server 214 is configured to receive data
from a plurality of sensors (e.g., flow meter, conductivity sensor, etc.) arranged in a fluid
flow system such as system 100 of FIG. 1 from each of a plurality of service locations 218.
For instance, the plurality of sensors at the plurality of service locations 218 can include
deployed as an Internet-of-Things (IoT) based sensor system coupled to a cloud-based central
server 214. Data received by the central server 214 can include fluid data (e.g., flow rate,
conductivity, etc.) as well as location identification information providing details to the
central server 214 regarding with which of the plurality of service locations 218 the fluid data
is associated. The central server 214 can perform analysis on the received data to determine a
predicted time to exhaustion for deionization tank systems at each of the plurality of service
locations 218. As described elsewhere herein, in various embodiments, such analysis can
include calculation of various parameters (e.g., via equations 1 and 2) as well as predictive
analytics, such as based on historical data and the like.

[0039] The central server 214 can use the plurality of predicted times to exhaustion for the
deionization tank systems at the plurality of service locations 218 alone or in combination
with a variety of other parameters to generate a delivery schedule for the distribution center

220. It will be appreciated that, while referred to as a “delivery schedule,” such a schedule

-11 -
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need not include delivery of a physical item. For instance, in a variety of embodiments, an
entry in a delivery schedule can include the delivery of a replacement deionization tank or
deionization tank system, removal of a deionization tank or deionization tank system, on-site
servicing of a deionization tank or deionization tank system (e.g., regenerating deionization
equipment), and/or any combinations thereof. The delivery schedule can be carried out by
the distribution center 220 in order to service each service location 218 in an efficient manner
while providing adequate service to each service location 218. In various embodiments, a
variety of input parameters may be considered when generating such a delivery schedule.
Some such parameters can include, but are not limited to:

[0040] The predicted time until exhaustion of a deionization tank system -

deionization tank systems with later predicted times until exhaustion may be placed

later on the delivery schedule or included in a separate, later delivery.

[0041] Service agreements with one or more service locations 218 — in some cases,

the system service provider (e.g., the distribution center 220) has a contractual

agreement with a service location 218 to provide deionization tank system

replacement/service prior to exhaustion or within a specified time after exhaustion

occurs.

[0042] Physical locations of service locations 218 — delivery routes can be optimized

to minimize backtracking, left-hand turns, and/or other inefficiencies in travel routes.

This can minimize time and/or fuel required to execute the delivery schedule.

[0043] Capacity of the delivery vehicle — schedules can be based on a series of

delivery routes between which the delivery vehicle must return to the distribution

center to reload new deliverables due to finite capacity of the delivery vehicle.

[0044] Fuel cost — if fuel cost is low, delivery schedules may be generated to favor

other factors (e.g., time, number of separate delivery trips, etc.) while minimizing the

importance of fuel efficiency. In other instances, high fuel costs may result in

prioritized fuel efficiency parameters (e.g., shorter travel distances, etc.).

[0045] Fuel efficiency of the delivery vehicle — similarly, a more fuel efficient vehicle

may minimize the importance of fuel efficiency in the delivery schedule itself.

[0046] Average time spent at each service location 218 — different estimated amounts

of time required to service and/or replace deionization tank systems can determine the

number of service locations that can be serviced in a particular time window.

[0047] Hours of operation of each service location 218 — depending on the service

location, it can be advantageous to arrive at the service location during hours of
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operation (e.g., if outside of such hours, important personnel are not available) or

outside of the hours of operation (e.g., if the deionization tank system must be running

during the hours of operation).

[0048] Regulator factors — regulations such as those placed on the amount of time

spent behind the wheel by a delivery truck driver (e.g., weekly and/or daily

restrictions) can be used to schedule deliveries by certain personnel.

[0049] Physical factors of delivery tanks — shape, capacity, dimensions, and weight

are exemplary constraints that may impact the number and/or type of tanks that can be

delivered on a single truck, for example.

[0050] Service location requests — in some instances, service locations are provided

with a tank request capability by which the service location can requests tank delivery

at a different time than would be indicated using a predicted time to exhaustion.
[0051] Generating a delivery schedule based on such parameters can help ensure that the
service provider meets contractual obligations to the service locations 218 while minimizing
operating costs. In some implementations, some of the input parameters for generating the
delivery schedule can be input to the central server via the distribution center 220. That is,
the service provider operating the distribution center can continue to adjust such input
parameters as necessary.
[0052] Additionally or alternatively, in some embodiments, a service location 218 includes
an interface by which the service location 218 can request a delivery regardless of the
predicted time to exhaustion associated with the facility. For instance, in an exemplary
embodiment, a system operator at a service location 218 observes (e.g., via an app on the
operator’s smart device) a predicted remaining tank capacity that will be insufficient for a
particular upcoming task. In some such embodiments, the system operator may request tank
delivery earlier than would normally be dictated via the traditional schedule generation
procedures.
[0053] In an exemplary embodiment, a service location 218 includes an interface device in
communication with the central server 214. In some such embodiments, a system operator
can request tank delivery using the interface device. In some examples, interface device can
be a network communication device such as a computer, smartphone, tablet, or the like. In
some such examples, a web interface (e.g., a website) or app can provide such tank delivery
request functionality. For example, the interface device provides an interface such as a
selectable button or the like which, when selected by the user, initiates a tank delivery request

from the service location 218 to the central server 214. In some examples, the web interface

13-



WO 2018/049374 PCT/US2017/051101

or application can be the same interface for providing the system operator with various data
regarding the fluid flow system. For example, in some embodiments, a user can view data
regarding the fluid flow system using the interface device, such as data regarding the
remaining tank capacity or a predicted time to exhaustion, and request delivery using the
same interface device. Additionally or alternatively, the interface device can include a
network-connected actuator, such as a button or switch that can be actuated by a user in order
to request tank delivery.

[0054] As described elsewhere herein, in some embodiments, a system can alert a user that a
deionization tank system is exhausted and/or is nearing exhaustion (e.g., the central server
and/or alocal controller). In response to the alert, the user may request tank replacement
such as is described above. For example, in an exemplary embodiment, a system operator
can receive data indicating that a deionization tank system is near exhaustion via an app/web
interface. In response, the system operator may use the same app/web interface to request
tank delivery. In other examples, the alert and request may be performed using different
devices. For instance, an alert may comprise a visible and/or audible alarm that a tank is
approaching exhaustion, and the system operator may, in response, request a tank delivery via
the internet or telephone.

[0055] In some such embodiments, the delivery request by the user is received by the central
server 214 to indicate to add the corresponding service location 218 to a delivery schedule.
The Various parameters, such as those listed above, can be used to determine an efficient
place (e.g., order, timing, etc.) in the delivery schedule to schedule the requested delivery.
[0056] As described elsewhere herein, in some embodiments, a resistivity sensor (e.g., 110 in
FIG. 1) can be positioned downstream of the deionization tank system 106 for monitoring the
fluid quality exiting the deionization tank system 106. In some cases, resistivity data from
the resistivity sensor can be provided to the central server to indicate if tank exhaustion
occurs. For example, in the event of unexpected tank exhaustion, the deionization tank
system 106 will fail to treat the fluid effectively, which manifests as a change in the detected
resistivity data at the output of the deionization tank system 106. In some embodiments, such
a detected change can trigger an automated request for tank delivery. Such an automated
request may be treated similarly to a manual delivery request, in which the service location
218 is added to the delivery schedule.

[0057] As described elsewhere herein, in some examples, a corrective action can be
performed in response to a certain predicted time to exhaustion condition. For example, in

the event that a predicted time to exhaustion for a first deionization tank system satisfies a
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predetermined threshold, a valve can be actuated to divert fluid flow from the deionization
tank system to a different deionization tank system arranged in parallel with the first. In
some embodiments, such switching can be done automatically based on a control command
from a central server, local controller, or other device capable of analyzing the predicted time
to exhaustion for the deionization tank system and communicating with the valve.
Additionally or alternatively, in some examples, such a valve may be actuated by a system
operator (e.g., via an interface device) in response to received data, such as predicted time to
exhaustion and/or remaining capacity data.

[0058] In some examples, actuating the valve to switch from using one deionization tank
system to another corresponds to a requested tank replacement. For instance, in some
embodiments, a manual or automated switching from one deionization tank system to another
triggers an automated request for deionization tank system replacement. Additionally or
alternatively, a manual or automated request for tank replacement can trigger an automated
switching from one deionization tank system to another.

[0059] It will be appreciated that, while in some of the foregoing examples, the central server
214 received data from sensors at service locations 218 in an [oT implementation and
generated the delivery schedule, other configurations are possible. For example, as described
elsewhere herein, data from the sensors at one or more of service locations 218 can be
communicated to the central server 214 via a local controller located at the service location
218. Additionally or alternatively, various calculations and/or predictions can be performed
by such a local controller and communicated to the central server 214 for the generation of
the delivery schedule. In still further embodiments, the central server 214 can facilitate
communication of raw data (e.g., from the plurality of sensors in a deionization tank system)
and/or calculated/predicted parameters (e.g., remaining deionization tank system capacity
and/or predicted time to exhaustion) to the distribution center 220 for subsequent processing.
For instance, in some such embodiments, the distribution center 220 may be capable of
performing such calculations/predictions and/or generating such a delivery schedule.

[0060] FIG. 3 is a process flow diagram illustrating an exemplary method for generating a
delivery schedule for a plurality of service locations. According to the exemplary method of
FIG. 3, for a selected service location (330), sensor data from a plurality of sensors in a fluid
flow system having a deionization tank system is received (332). As discussed elsewhere
herein, sensor data can include data from a conductivity sensor positioned upstream from the
deionization tank system and a flow sensor in the fluid flow path. The method further

includes predicting the time to exhaustion for the deionization tank system (334). This can be
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performed as described elsewhere herein, for example, using equations (1) and (2), as well as
historical data.

[0061] In some examples, an optional step of comparing the predicted time to exhaustion to a
threshold (336) can be performed. In some such examples, if the predicted time to
exhaustion exceeds the threshold, the service location corresponding to the deionization tank
system is not added to a delivery schedule. That is, in some embodiments, delivery schedules
are created only including service locations having deionization tank systems predicted to
become exhausted within a certain amount of time. This can enable further monitoring of
systems that are not predicted to soon become exhausted so that the predicted time to
exhaustion can be updated as needed.

[0062] Additionally or alternatively, the method can include the step of performing a
corrective action (337). In some examples, such corrective action is performed if the
predicted time to exhaustion for the deionization tank system meets a predetermined
condition (e.g., is less than a predetermined threshold). For example, as described elsewhere
herein, in some embodiments, fluid flow systems can include a plurality of deionization tank
systems arranged in series and/or parallel with one another and a valve for switching the fluid
flow path between such systems. In some such embodiments, a corrective action can include
adjusting the valve to divert the fluid flow from one deionization tank system to another. For
example, in some embodiments, if a deionization tank system is predicted to be nearly
exhausted, the step of performing the corrective action (337) can include diverting fluid flow
from the nearly exhausted deionization tank system to a different, non-exhausted deionization
tanks system arranged in parallel with the nearly exhausted system.

[0063] After predicting the time to exhaustion for a deionization tank system (334) if
deionization tank systems for all service locations have not been analyzed (338), a new
service location can be selected (330) and corresponding deionization tank systems analyzed.
This ensures that no service locations are omitted from the analysis and are not mistakenly
left off of a delivery schedule. In some examples, service locations having deionization tank
systems having a predicted time to exhaustion that exceeds a threshold are excluded from
analysis, and may be excluded from subsequent analysis until the predicted time to
exhaustion is within the threshold.

[0064] Once times to exhaustion for deionization tank systems for desired service locations
are predicted, such predicted times can be analyzed (340). Additionally, other factors such as
those described elsewhere herein can be analyzed as well (342). In some examples, other

factors can be based on inputs received by a user (344), such as variable inputs which may be
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subject to change. Once such factors have been analyzed (e.g., in steps 340, 342), a delivery
schedule can be generated (346). In some embodiments, depending on where the delivery
schedule is generated (e.g., via a central server, at a distribution center, etc.), the delivery
schedule can be communicated to the distribution center (348) for implementation.

[0065] As described elsewhere herein, the delivery schedule can be generated to maximize
efficiency and/or profitability for the distribution center. The predicted times to exhaustion
for a plurality of deionization tank systems at a plurality of service locations coupled with
other factors such as those described elsewhere herein can be analyzed together to generate a
delivery schedule. A distribution center (e.g., 220) can then operate according to the delivery
schedule to fulfil service requirements to service locations (e.g., 218) while maximizing
profitability.

[0066] Optimization of the delivery schedule based on predictive analytics can enable a
service model that will enable the optimal utilization of a tank system. In some such
examples, the capacity of a deionization tank system can be maximized such that the
deionization tank system is serviced/replaced just in time before it runs out of capacity.
Additionally or alternatively, optimized delivery schedules can enable the service provider
(e.g., at distribution center 220) to meet the terms of service in the contract by replacing the
tanks within the time window of delivery and guarantees of continuity of service, etc.
provided in the contractual agreements to the customers at the service locations. The optimal
scheduling of deionization tank system service/replacement can minimize operating costs
such as cost of delivery, optimal utilization of capacity of the delivery vehicle, maximizing
efficiency, etc.

[0067] In some examples, it may be impractical for a single distribution center (e.g., 220) to
service all service locations (e.g., 218). Thus, in some examples, a plurality of distribution
centers may be operational to service such a plurality of service locations. In some such
examples, each distribution center (e.g., 220) can be responsible for providing service to the
service locations (e.g., 218) in a particular region. FIG. 4 is a schematic illustration of a
central server in communication with a plurality of regions. In the illustrated configuration,
central server 414 is in communication with M regions 450 (Region 1, Region 2... Region
M). In an exemplary embodiment, each region includes one or more distribution centers
(e.g., 220) for servicing a plurality of service locations (e.g., 218) in its corresponding region.
In some such examples, distribution centers and/or service locations may belong to one or
more such regions 450 such. In some such examples, delivery schedules are generated to

determine how to distribute such service locations among corresponding distribution centers
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most efficiently. That is, in some examples, a particular service location may be placed on a
delivery schedule for different distribution centers based on a variety of factors that go into
generating the schedule.

[0068] In an exemplary embodiment, the central server (e.g., 414) facilitates an Internet-of-
Things (IoT) system in wired or wireless communication with a plurality of sensors (e.g.,
conductivity sensors 104, flow meters 108, etc.) in a fluid flow system (e.g., 100) with a
deionization tank system (e.g., 106) in a plurality of service locations (e.g., 218). The central
server (e.g., 114) can receive information from the sensors and additional information from a
system operator (e.g., at a service location 218). Based on the received information, the
central server can perform predictive analytics as discussed elsewhere herein to predict
exhaustion times of various deionization tank systems and generate a delivery schedule to be
implemented by a distribution center (e.g., 220) for servicing/replacing deionization tank
systems at the service locations. As described with respect to FIG. 4, in some examples, the
central server is capable of identifying a plurality of regions (e.g., 450) associated with
different distribution centers. In some such examples, the central server is configured to
generate separate delivery schedules for each distribution center for servicing its respective
region.

[0069] As described elsewhere herein, various determinations and calculations can be
performed at a variety of locations in various implementations of such systems. FIG. Sisa
flow diagram illustrating a process for generating a delivery schedule. In the illustrated
embodiment conductivity sensor data 560 and flow meter data 562 are obtained from such
sensors positioned in a fluid flow system at a service location. The conductivity sensor data
560 and the flow meter data 562 can be combined as described elsewhere herein to determine
a remaining capacity 564 of a deionization tank system in the fluid flow system. In various
embodiments, this determination can be performed at the service location or via a central
server.

[0070] The remaining capacity of the deionization tank system can be used in conjunction
with historic and/or predicted use data 566 of the deionization tank system to predict the time
to exhaustion 568 for the deionization tank system. The historic and/or predicted use data
566 can be recalled and/or determined at the service location and/or the central server.
Similarly, the predicted time to exhaustion 568 for the deionization tank system at the service
location can be determined at the service location or via the central server.

[0071] As discussed elsewhere herein, the predicted time to exhaustion 568 can be coupled

with similar data from other service locations 570 and other input data 572 (e.g., variable

- 18 -



WO 2018/049374 PCT/US2017/051101

and/or adjustable parameters) to generate a delivery schedule 574. As discussed elsewhere
herein, the central server can be a cloud based server or can be positioned in a central location
such as a distribution center. While the delivery schedule 574 is typically generated via the
central server in communication with a plurality of service locations, in some examples, a
delivery schedule for a service location may be generated at the service location itself. For
example, in a delivery network having very few or infrequent deliveries or other situations in
which the service location can effectively request delivery, a delivery schedule can be
generated by the service location indicating a requested time for delivery.

[0072] In some examples, various aspects of the features described herein can be embodied
in a non-transitory computer-readable medium comprising executable instructions for causing
a programmable processor to carry out various processes. For instance, the non-transitory
computer-readable medium can include instructions for receiving sensor data (e.g.,
conductivity data, flow data, etc.) associated with fluid flow systems at one or more service
locations and determine a remaining capacity of the deionization tank system in the
associated fluid flow system. Additionally or alternatively, a non-transitory computer-
readable medium can include instructions for predicting the time to exhaustion for such
deionization tank systems, for example, based a remaining capacity and historical use data.
The non-transitory computer-readable medium can include instructions for generating a
delivery schedule, for example, via processed described elsewhere herein. Exemplary non-
transitory computer-readable media can be operate locally, such as at a service location or a
distribution center, or may be remotely located, for example, operating via a cloud-based IoT
network.

[0073] Various embodiments have been described. Such examples are non-limiting, and do
not define or limit the scope of the invention in any way. Rather, these and other examples

are within the scope of the following claims.
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CLAIMS

1. A system for generating delivery schedules for servicing deionization tanks located at a
plurality of service locations, the system comprising:
at each of the plurality of service locations, a fluid flow system comprising:

a deionization tank system having a fluid inlet and a fluid outlet;

a fluid flow meter positioned in the fluid flow path either upstream or downstream of
the deionization tank system;

a conductivity sensor positioned in the fluid flow path upstream from the deionization
tank system, the conductivity sensor being in fluid communication with the fluid
inlet of the deionization tank system; and

a central server in communication with each of the plurality of service locations, the central
server being configured to:

receive, from each service location, the data corresponding to the amount and
conductivity of the fluid flowing through the deionization tank system over time;

determine, for each of the fluid flow systems, a predicted remaining capacity for the
deionization tank system; and

generate a delivery schedule for servicing deionization tank systems for each of the
plurality of service locations based on the predicted remaining capacity for each of

the deionization tanks at the plurality of service locations.
2. The system of claim 1, wherein the remaining capacity comprises a time to exhaustion.
3. The system of claim 1 or any of the preceding claims, wherein central server receives
location information associated with the conductivity and fluid flow data received from

each service location associated.

4. The system of claim 1 or any of the preceding claims, wherein the central server is a

cloud-based server.
5. The system of claim 4 or any of the preceding claims, wherein the flow meter and

conductivity sensor at each of the plurality of locations are in communication with the

cloud-based central server and form an Internet-of-Things (IoT) based sensor system.
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6. The system of claim 5 or any of the preceding claims, wherein the cloud-based central
server is configured to perform predictive analytics based on previously received data in

order to predict the time to exhaustion for each fluid flow system.

7. The system of claim 1 or any of the preceding claims, further comprising a user interface
in communication with the central server, and generating the delivery schedule for

servicing deionization tank systems is further based on data input via the user interface.

8. The system of claim 7 or any of the preceding claims, wherein the generated delivery
schedule is based on the predicted remaining capacity for each of the deionization tank
systems at the plurality of service locations and one or more items from the list consisting
of: fuel cost, fuel efficiency of a delivery vehicle, capacity of the delivery vehicle,
physical locations of one or more service locations, and the hours of operation of one or

more service locations.

9. The system of claim 1 or any of the preceding claims, wherein the fluid flow system of at
least one of the plurality of service locations further comprises a resistivity sensor
positioned downstream of the deionization tank system and configured to generate
resistivity data representative of the quality of the fluid flowing from the deionization

tank system.

10. The system of claim 9 or any of the preceding claims, wherein

the central server is further configured to receive, from each such service location, resistivity
data representative of the quality of the fluid flowing from the deionization tank system;
and

in the event that the resistivity data representative from a service location satisfies a
predetermined condition, the central server adds the service location to the delivery

schedule.

11. The system of claim 1 or any of the preceding claims, wherein at least one fluid flow
system at one of the service locations includes a local controller in communication with
the fluid flow meter and the conductivity sensor at the service location and configured to
communicate data corresponding to the amount and the conductivity of the fluid flowing

through the fluid deionization system over time to the central server.
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12. The system of claim 11 or any of the preceding claims, wherein determining, for each of
the fluid flow systems, a predicted remaining capacity for the deionization tank system

comprises receiving a predicted remaining capacity from one or more local controllers.

13. The system of claim 1 or any of the preceding claims, wherein the central server is

located at a distribution center capable of implementing the generated delivery schedule.

14. The use of the system of any of the preceding claims for generating delivery schedules

for servicing deionization tanks.

15. A method for generating a delivery schedule for servicing deionization tank systems at a
plurality of service locations comprising:
for each of the plurality of service locations:
receiving conductivity data representing the conductivity of a fluid flowing through a
fluid flow system upstream from a deionization tank system;
receiving fluid flow data representing the amount of fluid flowing through the
deionization tank system; and
predicting a time to exhaustion for the deionization tank system in the fluid flow system;
and
based on the predicted times to exhaustion for the deionization tank systems at the plurality
of service locations; generating a delivery schedule for servicing the deionization tank

systems at the plurality of service locations.

16. The method of claim 15 or any of the preceding claims, further comprising, for each of
the plurality of service locations, calculating a remaining capacity for the deionization

tank system.

17. The method of claim 16 or any of the preceding claims, wherein the predicting the time to
exhaustion for the deionization tank system at each of the plurality of locations is based
on the calculated remaining capacity for the deionization tank system and historic use

data of the deionization tank system.
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18. The method of claim 15 or any of the preceding claims, further comprising receiving one
or more input parameters, and wherein the generating the delivery schedule is further

based on the received one or more input parameters.

19. The method of claim 18 or any of the preceding claims, wherein the one or more input
parameters comprises one or more parameters from the list consisting of: fuel cost, fuel
efficiency of a delivery vehicle, capacity of the delivery vehicle, physical locations of one

or more service locations, and the hours of operation of one or more service locations.

20. The method of claim 15 or any of the preceding claims, wherein the receiving the
conductivity data, the receiving the fluid flow data, the predicting the time to exhaustion,

and the generating the delivery schedule are performed by a cloud-based server.

21. A non-transitory computer-readable medium comprising executable instructions for
causing a programmable processor to perform a method comprising:

(a) receiving conductivity data representative of the conductivity of a fluid in a fluid flow
system flowing toward a deionization tank system;

(b) receiving fluid flow data representative of the conductivity of the fluid in the fluid flow
system;

(c) calculating a remaining capacity of the deionization tank system based on the received
conductivity data and fluid flow data; and

(d) predicting the time to exhaustion of the deionization tank system based on the calculated

remaining capacity of the deionization tank system.

22. The non-transitory computer-readable medium of claim 21 or any of the preceding
claims, wherein the method further comprises:

repeating steps (a) - (d) for each of a plurality of fluid flow systems located at a plurality of
service locations; and

generating a delivery schedule for servicing the plurality of service locations based on the
predicted times to exhaustion for the deionization tank systems at the plurality of

locations.

23. The non-transitory computer-readable medium of claim 22 or any of the preceding

claims, wherein:
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the method further comprises receiving one or more input parameters from the list consisting
of fuel cost, fuel efficiency of a delivery vehicle, capacity of the delivery vehicle,
physical locations of one or more service locations, and the hours of operation of one or
more service locations; and

generating the delivery schedule is based on the predicted times to exhaustion for the

deionization tank systems and the received one or more input parameters.
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